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Abstract  

Chronic myeloid leukaemia (CML) is a clonal myeloid proliferative disease that results 

from constitutive activation of the Bcr-Abl oncoprotein, which disrupts normal cellular 

signalling potentiating the survival and maintenance of BCR-ABL1+ cells. Tyrosine 

kinase inhibitors (TKIs), like imatinib, have revolutionised the treatment of CML and 

have become the model for therapy in other cancers. Imatinib treatment also founded 

the paradigm that potent and continuous dosing is required for optimal patient 

response in patients with CML. In contrast to imatinib, the second generation TKI 

dasatinib has a short half-life of only 3-5 h, nevertheless a once daily dosing regime is 

sufficient to achieve equivalent responses to twice daily dosing suggesting that 

continuous and complete inhibition of Bcr-Abl may not be required for optimal response 

to TKI therapy.  

 

Despite initial studies indicating that a very brief exposure to a potent dose of TKI is 

sufficient to induce cell death in BCR-ABL1+ cells, recent studies have attributed this to 

sustained low-level inhibition of Bcr-Abl signalling due to inadequate drug washout. As 

reported in this thesis, experiments with low dose dasatinib treatment, which does not 

completely inhibit Bcr-Abl phosphorylation but is sufficient to induce cell death, 

demonstrated inactivation of STAT5 as a sensitive measure of Bcr-Abl activity. Here, it 

was also confirmed that <1 h exposure to potent TKI with adequate drug washout is 

insufficient to commit BCR-ABL1+ cells to death and it is established for the first time 

that at least 2 h of Bcr-Abl kinase inhibition are required. Furthermore, combinations of 

efficient TKI washout with specific inhibitors of STAT5, JAK and ERK ascertained 

sustained inhibition of pSTAT5, potentially independent of JAK2, as the determinant of 

commitment to cell death.  Together, this research established that continuous, 



 xxx 

complete inhibition of Bcr-Abl is not required to induce cell death, but that continuous 

blockade of STAT5, indicative of low-level threshold Bcr-Abl inhibition, is essential, thus 

challenging the imatinib paradigm.  

 

Although most CML patients respond well to imatinib, only 40% of patients achieve a 

complete molecular response and some patients develop resistance. Blockade of Bcr-Abl 

signalling can drive cells to develop new survival mechanism, and amongst others, 

autophagy and the acquisition of extrinsic survival signalling have been implicated in 

resistance to therapy and/or persistent disease. 

 

Studies presented in this thesis define a role for the activation of autophagy in response 

to tyrosine kinase inhibition of Bcr-Abl. Induction of autophagy by TKI was confirmed 

using established markers of autophagy, such as the conversion of LC3-I to LC3-II, 

degradation of p62 and cellular morphology. Blockade of anti-apoptotic proteins Bcl-2 

and Bcl-xL along with activation of stress response pathways were revealed as potential 

mechanisms of autophagy induction, however, further investigation into these pathways 

is required. Importantly, the data presented here also established clarithromycin as a 

novel inhibitor of TKI-induced autophagy, advocating combination treatment with TKI 

therapy in resistant patients. 

 

Recent observations that overexpression of cytokines and their receptors may 

contribute to BCR-ABL1+ cell persistence in CML patients undergoing TKI therapy. Here, 

the expression of IL-3 and GM-CSF cytokine receptors in BCR-ABL1+ cell lines and 

chronic phase CML CD34+ progenitor cells was established and signalling through those 



 xxxi 

was confirmed to maintain STAT5 survival signalling, thereby protecting cells from TKI-

induced death. Inhibition of JAK2 with ruxolitinib inhibited cytokine-dependent, but not 

Bcr-Abl-dependent, activation of STAT5 and neutralised cytokine-induced protection 

from cell death while having little effect in the absence of cytokines. 

 

Together, the findings of this thesis established the critical mechanisms in Bcr-Abl-

dependent and -independent signalling that may also be targeted in combination 

therapeutic approaches and provides an in-depth understanding of the potential clinical 

effectiveness of dose reductions during dasatinib therapy. These studies will have broad 

implications for the ongoing development of therapeutic strategies in CML, particularly 

in the setting of TKI-resistance, and will aid the goal of achieving a curative treatment 

for patients with CML. 
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CHAPTER 1.   

INTRODUCTION
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1.1 Haematopoiesis 

Haematopoiesis is the generation and turnover of the cellular components of blood, 

commencing during embryonic development and functional throughout adult life.1 In 

the developing embryo, haematopoietic stem cells (HSCs) are generated in the aorta-

gonad-mesonephros, where they subsequently migrate to the foetal liver and crucially, 

to the bone marrow where they are retained throughout adulthood.2 This bone marrow 

microenvironment, also referred to as the HSC niche, regulate intrinsic (i.e. transcription 

factors)3 and extrinsic factors (i.e. cytokine/chemokines4-6, extracellular matrix7 and 

stromal interactions8) which regulate cell fate decisions (e.g. maintenance of quiescence, 

differentiation, cell survival and death, self-renewal and migration etc.). 

 

Pluripotent HSCs have the ability to produce cells with identical proliferative and long 

term self-renewal capacity,9 they are able to sustain self-replication of approximately 50 

divisions and only a small number are required to supply the haematopoietic system at 

any one time.10 As such, they possess the potential to differentiate into multiple lineages 

comprising red blood cells, platelets and white blood cells (Figure 1.1).11 The white 

blood cell compartment forms a hierarchical structure consisting of a continuum of cells 

which decrease in self-renewal ability and increase in proliferative potential as they 

mature. The first lineage commitment of HSCs is into either common myeloid 

progenitors (CMPs) or common lymphoid progenitors (CLPs). CLPs differentiate into T 

cells, B cells and natural killer (NK) cells and CMPs give rise to committed progenitors 

including platelets, erythrocyte, megakaryocyte, monocyte and granulocyte lineages.10 

In the granulocytic lineages, granulocyte macrophage progenitors (GMPs), generated 

from CMPs, subsequently differentiate into neutrophils, eosinophils and basophils. 
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1.2 Chronic Myeloid Leukaemia 

 History 1.2.1

Chronic myeloid leukaemia (CML) is a clonal myeloproliferative disease which arises in 

haematopoietic stem cells, first referred to in France in the early 1800s (Figure 1.2).12 

The first detailed description of CML is attributed to John Hughes Bennet who, in the 

Edinburgh Medical and Surgical Journal in 1845, comprehensively described 

enlargement of the spleen, liver and lymph nodes, which was attributed to suppuration 

of the blood as a thick pus-like substance was expressed from punctured veins.13 

Simultaneously in France14 and Germany15 additional observations of CML-like disease 

were described. Virchow coined the term “leukaemie” for the disorder, which roughly 

translates to “white blood”, referring to the expansion of white blood cells.15 However, it 

took over a century until an abnormal “minute chromosome”, termed the Philadelphia 

(Ph) chromosome, was identified by Nowell and Hungerford in patients presenting with 

CML. 16 

 

Initially believed to be a predominantly myeloid disease, the Ph chromosome was 

subsequently observed in not only granulocyte lineages, but also in erythroid lineages in 

chronic phase CML (CP-CML). Thus, either multiple lineages had the ability to generate 

the Ph chromosome or the abnormality originated in, and was passed down from an 

HSC. Subsequent investigation into these concepts substantiated that indeed CML was of 

clonal and stem cell origin.17,18 
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Figure 1.1: Haematopoiesis and the hierarchy of CML progenitors 

Haematopoiesis gives rise to HCSs which decrease in self-renewal ability with maturity. 

As progenitors differentiate they become committed to either a myeloid (left arm) or 

lymphoid (right arm) lineage, thus populating the haematopoietic system with red blood 

cells, platelets and white blood cells. HSC = haematopoietic stem cell; LT-HSC = long 

term repopulating HSC; ST-HSC = short term repopulating HSC; MPP = multipotential 

progenitor; CMP =common myeloid progenitor; CLP =common lymphoid progenitor; 

MEP = megakaryocyte–erythrocyte progenitor; GMP = granulocyte–macrophage 

progenitor; CDP = common dendritic progenitor; MDP = monocyte–dendritic cell 

progenitor; NK = natural killer cell. Adapted from Rieger and Schroeder 2012.19 
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Although initial hypotheses suggested that the Ph chromosome was an abnormality of 

chromosome 21,16 the establishment of banding techniques identified chromosome 22 

as the aberrant Ph chromosome. Originally thought to be a deletion of the long arm of 

chromosome 22, vital research published by Janet Rowley in 1973,20 established the Ph 

chromosome as a reciprocal translocation between chromosome 9 and chromosome 22 

t(9;22).  The isolation and description of the murine virus Abelson (v-abl)21 and 

subsequent description of the translocation of v-abl on chromosome 9 to chromosome 

2222 was critical to understanding the oncogenic activity of Ph-positive cells. It was only 

in 1984 that the breakpoint cluster region (bcr) was observed on chromosome 2223 and 

consequently a connection was identified between BCR and ABL24-26 to constitute the 

fusion transcript responsible for pathogenesis of CML.27,28 

 

 Clinical Features 1.2.2

CML is asymptomatic in approximately 50% of newly diagnosed patients, presenting 

with nothing more distressing than fatigue, weight loss or abdominal pain; it is usually 

detected following routine blood tests. Clinically, CML is characterised by leukocytosis, 

splenomegaly (responsible for the abdominal discomfort), bone marrow granulopoietic 

hyperplasia and (predominantly neutrophils and myelocytes) primarily with basophilia 

and occasionally eosinophilia (Table 1.1).29 Suppression of erythropoiesis is observed, 

and subsequently anaemia. In the majority of patients who present with CML, the Ph 

chromosome is the only lesion detected and must be detected by cytogenetic or 

molecular testing to confirm diagnosis.30 
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Figure 1.2: History of CML  

From the first detailed descriptions in the mid-1800s, CML is now one of the most well 

studied malignancies and the model on which new targeted therapies are based. 

Adapted from Wong and Witte 2004.31 
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Table 1.1: Clinical Features of CML  

(Adapted from Hasserjian 2010) 

Peripheral blood findings  Bone marrow findings  Molecular genetic findings 

Leukocytosis (median100 × 

109/L) 

Hypercellularity (usually 100%) Karyotype: t(9;22)(q34;q11) 

translocation  

 Increased immature myeloid 

precursors 

 Increased myeloid:erythroid 

ratio (typically ~10:1) 

Complex translocation 

involving 9q32 and 22q11 

Eosinophilia Increased myelocytes FISH: Fusion of BCR and 

ABL1 loci 

Basophilia Basophilia RT-PCR: Fusion transcript of 

BCR and ABL1 

Often thrombocytosis Small, hypolobated 

megakaryocytes 

 

 Lack of morphologic dysplasia 

of erythroid and myeloid 

elements 
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 Pathogenesis and Stages of Disease 1.2.3

CML occurs in approximately 1-2 per 100,000 people and represents about 15-20% of 

all cases of adult leukaemias.32,33 Most cases (~95%) of CML are diagnosed in the 

chronic phase (CP). Patients who are left untreated, would usually progress after 

approximately 3 to 6 years.34 Of the CP patients (characterised by <15% immature 

progenitors, or blasts) who progress, approximately half transform directly into the 

blast crisis (BC) characterised by >30% blasts and the remainder do so following a 

period of accelerated phase (AP, 15-30% blasts).34 Patients in the blastic phase have a 

median survival of only 3 to 9 months (Figure 1.3).34 
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Figure 1.3: Progression of disease in CML 

In non-malignant systems, HSCs differentiate into multiple lineages of the blood system. 

In chronic phase CML, differentiation is driven down a myeloid lineage resulting in 

expansion of granulocytes. In advanced phase and blast crisis CML, differentiation is 

halted at the granulocyte macrophage progenitor (GMP) resulting in rapid expansion of 

undifferentiated precursor cells and is more archetypal of an acute leukaemia. 
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1.3 Molecular Biology of CML 

 Philadelphia Chromosome Translocation, BCR-ABL fusion gene and 1.3.1

transcripts 

A single genetic alteration is essential for the pathogenesis of CML. The reciprocal 

translocation of the breakpoint cluster region (BCR) gene on chromosome 22 with the 

Abelson (ABL) gene on chromosome 9 [t(9;22)(q11;q34)] produces a shortened der(22) 

chromosome, termed the Philadelphia (Ph) chromosome (Figure 1.4).16 The Ph 

chromosome encodes the BCR-ABL oncogene, which has been demonstrated to induce a 

CML-like disease in a murine model.35 

 

 BCR and c-Abl Structure and Function 1.3.2

1.3.2.1 Breakpoint Cluster Region (BCR) 

BCR is a 130 kb ubiquitously expressed gene containing 23 exons which is translated 

into either a 4.5 kb or a 7 kb transcript36 and codes for two major cytoplasmic 

proteins37. Ordinarily, Bcr protein expression only occurs in early stages of myeloid 

differentiation, reducing as cells mature.38 The N terminus features coiled-coil domain 

which enable BCR to form dimers (referred to as the oligomerization domain) and a 

serine threonine kinase domain (Figure 1.5A). A guanine nucleotide exchange factor 

domain is centrally located and a GTPase activating protein (GAP) is located at the C 

terminus. In non-malignant cells, G protein signalling is known to be regulated by 

cytoplasmic BCR,39 however BCR can also associate with mitotic DNA.40  
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Figure 1.4: Philadelphia chromosome translocation 

The Ph chromosome resulted from a reciprocal translocation between the long arms of 

chromosomes 9 and 22 t(9;22)-(q34;q11). 
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1.3.2.2 c-Abl 

c-Abl (Abelson tyrosine kinase; ABL1) is a non-receptor tyrosine kinase which is 

ubiquitously expressed, however it decreases with myeloid differentiation.41  c-Abl 

contains several signalling domains, a catalytic domain, Src homology 2 (SH2) and SH3 

domains, an activation loop, a proline rich C terminus and an N terminal cap region 

(Figure 1.5A). Autoregulation of c-Abl occurs via SH3 binding to the SH2 and catalytic 

domain which renders c-Abl inactive, and prevents proteins from binding (Figure 1.6). 

Localization of c-Abl occurs at 3 different cellular compartments, including the plasma 

membrane, cytoplasmic/cyotskeletal and nuclear.42,43 Signal transduction of c-Abl can 

be activated by cell surface growth factor and adhesion receptors and is known to 

regulate cytoskeletal structure, cell differentiation and division and responses to 

oxidative stress, DNA-damage and apoptosis.44 

 

 Bcr-Abl Structure and Function 1.3.3

Bcr-Abl retains the N-terminal 426 amino acids of Bcr. Fusion of c-Abl to the coiled-coil 

domain at the N terminus of Bcr prevents binding of the Abl SH3 and SH2 domains, thus 

prohibiting autoregulation of the kinase. Deregulation of the kinase in this manner 

results in tetramerization and dimerization, thus allowing constitutive activation of 

downstream signalling and autophosphorylation of Bcr-Abl. Additionally, unlike c-Abl, 

Bcr-Abl no longer shuttles between compartments and remains confined to the 

cytoplasm due to the oligomerization domain on Bcr which influences binding to the 

cytoskeleton.45 The resultant Bcr-Abl fusion protein is a constitutively active tyrosine 

kinase,26 which is retained in the cytoplasm46 and abnormally activates multiple 

downstream signalling pathways through aberrant phosphorylation of tyrosine 

residues. The result is uncontrolled cytokine-independent47 proliferation, reduced
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Figure 1.5: Structure of BCR, Abl and Bcr-Abl proteins 

Fusion of BCR and ABL transcripts result in the constitutively active Bcr-Abl fusion 

protein. S/T = serine/threonine; GEP = guanine nucleotide exchange factor; GAP = 

GTPase activating protein. Adapted from Goldman and Melo 2003,48and Hehlmann et al. 

2007.49 
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Figure 1.6: c-Abl conformation and control of activation 

The SH3 domain of ABL binds the SH2 domain preventing activation of Y412 (left). Abl 

remains inactive until removal of the myristoyl group exposing the activation loop 

(right). Adapted from Woodring et al. 2003 and Wong and Witte 2004 
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apoptosis, aberrant adhesion and enhanced survival.50 

 

 Bcr-Abl Signalling Pathways 1.3.4

The disruption of the normal activity in these pathways by Bcr-Abl tyrosine kinase 

instigates the survival and clonal expansion of predominantly myeloid leukaemic cells. 

Bcr-Abl initiates leukaemic transformation by aberrant activation of signal transduction 

pathways including the RAS/ERK,51 PI3/AKT52 and JAK/STAT53 pathways (Figure 1.7).54 

The major effects of these altered signalling pathways are reduced apoptosis, increased 

proliferation and altered cell adhesion properties. Inhibition of apoptosis is a key 

mechanism of BCR-ABL-dependent growth and accumulation of CML cells. 

 

Bcr-Abl constitutively activates several downstream signalling cascades through the 

adaptor protein growth factor receptor bound protein 2(Grb2), which docks at the Y177 

site on Bcr,51,55 and recruits the adaptor proteins son of sevenless (SOS) and Grb2-

associated binding protein 2 (Gab2).56 Signalling can alternatively be activated through 

the Src homology (SH) 2 domain-containing protein (Shc)57,58 and CrkL (CT10 regulator 

of kinase like)59 at SH2 and SH3, respectively, on Abl.51  These events lead to the 

activation of diverse intracellular signalling. The activation of multiple signalling 

pathways leads to the formation of multi-protein signalling complexes that initiate the 

process of leukaemic transformation. 

 

Bcr-Abl causes constitutive activation of the PI3K pathway, which occurs through both 

the Grb2/Gab2 complex52 and phospho-CrkL.60 PI3K activation is then relayed through 

Akt84 and results in a change in the balance of pro- and anti-apoptotic B cell lymphoma 
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gene 2 (Bcl-2) family members to favour survival. The pro-apoptotic protein Bcl-2 

antagonist of death (Bad) is a substrate of Akt. Phosphorylated Bad is inactive and 

unable to bind and inhibit the anti-apoptotic protein Bcl-2-like protein 1 (Bcl-xL). Bcl-xL 

subsequently prevents Bcl-2 antagonist or killer (Bak)/Bcl-2-associated X protein (Bax) 

from triggering mitochondrial outer membrane permeabilisation (MOMP) and apoptosis 

through Cytochrome C release followed by the activation of caspase-9.61 

 

The activation of the Ras-MAPK pathway is similar to the PI3K pathway and also 

requires the recruitment of the Grb2, SOS and Shc adaptor proteins by Bcr-Abl.62,63 Ras 

constitutively signals Raf to initiate signalling of Mek1/Mek264, Erk, Jnk/Sapk65, and 

p38.66 These signals are then activated by a number of transcription factors that 

modulate apoptosis through modulation of Bcl-2 family members.67 Uncontrolled MAPK 

signalling of this nature results in the up-regulation of the anti-apoptotic molecules 

myeloid cell leukaemia-1 (Mcl-1)68,69 and Bcl-2.67,70 Mcl-1 and Bcl-2 promote the 

survival of leukaemic cells by directly inhibiting pro-apoptotic Bcl-2 family members 

Bcl-2 interacting mediator of cell death (Bim), Bad, Bak and Bax preventing MOMP 

apoptosis. 71  

 

Bcr-Abl has been show to activate the JAK2/STAT5 pathway through either direct 

activation of STAT5 through coupling with Hck72 or activation of JAK2 via association 

with Gab273,74, or both. The constitutive activation of STAT5 by Bcr-Abl75 confers 

resistance against apoptosis by induction of Bcl-xL,76 preventing apoptosis and hence 

promoting survival.77 Defining the signalling events regulated by Bcr-Abl, and pathways 

which are subject to inhibition by TKIs, is important for designing better treatment 

strategies for patients with CML. 
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Figure 1.7: Key Bcr-Abl Signalling Pathways 

Constitutive activation of Bcr-Abl harnesses growth factor signalling pathways, driving 

survival and proliferation and inhibiting apoptosis pathways. Pro-survival Bcl-2 family 

proteins are in green, and apoptotic proteins in red. Adapted from Laneville et al.1995 

and Goldman and Melo 2003. 
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1.4 Treatment of CML 

 Historical Treatments 1.4.1

To date, allogeneic transplant from an HLA matched donor is the only truly curative 

treatment for CML. Treatment consists of total body irradiation and/or myeloablative 

chemotherapy followed by haemopoietic stem cell infusion. Although often curative, the 

morbidity and mortality rates are high, and due to age and donor constraints transplant 

is only available to approximately 30% of patients. Historical and current CML 

treatment strategies are summarised in Figure 1.8.78-80 

 

Arsenic was first used to treat leukaemic patients in the late 1800s, however due to 

toxicity it was largely replaced by splenic radiotherapy81,82 and subsequently, 

radioactive phosphorus.83 In the 1950’s, the alkylating agent busalfan,  became the 

preferred treatment for CML patients demonstrating a substantial benefit compared 

with radiation.84 Historically, cytogenetic remissions in chronic phase CML were 

reportedly inducible using intensive chemotherapy and splenectomy.85,86 However, such 

remissions were short-lived and were unable to deliver a substantial survival 

advantage.87 More recently, the use of the oral chemotherapeutic drug hydroxyurea has 

been beneficial in reducing the high circulating levels of immature myeloid cells, 

neutrophils and platelets, with patients returning to normal peripheral blood cell counts 

and bone marrow morphology.88 Although 90% of patients achieve haematologic 

remissions on hydroxyurea, and the absolute number of white blood cells may be 

reduced, reduction in the percentage of Ph chromosome positive cells is rare.88 
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The introduction of interferon-alpha (interferon-α) produced significant improvements 

in overall survival and reduced progression to BC for those CP patients ineligible for 

transplant.89 About 10-20% of patients have even achieved complete cytogenetic 

responses (CCyR, 0% Ph+ metaphases)90 on interferon therapy alone, but some patients 

experienced significant side effects. Although it was thought that a small number of 

patients had durable complete remissions that persisted even after treatment cessation, 

the use of novel sensitive techniques for the presence of BCR-ABL (e.g. FISH or RQ-PCR), 

demonstrated that leukaemic cells were still detectable in the majority of these 

patients.91,92 

 

 Imatinib 1.4.2

Imatinib mesylate (Glivec, formerly STI571; Novartis Pharmaceuticals) was the first 

small molecule tyrosine kinase inhibitor (TKI) rationally designed to specifically target 

BCR-ABL1+ cells.93 Imatinib also inhibits c-KIT,93,94 PDGFR,94-96 c-fms,97 and the ABL-

related ARG.98,99 Imatinib inhibits Bcr-Abl by competitively binding to the ATP-binding 

site and preventing substrate phosphorylation and therefore its downstream effects.100 

 

The development of imatinib proceeded quickly from in vitro and in vivo studies, to 

clinical trials, before being approved by the FDA in 2001.99,101 The International 

Randomised Study of Interferon versus imatinib STI571 (IRIS) trial,102-104 reported that 

~90% of CP-CML patients treated with imatinib achieved CCyR by 24 months.105 

Furthermore, 83% of patients exhibited event-free survival at 6 years of treatment (i.e. 

without loss of response, disease progression, increase white blood cell count to 

>20x109/L, or death).106 Targeted treatment of Bcr-Abl with imatinib has revolutionised 

the treatment of CML, and has seen a new era in targeted cancer therapy. 
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Figure 1.8: Historical Treatments 

Adapted from Hehlmann et al. 2007 
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 Second Generation Tyrosine Kinase Inhibitors 1.4.3

Second generation Bcr-Abl inhibitors nilotinib (Tasigna; Novartis Pharmaceuticals) and 

dasatinib (Sprycel; Bristol-Myers Squibb) were developed to address issues associated 

with imatinib resistance. Nilotinib, designed to inhibit Bcr-Abl with higher affinity than 

imatinib, is at least 20x more potent than imatinib and has activity against most of the 

imatinib resistant mutants.107,108 In vivo studies demonstrated promising results using 

nilotinib in imatinib resistant patients.109 Nilotinib is also often successful in patients 

who fail to reach clinical milestones on imatinib. Recent clinical trials assessing upfront 

nilotinib versus imatinib in de novo CP-CML patients have demonstrated high rates of 

response and reduced rates of progression for patients treated with nilotinib.110 

 

Dasatinib inhibits Bcr-Abl tyrosine kinase with a 300x higher potency than imatinib in 

vitro.111 It is active against most imatinib-resistant mutations with the exception of 

T315I112 and F317L, and additionally it is resistant to V299L.113 Dasatinib inhibits Bcr-

Abl kinase, members of the Src family kinase and other kinases including PDGFR and c-

Kit.114 Dasatinib is chemically different from imatinib and requires fewer critical binding 

residues within Bcr-Abl. Unlike imatinib, dasatinib can bind to both the catalytically 

active and inactive Bcr-Abl protein. In phase I and II studies of dasatinib, 90-92%, 45-

50% and 35-40% of imatinib resistant/intolerant CP-CML patients achieved complete 

haematological response, major cytogenetic response and CCyR respectively.115-117 

Estimated overall survival and progression free survival at 24 months was 94% and 

80% respectively.115 
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1.5 Resistance to Tyrosine Kinase Inhibition  

Despite the excellent clinical results observed with imatinib treatment, there exists a 

cohort of patients who do not respond well to therapy118 due to either primary or 

secondary imatinib resistance.119-121 Primary resistance is defined as an inability to 

achieve a landmark response to imatinib treatment and is most likely due to factors 

intrinsic to the patient. Secondary resistance is defined as a loss of response after a 

successful treatment phase; progression to a more advanced disease stage may also 

occur.122 

 

Factors influencing resistance range from Bcr-Abl-independent mechanisms such as 

CML stem cell quiescence,123-125 to Bcr-Abl-dependent mechanisms of overexpression,126 

Bcr-Abl kinase domain point mutations,127 imatinib pharmacokinetics,128,129 

bioavailability,99,129 serum plasma levels,104,130 and intracellular drug levels,131 but aren’t 

necessarily limited to one mechanism. 

 

 Dynamics of TKI inhibition of Bcr-Abl kinase and cell death 1.5.1

Le Coutre et al.132 demonstrated in vitro that 1 µM imatinib was required continuously 

for a period of 20-21 h to induce death in KU812 and MC3 CML cell lines.  A shorter 

duration of in vitro exposure (6-7 h) was not adequate to trigger cell death or inhibit cell 

proliferation. In vivo experiments in mice demonstrated that daily dosing did not result 

in a significant reduction of tumour growth and after cessation of imatinib treatment 

there was a relapse of tumour growth. While administration with 1 µM imatinib resulted 

in 60-70% Bcr-Abl kinase inhibition within 2 h, reactivation of Bcr-Abl kinase was 

restored to >70% by 8 h. Dosing which resulted in continuous Bcr-Abl kinase inhibition 

was demonstrated to decrease tumour growth by 98% and resulted in a longer 
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progression free survival and overall survival. Furthermore, White et al.133 

demonstrated that the degree of Bcr-Abl kinase inhibition achieved in CP-CML patients 

was predictive of patient response. Collectively, these studies suggest that optimal 

therapy requires continuous Bcr-Abl kinase inhibition. 

 

Subsequent clinical pharmacokinetic and pharmacodynamic studies comparing imatinib 

serum trough levels, revealed better responses in patients with trough blood levels 

above 1000 ng/mL104,130 suggesting that continuous Bcr-Abl kinase inhibition by 

imatinib was the optimal strategy in CML therapy.  

 

The plasma half-life of imatinib and nilotinib provides an adequate duration of Bcr-Abl 

kinase inhibition which is achievable in patients on a daily dosing schedule. In vivo, 

dasatinib has a short plasma half-life of 3-5 h134 and there is near-complete reactivation 

of Bcr-Abl kinase 8 h after drug administration corresponding with the decline in CML 

patient serum levels. These data demonstrate that once daily dosing with dasatinib 

results in transient inhibition of Bcr-Abl kinase. 

 

However, despite the short half-life, patients on the recently approved standard dose of 

dasatinib (100 mg once daily) achieved similar cytogenetic and molecular responses as 

patients on twice daily dasatinib (50mg).111,135 The once daily dose schedule was also 

more tolerable, resulting in fewer side effects compared with the twice daily schedule.  
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Recent studies have investigated a short term in vitro exposure of thirty minutes to a 

potent dose of dasatinib to mimic the in vivo once daily schedule. Hiwase et al.136 and 

others137,138 have demonstrated that 30 min dasatinib exposure to a therapeutically 

achievable concentration of dasatinib (100 nM) inhibited Bcr-Abl kinase by >90%. This 

level of inhibition is defined as intense or potent, whereas <90% Bcr-Abl kinase 

inhibition is referred to as partial. Following the 30 min exposure, dasatinib was 

‘washed out’ of culture and Bcr-Abl kinase activity measured. Despite reactivation of 

Bcr-Abl kinase within 1-2 h of dasatinib washout, short term culture with 100 nM 

dasatinib still triggered cell death in BCR-ABL1+ cell lines. Intriguingly, cell death as a 

result of a 30 min exposure was equivalent to cell death caused by a 10 nM dasatinib 

exposure for 72 h) even though inhibition of Bcr-Abl kinase was only partial.  

 

Together the clinical and in vitro data suggest that continuous Bcr-Abl kinase inhibition 

with dasatinib is not required for optimal response, which challenges the previously set 

paradigm of continuous Bcr-Abl kinase inhibition by imatinib for achievement of 

optimal response. Additionally, cell death triggered by potent 30 min Bcr-Abl kinase 

inhibition is not restricted to dasatinib therapy. Potent Bcr-Abl kinase inhibition with 

nilotinib (1-2 µM) or imatinib (30 µM, therapeutically unachievable) for 30 min also 

triggered cell death in BCR-ABL1+ cell lines.  

 

 As drugs with a longer half-life are preferentially selected over drugs with shorter half-

life and since drug dosing is matched to achieve continuous therapeutic concentration, 

these findings could potentially change the paradigm of drug development and change 

the rationale behind therapeutic regimens. 
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 Dependence of CML cells on BCR-ABL 1.5.2

Recently in vitro studies in cell lines have demonstrated that a transient, high dose of 

dasatinib, imatinib or nilotinib triggers cell death despite reactivation of Bcr-Abl kinase 

activity.136-138 A potential explanation for these observations was proposed by Weinstein 

et al.,139 where cancer cells could become dependent on the activity of a single initiating 

oncogene (Myc, Bcr-Abl or Src)139-141 when there is unbalanced expression of survival 

signals over apoptotic signals. Consequently, even a short interruption in oncogenic 

activity appears sufficient to commit these cells to death as a result of the differences in 

the degradation/dephosphorylation kinetics of multiple competing pro-survival and 

pro-apoptotic signals (Figure 1.9).142 In most tumour cells, pro-survival signals outweigh 

pro-apoptotic signals, favouring increased cell proliferation and survival. Such an 

interruption has been shown to be sufficient to shift the balance toward apoptotic 

signals, as pro-survival signals rapidly dissipate, for long enough to induce apoptosis in 

CML cells. 143 This intriguing phenomenon may explain why cells cannot be rescued 

from cell death commitment even though Bcr-Abl kinase reactivated within 1-2 h of TKI 

washout following 30 min potent Bcr-Abl kinase inhibition.144 However, further 

investigation is required into the changes in the balance of these signals so they can be 

utilised to restore cells to steady-state apoptosis. 

 

Hence, this project will focus on unravelling the downstream effect of short-term intense 

Bcr-Abl kinase inhibition on pro-survival and apoptotic proteins. It will also assess the 

different phases of cell death commitment and whether this is reversible or irreversible. 

Additionally, it will investigate the point at which commitment to cell death becomes 

irreversible. 
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Figure 1.9: Oncogenic Shock 

A short interruption in oncogenic activity commits to death due to the differences in the 

degradation/dephosphorylation kinetics of multiple competing pro-survival (green) 

and pro-apoptotic (red) signals. Sharma & Settleman 2010 
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 Overexpression and targeting of STAT5 1.5.3

STAT5 is an ubiquitously expressed transcription factor with established growth factor 

survival signalling in non-malignant cells.145 JAK kinases are non-receptor tyrosine 

kinases which are activated following ligand binding to cytokine receptors. Activated 

JAK kinases then provide a docking site for the SH2 domain of STAT5, allowing 

phosphorylation of the C-terminal domain of STAT5 upon growth factor signalling.146 

Activated STAT5 (pSTAT5), then dimerises and migrates to the nucleus to regulate gene 

transcription.  

 

STAT5 is constitutively expressed in BCR-ABL1+ cells and recognised to have an 

important role in the survival and proliferation of CML cells,72 however it is unclear 

whether JAK2 contributes to Bcr-Abl dependent phosphorylation of STAT5 in CML.147 

Although there is evidence to suggest that JAK2 interacts directly with Bcr-Abl,148,149 and 

that inhibition of JAK kinases with TG101209 induced minimal apoptosis in CML cells, 

subsequent reports have demonstrated that JAK inhibition targets extrinsic cytokine-

mediated survival signalling rather than Bcr-Abl-dependent signalling.150 Moreover, 

experiments performed in the genetic absence of JAK2 did not affect leukaemia 

maintenance in a CML-like murine model,151 however STAT5 deletion resulted in failure 

to maintain  leukaemic haematopoiesis.152 

 

Elevated expression of total STAT5 levels have recently been observed to reduce the 

responsiveness of CML cells to TKIs and additionally contribute to an increased BCR-ABL 

mutation rate.153 Interestingly, the attenuation of STAT5A with RNAi was unable to 

induce apoptosis, but resulted in an increased stress response to TKIs,154 thus 

establishing increased STAT5 as an important mechanism of resistance to TKI 
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treatment. Following a screen of compounds known to be safe in humans drugs, the 

anti-psychotic drug pimozide, a calcium channel155 and dopamine D2 receptor 

antagonist156 was recently identified as an inhibitor of constitutive STAT5 activation in 

CML.157 As STAT5 has been implicated in TKI resistance and has an essential role in Bcr-

Abl-dependent leukaemogenesis, STAT5 has subsequently become an attractive drug 

target. 

 

 Persistence of leukaemic stem cells following TKI therapy 1.5.4

Despite the CCyR achieved in 87% of newly diagnosed CP-CML patients after 60 months 

of imatinib treatment, only a minority of patients achieve complete molecular response 

(CMR).103 Moreover, Rousselot et al.158 recently reported that discontinuation of 

imatinib in patients who had sustained a CMR for at least 2 years resulted in relapse rate 

of 50% within 6 months, suggesting that the majority of the CP-CML patients are not 

cured by imatinib treatment.  

 

Recent studies demonstrated the persistence of leukaemic progenitor cells in patients 

who had achieved CMR with imatinib treatment.124,159,160 In vitro data demonstrated that 

while imatinib and the more potent second generation tyrosine kinase inhibitors 

nilotinib and dasatinib all had antiproliferative effects, without inducting apoptosis, on 

CD34+ leukaemic progenitor cells,125,161 or in the more primitive CD34+38-162 leukaemic 

progenitor population. Thus, both clinical and in vitro studies demonstrated that 

leukaemic early progenitors were refractory to TKI and were potentially responsible for 

long-term disease persistence and resistance development during imatinib treatment.  
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Refractoriness of leukaemic progenitor cells to imatinib has been postulated to be due to 

inadequate Bcr-Abl kinase inhibition within these cells.162 As treatment of quiescent 

CML progenitors with the more potent second generation TKIs (nilotinib and dasatinib), 

which inhibit Bcr-Abl kinase more effectively, does not result in increased levels of 

apoptosis,162,163 it is therefore likely that the resistance of these progenitor cells to TKIs 

is Bcr-Abl independent.  

 

Leukaemic stem cells and HSCs reside in the bone marrow niche which provides a 

cytokine rich microenvironment for the maintenance of both normal and CML HSCs. 

Under normal conditions there exists a balance of pro-survival and pro-apoptotic signals 

in haematopoietic cells. However in CML, Bcr-Abl driven signalling pathways result in 

this balance tipping in the favour of pro-survival signals. The inactivation of the Bcr-Abl 

oncogenic activity by TKI therapy results in a reduction of pro-survival signals and 

activation of pro-apoptotic signals consequently inducing cell death.93,142,164 

 

It has recently been demonstrated that short exposure and high dose treatment of 

CD34+ progenitor cells with dasatinib and imatinib is sufficient to commit cells to 

apoptotic death.136,137 However, in vitro experiments may not accurately represent the in 

vivo situation given that these leukaemic progenitors normally exist in a cytokine rich 

microenvironment and Bcr-Abl shares survival pathways with cytokine receptors. It is 

therefore possible that the presence of cytokines in the bone marrow niche may provide 

protection for CML progenitor cells from the cytotoxic effect of TKI therapy. 
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 Haematopoietic Cytokines and their Contribution to LSC Persistence 1.5.5

Although the role of cytokines in CML pathogenesis is controversial, there is increasing 

evidence that cytokines may play a role in TKI resistance. Under non-pathological 

circumstances HSCs reside in the bone marrow which provides a microenvironment 

that supports survival and self-renewal. This cytokine rich microenvironment supports 

the maintenance of both normal and CML HSCs. In CML, cytokine pathways including 

interleukin 3 (IL-3) and granulocyte macrophage colony stimulating factor (GM-CSF) are 

utilised by Bcr-Abl in mature cells to maintain survival and proliferation.54 There also 

appears to be cross talk between the beta common (βc) receptor165 and Bcr-Abl;56 

additionally, Bcr-Abl has been reported to use the βc subunit and also the c-Kit receptor 

growth factor machinery to send its survival signals. 

 

Several studies have now demonstrated the capability of cytokines to provide protection 

against TKI-induced cell death. Initial studies in Bcr-Abl-transformed 32Dp210BCR-ABL 

cells, which are IL-3 responsive, are partially rescued from imatinib-mediated cell death 

in the presence of IL-3.93,166 Abnormal activation of the autocrine production of IL-3,167-

169 granulocyte colony stimulating factor (G-CSF)168 and GM-CSF170,171 is likely 

associated with autonomous growth in cell lines167,171 and CD34+ CML progenitors.168,172 

Dorsey et al.173 also found that IL-3 protected Bcr-Abl-transformed cell lines 

(Baf3p210BCR-ABL and 32Dp210BCR-ABL) from TKI-mediated apoptosis. In 

conjunction with previous findings of IL-3 autocrine secretion,168 these results suggest 

that CD34+ progenitor cells may escape complete eradication by this mechanism. 
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Liu et al.174 recently demonstrated that conditioned media from culture of resistant Bcr-

Abl-expressing DA1-3b cells, which over-express IL-3, induced TKI resistance in 

sensitive (non-mutated) DA1-3b cells by activation of STAT5 and MEK/ERK pathways. 

Inhibition of JAK2 or MEK1/2 abrogated the protective effect of conditioned media on 

TKI-induced apoptosis in these cells.  

 

In order to investigate whether sensitivity to TKI increased with cell maturity, Jiang et 

al.175 examined the effect of cytokines on CML progenitor cells. Autocrine secretion of IL-

3 and G-CSF was found to induce TKI resistance in CML CD34+/CD38- even in the 

absence of exogenous growth factors; whereas in the absence of exogenous growth 

factors, more mature CML CD34+/CD38+ cells were more sensitive to imatinib. This 

variation in TKI sensitivity could be explained on the basis of IL-3 and G-CSF expression 

where the levels of G-CSF and IL-3 transcripts peaked in the CML stem cells and then 

appeared to be switched off when the cells began to differentiate.168,175  

 

Wang et al.171 recently demonstrated that adaptive autocrine secretion of GM-CSF could 

instigate Bcr-Abl-independent survival signalling in the presence of imatinib and 

nilotinib. This resistance was mediated by the activation of the anti-apoptotic Jak-

2/STAT5 pathway. Signalling of stem cell factor (SCF) through c-KIT has also been 

demonstrated to circumvent Bcr-Abl inhibition and thereby rescue cells from TKI-

induced apoptosis.176 Such data suggests that CML progenitor cells may not completely 

rely on Bcr-Abl for survival. 
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The IL-3 receptor α-chain (IL-3Rα) has been described as a unique marker in the 

identification of acute myeloid leukaemia (AML) stem cells.177,178 A recent murine study 

demonstrated that selectively targeting IL-3Rα in AML with a specific monoclonal 

antibody resulted in reduced AML burden in bone marrow and improved survival.179 

The co-expression of IL-3Rα on CD34+CD38- cells has also been demonstrated in CML 

patients.180 Collectively, this data suggests that IL-3 could be implicated in the protection 

of CML progenitors from TKI-induced cell death. 

 

Hiwase et al.144 recently reported that CML progenitor cells are rescued from dasatinib-

induced apoptosis in the presence of GM-CSF. This study demonstrated that STAT5 is 

phosphorylated in CML-CD34+ cells and supplementation of GM-CSF or a cocktail of six 

growth factors (6-GF containing G-CSF, IL-3, IL-6, SCF, FLT3-ligand and TPO) increased 

the level of phosphorylated STAT5 (p-STAT5). In the absence of GM-CSF or 6-GF, 

decreased levels of p-STAT5 were observed in CML-CD34+ cells when treated with 

dasatinib. Furthermore, inhibition of both Bcr-Abl and JAK kinases, by combination 

treatment of a JAK inhibitor with dasatinib in the presence of GM-CSF or a 6-GF, 

dramatically reduced the phosphorylation of STAT5. This suggests that cytokines 

mediate the activation of the JAK2-STAT5 pathway in CML-CD34+ cells which renders 

them refractory to dasatinib. Consistent with these findings, Konig et al. also reported 

that nilotinib163 and dasatinib181 inhibited MAPK, Akt and STAT5 phosphorylation in 

CML-CD34+ cells in the absence, but not in the presence, of growth factors.  

 

Therefore, the maintenance of survival signals in leukaemic progenitors by cytokines is 

likely to contribute significantly to their persistence during TKI therapy. 
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An understanding of this cytokine-mediated TKI resistance is essential for development 

of therapeutic strategies to target and eliminate these leukaemic progenitors and 

potentially provide a cure for CML patients. 

 

 Autophagy 1.5.6

Non-malignant cells rely on growth factor signalling to regulate growth and 

proliferation and survival as well as maintain nutrient uptake and intracellular 

homeostasis.182 The absence of growth factors or the inhibition of these signalling 

pathways leads to organelle and metabolic stress, cells subsequently display a 

diminished capacity to uptake and metabolize extracellular nutrients and eventually 

undergo apoptosis. Cancerous cells gain the ability to maintain growth and metabolism 

in the absence of growth factors while evading growth-factor withdrawal-induced 

apoptosis. In CML, Bcr-Abl mimics growth factor signal transduction pathways including 

the RAS/ERK,51 PI3/AKT52 and JAK/STAT53 pathways.54 

 

Utilised as an adaptive response to starvation induced stress the induction of 

macroautophagy, hereafter referred to as autophagy, is a mechanism by which cells 

survive in growth factor deprived environments.183 Initiation of autophagy instigates the 

formation of phagophores, which sequester proteins and whole organelles to form 

double-membrane autophagosomes, a morphological characteristic of autophagic cells 

(Figure 1.10).  

 

Several studies have now demonstrated that inhibition of Bcr-Abl induces autophagy,184-

186 thus inhibition of autophagy was proposed to have a negative impact on cell survival. 
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Chloroquine (CQ) is an anti-malarial agent which has been demonstrated to inhibit 

autolysosomal degradation thereby blocking late stage autophagy.187 TKI-induced 

blockade of Bcr-Abl driven survival pathways combined with inhibition of autophagy by 

CQ has now been demonstrated to restore sensitivity of resistant CML cells to TKI.184,185 

 

Recently, Carella et al.188 reported rapid reductions in the BCR-ABL transcript level in 

TKI-resistant CML patients where clarithromycin (CAM) was combined with ongoing 

TKI therapy.  This research highlighted CAM as a candidate for combination therapy in 

CML patients, in particular those with advanced and resistant disease. CAM is one of 

several macrolide antibiotics demonstrated to inhibit cancer cell growth. In multiple 

myeloma cells, CAM induces cell death through inhibition of autophagy at the clinically 

relevant concentrations of 6-50 μg/mL 189 and thus Carella et al.188 hypothesised that 

CAM was acting as an inhibitor of autophagy in resistant CML cells, however their study 

did not demonstrate any supporting experimental evidence.  
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Figure 1.10: Initiation of autophagy 

Upon induction of autophagy signals, elongation of the phagophore engulfs long-lived 

proteins and whole organelles to form double-membrane autophagosomes, which can 

be experimentally identified as LC3-postivie vacuoles. Fusion of the autophagosome 

with the lysosome results in the formation of an autophagolysosome which degrades the 

sequestered components supplying energy and thus allowing cell survival. 
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1.6 Summary and project aims 

 Summary 1.6.1

Long term follow up of CP-CML patients demonstrated that imatinib was unable to 

eradicate leukaemic progenitor cells. The majority of CP-CML patients are not cured by 

imatinib treatment and most patients exhibit persistent disease. As TKI therapy 

deprives BCR-ABL1+ cells of survival signalling and puts cells under metabolic stress, 

autophagy was assessed as a critical resistance mechanism.  

 

Here, the critical factors involved in commitment of cells to TKI-induced cell death are 

evaluated in the setting of transient potent Bcr-Abl kinase inhibition and continuous 

partial Bcr-Abl kinase inhibition. Subsequently, STAT5 was assessed as a critical factor, 

in particular, in relation to JAK2. It is proposed that STAT5 activation, as a result of Bcr-

Abl, does not occur through JAK2, but instead the inhibition of JAK2 is only relevant in 

the extrinsic survival signalling from cytokines. The findings presented here will help 

establish critical CML signalling components that may be targeted by combination 

therapeutic approaches. These studies will have broad implications for ongoing 

therapeutic strategies in resistant cases of CML and in providing a curative treatment. 

 

 Project Aims 1.6.2

1. Assess the mechanism by which TKIs induce autophagy on cell death and 

subsequently assess combination therapy with inhibitors of autophagy. 
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2. Compare the effects of treatment with continuous low dose dasatinib and transient 

high dose dasatinib on Bcr-Abl kinase inhibition and the kinetics of downstream 

survival and apoptotic proteins. 

3. Elucidate the critical pathways which allow leukaemic progenitor cells to escape TKI-

induced cell death. 

4. Assess the effect of combination TKI and JAK inhibitors on CML progenitor cells in 

vitro. 
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CHAPTER 2.   

MATERIALS AND METHODS
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2.1  Commonly used reagents 

 

Table 2.1: Suppliers and catalogue numbers of commonly used reagents 

Reagents Company/Supplier Catalogue No. 

0.1% bromophenol blue Sigma-Aldrich 114391 

3-Methyladenine (3MA) Sigma-Aldrich M9281 

7-Aminoactinomycin D (7-AAD) Life Technologies A-1310 

Acrylamide/Bis Solution (40%,37.5:1 ratio) Bio-Rad 161-0148 

Ammonium Persulfate (APS)  Sigma  A9164 

Annexin-V (PE-conjugated) Becton Dickinson 556421 

Acid Citrate Dextrose (ACD; 5%) Aurora Bioscences AHB7898 

Benchmark prestained protein standard  Life Technologies 10748-010 

β-Mercaptoethanol Sigma-Aldrich M-6250 

Bovine serum albumin (BSA) Sigma-Aldrich A9418-100G 

Calcium Chloride (CaCl2)  Sigma  449709 

CD34 (8G12) PE Becton Dickinson 348057 

Chloroform  Merck 100776B 

Chloroquine Sigma-Aldrich C6628 

Clarithromycin Sigma-Aldrich C9742 

Criterion Precast TGX Gel (4-15%) Bio-Rad 567-1084 

DEPC water  MP Biomedicals Inc.  821739 

Dimethyl suphoxide (DMSO) Merck 102952-2500 

dNTP set (N = A, C, G, T)  GE Healthcare Lifesciences 27-2035-02 

ECF substrate Attaphos GE Healthcare Lifesciences RPN5785 

Erk Cell Signalling Technology 9102 

Erythropoietin (Eprex) Janssen 113427-24-0 

Ethanol  Merck 6-10107-2511 

Ethylenediaminetetraacetic acid (EDTA) APS 180-500G 

FcR Blocking Reagent Miltenyi Biotec Germany 130-046-702 

FLT3 Ligand PeproTech 300-19 
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Foetal Bovine Serum (FBS)  SAFC Biosciences 12103-500ml 

40% w/v Formaldehyde  BDH 10113 

Glycine  Sigma-Aldrich G8898 

Glycogen  Roche  901393 

G-CSF PeproTech 300-23 

GM-CSF PeproTech 300-03 

Hanks Balanced Salt Solution (HBSS) 
Ca2+Mg2+free 

SAFC Biosciences 55021C-500ML 

HEPES 1M  SAFC Biosciences  59205C-100ml 

Hydrocortisone (Solu-Cortef) Pfizer R12264 

Isopropanol Merck 6-10224.2511 

IL-3 PeproTech 200-03 

IL-6 PeproTech 200-06 

Insulin (Actrapid) NovoNordiskPharmaceuticals R169625 

Iscove Modification of Dulbecco Medium 
(IMDM) 

Sigma-Aldrich 13390 

Kaleidoscope prestained protein standard Bio-Rad 161-0375 

L-Glutamine 200mM Sigma-Aldrich G-709 

Low density Lipoprotein Sigma-Aldrich L5402 

Lymphoprep  Axis Shield. Oslo Norway  1114547 

MACS CD34 MicroBeads Miltenyi Biotec Germany 130-046-702 

Membrane blocking agent  GE Healthcare Lifesciences RPN 2125V 

Methanol Chem Supply MA004-P 

MethoCult™ H4230 Stemcell Technologies H4230 

MICROSCINT-20 scintillation fluid PerkinElmer 6013621 

Mouse IgG1 RPE-conjugated Dako Cytomation Denmark 0928 

Mouse IgG2b RPE-conjugated Dako Cytomation Denmark X0951 

MyeloCult™ H5100 Stemcell Technologies 05150 

N’-((4-Oxo-4H-chromen-3-yl)methylene) 
nicotinohydrazide (STAT5 inhibitor) 

Merck 573108 

Paraformaldehyde (PFA) 16% ProSciTech 15710 

Penicillin 5000U/ml Streptomycin 5mg/ml Sigma-Aldrich P4458 

Phosphate Buffered Saline (PBS) SAFC Biosciences  59331–500mls 

Pimozide Sigma-Aldrich P1793 

PVDF Membrane  GE Healthcare Lifesciences PRN 303F 

PVDF membrane, LF Trans-Blot® Turbo™ RTA 
Midi Transfer Pack kit 

Bio-Rad 170-4275 

Random Hexamer Primer (100mg stock) Geneworks RP-6 
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RPMI-1640 Medium w/o L-Glutamine 
Ca2+Mg2+free 

SAFC Biosciences  51502C-500ML 

See Blue Plus 2 Protein Standard  Life Technologies  LC5925 

Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich L-4509-1KG 

Sodium Chloride (NaCl) Ajax Finechem Pty Ltd 465-2.5 kg 

Sodium (ortho) Vanadate (Na3VO4) Sigma-Aldrich S6508 

Sodium Fluoride Sigma-Aldrich S7920 

Stem Cell Factor (SCF) PeproTech 300-07 

SuperScript II Reverse Transcriptase Life Technologies 18064-014 

SYBR Green Supermix  Bio-Rad  PA-012-24 

Taqman Master Mix Applied Biosystems 4318157 

Tetramethyethylenediamine (TEMED) Sigma-Aldrich 87687 

Thrombopoietin PeproTech 300-18 

Transferrin Sigma-Aldrich T-0665 

TRIzol® reagent Life Technologies 15596-018 

Tris Merck 6.10315.0500 

Trypan Blue Solution, 0.4%  Sigma-Aldrich  T8154 

Tween-20 Sigma-Aldrich P9416 
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Table 2.2: Western Antibody List 

 

Antibodies Use @ Size (kDa) Company/Supplier Catalogue # 

AP-conjugated α-rabbit Ig 1:20000  Santa Cruz Biotechnology SC2007 

ASK1 1:1000 155 Cell Signaling Technology 3762 

Bcl-xl 1:1000 30 Cell Signaling Technology 2762 

Bcl-2 1:1000 26 Cell Signaling Technology 2870 

Beclin-1 1:1000 60 Cell Signaling Technology 3738 

Bim 1:1000 23 Cell Signaling Technology 2933 

c-Abl 1:1000 135/210 Cell Signaling Technology 2862 

Chk2 1:1000 62 Cell Signaling Technology 2662 

LKB1 1:1000 54 Cell Signaling Technology 3050 

LC3B 1:1000 14,16 Cell Signaling Technology 3868 

Mcl1 1:1000 40 Cell Signaling Technology 4572 

Phospho-Bcr (Y245) 1:1000 210 Cell Signaling Technology 3901 

Phospho-Erk 1:1000 42,44 Cell signaling Technology 9101 

Phospho-JAK1 1:1000 130 Cell Signaling Technology 3331 

Phospho-JAK2 1:1000 125 Cell Signaling Technology 3771 

Phospho-STAT3 1:1000 79,86 Cell Signaling Technology 9145 

Phospho-STAT5 1:1000 90 Cell Signaling Technology 9359 

JAK1 1:1000 130 Cell Signaling Technology 3332 

JAK2 1:1000 125 Cell Signaling Technology 3230 

p62/SQM 1:1000 62 Cell Signaling Technology 8025 

Pim3 1:1000 35 Cell Signaling Technology 4165 

STAT3 1:1000 79,86 Cell Signaling Technology 9139 

STAT5 1:1000 90 Cell Signaling Technology 9363 
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2.2 Solutions Buffers & Media 

2.2.1 Cell culture media 

RPMI-1640 medium  

2 mM L-Glutamine  

50 units/mL Penicillin 

50 µg/mL Streptomycin  

10% FBS  

Store at 4°C, and preheat to 37°C in a water bath prior to use. 

 

2.2.2 Hanks Balanced Salt Solution (HBSS) 

Ca++ and Mg++ Free. Add 10mM HEPES 1M prior to use. 

 

2.2.3 Cryoprotectant mixture 

70% HBSS with 10 mM HEPES 

20% FBS  

10% DMSO  

This is made up fresh for each batch of samples to be cryopreserved. 

 

2.2.4 Binding Buffer 

5 mM CaCl in 500mL HBSS 

 

2.2.5 1x Laemmli’s buffer (modified) 

50 mM Tris-HCL (pH 6.8)  
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10% glycerol  

2% SDS  

5% β-mercaptoethanol  

0.1% bromophenol blue  

1 mM NaVanadate  

10 mM NaFluoride 

 

2.2.6 MACS buffer 

1x PBS  

0.5% BSA  

2 mM EDTA  

BSA was dissolved slowly in PBS using a rolling mixer. The EDTA was added to the 

buffer, and the solution sterilised using a 0.2μm bottle top filter. The buffer was stored 

at 4°C. 

 

2.2.7 2.5% Membrane blocking solution 

For milk optimised antibodies 

2.5% Membrane Blocking Agent in 1xTBST 

Solution was dissolved on a rolling mixer and stored at 4°C.  

 

For BSA optimised antibodies 

3% BSA in 1xTBST  

Solution was dissolved on a rolling mixer and stored at 4°C.  

 



Chapter 2 | Materials and Methods 

45 

2.2.8 MethoCult™ 

MethoCult™, methylcellulose based media (100 ml, Catalogue 4230; Stemcell 

Technologies, Tullamarine, VIC). MethoCult was stored at -20C and was thawed at 4C 

(overnight) or at room temperature (over few hours). After thoroughly mixing, 3.5 mL 

was aliquoted in to sterile 12 mL  tubes and stored at -20C until required. 

 

2.2.9 Serum deprived media (SDM) 

CML-CD34+ cells were cultured in serum deprived media (SDM), which contains 

Iscove’s Modified Dulbecco’s 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 -mercaptoethanol 

 

6 Growth Factor (GF) cocktail  

10 ng/mL Flt3-ligand  

10 ng/mL stem cell factor (SCF),  

10 ng/mL interleukin-3 (IL-3),  

10 ng/mL interleukin-6 (IL-6),  

10 ng/mL granulocyte colony-stimulating factor (G-CSF)  

10 ng/ml thrombopoietin (TPO). 

 



Chapter 2 | Materials and Methods 

46 

5GF cocktail 

1 ng/mL G-CSF 

0.2 ng/mL granulocyte-macrophage colony-stimulating factor (GM-CSF) 

0.2 ng/mL SCF 

1 ng/mL IL-3 

1 ng/mL IL-6 

 

2.2.10 SDS-Polyacrylamide Gel 

12% Resolving gel (for 30 mL)  

12.9mL H2O  

9 mL 40% Acrylamide/Bis solution, 37.5:1  

7.5 mL 1.5M Tris-HCL, pH 8.8   

300 µL 10% SDS  

300 µL 10% APS  

8 µL TEMED  

 

5% Stacking gel (for 10 mL)  

6 mLH2O  

1.26 mL 40% Acrylamide/Bis solution, 37.5:1 

2.52 mL 0.5M Tris-HCL, pH 6.8  

100 µL 10% SDS  

100 µL 10% APS  

10 µL TEMED  
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2.2.11 1 x TBS 

20 mM Tris-HCL (pH 7.5)  

150 mM NaCl 

 

2.2.12 1xTBST 

20 mM Tris-HCL (pH 7.5)  

150 mM NaCl  

0.1% Tween20 

 

2.2.13 Thaw solution 

Hanks Buffered Salt Solution  

10 mM HEPES    

5% FBS    

5% ACD  

The solution (without ACD) was stored at 4°C. ACD was added immediately prior to use 

and the solution was heated to 37°C in a water bath. 

 

2.2.14 White cell fluid 

2% Glacial acetic acid in Milli-Q® Water with a few crystals of Methyl Violet  

Acetic acid was slowly added 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 at room 

temperature. 
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2.3 Inhibitors 

2.3.1 Dasatinib 

MW = 506.2 

Dasatinib (Das) was kindly provided by Bristol-Myers Squibb (New Brunswick, USA) 

and a 10 mM stock solution was prepared in dimethyl sulfoxide (DMSO, Merck KGaA, 

Darmstadt, Germany) and stored at 4C. 

[14C]-dasatinib (Bristol-Myers Squibb, New Brunswick, USA) was dissolved in ethanol 

at 1 mg/mL (2049 µM) and stored at -80C. Specific Activity was  1 mBq/mL (31.9 

µCi/mL). A 50% mixture of 14C-labelled and unlabelled dasatinib, 100 µM final 

concentration, was prepared fresh prior to use. For one millilitre of working solution 

24.4 µl of 2049 µM 14C-dasatinib and 5 µL of 10 mM unlabelled dasatinib were added to 

970.6 µl of RPMI-1640 media. 

 

2.3.2 Imatinib (IM) 

MW = 589.72 

Imatinib mesylate (imatinib; Glivec; formerly STI-571) was provided by Novartis 

Pharmaceuticals (Basel, Switzerland). Stock solutions of this compound were prepared 

at 10 mM with distilled water, sterile filtered and stored at -70°C. 

 

2.3.3 Nilotinib (NIL) 

MW = 529.5 
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Nilotinib (formerly AMN107) was provided by Novartis Pharmaceuticals. Stock 

solutions were prepared at 10 mM in DMSO and stored at 4°C. 

 

2.3.4 Chloroquine 

MW = 515.9 

Chloroquine (CQ) was purchased from Sigma-Aldrich. Stock solutions were prepared 

fresh at 10 mM with distilled water. 

 

2.3.5 Clarithromycin 

MW = 747.95 

Clarithromycin (CAM) was purchased from Sigma-Aldrich. Stock solutions were 

prepared fresh at 5 mg/mL in actetone. 

 

2.3.6 3-Methyladenine 

MW = 149.2 

3-Methyladenine (3MA) was purchased from Sigma-Aldrich. Stock solutions were 

prepared at 10 mM in DMSO and stored at 4°C. 

 

2.3.7 Pimozide 

MW = 461.55 

Pimozide (Pz) was purchased from Sigma-Aldrich. Stock solutions were prepared fresh 

at 10 mM in DMSO. 
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2.3.8 N’-((4-Oxo-4H-chromen-3-yl)methylene)nicotinohydrazide (STAT5 

inhibitor) 

MW = 293.3 

N’-((4-Oxo-4H-chromen-3-yl)methylene)nicotinohydrazide (STAT5i) was purchased 

from Merck. Stock solutions were prepared at 10 mM in DMSO and stored at 20°C in the 

dark. 

 

2.3.9 Ruxolitinib 

MW = 306.37 

Ruxolitinib (formerly INCB-018424) was purchased from Active Biochemicals (Wanchai, 

Hong Kong). Stock solutions were prepared at 10 mM in DMSO and stored at 20°C. 

 

2.3.10 U0126 (MEK1/2 inhibitor) 

MW = 380.5 

U0126 was purchased from Cell Signaling Technology. Stock solutions were prepared at 

10 mM in DMSO and stored at 20°C. 
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2.4 General Techniques 

2.4.1 Maintenance of 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 pre-

warmed (37°C) culture media (RPMI-1640 + 10% FBS) in 25 or 75 cm2 flask and were 

maintained in 37°C/5%CO2 incubator. Cell lines were sub-cultured in a class two 

biohazard safety cabinet (Gelman Sciences) on Monday, Wednesday and Friday every 

week and were maintained at cell density between 1x105 to 1x106/mL. 

 

2.4.2 Cell count and viability assessment  

Live cells exclude trypan blue efficiently, however dead cells cannot. This discriminatory 

feature of trypan blue dye is exploited to assess the cell viability. Cells were mixed with 

an equal volume of 0.4% trypan blue solution and 10 µl of suspension was loaded 

beneath a coverslip of a 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 loaded onto the haemocytometer to determine total cell count. 

 

2.4.3 Lymphoprep isolation of mononuclear cells (MNC)   

Peripheral blood (PB, 40-60 mL) was collected into Lithium Heparin tubes from patients 

with CML or from normal donors. All samples were collected with informed consent in 

accordance with the Institutional Ethics approved protocols and with reference to the 

Declaration of Helsinki. A white cell count was performed using white cell fluid and a 

maximum of 1x108 cells (or maximum of 15 ml of blood) were transferred into a 50 mL 
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polypropylene conical tube. The blood volume was brought to 35 mL using hanks 

balances salt solution with 10 mM HEPES (HBSS) and underlain with 15 ml of 

lymphoprep. Tubes were then centrifuged at 1,200 rpm for 30 min with no brake. The 

interface containing the mononuclear cells (MNC) was then transferred to another 50 ml 

tube and washed once in HBSS. 

 

2.4.4 Magnetic Cell Sorting (MACS) 

MicroBeads for CD34 (progenitor cells) were obtained from Miltenyi Biotec GmbH 

(Bergisch Gladbach, Germany). Cells were suspended in MACS buffer and CD34 

MicroBeads and FcR Blocking Reagent were added in equal volumes according to the 

manufacturer’s recommendations. Samples were incubated at 4°C with continuous 

mixing for 30 min. 

 

2.1.1.1 Magnetic Separation 

A pre-cooled MACS LS column was placed in a midi-MACS separator magnet and rinsed 

with 3 mL of degassed MACS buffer. The magnetically labelled cell suspension was then 

placed onto the column, and the effluent collected as the negative fraction. The column 

was washed thrice with 3 mL of buffer, then removed from the magnet and flushed with 

5 mL of buffer to collect the positive fraction. In some cases the positive fraction was 

passed over a new freshly prepared column to increase the purity of positively labelled 

cells. The purity of cells following the isolation procedure was assessed by staining with 

immunofluorescent antibodies and measured. 
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2.4.5 Fluorescence Activated Cell Sorting (FACS) 

MACS sorted CML CD34+ cells were aliquoted into 5 mL FACS tubes as described in 

Table 2.4. Test cells were sorted for CD34+38+ and CD34+38- fractions on a Becton 

Dickinson Aria, using FACS Diva Software version 6.1.3 (BD Biosciences, San Diego, CA). 

The CD34+38- fraction was routinely <5% of the total CD34+ population. 

 

2.4.6 Cryopreservation of cells 

Cells were resuspended slowly in a cryoprotectant mixture of 70% HBSS with 10 mM 

HEPES, 20% FBS and 10% cryoprotectant dimethylsulphoxide (DMSO) at concentration 

of 1x107/mL. Resuspended cells were immediately transferred to pre-labelled ice-cold 

cryogenic vials and cryopreserved using a Planer KRY010 Series 2 controlled-rate 

freezer. Cryopreserved samples were stored in the vapour phase of liquid nitrogen (-

196°C). 

 

2.4.7 Thawing of Cells 

Cryogenic samples were removed from liquid nitrogen and thawed rapidly by 

immersion in a 37°C water bath with manual agitation. The cell suspension was quickly 

transferred to a 50 mL tube, and approximately 20 ml of thaw solution (pre-warmed to 

37°C) was added drop-wise with continuous gentle mixing. The sample volume was then 

increased to 30 mL with thaw solution and the cells pelleted by centrifugation at 1,200 

rpm for 10 min. The supernatant was aspirated and the procedure was repeated to 

remove all residual DMSO. 
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2.4.8 Cell counts and viability  

Cell concentration was determined by diluting the cell suspension 1:9 in white cell fluid 

(WCF) and cell viability was assessed by diluting samples 1:1 with 0.4% trypan blue 

solution. 10µl of these suspensions were transferred to a haemocytometer counting 

chamber (Neubauer Improved, Assistant, Germany) and cell concentration and viability 

calculated accordingly.  
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2.5 Special techniques 

2.5.1 Drug Treatments and Washing Protocols 

Cells were cultured with either 100 nM dasatinib or 32.5 µM imatinib for a minimum of 

30 min to a maximum of 24 h followed by the standard (STD) wash or optimal (OPT) 

wash protocols (Figure 2.1). In the standard wash protocol, following incubation with 

TKI, cells were centrifuged at 1400 rpm for 5 min, the supernatant was aspirated and 

the cells were washed with 37°C 1xPBS three consecutive times before being suspended 

in TKI-free media for the remainder of the 72 h at 37°C/5% CO2. The optimal washout 

protocol is similar to the standard wash protocol, with the exception that cells are 

allowed to equilibrate for 1 h at 37°C/5% CO2 in drug-free media between each wash. 

 

2.5.2 Flow cytometry to assess the cell death  

BCR-ABL1+ cell lines (2x105 cells) were cultured with TKIs under the specified 

conditions. KU812 and Meg01 cells were cultured in RPMI-1640 + 10% FBS. K562 cells 

were culture in IMDM + 5% BSA. Primary patient CD34+ cells were cultured in SDM in 

the presence or absence of a 5GF cytokine mix (refer to Materials and Methods 2.2.9). 

After 72 h cell viability was assessed by trypan blue exclusion. Cell death was assessed 

by flow cytometry using PE Annexin V (BD Biosciences, USA), 7-AAD and trypan blue 

staining at 24 h, 48 h or 72 h.  

 

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
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Figure 2.1: Schematic of the standard and optimal washout procedures. 

Standard washout (STD) refers to transient exposure to dasatinib (Das) for 30min, 

followed by 3 immediate washes in 10 ml pre-warmed PBS. Optimal washout (OPT) 

refers to x 3 washes in 10 ml pre-warmed PBS, with equilibration of cells in drug-free 

media for 1 h in between washes. 
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50% DMSO for 10 min at room temperature and positive control for 7-AAD was 

prepared by incubating cells with 70% cold ethanol on ice for 10 min. After incubation 

with DMSO or ethanol, cells were washed three times with 5 ml of binding buffer.  

 

Cells were harvested in labelled tubes at specified time; 5 ml of binding buffer was 

added and centrifuged at 2700 rpm for 2 min. 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 min. After incubation, 250 µl of binding buffer 

was added to each tube and tubes were kept on ice until flow cytometry could be 

performed.  

 

Samples were analysed on a FC500 flow cytometer (Beckman Coulter, Fullerton, CA 

92831, USA). Forward scatter, side scatter, voltage and compensation were set from the 

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 FCS Express 4 Research Edition (De Novo Software). 

 

2.5.3 Flow cytometry to assess pSTAT5 (intracellular staining) 

Following indicated treatment, cells were harvested in labelled tubes and fixed with 

1.5% paraformaldehyde (PFA) by incubating for 15 min at room temperature. Following 

fixation, the cells were centrifuged and washed once with 1x PBS. After removing 

supernatant, cells were permeabilised by the drop-wise addition of 1 ml ice-cold 100% 
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methanol while gently vortexing. The sample was incubated at 4°C for at least 20 min, or 

alternatively, cells can be termporarily stored in 100% methanol at -20°C for up to a 

week. The cells were washed three times with 1x  PBS (1600 rpm for 5 min). After 

removing the supernatant, 50 µl of diluted p-STAT5 Alexa 488 (BD) antibody was added 

to each tube and the sample was vortexed and incubated at room temperature in the 

dark for 30 min. After incubation the sample was washed and then resuspended in 500 

µl of 1xPBS. The samples were analysed on the FC500 flow cytometer and the data 

collected in FL-1 were analysed by using FCS Express software. 

 

2.5.4 Western Blot following SDS-PAGE 

Following a specific treatment 2x105 cells were placed into a 1.5 mL microfuge tube, and 

pelleted by centrifugation for 5 min at 6,500 rpm. All supernatant was removed and cells 

were washed once in cold 1x PBS before lysing in 20 µL of modified 1x Laemmli's buffer 

by boiling in a 100°C heat block for 12 min. Cell lysates were stored at -20°C. Protein 

lysates corresponding to 1x105cells/10 μlLwere resolved on a 4-15% Criterion Precast 

TGX Gel (Bio-Rad Laboratories, Hercules, CA), and the protein electrophoretically 

transferred to low-fluorescence PVDF membrane (Bio-Rad) using a Bio-Rad Trans-

Blot® Turbo™ Blotting System.  

 

The membrane was incubated for 1 h at room temperature with appropriate blocking 

solution (either 2.5% membrane blocking buffer in 1xTBST or 3% BSA in 1xTBST). The 

membrane was then probed for 2 h at room temperature with Santa Cruz anti-CrkL C20 

antibody, 1:1000 in 2.5% blocking solution, or overnight at 4°C for Cell Signaling 

Technology primary antibodies. Following primary antibody incubation, the membrane 

was rinsed twice in 1xTBST buffer, and then washed for 3x5 min with 1xTBST buffer 
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before incubating with 1:2000 alkaline-phosphatase (AP) conjugated anti-rabbit 

immunoglobulin (Santa Cruz Biotechnology) in 2.5% blocking solution for 1 hour at 

room temperature. The membrane was then rinsed twice in 1x TBST buffer, 3x5 min in 

1xTBST buffer and then 3x5 min in 1xTBS buffer. Bound antibodies were detected using 

ECF attaphos substrate (GE Healthcare Lifesciences, Uppsala, Sweden) on a Typhoon 

FLA 9000 fluorimager (GE Healthcare Lifesciences). Phosphorylation was then 

quantified using ImageQuant-TL software for densitometric analysis (Molecular 

Dynamics, Sunnyvale, CA).  

 

To detect total protein, the membrane was incubated in 1x Western Stripping Buffer 

(Alpha Diagnostic) at room temperature for 15 min and washed in the appropriate 

blocking solution 2x 20 minutes. Membrane was then re-probed with Total Protein 

antibodies (1:1000) overnight at 4°C. The membrane was then rinsed twice in 1x TBST 

buffer and washed 3x5 min in 1xTBST buffer before incubation with AP-conjugated anti-

rabbit immunoglobulin in 2.5% blocking solution for 1 hour at room temperature and 

then washed as above. Bound antibodies were detected with ECF attaphos substrate on 

a Typhoon FLA 9000 fluorimager. Total proteins were quantified using ImageQuant-TL 

software. 

Phosphorylated CrkL (p-CrkL) was determined as a % of the total CrkL protein. 

Volume phospho-protein / volume of Total protein = relative ratio at given time point 

Relative ratio at any time point / relative ratio of untreated levels x 100  

= % phospho-protein / Total protein for each time point 
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2.5.5 Intracellular Uptake and Retention (IUR) assay  

The IUR assays were performed as previously described by White et al. All assay points 

were performed in triplicate. 2x105 cells were incubated in 2 mL of RPMI-1640 media + 

10% FBS in the presence or absence of 2 μM [14C]-labelled dasatinib for 2 h at 37°C/5% 

CO2. Following this time tubes were centrifuged at 6,800 rpm for 5 min, then pulse spun 

to 13,000 rpm for 30 seconds. A 20 μL aliquot of supernatant (S/N) from each tube was 

then added to 100 μL of Microscint-20 scintillation fluid (PerkinElmer, Waltham, 

Massachusetts) in a white 96-well flat bottomed plate (OptiPlate, PerkinElmer). The 

remaining supernatant was then aspirated from the tubes and 50 μL of Microscint-20 

was added. The tube was vortexed well, and pulse spun for 15 seconds at 13,000 rpm. 

The lysed cells were then transferred to the 96- well plate with wells containing 50 μl of 

Microscint-20. The plate was covered with an adhesive plastic seal and counted on a 

TopCount beta scintillation counter (PerkinElmer) as counts per minute (cpm). The 

incorporation of [14C]-dasatinib in the cells and supernatant was determined and 

quantity of dasatinib expressed as cpm. 

 

2.5.6 Analysis of cellular morphology 

The cellular morphology of BCR-ABL1+ cell lines was examined by May-

Grunwald/Giemsa staining following cytospin of cells. To prepare cytospins, BCR-ABL1+ 

cells were harvested from culture and resuspended at 3x105 cells/ml. The cell 

suspension (100 µl) was deposited onto microscope slides and spun for 5 min at 500 

rpm. Slides were allowed to dry and fixed for 1 min in 100% methanol before staining 

with May-Grunwald (Sigma-Aldrich) for 5 min. The slides were rinsed briefly in distilled 

water and placed in 1:20 dilution of Giemsa for 20 minutes. The slides were dipped in 

water again and allowed to dry prior to mounting. Cells were evaluated under 20x or 
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40x magnification on a light microscope (BX51, Olympus, Japan). Photographs were 

taken with a DP70 camera (Olympus, Japan) and DP analysis software (Olympus 

Imaging Systems, Germany). 

 

2.5.7 Full Moon BioSystems Antibody Microarray 

Antibody microarrays (Full Moon BioSystems, Sunnyvale, CA) were utilised for 

fluorescent detection of proteins, providing a high-throughput system for expression 

profiling and comparison of treated and untreated samples. For full details of the 

proteins contained in each array see Appendix I-II. The arrays were carried out 

according to the manufacturer’s instructions. Briefly, 2.5×106 K562 or KU812 cells were 

harvested following 30 min exposure to 100 nM dasatinib and placed in a 50 ml tubes 

for centrifugation (5 min at 1400 rpm). The supernatant was aspirated and the cells 

were washed 3× in cold PBS. Cells were transferred to clean 1.7 ml tubes before addition 

of lysis beads and 200 μl extraction buffer. Cells were vortexed vigorously for 1 min 

before incubation on ice for 10 min. The vortexing step was repeated at 10 min intervals 

for the next 60 min. Subsequently, cells were centrifuged at 14,000 rpm for 20 min at 

4°C and transferred to clean tubes. The supernatant was applied to spin columns 100 μl 

at a time, the columns placed in collection tubes and tubes centrifuged for 2 min at 750 

g. The UV absorptions of resultant protein lysates were measured using a NanoDrop 

Spectrophotometer (Thermo scientific). Subject to satisfactory absorbance and 

concentration readings in line with the manufacturer’s instructions, 45 μg of lysates 

were mixed with labelling buffer and 3 μl Biotin/DMF solution. The mixture was 

incubated at room temperature for 2 h before addition of 35 μl stop reagent. After 

incubation at room temperature for 30 min, lysates were combined with 6 ml coupling 

solution and poured over pre-blocked microarray slides. Slides were incubated for 2 h at 
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room temperature on an orbital shaker before washing twice for 10 min in wash 

solution. Slides were rinsed extensively in Milli-Q® H2O before detection with detection 

buffer containing 60 μl Cy3-Streptavidin (0.5 mg/ml). Completed slides were sent to Full 

Moon BioSystems Array Scanning Service for analysis. 

 

2.5.8 Statistical Analyses  

Figures were constructed using GraphPad Prism 5.01 © software (GraphPad Software 

Inc. La Jolla, CA). Column graphs represent the mean plus the standard error of the mean 

(SEM). Student’s T-test was used to determine differences between experimental 

groups. Differences were considered to be statistically significant when the probability 

value (p value) was <0.05. 
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CHAPTER 3.   

INDUCTION OF AUTOPHAGY BY 

TYROSINE KINASE INHIBITION IN BCR-

ABL1+ CELLS PREVENTS CELL DEATH
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3.1 Introduction 

CML is characterised by the presence of Bcr-Abl, a constitutively active tyrosine 

kinase.35 Although the therapeutic inhibition of Bcr-Abl with TKIs has been largely 

successful, some patients develop resistance to TKI-therapy.106 Mechanisms of acquired 

TKI resistance include BCR-ABL kinase domain mutations,127 BCR-ABL amplification,126 

and most recently, the induction of macroautophagy have been proposed as possible 

mechanisms of TKI-resistance.185 

 

Macroautophagy, hereafter referred to as autophagy, has historically been considered an 

adaptive response to starvation induced stress, allowing cell survival in growth factor 

deprived environments.183 Initiation of autophagy instigates the formation of 

phagophores, which sequester proteins and whole organelles to form double-membrane 

autophagosomes, a morphological characteristic of autophagic cells (Figure 3.1). The 

autophagosomes then fuse with lysosomes resulting in the degradation of cellular 

components by lysosomal activity in the newly formed autolysosome, providing energy 

for the cell to sustain itself through a time of low nutrient availability. 

  

Not surprisingly, inhibition of autophagy has a negative impact on cell survival. 

Inhibition of early stage autophagy results in classical apoptosis, whereas inhibition of 

late stage autophagy results in the accumulation of autophagic vacuoles, followed by 

apoptosis.190 TKI-induced blockade of Bcr-Abl-driven survival pathways combined with 

inhibition of autophagy by chloroquine (CQ), a late stage autophagy inhibitor, has 

previously been shown to restore sensitivity of resistant BCR-ABL1+ cells to TKI.184,185 

However, information concerning how inhibition of Bcr-Abl induces autophagy is scarce, 
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thus the first part of this chapter aims to determine the important events that follow 

inhibition of Bcr-Abl blockade which lead to the induction of autophagy. 

 

Recently, rapid reductions in the BCR-ABL transcript level in TKI-resistant CML patients 

were reported where clarithromycin (CAM) was added in combination to their TKI 

therapy.191 This highlighted CAM as a candidate for combination therapy in CML 

patients, in particular those with advanced and resistant disease. CAM is one of several 

macrolide antibiotics demonstrated to inhibit cancer cell growth.  In multiple myeloma 

cells, CAM induces cell death through inhibition of autophagy at the clinically relevant 

concentrations of 6-50 µg/ml.189 Carella et al.188 hypothesised that CAM was acting as an 

inhibitor of autophagy in resistant CML cells, however the study did not demonstrate 

any experimental evidence to support this. Therefore the major aims of the second part 

of this chapter were to investigate the effect of CAM on TKI-induced cell death in vitro, 

and to determine the effect of CAM on the inhibition of autophagy. 
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Figure 3.1: Model of the autophagic process 

Upon induction of autophagy signals, elongation of the phagophore engulfs long-lived 

proteins and whole organelles to form double-membrane autophagosomes. Fusion of 

the autophagosome with the lysosome results in the formation of an autolysosome 

which degrades the sequestered components supplying energy and thus allowing cell 

survival. 
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3.1.1 Approach 

Induction of autophagy was assessed with the markers LC3 (converted from LC3-I to 

LC3-II upon formation of the autophagosome) and p62 (degraded in the autolysosome). 

The expression of Beclin-1 (required for induction of autophagy) was assessed in 

context of the expression of its interacting partners Bcl-2 and Bcl-xL (which sequester 

Beclin-1 thereby preventing induction of autophagy). A protein kinase assay was utilised 

to identify additional pathways which may be involved. 

 

The effect of CAM on autophagy in BCR-ABL1+ cells has not previously been examined in 

vitro, thus the effects of CAM in combination with dasatinib and imatinib were 

investigated in the BCR-ABL1+ cell lines, K562 and KU812. Cell death was determined by 

flow cytometry following Annexin V and 7AAD staining. Bcr-Abl activity was assessed 

using the Bcr-Abl substrate CrkL, a surrogate for Bcr-Abl activity. To detect additional 

effects of combination therapy dasatinib was used at a concentration that induced 

approximately 50% reduction in live cells. May-Grunwald/Giemsa staining was used to 

assess vacuole formation in the presence of inhibitors.  

 

3.1.2 Summary and Research Contribution 

This study demonstrates a role for autophagy in the resistance of BCR-ABL1+ cells to TKI 

therapy. Induction of autophagy is demonstrated by increased LC3-II and decreased 

p62, with novel information demonstrating the availability of Beclin-1 corresponding 

with Bcl-2 and Bcl-xL. The energy sensing LKB1/AMPK pathway, in conjunction with 

Pim3 kinases, is presented as a possible mechanism for TKI-induced autophagy, 

highlighting these pathways for further investigation. For the first time, CAM is shown to
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 effectively increase the sensitivity of BCR-ABL1+ cells to TKI-induced cell death in vitro, 

whilst having little or no effect on cell death as a sole agent. The mechanism of induction 

of cell death by CAM combined with dasatinib appears to be via inhibition of late stage 

autophagy. 

 

3.1.3 Publications 

Schafranek L, Leclercq TM, White DL and Hughes TP. Clarithromycin enhances 

dasatinib-induced cell death in chronic myeloid leukemia cells, by inhibition of late stage 

autophagy. Leuk Lymphoma 2013; 54: 198–201. 

 

3.1.4 Conference Presentations 

Schafranek L, Leclercq TM, White DL and Hughes TP. Macrolide Antibiotic 

Clarithromycin targets TKI-induced autophagy in CML cells. HAA Oct, 2012 Melbourne, 

Australia (oral presentation). 

 

Schafranek L. Cannibalistic Cancer. 3 Minute Thesis Competition, July 2013, University 

of Adelaide, Australia (oral presentation). Faculty Finalist 

 

Schafranek L, Leclercq TM, White DL and Hughes TP. Overcoming resistance to tyrosine 

kinase inhibitors in chronic myeloid leukaemia by blocking autophagy with 

clarithromycin. Medical Staff Society Research Prize, May, 2013, Adelaide, Australia (oral 

presentation). 
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Schafranek L, Leclercq TM, White DL and Hughes TP. Clarithromycin Enhances TKI-

Induced Cell Death In CML Cells. NDLR March, 2012, Sunshine Coast, Australia (poster 

presentation). 

 

Schafranek L, Leclercq TM, White DL and Hughes TP. Clarithromycin increases the 

sensitivity of chronic myeloid leukaemia cells to dasatinib. CPCM Symposium, July 2012, 

National Wine Centre, Adelaide, Australia (poster presentation). 

 

Schafranek L, Leclercq TM, White DL and Hughes TP. Clarithromycin increases the 

sensitivity of chronic myeloid leukaemia cells to dasatinib. FHS conference, August 2012, 

University of Adelaide, Australia (poster presentation). 
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3.2 Results 

3.2.1 Inhibition of Bcr-Abl with TKIs induces markers of autophagy in KU812 

cells 

Emerging evidence suggests that cancer cells escape chemotherapeutic induced death 

through activation of autophagy.19,192 To determine if autophagy is activated as a 

protective response to TKI therapy in BCR-ABL1+ cells, markers of autophagy were 

evaluated in the KU812 cell line. The LC3 protein is converted from LC3-I to LC3-II 

during the formation of the autophagosome,193 therefore an increase in LC3-II signifies 

the induction of autophagy (Figure 3.2). Additionally, autophagy can be measured by 

p62 protein which is decreased upon autolysosome degradation (Figure 3.2). Cells were 

treated with 2 µM imatinib, 1000 nM nilotinib or 100 nM dasatinib and increased LC3-II 

(and subsequent decreased LC3-I) were observed (Figure 3.3). In parallel, each of the 

three TKIs induced a decrease in p62 (Figure 3.3). These results indicate that Bcr-Abl 

tyrosine kinase inhibition with imatinib, nilotinib or dasatinib induce autophagy.  

 

3.2.2 TKI-induced loss of Bcl-2 and Bcl-xL expression in KU812 cells allows 

release of Beclin-1 

Expression of Beclin-1, which is required for the induction of autophagy,194 was 

assessed in BCR-ABL1+ KU812 cells treated with increasing concentrations of imatinib, 

nilotinib or dasatinib, to ascertain if TKI treatment induces upregulation of Beclin-1. 

Exposure to either imatinib or nilotinib had no effect on the expression of Beclin-1 

(Figure 3.4). However, Beclin-1 can be sequestered by Bcl-2 and Bcl-xL, which are 

overexpressed due to the presence of Bcr-Abl.47,76,195 In cells treated with imatinib and 

nilotinib, a dose dependent decrease in Bcl-2 was observed (Figure 3.4), 
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Figure 3.2: Markers of Autophagy 

Induction of autophagy results in the metabolism of proteins and organelles, allowing 

cell survival during environmental stress. There is an increase in conversion of LC3-I to 

LC3-II upon formation of the autophagosome, and a decrease in p62 upon degradation 

of the autolysosome. 

↓p62 ↑LC3-II 
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Figure 3.3: Induction of Autophagy Following TKI treatment in KU812 cells 

KU812 cells were treated with 2 µM imatinib (IM), 1000 nM nilotinib (NIL) or 100 nM 

dasatinib (Das) for 24 h. Lysates were analysed by western blotting for LC3 and p62.  

LC3-I is converted to LC3-II upon formation of the autophagosome. p62 is degraded 

following fusion of the autophagosome with the lysosome.  Data is representative of 

three independent experiments. 
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indicating the release of Beclin-1 for the induction of autophagy. Interestingly, dasatinib 

resulted in an increase in Beclin-1, in addition to a dose dependent decrease in Bcl-2 and 

Bcl-xL (Figure 3.5). 

 

3.2.3 Increase in vacuoles induced by autophagy inhibitor CQ in combination 

with dasatinib 

The morphology of K562 cells was examined by May-Grunwald/Giemsa staining 

(Methods 2.5.6) for the presence of vacuoles (phenotypic marker of autophagy) 

following treatment with or without CQ in the presence or absence of dasatinib for 24 h. 

Exposure to 100 nM dasatinib resulted in the presence of vacuoles in some cells, coupled 

with cell membrane blebbing (Figure 3.6). No obvious difference was observed in the 

percentage of cells with vacuoles between untreated cells and cells treated with 10 µM 

CQ. However the combination of CQ with dasatinib demonstrated an evident 

accumulation in vacuoles, indicating the inhibition of Bcr-Abl with dasatinib induced 

autophagy as the vacuoles are being prevented from fusion with the lysosome.  

 

3.2.4 Upregulation of autophagy-associated kinase LKB1 following dasatinib 

treatment. 

Having identified the presence of Beclin-1 following treatment with TKIs, a protein 

microarray (Methods 2.5.7) was utilised to assess 276 potential kinase targets of 

dasatinib. KU812 cells were exposed to 100 nM dasatinib for 30 min and lysates were 

prepared and signals were analysed by Full Moon BioSystems (Appendix III). The most 

upregulated kinase in this analysis was serine/threonine kinase 11 (STK11) which 

increased from an intensity of 284 (mean signal intensity (MSI)) in untreated KU812 

cells to 1080 MSI in KU812 cells treated with dasatinib (Figure 3.7). 
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Figure 3.4: Imatinib and nilotinib decrease Bcl-2, preventing sequestration of 
Beclin-1. 

KU812 cells were transiently exposed to increasing concentrations of (A) imatinib or 

(B) nilotinib. Lysates were analysed by western blotting for Beclin-1 and Bcl-2. Actin 

was used as the loading control. Data is representative of three independent 

experiments. 
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Figure 3.5: Dasatinib increases expression of Beclin-1 and decreases expression of 
Bcl-2 and Bcl-xL. 

(A) KU812 cells were transiently exposed to increasing concentrations of dasatinib. 

Lysates were analysed by western blotting for Beclin-1, Bcl-2 and Bcl-xL. Actin was used 

as loading control. Data is representative of three independent experiments. (B) Beclin-

1 and Bcl-2 family interaction. Bcl-2 family members bind Beclin-1 preventing the 

initiation of autophagy. (C) Bcl-2 and Bcl-xL are reduced upon tyrosine kinase inhibition 

releasing Beclin-1 for the initiation of autophagy. 
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Figure 3.6: CQ in combination with dasatinib results in accumulation of vacuoles 

Vacuole morphology was assessed by May-Grunwald/Giemsa stain following cytospin of 

K562 cells cultured with or without 5 nM dasatinib (Das), 10 µM CQ, or a combination of 

Das with CQ for 24 hrs. Arrows (►) indicate vacuoles. 
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STK11, also known as liver kinase B1 (LKB1), is an energy sensing tumour suppressor 

that induces autophagy in conjunction with AMPK through the inhibition of mTOR.196,197 

The upregulation of LKB1 as a result of Bcr-Abl inhibition was then validated in KU812 

cells exposed to 2 µM imatinib, 1000 nM nilotinib or 100 nM dasatinib for 3 h. A dose 

dependent increase was observed in cells exposed to each of the three TKIs (Figure 3.8). 

 

3.2.5 Downregulation of PIM-3, MAP3K5 and CHEK2 kinases following dasatinib 

treatment. 

Utilising the same protein microarray approach, a number of downregulated kinases 

were also observed (Figure 3.9). Mitogen-activated protein kinase kinase kinase 5 

(MAP3K5), checkpoint kinase 2 (CHECK2), and PIM3 were chosen to be validated with 

imatinib and nilotinib in addition to dasatinib treatment. MAP3K5, also known as 

apoptosis signalling kinase 1 (ASK1), is involved in stress-related apoptosis,198 was 

reduced from 1755 MSI in untreated KU812 cells to 165 MSI in KU812 cells treated with 

100 nM dasatinib. CHECK2, from now on  referred to as Chk2, which is reported to 

phosphorylate p53  as a DNA damage response,199 demonstrated a reduction from 2820 

MSI in untreated KU812 cells to 1491 MSI in KU812 cells treated with dasatinib. PIM3, a 

serine/threonine kinase, shown to negatively regulate LKB1,200 was reduced from 

12527 MSI in untreated KU812 cells to 11466 MSI in KU812 cells treated with dasatinib. 

To confirm these results, KU812 cells were exposed to 2 µM imatinib, 1000 nM nilotinib 

or 100 nM dasatinib. Only dasatinib treatments resulted in inhibition of ASK1 and Chk2 

expression, whereas Pim3 expression was decreased by imatinib, and nilotinib, as well 

as dasatinib treatment (Figure 3.10). 
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Figure 3.7: Kinase upregulation by dasatinib. 

KU812 cells were treated with 100 nM dasatinib for 30 min. Cells were lysed and 

analysed according to Full Moon BioSystems protocol (refer to Materials and Methods 

2.5.7). (A) Mean fold change of top upregulated kinases. (B) Mean signal intensity of 

STK11 with and without dasatinib treatment. 
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Figure 3.8: LKB1 is increased following exposure to TKIs 

KU812 cells were transiently exposed to increasing concentrations of (A) imatinib, (B) 

nilotinib and (C) dasatinib. Lysates were analysed by western blotting for LKB1. Actin 

was used as the loading control. Data is representative of three independent 

experiments. 
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Figure 3.9: Downregulation of kinases by dasatinib. 

KU812 cells were treated with 100 nM dasatinib for 30 min. Cells were lysed and 

analysed according to Full Moon BioSystems (Methods Section 2.5.9) (A) Mean fold 

change of top downregulated kinases. (B) Mean signal intensity of CHEK2, MAP3K5 and 

PIM3 before and after treatment. 
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Figure 3.10: Effect of TKI treatment on Pim3, ASK1 and Chk2 

KU812 cells were transiently exposed to 2 µM imatinib, 1 µM nilotinib or 100 nM 

dasatinib. Lysates were analysed by western blotting for Pim3, ASK1 and Chk2. Lysates 

were analysed by western blotting for Pim3, ASK1 and Chk2. Tubulin was used as the 

loading control. Data is representative of three independent experiments.  
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3.2.6 Blocking autophagy sensitises BCR-ABL1+ cells to TKI-induced cell death 

Having provided evidence that TKIs induce autophagy, the autophagy inhibitor 

chloroquine (CQ) was used as a co-treatment with dasatinib to determine its effect on 

autophagy in BCR-ABL1+ cells. Treatment with 10 µM CQ was demonstrated to have a 

minimal effect on the viability of K562 (75.6% live) and KU812 cells (72.5% live) as a 

sole agent (Figure 3.11). Treatment of K562 cells with 5 nM dasatinib induced cell death 

(24.5% live) which was further reduced in combination with CQ (4.1% live). 

Combination of CQ with 0.5 nM dasatinib also reduced viability in KU812 cells (13.5% 

live) compared to dasatinib alone (29.3% live). 

 

3.2.7 Clarithromycin enhances dasatinib-mediated cell death 

Rapid reductions in the BCR-ABL1 transcript level were recently reported in the 

leukaemic cells of TKI-resistant CML patients where CAM was added in combination to 

their TKI therapy.191 To determine whether this was a real effect against BCR-ABL1+ 

cells, the effect of CAM on cell death was examined alone or in combination with 

dasatinib. Exposure to the clinically relevant dose of 50 µg/ml CAM189 had minimal 

effect on cell viability in either K562 cells (80.1% live) or KU812 cells (70.4% live) 

(Figure 3.12).  

 

However, CAM significantly enhanced cell death when culture in combination with 5 nM 

dasatinib in K562 cells (2.9% live, p=0.002) or 0.5 nM dasatinib in KU812 cells (10.5% 

live, p=0.01) compared to dasatinib alone (K562 21.4% live and KU812 29.5% live) 

(Figure 3.13). Increased sensitivity to dasatinib-induced cell death was comparable to 

CQ alone in both K562 (4% live, p<0.01) and KU812 cells (13.5% live, p<0.01) (Figure 

3.13). Interestingly, co-culture with an early stage autophagy inhibitor, 3-methyladenine 
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(3-MA) did not enhance dasatinib induced cell death in either K562 (28.6% live, p=0.18) 

and KU812 cells (34.5% live, p=0.47) compared to dasatinib alone (Figure 3.13). 

 

3.2.8 Clarithromycin has no effect on pCrkL, and therefore Bcr-Abl, sensitivity to 

TKI treatment 

To determine if the effect of CAM on cell death was by increasing the sensitivity of Bcr-

Abl kinase to TKI treatment, the Bcr-Abl substrate CrkL was utilised, the activation of 

which is commonly used as a surrogate for Bcr-Abl activity. K562 and KU812 cells were 

cultured in increasing concentrations of either dasatinib or imatinib in the presence or 

absence of CAM. In the absence of CAM, a dasatinib IC50 of 3.8 nM in K562 cells and 10.1 

nM in KU812 cells were observed (Figure 3.14). The combined culture of CAM with 

dasatinib did not significantly increase the sensitivity of K562 cells (IC50 4.5 nM) or 

KU812 cells (IC50 9.5 nM) to dasatinib (Figure 3.14). Similarly, there was no significant 

change in the sensitivity of pCrkL to imatinib in the absence or presence of CAM in K562 

cells (IC50 range 2.5-5 µM) or KU812 cells (IC50 range 5-7.5 µM) (Figure 3.15). This 

data suggests that the ability of CAM to increase the sensitivity of BCR-ABL1+ cells to 

TKI-induced cell death is not due to increased sensitivity to Bcr-Abl inhibition. 
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Figure 3.11: CQ sensitizes BCR-ABL1+ cells to TKI-induced cell death 

(A) K562 and (B) KU812 cells were treated with dasatinib with or without 10 µM 

chloroquine (CQ) for 72 h. Cells were then analysed by Annexin V/7-AAD staining for 

viability. Results are mean + SEM of three individual experiments. 
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Figure 3.12: CAM induces minimal cell death as a sole agent 

(A) K562 and (B) KU812 cells were incubated in the absence (top panel ) or presence 

(bottom panel) or 50 µg/ml clarithromycin (CAM) for 72 h. Cells were then analysed by 

flow cytometry for Annexin V/7-AAD staining. Data are representative of at least 3 

independent experiments. 
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Figure 3.13: CAM and CQ but not 3-MA enhances dasatinib-induced cell death in 
BCR-ABL1+ cells 

(A) K562 and (B) KU812 cells were cultured with or without dasatinib, in the presence 

or absence of 50 µg/ml clarithromycin (CAM), 10 µM chloroquine (CQ), or 10 mM 3-

methyladenine (3-MA) for 72 h and cell death was determined by Annexin V and 7AAD 

staining. Results are mean + SEM of three individual experiments. ***p<0.0001 vs. 0 nM 

dasatinib control and #p<0.01 or ##p<0.005 vs 0.5 nM dasatinib control. 
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Figure 3.14: Bcr-Abl sensitivity to dasatinib is not affected by CAM 

(A) K562 and (B) KU812 cells were cultured with increasing concentrations of dasatinib, 

in the presence or absence of 50 µg/ml clarithromycin (CAM). Lysates were analysed for 

phosphorylation of CrkL (a surrogate for Bcr-Abl activity). Blots are representative of 3 

independent experiments. 
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Figure 3.15: Bcr-Abl sensitivity to imatinib is not affected by CAM 

(A) K562 and (B) KU812 cells were cultured with increasing concentrations of imatinib, 

in the presence or absence of 50 µg/ml clarithromycin (CAM). Lysates were analysed for 

phosphorylation of CrkL (a surrogate for Bcr-Abl activity). Blots are representative of 3 

independent experiments. 
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3.2.9 Blocking late stage autophagy results in an increase in LC3-II and the 

accumulation of vacuoles 

Carella et al.188 hypothesised that CAM was acting as an inhibitor of autophagy in 

resistant patient CML cells, however the study did not demonstrate any experimental 

evidence to support this. To establish the role of CAM on autophagy in BCR-ABL1+ cells, 

the protein marker of autophagy LC3 was observed along with cellular morphology. 

Bellodi et al.185 previously reported that culture of BCR-ABL1+ cells with imatinib 

resulted in increased LC3-II protein levels due to induction of autophagy. In agreement 

with this, the culture of K562 cells for 24 h with dasatinib alone resulted in an increase 

in LC3-II (Figure 3.16A). However, the conversion of LC3-I to LC3-II has been reported 

as both a marker of autophagy induction and autophagy inhibition.184 LC3-II is formed 

during the autophagy process, but also accumulates when autophagy is inhibited at a 

late stage, as observed using the inhibitor CQ (Figure 3.16B). Where late stage inhibition 

occurs, LC3-II is formed but not removed from the cell, thus exposure to CQ, which 

blocks late stage autophagy, resulted in an increased level of LC3-II (Figure 3.16A). In 

addition, the combination of dasatinib with CQ resulted in a further increase in LC3-II 

protein, in agreement with previous reports for the combination of imatinib with 

CQ.184,185 An increase in LC3-II was observed in the presence of CAM alone, and a further 

increase in LC3-II was observed when BCR-ABL1+ cells were cultured in a combination 

of dasatinib and CAM (Figure 3.16A). As the CAM-induced effects on LC3 are similar to 

CQ, this provides evidence that CAM may also act as a late stage inhibitor of autophagy, 

providing experimental evidence for the hypothesis of Carella et al.188 
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Figure 3.16: Addition of CAM or CQ to Dasatinib Increased LC3-II in K562 cells 

(A) K562 cells were treated with or without 100 nM dasatinib (Das), in the presence or 

absence of 50 µg/ml clarithromycin (CAM), 10µM chloroquine (CQ) or 10mM 3-

methyladenine (3-MA) for 24 h. Lysates were analysed by western blotting for LC3-1 

and LC3-II protein. Actin was used as a loading control. Blots are representative of at 

least 3 individual experiments. 

(B) Schematic model of CAM method of action. CAM inhibits late stage autophagy 

resulting in an accumulation of cytoplasmic vacuoles and induction of cell death. 

Induction of autophagy, following the loss of survival signals, results in the metabolism 

of proteins and organelles allowing the cell to survive. There is an increase in conversion 

of LC3-I to LC3-II (open circles) upon formation of the autophagosome and a decrease in 

LC3-II upon degradation of the autolysosome. CQ and CAM cultured in combination with 

Das prevent formation of the autolysosome and therefore degradation, resulting in an 

accumulation of autophagosomes (visualised morphologically as cytoplasmic vacuoles) 

and an increase in levels of LC3-II, which is prevented from being degraded. 
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Figure 3.17: CAM, but not 3-MA, induces vacuole formation in K562 cells treated 
with dasatinib 

Vacuole morphology was assessed by May-Grunwald/Giemsa stain following cytospin of 

K562 cells cultured with or without 5 nM Dasatinib (Das) together with 50 µg/ml 

clarithromycin (CAM) or 10 mM 3-MA alone, or in combination with Das for 24 h. Red 

arrows indicate vacuoles. 



Chapter 3 | TKI-induced Autophagy in CML 

94 

3.2.10  Clarithromycin sensitises TKI-resistant BCR-ABL1+ cells to dasatinib 

treatment 

In the study presented by Carella et al.188 one of the patients had acquired a TKI-

resistant BCR-ABL kinase domain mutation (E255V), and was not responding to 

treatment with dasatinib. Interestingly when CAM was added to the treatment regime 

this patient demonstrated a rapid decline in their percentage of BCR–ABL1 transcripts 

from 140% to 30% in just 2 weeks, and to 0.096% within 2 months. With this in mind, 

the ability of CAM to increase the sensitivity to dasatinib of the TKI-resistant K562 Dox 

cell line, harbouring the V299L kinase domain mutation201 (a mutation clinically 

resistant to dasatinib)202 was investigated. A concentration of 1000 nM dasatinib was 

required to significantly reduce cell viability (58.3% live) compared to untreated control 

(91.5% live, p=0.012) (Figure 3.18). The addition of CAM significantly increased the 

sensitivity of this line to dasatinib, resulting in a significant reduction in viable cells 

(21% live) in combination with 1000 nM dasatinib. Importantly we show that while a 

clinically relevant concentration of 100 nM dasatinib alone had no measurable effect on 

cell death, the addition of CAM to 100 nM dasatinib resulted in significantly reduced cell 

viability (60.8% live, p<0.05) (Figure 3.18), suggesting that CAM is able to potentiate the 

effect of dasatinib on cells harbouring a dasatinib-resistant BCR-ABL1 mutation. 
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Figure 3.18: CAM enhances dasatinib-induced cell death in K562 Dox V299L cells 

K562 Dox cells harbouring the V299L mutation, were cultured with or without the 

indicated concentrations of dasatinib and 50ug/ml CAM for 72 h. *p<0.05, ***p<0.001 

vs. 0 nM dasatinib control and #p<0.05 vs. dasatinib alone (at the relevant 

concentrations). 
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3.3 Discussion 

Autophagy is a process which is present in all cells at basal levels203 and is increased in 

response to stress and loss of survival signals.204 Autophagy is often implicated in 

resistance to chemotherapy, emphasizing that combination treatments with inhibitors 

of autophagy is a viable therapeutic strategy.205-208 TKI-induced blockade of Bcr-Abl 

driven survival signalling pathways is proposed to induce autophagy, with recent 

evidence suggesting that blocking autophagy at a late stage sensitises BCR-ABL1+ cells to 

TKI-induced cell death.184,185 However, these preliminary investigations have provided 

little insight into how inhibition of Bcr-Abl drives this induction of autophagy. 

 

The primary assay for detection of autophagy induction is the conversion of LC3-I to 

LC3-II.209 Imatinib induced autophagy demonstrated an increase in LC3-II in KU812 

cells, confirming previous observations in 32Dp210Bcr-Abl and K562 cells,184,185 further 

evidenced by the increased conversion to LC3-II by nilotinib and dasatinib in 

conjunction with the loss of p62 (Figure 3.3). These data reveal that autophagy is 

activated in response to Bcr-Abl inhibition with TKIs which may act as a protective 

mechanism, rendering the cells TKI-resistant. 

 

Bcr-Abl is known to result in the overexpression of Bcl-2, an anti-apoptotic multi-

domain protein which protects BCR-ABL1+ cells from induction of apoptosis.47,67 Beclin1 

is a Bcl-2-interacting protein which constitutively couples with Bcl-2 family members 

Bcl-2 and Bcl-xL.210-212 Beclin1, also referred to as Atg6, is essential for the induction of 

autophagy, forming a complex with Vsp34 and p150 (Vsp15) to initiate nucleation 

during elongation of the phagophore,213,214 thus disassociation from Bcl-2 family 
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members is required for induction of autophagy. Although Beclin1 is present over 24 h 

exposure to either imatinib or nilotinib in KU812 cells, increased Beclin1 was not 

observed (Figure 3.4). These results oppose recent observations which detected an 

increase in Beclin-1 gene expression in K562 cells treated with imatinib for 72 h,215 

which may be due to the extended time course employed in this investigation. 

Importantly, an imatinib- and nilotinib-induced reduction of Bcl-2 was observed, 

permitting disassociation of Beclin1, now available for induction of autophagy (Figure 

3.4). For the first time, an increase in Beclin1 with a concomitant decrease in Bcl-2 and 

Bcl-xL was demonstrated following a 24 h exposure to 100 nM dasatinib (Figure 3.5). 

This may be attributed to off target effects on Src kinases which are inhibited by 

dasatinib, but not nilotinib or imatinib. Together this data emphasizes the importance of 

Beclin1-Bcl-2 family interaction in the induction of TKI-induced autophagy in BCR-

ABL1+ cells (Figure 3.19), however further study into the interaction between Bcl-2 and 

Beclin1 is required in CML.  

 

KU812 cells were screened for candidate kinases to be investigated for a role in 

dasatinib-induced autophagy. LKB1 was found to be highly upregulated by dasatinib 

(Figure 3.7), an observation further confirmed by western blotting following exposure 

to imatinib and nilotinib, in addition to dasatinib. LKB1/AMPK regulates glucose and 

lipid metabolism, essentially sensing metabolic stress to decide whether to induce 

autophagy in low energy environments.196 Activation of AMPK has previously been 

demonstrated to induce autophagic cell death in CML cells,216 however changes in LKB1 

have not previously been observed. For the first time here, it was subsequently 

demonstrated that increased LKB1 was evident following exposure to imatinib and 



Chapter 3 | TKI-induced Autophagy in CML 

98 

nilotinib in addition to treatment with dasatinib (Figure 3.8). A concomitant reduction in 

Pim3 kinase was also observed in the screen of kinases following treatment



Chapter 3 | TKI-induced Autophagy in CML 

99 

 

 

 

 

Figure 3.19: Inhibition of Bcr-Abl and dissociation of Beclin-1 

Depiction of the interaction between Beclin-1 and members of the Bcl-2 family. Bcl-2 

and Bcl-xL sequester Beclin-1 preventing the initiation of autophagy. Upon inhibition of 

Bcr-Abl with TKIs, Bcl-2 and Bcl-xL are reduced releasing Beclin-1 for the initiation of 

autophagy, thus permitting cell survival.  
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with dasatinib (Figure 3.9), and subsequently confirmed by western blotting following 

TKI treatment (Figure 3.10). Interestingly, Pim3 has previously been demonstrated to 

reduce activation of AMP activated protein kinase (AMPK),200 which is suggested to be 

via suppression LKB1,217 with the  subsequent activation of mTOR resulting in the 

suppression of autophagy.205 These data suggest that Bcr-Abl activation of Pim3 may 

suppress LKB1/AMPK inhibition of mTOR, thus inactivation of Bcr-Abl with TKIs may 

activate autophagy through the Pim3-LKB1/AMPK-mTOR axis (Figure 3.20). However, 

as this is only the preliminary evaluation into what drives Bcr-Abl-dependent blockade 

and subsequent TKI-induced autophagy, further investigation is required and is the 

focus of ongoing work. 

 

Imatinib blockade of Bcr-Abl driven survival pathways combined with inhibition of 

autophagy by chloroquine (CQ), a late stage autophagy inhibitor, has previously been 

shown to restore sensitivity of resistant CML cells to TKI184,185 and here has been 

confirmed in K562 and KU812 cells (Figure 3.11 and Figure 3.6). As previously 

discussed, CAM has been proposed to rapidly reduce BCR-ABL1+ cells in TKI-resistant 

CML patients by blockage of TKI-induced autophagy.188 CAM and other macrolide 

antibiotics have been demonstrated to inhibit cancer cell growth and in multiple 

myeloma cells, and induce cell death through inhibition of autophagy.189 This case study 

highlighted CAM as a candidate for combination therapy in CML patients, in particular 

those with advanced and resistant disease.  

In this chapter, the effects of CAM in combination with TKIs were investigated in BCR-

ABL1+ cells. CAM is effective at increasing the sensitivity of BCR-ABL1+ cells to dasatinib, 

whilst having little or no effect on cell death as a sole agent (Figure 3.12-13). The 

mechanism of induction of cell death by CAM combined with dasatinib appears to be via 
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inhibition of late stage autophagy, in a similar way to the late stage autophagy inhibitor 

CQ. This is clearly demonstrated by an increase in LC3-II and a concomitant increase in 

cellular vacuole formation (Figure 3.16-17).  

 

Interestingly, there was no measurable effect on cell survival of the early stage 

autophagy inhibitor 3-MA (Figure 3.13). Based on this work, and that of others,186,218,219 

early stage autophagy is a process involving AKT/PI3K which when inhibited (by 3-MA) 

reverts the cells to "normal" death pathways, in this case mediated by dasatinib 

treatment. At an early, and likely reversible stage, autophagy blockade will result in 

failure of the cells to significantly accumulate autophagosomes (a PI3K/AKT dependent 

process). Blocking of late stage autophagy, when the autophagosomes are already 

formed, results in failure of lysosome fusion and therefore accumulation of 

autophagosomes.206 It was also interesting to observe that the combination of 3MA with 

dasatinib did not result in enhanced cell death. However, studying the diverse 

descriptions of autophagy in the current literature reveals that others have also 

experienced the phenomenon where specific inhibition of only late-stage autophagy is 

able to result in cell death.186,218,220  
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Figure 3.20: Proposed mechanism of TKI-induced autophagy in CML 

Bcr-Abl constitutively activates several survival pathways, including but not limited to, 

those involving Pim kinases.205 Pim kinases inhibit the activation of AMPK,200 thereby 

preventing LBK1/AMPK inhibition of mTOR and thus autophagy. Inhibition of Bcr-Abl 

with TKIs inhibits Pim3, subsequently increasing LKB1 and the activation of AMPK. 

AMPK inhibits mTOR, allowing the induction of autophagy. 



Chapter 3 | TKI-induced Autophagy in CML 

103 

At an early, and likely reversible stage, autophagy blockade will result in failure of the 

cells to significantly accumulate autophagosomes (a PI3K/AKT dependent process). 

Blocking of late stage autophagy, when the autophagosomes are already formed, results 

in failure of lysosome fusion and therefore accumulation of autophagosomes. It is 

therefore hypothesised that cell death here is due to the accumulation of the toxic 

contents of the autophagosomes being leaked into the cell upon CQ or CAM treatment 

(Figure 3.21).221  

 

This chapter highlights a role for TKI-induced autophagy in the resistance of BCR-ABL1+ 

cells to TKI therapy, demonstrating a Beclin1-Bcl-2 switch between apoptosis and 

autophagy and suggesting a potential role for the Pim3-LKB1/AMPK-mTOR pathway in 

the induction of autophagy. The data presented here provides the first in vitro evidence 

that CAM inhibits late stage autophagy to sensitise BCR-ABL1+ cells to TKIs and thus 

presents the combination of CAM with TKIs as a plausible therapy for the treatment of 

TKI-resistant CML. 
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Figure 3.21: Blockade of TKI-induced autophagy by CAM 

CAM inhibits late stage autophagy resulting in an accumulation of cytoplasmic vacuoles 

(autophagosomes) and induction of cell death. Induction of autophagy following the loss 

of survival signals, results in the metabolism of proteins and organelles, allowing the cell 

to survive. There is an increase in conversion of LC3-I to LC3-II upon formation of the 

autophagosome and a decrease in LC3-II upon degradation of the autolysosome. CQ and 

CAM cultured in combination with dasatinib prevents formation of the autolysosome 

and therefore degradation, resulting in an accumulation of autophagosomes (visualised 

morphologically as cytoplasmic vacuoles) and an increase in the levels of LC3-II which is 

prevented from being degraded. 
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CHAPTER 4.   

SIGNALLING REQUIREMENTS FOR 

COMMITMENT TO CELL DEATH 

FOLLOWING TRANSIENT HIGH OR 

CONTINUOUS LOW DOSE DASATINIB
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4.1 Introduction 

Chronic myeloid leukaemia (CML) is driven by the oncogenic fusion protein Bcr-Abl, 

which activates multiple signalling pathways promoting leukaemia cell survival and 

proliferation.222 Bcr-Abl initiates leukaemic transformation through aberrant activation 

of signal transduction pathways, including the RAS/ERK, PI3K/AKT and JAK/STAT 

pathways.54 Signal transducer and activator of transcription 5 (STAT5) was observed to 

be constitutively activated by Bcr-Abl in CML cells72 and is critical for maintenance of 

the disease.4 Bcr-Abl autophosphorylation results in the activation of Ras, which 

subsequently activates MAPK/Erk resulting in the enhanced proliferation in CML cells.51 

PI3K can be activated either directly by Bcr-Abl, in addition to Bcr-Abl activation of 

MAPK and is essential for leukaemogenesis.223 

 

Imatinib is a tyrosine kinase inhibitor (TKI) which inhibits Bcr-Abl by competitively 

binding to the ATP-binding site and preventing substrate phosphorylation and therefore 

downstream oncogenic signalling.93 TKI therapy has been developed on the premise that 

continuous Bcr-Abl kinase inhibition is required for sustained disease control. Le Coutre 

et al.132 demonstrated in vitro that 1 µM imatinib was required for a period of 20-21 h to 

induce cell death in cultured KU812 and MC3 CML cells.  While administration with 1 µM 

imatinib results in 60-70% Bcr-Abl kinase inhibition within 2 h, a short in vitro exposure 

of 6-7h was not adequate to trigger cell death or inhibit cell proliferation. Dosing which 

resulted in continuous Bcr-Abl kinase inhibition was demonstrated to decrease tumour 

growth by 98% and result in longer progression free survival and overall survival.132 

Furthermore, White et al.133 demonstrated that the degree of in vitro Bcr-Abl kinase 

inhibition achieved by imatinib in de novo CP-CML patient samples was predictive of 

response, where a low inhibitory concentration of the adaptor protein CrkL (CT10 



Chapter 4| Signalling Following Transient or Low Dose Dasatinib 

107 

regulator of kinase like), an immediate downstream phosphorylation partner of Bcr-Abl, 

correlates with optimal patient outcomes. Collectively, these studies suggest that 

optimal therapy requires continuous Bcr-Abl kinase inhibition. 

 

Clinical pharmacokinetic and pharmacodynamic studies of imatinib revealed excellent 

responses associated with trough drug levels above 1000 ng/ml,104,130 providing 

evidence that continuous Bcr-Abl kinase inhibition by imatinib was the optimal strategy 

for CML therapy. The plasma half-life of both imatinib and nilotinib provide an adequate 

duration of Bcr-Abl kinase inhibition, achievable in patients on a once daily dosing 

schedule. Dasatinib has an in vivo plasma half-life of 3-5 h134 and there is near-complete 

reactivation of Bcr-Abl kinase by 8 h following drug administration as serum dasatinib 

concentrations rapidly decline137, indicating that dasatinib inhibition of Bcr-Abl kinase is 

transient when given once daily. Despite the short half-life of dasatinib, patients on a 

standard dose of once daily dasatinib (100 mg QD) achieved similar cytogenetic and 

molecular responses as patients receiving twice daily dasatinib (50 mg BID).111,135 

Additionally, and of great value clinically, the once daily dose schedule was more 

tolerable and resulted in less side effects compared to the twice a day schedule.224 

 

Recent studies have investigated a range of short exposures to dasatinib and their ability 

to induce apoptosis. Hiwase et al.136 and others137,138 have demonstrated that a 30 min 

exposure of CML cell cultures, defined as short term exposure, to a therapeutically 

achievable concentration of dasatinib (100 nM) inhibited Bcr-Abl kinase by >90% . This 

level of inhibition is defined as intense or potent, whereas <90% Bcr-Abl kinase 

inhibition is referred to as partial. Short-term (30 min) intense (100 nM) inhibition of 
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Bcr-Abl with dasatinib induced equivalent cell death to long-term (72 h), partial 

inhibition of Bcr-Abl.  

 

Together the clinical and in vitro data suggests that continuous Bcr-Abl kinase inhibition 

with dasatinib is not required for optimal response, which challenges the previously 

established paradigm of continuous Bcr-Abl kinase inhibition for achievement of 

optimal response. Additionally, cell death triggered by short term intense Bcr-Abl kinase 

inhibition is not restricted to dasatinib therapy. Short-term, intense TKI treatment with 

nilotinib (1-2 µM) or imatinib (32.5 µM) also induced cell death in BCR-ABL1-positive 

cell lines. 136-138 The paradigm established by imatinib therapy for continuous inhibition 

of Bcr-Abl, directed drug development to 1) preferentially select compounds with a 

longer half-life over drugs with a shorter half-life, and 2) match drug dosing to achieve 

optimal therapeutic concentration with proven continuous inhibition of their targets. As 

such, these findings can potentially change the paradigm of drug development 

established on imatinib therapy and questions the requirement for continuous 

inhibition of targets.  

 

Evidence of cytotoxicity in oncogenic cells following only transient targeted drug 

exposure is not restricted to CML. Weinstein et al.139 proposed that cancer cells could 

become dependent on the activity of a single oncogene (an initiating oncogene such as 

Myc, Bcr-Abl or Src)139,141,225 where there is unbalanced expression of survival proteins 

over apoptotic proteins. Consequently, even a short interruption to the dominant 

oncogenic signalling pathways appears sufficient to commit these cells to death, 

primarily due to the variation in the degradation/dephosphorylation kinetics of multiple 

competing pro-survival and pro-apoptotic proteins (Figure 4.1).142 In most tumour cells, 
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pro-survival signals outweigh pro-apoptotic signals, favouring increased cell 

proliferation and survival and decreased cell death. Subsequently, an interruption in 

oncogenic signalling, termed “oncogenic shock” is sufficient to shift the balance toward 

apoptotic signals, as pro-survival signals rapidly dissipate, for a period extensive enough 

to induce cell death in CML cells.143 This intriguing phenomenon may explain why cells 

cannot be rescued from commitment to cell death even though Bcr-Abl kinase 

reactivates within 1-2 hours of TKI washout following short-term intense Bcr-Abl kinase 

inhibition.144 However, further investigation into the essential signals required to 

restore steady-state apoptosis in oncogenic cells is necessary to direct optimal 

treatment strategies. 
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Figure 4.1: Balance of survival and apoptosis signals.  

Model of oncogenic shock. The period of oncoprotein signalling interruption in which 

the pro-survival signalling (represented in green) falls below the pro-apoptotic 

signalling (represented in red), allowing a cell to die despite reactivation of survival 

signalling.  Adapted from Sharma et al. (2010).226 
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4.1.1 Approach 

Here we investigate the effect of transient high dose and continuous low dose dasatinib 

on the inhibition of Bcr-Abl, and the corresponding effects on downstream signalling 

pathways. This project will focus on revealing the effects of partial Bcr-Abl inhibition 

with a continuous low dose of dasatinib in comparitson to a transient, potent Bcr-Abl 

kinase inhibition (short-term high dose dasatinib) on survival and apoptotic signalling.  

 

KU812, Meg01 cell lines and CP-CML CD34+ cells were used to assess Bcr-Abl survival 

signalling, cell death and colony formation following transient treatment with dasatinib. 

Bcr-Abl signalling was assessed by western blotting for pBcr-Abl (Y245), pCrkL, pSTAT5 

and pErk over a 24 h period. Bcl-2 family members Mcl-1, Bcl-xL and Bcl-2, along with 

Bim and cleaved PARP were measured by western blotting following 8-48 h dasatinib 

treatment to investigate apoptotic signalling. Cell death was measured by Annexin V and 

7AAD staining at 72 h with flow cytometric analysis. Clonogenic potential was assessed 

using CD34+ progenitor cells, cultured with or without inhibitors for 72 h prior to 

plating in methycellulose based media containing 5 growth factor mix and enumeration 

at 2 weeks. 

 

4.1.2 Summary and Research Contribution 

This research highlights the importance of low level inhibition of Bcr-Abl kinase and the 

subsequent commitment of cells to apoptosis. Observations of low dose and transient 

treatments emphasise STAT5 activation as a sensitive measure of Bcr-Abl kinase activity 

which result in apoptosis of CML cells. These findings challenge the imatinib paradigm 

that continuous availability of tyrosine kinase inhibitors and complete inhibition of Bcr-

Abl is required for optimal responses in patients.  
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4.1.3 Publication 

Schafranek L, Nievergall E, Powell JA, Hiwase DK, White DL and Hughes TP. Sustained 

inhibition of STAT5, but not JAK2, is essential for TKI-induced cell death in chronic 

myeloid leukemia. Leukemia advance online publication, June 27, 2014; 

doi:10.1038/leu.2014.156; accepted article preview online May 12, 2014. 

4.1.4 Conference Presentations 

Schafranek L, Nievergall E, Hiwase H, Powell J, White D, Hughes T. Commitment of CML 

Cells to Apoptotic Cell Death Depends On the Length of Exposure to Das and the Level of 

STAT5 Activity. ASH Dec 2012, Atlanta, USA (poster presentation). 

Schafranek L, Hiwase H, Powell J, Melo J, White D, Hughes T. Constant Exposure to Low 

Dose Dasatinib Is Sufficient for Induction of Apoptosis in CML Cells. HAA Oct, 2011 

Sydney, Australia (oral presentation) Awarded HAA 2011 non-member travel grant
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4.2 Results 

4.2.1 Low dose dasatinib induces cell death despite minimal inhibition of Bcr-Abl 

kinase activity in the KU812 CML cell line 

The underlying mechanism of optimal patient response in the setting of transient Bcr-

Abl kinase inhibition afforded by dasatinib therapy is unclear. To interrogate this 

observation, the survival response of KU812 cells was investigated over a range of 

dasatinib concentrations in relation to Bcr-Abl activity. Cell viability was measured at 

24, 48 and 72 h following exposure to 0.05 nM to 100 nM dasatinib. Treatment with 0.5 

nM dasatinib resulted in a significant reduction in the viability of KU812 cells by 72 h 

(52.7% viable, p<0.05 relative to untreated control, n=3). By 24 h, 1 nM dasatinib had 

induced cell death in a major proportion of the cells (50.7% viable), and maximal cell 

death was observed at 72 h (12.9% viable) (Figure 4.2). Cell death induced by 1 nM 

dasatinib (12.9% viable) was not significantly different from assessment at 72 h for 

either 10 nM (7.4% viable, p=0.68) or 100 nM (5.4% viable, p=0.56) treatments with 

dasatinib (Figure 4.2).  

 

To interrogate the correlation between cell death and the extent of Bcr-Abl inhibition 

following exposure to dasatinib, the phosphorylation status of CrkL (a well 

characterised surrogate for Bcr-Abl activity60,133) was measured, and the inhibitory 

concentration of dasatinib required to reduce the percentage of pCrkL by 50% (IC50) 

was determined. If complete Bcr-Abl kinase inhibition was required to induce cell death, 

an IC50 of approximately 0.5-1 nM dasatinib would be expected. Surprisingly, a much 

higher IC50 of 2-5 nM dasatinib was observed. Additionally, 2 h exposure to 1 nM 

dasatinib resulted in only a 10% reduction in %pCrkL (Figure 4.3).  
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Figure 4.2: KU812 viability following exposure to a range of dasatinib 
concentrations.  

KU812 cells were treated with increasing concentrations of dasatinib and cell viability 

was measured at 24, 48 and 72 h. Cell viability was measured by Annexin V/7AAD 

staining.  Cell death was achieved following treatment with 1 nM for 72 h. Data are mean 

+ SEM of three independent experiments. 
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Figure 4.3: Bcr-Abl activity in KU812 cells as expressed as a percentage of pCrkL. 

KU812 cells were treated with increasing concentrations of dasatinib (nM Das) and Bcr-

Abl activity was measured at 2 h by assessment of the phosphorylation of the Bcr-Abl 

substrate pCrkL/CrkL. CrkL phosphorylation was assessed by western blotting analyses. 

Data is representative of three independent experiments. Quantitative graph is 

representative of the western blot presented here.  
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4.2.2 Low dose dasatinib induces apoptosis despite minimal inhibition of Bcr-Abl 

kinase activity in newly diagnosed CP-CML patients 

To determine whether the observed phenomenon was restricted to cell lines, cell death 

and Bcr-Abl activity were investigated in CD34+ cells from the peripheral blood 

mononuclear cells (PM-MNCs) of newly diagnosed CP-CML patients. Cells were treated 

with increasing concentrations of dasatinib and it was observed that as little as 0.1 nM 

dasatinib was able to induce cell death at 72 h (88.9% viable, p<0.001 relative to 

untreated control, n=3). Furthermore, there was no significant difference between 10 

nM dasatinib (56.6% viable) and 0.5 nM (70.7% viable, p=0.24) or 1 nM dasatinib 

(62.9% viable, p=0.54) (Figure 4.4A). The viability of the cells was also reflected by the 

ability of this primitive population to form colonies, as there was no significant 

difference between the colony forming ability of the cells following treatment with 0.5 

nM (61.2% colony forming units, CFUs, p<0.05 normalised to untreated control, n=3) 

and 1 nM dasatinib (49.1% CFUs, p=0.34), or 10 nM dasatinib (42.4% CFUs, p=0.19) 

(Figure 4.4B).  

 

Subsequent analysis of Bcr-Abl activity in PB-MNCs from these patients determined the 

pCrkL IC50 to be approximately 4 nM dasatinib (Figure 4.5), much higher than the cell 

death IC50 (Figure 4.4). This confirms the result in the KU812 cell line that there is a 

disparity between the concentration of dasatinib required to inhibit Bcr-Abl and the 

concentration required to induce cell death, suggesting that complete inhibition of Bcr-

Abl is not required to induce cell death. 
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Figure 4.4: Viability and colony forming ability of primary CP-CML CD34+ cells 
following exposure to a range of dasatinib concentrations. 

(A) CD34+ cells collected from newly diagnosed CP-CML patients were treated with 

increasing concentrations of dasatinib and cell viability was measured at 72 h. Maximal 

cell death was achieved at 10 nM dasatinib. Treatment with 1 nM dasatinib did not 

induce cell death significantly less from than 10 nM exposure. (B) Cells were then 

enumerated for clonogenic potential after 14 days employing the CFU-GM assay. Data 

are mean ± SEM of three independent experiments. * p<0.05, ** p<0.01 compared to 0 

nM dasatinib. Assays were obtained with the assistance of Eva Nievergall. 
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Figure 4.5: Bcr-Abl activity in primary PB-MNCs CP-CML cells as measured by 
pCrkL/CrkL (IC50). 

Peripheral blood mononuclear cells (PB-MNCs) collected from newly diagnosed CP-CML 

patients were treated with increasing concentrations of dasatinib and Bcr-Abl activity 

was measured at 2 h by assessment of phosphorylation of the Bcr-Abl substrate CrkL. 

The pCrkL/CrkL IC50 was 3-5nM (demarcated by the red line), up to 10-times higher 

than the concentration of dasatinib required to induce cell death (Figure 4.4). Data are 

mean ± SEM of six individual patients.  Assays were obtained with the assistance of 

Verity Saunders. 
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4.2.3 Transient exposure to 100 nM dasatinib induces cell death despite 

complete reactivation of Bcr-Abl kinase activity 

With a short half-life of 3-5 h, clinical success of once daily dasatinib was surprising, 

therefore the kinetics of transient Bcr-Abl inhibition was assessed. The effect of 

transient exposures (30 min) to 100 nM dasatinib (a potent dose at which Bcr-Abl 

phosphorylation of CrkL is completely inhibited) was observed in vitro following the 

removal of dasatinib by 3 consecutive washes in 37°C pre-warmed drug-free media, 

termed the standard washout (STD wash).  

 

In comparison to continuous treatments with 100 nM dasatinib (5.3% live cells), 

induction of cell death in KU812 cells was demonstrated despite the removal of 100 nM 

dasatinib by the STD wash (13.6% live) (Figure 4.6). The cell death observed following 

this 30 min exposure to 100 nM dasatinib was not significantly different following 

exposure to 1 nM dasatinib (14.6% viable, p=0.88) or 100 nM (p=0.12) continuous 

dasatinib treatments. Notably, transient treatment with low dose (1 nM) dasatinib was 

unable to induce cell death following washout (86% viable), despite the ability to induce 

cell death when continuously available (Figure 4.6). 

 

Therefore the Bcr-Abl kinase activity following the standard washout of dasatinib was 

investigated to determine the mechanism of cell death under incomplete Bcr-Abl 

inhibition. Surprisingly, pCrkL began to recover within 30 min following dasatinib 

washout and was completely restored by 2 h (Figure 4.7A). Additionally, continuous 1 

nM dasatinib only inhibited pCrkL by approximately 10% over the 2 h experimental 

course (Figure 4.7B). 



Chapter 4| Signalling Following Transient or Low Dose Dasatinib 

120 

   

 

 

B 

A 



Chapter 4| Signalling Following Transient or Low Dose Dasatinib 

121 

 

 

 

 

 

 

 

Figure 4.6: Transient (30 min) treatment with dasatinib induces cell death 

(A) KU812 cells were either continuously treated with 1, 10 or 100 nM dasatinib for 72 

h, or transiently treated with 1 or 100 nM dasatinib for 30 min which was removed by 3 

consecutive washes followed by culture in drug-free media for 72 h (washout). Data are 

mean + SEM of three independent experiments. (B) 30 min exposure to 100 nM 

dasatinib followed by washout or continuous exposure to 1 nM dasatinib induce 

comparable cell death. 
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Figure 4.7: Bcr-Abl is active following transient high and continuous low dose 
dasatinib treatments. 

Bcr-Abl activity was measured at 30 min, 1 h and 2 h for changes in pCrkL. KU812 cells 

were either (A) transiently treated with 100 nM dasatinib for 30 min followed by 3 

consecutive washes or (B) continuously treated with 1 nM dasatinib. CrkL 

phosphorylation was assessed by western blotting analyses. Data is representative of 

three independent experiments. Quantitative graph is representative of western blots 

presented here. 
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Therefore, cell death was induced despite reactivation of Bcr-Abl, suggesting that there is 

potentially persistent inhibition of pro-survival signalling downstream of Bcr-Abl which is 

responsible for induction of cell death. 

 

4.2.4 Bcr-Abl signalling resumes following the removal of dasatinib by the 

standard washout procedure. 

CrkL is a well characterised surrogate marker of Bcr-Abl activity, where inhibition of 

pCrkL by TKIs correlates to response to therapy.60,133 To determine the critical signals 

involved in the commitment of CML cells to cell death, the effects of transient high and 

continuous low dose dasatinib exposures on Bcr-Abl-dependent signalling were 

investigated. STAT5 and Erk are also established targets of Bcr-Abl,51,72 therefore the 

phosphorylation status of STAT5, Erk was assessed in addition to Bcr-Abl itself. In 

KU812 cells, following transient exposure to 100 nM dasatinib, there was rapid 

reactivation of Bcr-Abl (pY245) within 2 h of the STD wash (Figure 4.8). This 

reactivation profile was reflected by phosphorylation of Erk, a downstream signalling 

partner of Bcr-Abl. Interestingly, STAT5 phosphorylation was continuously inhibited for 

24 h following STD wash, indicating that STAT5 could either be a sensitive measure of 

Bcr-Abl activity, or that STAT5 inhibition is critical to the induction of apoptosis, or both. 

In order to investigate the role of pro-apoptotic signalling in these experimental 

observations, the expression of the anti-apoptotic signalling proteins Mcl-1, Bcl-xL and 

Bcl-2 were interrogated along with markers of apoptosis induction Bim and cleaved 

PARP.  In agreement with the cell viability findings (Figure 4.6), decreased expression of 

Mcl-1, Bcl-xL and Bcl-2 and a corresponding induction of Bim and cleaved PARP was 

observed (Figure 4.9). 
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Figure 4.8: Dasatinib-induced transient inhibition of Bcr-Abl results in continuous 
inhibition of STAT5.  

KU812 cells were treated with 100 nM dasatinib (Das) for 30 min followed by the STD 

wash and reculturing for 24 h in dasatinib-free media. Bcr-Abl signalling was assessed 

by western blotting analyses.  Bcr-Abl signalling was reactivated within 2 h of standard 

washout but STAT5 remained inhibited. Data is representative of three independent 

experiments. Quantitative graph is representative of western blots presented here. 
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Figure 4.9: Dasatinib-induced transient inhibition of Bcr-Abl is coupled with 
inhibition of pro-survival proteins and induction of pro-apoptotic markers. 

KU812 cells were treated with 100 nM dasatinib for 30 min followed by the STD wash 

and reculturing for 48 h in dasatinib-free media. Apoptotic signalling was assessed by 

western blot analyses. Bcl-2 family members were inhibited and the pro-apaptotic 

proteins Bim and cleaved PARP were induced. Data is representative of three 

independent experiments. Quantitative plots are representative of western blots 

presented here. 
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4.2.5 Continuous exposure to 1 nM dasatinib results in gradual inhibition of Bcr-

Abl signalling and concomitant activation of pro-apoptotic signalling. 

Simara et al.227 revealed that following removal of 100 nM dasatinib using an STD wash 

protocol, a residual amount of dasatinib remains that is similar to 1 nM continuous 

dasatinib for 72 h. It is possible that prolonged inhibition of STAT5 following the STD 

wash is due to residual dasatinib which has not been removed by the washout 

procedure. Examination of continuous exposure to 1 nM dasatinib revealed that Bcr-Abl 

activity, as measure by pCrkL, is only inhibited by 10% at 2 h (Figure 4.7B) and therefore 

residual dasatinib could remain following STD wash that could not be detected by 

measuring inhibition of pCrkL.  

 

Subsequently, the phosphorylation status of Bcr-Abl, pErk and STAT5 were investigated 

over a 24 h exposure to 1 nM dasatinib. Phosphorylation of Erk is inhibited by 30 min 

(Figure 4.10), however there was only gradual inhibition of pSTAT5 over the first 2 h of 

the time course, followed by complete inhibition at 4 h. Bcr-Abl phosphorylation was 

partially inhibited following exposure to 1 nM dasatinib and total Bcr-Abl began to 

decline after 8 h (Figure 4.10) in contrast to 100 nM 30 min dasatinib treatment. The 

loss of these Bcr-Abl survival signals resulted in the inhibition of Mcl-1, Bcl-xL and Bcl-2 

and the induction of Bim and cleaved PARP following treatment with 1 nM dasatinib 

(Figure 4.11), similar to what had been observed with the 30 min STD wash following 

transient exposure to 100nM dasatinib (Figure 4.9).  
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Although Bcr-Abl and Erk phosphorylation remained inhibited following continuous 

exposure to 1 nM dasatinib, the signals returned in 100 nM cultures followed by the STD 

wash. These results suggest that if residual dasatinib remains following washout, it must 

be below 1 nM. Conversely, STAT5 remained inhibited in both treatments highlighting a 

possible connection between inhibition of STAT5 and induction of apoptosis.  

 

4.2.6 Residual dasatinib is undetectable by intracellular uptake and retention 

(IUR) assay employing 14C-dasatinib 

The sensitive inhibition of STAT5 due to 1 nM dasatinib raises the question of whether 

residual amounts of dasatinib remain in cells following the STD wash protocol, and 

whether it is this residual dasatinib that commits the cells to death. To interrogate this 

possibility, 14-C radiolabelled dasatinib was utilised to assess in vitro uptake and 

retention of dasatinib before and after the standard washout protocol (Figure 4.12). 

Exposure to 100nM 14-C dasatinib for 30 min generated 54 counts per minute (cpm) in 

KU812 cells and 59 cpm in Meg01 cells compared to a baseline of 14 cpm and 13 cpm in 

untreated KU812 and Meg01 respectively (Figure 4.12). Exposure to 100 nM dasatinib 

resulted in 74.5 cpm in KU812 and 48.7 cpm in Meg01 cells which were similarly 

reduced to undetectable levels immediately following washout in KU812 (13-20 cpm)  

and Meg01 cells (10-21 cpm) (Figure 4.12). Over a 0.5-48 h period following the 

washout, counts were not significantly different from untreated cells (range 16-20 cpm 

in KU812 and 11-15 cpm Meg01 cells), suggesting effective removal of intracellular 

dasatinib from the cells. 
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However, subsequent investigation into the limit of detection of this system 

demonstrated that concentrations below 50nM dasatinib were not distinguishable from 

untreated KU812 cells (Figure 4.13). Concentrations of 1nM (10.5 cpm) and 10nM (13.5 

cpm) dasatinib, which are sufficient to induce cell death, were not significantly different 

from untreated cells (15 cpm, p=0.45 and p=0.75 respectively) when measure by this 

experimental method (Figure 4.13).  
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Figure 4.10: Gradual inhibition of Bcr-Abl signalling by 1nM dasatinib. 

KU812 cells were treated continuously with 1nM dasatinib for 24 h. Bcr-Abl signalling 

was assessed by western blotting anaylses.  Sensitive inhibition of STAT5 and Erk 

signals by 1 nM dasatinib was observed. Data is representative of three independent 

experiments. Quantitative plot is representative of western blots presented here. 
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Figure 4.11: Continuous exposure to 1 nM dasatinib induces inhibition of pro-
survival proteins and induction of pro-apoptotic markers.  

KU812 cells were treated continuously with 1 nM dasatinib for 48 h. Apoptosis 

signalling was assessed by western blotting analyses.  Treatment inhibited Bcl-2 family 

members and induced Bim and cleaved PARP. Data is representative of three 

independent experiments. Quantitative plot is representative of western blots presented 

here. 
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Figure 4.12: Dasatinib is undetectable following standard washout. 

KU812 cells (A) and Meg01 cells (B) were treated with 100 nM dasatinib for 30 min 

followed by the STD washout. 14-C dasatinib was measured by scintillation in the cells. 

Dasatinib was undetectable in the cells following standard washout protocol. Data are 

mean + SEM of three independent experiments. 

 

 

 

 

B 

A 



Chapter 4| Signalling Following Transient or Low Dose Dasatinib 

136 

 

 

 

 

 

Figure 4.13: Dasatinib IUR limit of detection is ≤50nM.  

KU812 cells were treated 1nM-2µM dasatinib for 2 h. 14-C labelled dasatinib was 

measured by scintillation. Dasatinib was undetectable in the cells at levels <50nM. Data 

are mean + SEM of three independent experiments. 
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4.3 Discussion 

 

The treatment paradigm, established with the clinical development of imatinib, was 

based on the belief that continuous TKI availability, and therefore continuous Bcr-Abl 

kinase inhibition, is required for induction of apoptosis in CML cells.132 This hypothesis 

fails to account for the clinical efficacy of once daily dasatinib therapy111,135 which only 

transiently inhibits Bcr-Abl in vivo due to the short half-life of dasatinib in serum.134 

 

Observations in cultured BCR-ABL1+ cell lines and CP-CML CD34+ patient cells, treated 

with transient or continuous dasatinib, revealed a disparity between the dose of 

dasatinib required to inhibit Bcr-Abl kinase activity versus the dose required to induce 

cell death. Whilst 2-5 nM dasatinib reduced Bcr-Abl activity by 50%, only 1 nM was 

required for significant effect on cell viability (Figure 4.2). This result indicates that a 

lower concentration of dasatinib is able to induce cell death whilst not resulting in 

complete Bcr-Abl inhibition. Therefore, it was hypothesised that low dose dasatinib 

which provides only partial inhibition of Bcr-Abl, is sufficient to induce apoptosis and 

thereby provide an explanation for the efficacy of once daily dasatinib therapy. 

Subsequent analyses in this chapter considered the means by which the partial 

inhibition of the Bcr-Abl oncoprotein commits cells to death, by investigating the 

signalling dynamics of BCR-ABL1+ cells exposed to continuous low dose and transient 

high dose dasatinib. 

 

The survival of BCR-ABL1+ cells is driven by the constitutive activation of the oncogenic 

fusion protein Bcr-Abl.228 As a consequence, cells become reliant on Bcr-Abl-dependent 
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survival signalling and this phenomenon provides opportunity for inhibitors to target 

the required signalling proteins.139 This “addiction” of tumour cells to a dominant 

oncoprotein and its associated signalling is not restricted to Bcr-Abl, and there is 

increasing evidence to suggest that oncoproteins, such as MYC229 and EGFR230, drive the 

maintenance of cancer cell signalling and subsequently the cancer cells become 

dependent on these survival signals.139  

 

These data are in accordance with previous in vitro observations in our laboratory that 

100 nM dasatinib treatments for 30 min followed by a standard drug washout induces 

cell death,144 and support clinical evidence that continuous Bcr-Abl kinase inhibition is 

not required for optimal response to therapy.135,231 This is in agreement with theory of 

oncogenic shock,226 suggesting that the disruption of survival signalling by transient 

dasatinib treatment is enough to commit cells to death. Analysis of Bcr-Abl-dependent 

signalling in these studies was restricted to observations of CrkL phosphorylation, 

however as CrkL was reactivated following dasatinib washout, it was unclear what 

committed the cells to death and so other Bcr-Abl dependent signalling was investigated 

in this chapter.  

 

Following the standard washout, the reactivation of Bcr-Abl and Erk (as indicated by the 

presence of pBcr-Abl and pERK) was observed, but importantly continuous inhibition of 

STAT5 (indicated by the lack of pSTAT5) was observed (Figure 4.8). These findings were 

comparable to those observed following exposure to continuous 1 nM dasatinib which 

also resulted in the inhibition of STAT5 together with Erk signalling (Figure 4.10). These 

results indicated that low levels of dasatinib may remain in the cells following the 
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standard washout procedure which, whilst allowing reactivation of Bcr-Abl, was still 

sufficient to induce cell death. 

 

To determine whether residual dasatinib remained in these cells following the standard 

washout protocol, 14-C radiolabelled dasatinib was utilised in an IUR assay. No 

difference between intracellular dasatinib levels were observed in untreated cells 

compared to cells following standard washout of dasatinib (Figure 4.12). Additionally, 

dasatinib was undetectable in the washout medium of these cells indicating that 

dasatinib was completely removed by the washout protocol. However, this assay was 

unable to distinguish dasatinib levels less than 50 nM from untreated cells, and 

therefore this particular assay was not sensitive enough to definitively determine if any 

residual dasatinib (< 50 nM) remained in the cells following washout. 

 

Recent reports suggest that low levels of TKI remain following the standard washout 

after a 30 min exposure to high dose TKI.227,232-234 Lipka and colleagues232,234 detected 

residual levels of dasatinib, imatinib and nilotinib in K562 and BaF3-BCR-ABL1+ cells 

following this standard washout procedure, using a HPLC-based method for TKI 

detection. The observations of Simara et al.235 suggest that following standard washout 

of 100 nM dasatinib, the residual concentration of TKI is similar to that achieved by 24 h 

continuous treatment with  1 nM dasatinib. These previously reported results support 

the hypothesis that low levels of dasatinib remain in cells following the standard 

washout procedure and that this is sufficient to induce cell death, despite approximately 

90% reactivation of Bcr-Abl, as measured by the presence of pCrkL. 
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Additionally, these studies highlight STAT5 activity as a sensitive measure of low level 

Bcr-Abl kinase inhibition; however the measurement of CrkL phosophorylation remains 

an important and specific measure of the degree of Bcr-Abl kinase inhibition. Unlike 

pSTAT5, changes in pCrkL following TKI treatment can ascertain intrinsic factors which 

determine response to therapy with strong predictive power,133,236 and would be missed 

due to the sensitivity of pSTAT5 to TKI. Thus, the measurement of multiple Bcr-Abl 

dependent signalling components should be considered to provide a complete picture of 

response to TKI therapy, depending on the investigation being undertaken. 

 

The research presented in this chapter highlights the importance of low level inhibition 

of Bcr-Abl kinase and the subsequent commitment of cells to death. Observations of low 

dose and transient dasatinib treatments indicate that STAT5 activity may be a sensitive 

measure of Bcr-Abl kinase activity and highlights STAT5 as a potentially important 

target for the induction of cell death in BCR-ABL1+ cells. These findings challenge the 

imatinib paradigm that continuous availability of tyrosine kinase inhibitors, and 

therefore complete inhibition of Bcr-Abl, is required for optimal clinical responses in 

patients.  Rather, taken together, the results presented here indicate that the clinical 

efficacy of dasatinib does not require continuous inhibition of Bcr-Abl and thus only 

sustained, partial inhibition of Bcr-Abl may be required. 
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CHAPTER 5.   

ASSESSMENT OF THE CRITICAL FACTORS 

INVOLVED IN COMMITMENT OF BCR-

ABL1+ CELLS TO APOPTOSIS
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5.1 Introduction 

Dasatinib is a potent second generation TKI which, despite a short in vivo half-life of 3-5 

h,134 achieves optimal cytogenetic and molecular responses in patients when 

administered once daily.111 A single daily dose has been shown to reduce the incidence 

of adverse effects compared to the initial twice daily regime.231 Dasatinib plasma levels 

in CML patients reach 150-200 nM by 30 min, but quickly drop over 4-24 h post-

administration, at which time there is concomitant reactivation of Bcr-Abl kinase 

activity.137 As such, once daily dasatinib therapy challenges the accepted therapeutic 

rationale of TKI therapy based on the requirement for continuous Bcr-Abl inhibition by 

imatinib for sustained disease control. 

 

We and others136-138 have previously reported that high dose, short-term dasatinib 

exposure (100 nM for 30 min) induces cell death in BCR-ABL1+ cells, despite restoration 

of Bcr-Abl signaling 2 h post drug washout.136 However, recent observations by Lipka 

and colleagues232,234 demonstrated that the standard washout procedure established by 

Shah et al.137 is ineffective at completely removing TKI. Residual levels of dasatinib, 

imatinib and nilotinib, determined using a HPLC-based method of TKI detection, were 

detected in K562 and Ba/F3-BCR-ABL1+ cells following this standard washout (STD 

wash) procedure.232,234 Equilibration of cells in drug-free media between washes 

(optimal washout, OPT wash) removed the residual TKI (dasatinib, imatinib or 

nilotinib). In the setting of effective dasatinib washout, short term exposure was no 

longer capable of inducing apoptosis in CML cells.232,234 This has subsequently been 

confirmed by other groups who have suggested that reduced phosphorylation of STAT5 

is a more sensitive marker of residual low concentrations of TKI, than reduced CrkL 

phosphorylation.227,237 
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Conventionally, STAT5 activation occurs in response to cytokine signalling through JAK 

kinases145. In CML, it is currently controversial whether JAK2 is required for the Bcr-Abl-

dependent activation of STAT5.147 Although there is evidence to suggest that JAK2 

interacts directly with Bcr-Abl,148,149 JAK inhibition with TG101209 induced minimal 

apoptosis in CML cells and appeared to target extrinsic cytokine-mediated survival 

signalling rather than Bcr-Abl-dependent signalling.150 Moreover, the absence of JAK2  

did not affect leukaemia maintenance in a CML-like murine model,151 however STAT5 

deletion resulted in failure to maintain  leukaemic haematopoiesis.152 

 

High levels of total STAT5 protein has recently been demonstrated as an important 

mechanism of resistance to TKI treatment,153 and highlighted as a target in CML CD34+ 

patient cells with acquired resistance to imatinib, where STAT5A protects cells from 

oxidative stress.154 Concurrently, the calcium channel155 and dopamine D2 receptor 

antagonist156 pimozide was recently identified as an inhibitor of constitutive STAT5 

activation in CML.157 As STAT5 has been implicated in TKI resistance and has an 

essential role in Bcr-Abl-dependent leukaemogenesis, STAT5 has subsequently become 

an attractive drug target. 

 

This chapter evaluates the critical factors involved in commitment of cells to TKI-

induced cell death in the setting of transient Bcr-Abl kinase inhibition. The duration of 

potent TKI exposure required to commit BCR-ABL1+ cells to apoptosis was subsequently 

investigated. This study postulates that continued inhibition of STAT5 activation is one 
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of the most critical factors for commitment to cell death, in the setting of transient or 

incomplete Bcr-Abl inhibition, and that STAT5 activation is independent of JAK2. 

5.1.1 Approach  

 

The aim of the research presented in this chapter was to determine the critical signalling 

required for commitment to cell death following transient inhibition of Bcr-Abl. An 

optimal washout procedure was developed to allow equilibration of cells in drug-free 

media between washes, as this is thought to result in complete removal of TKI from cells 

(Figure 5.1). KU812, Meg01 and K562 BCR-ABL1+ cell lines and CP-CML CD34+ primary 

patient cells were used to assess Bcr-Abl signalling, apoptosis and colony formation 

following transient exposure to potent doses of either dasatinib or imatinib. Bcr-Abl 

signalling was assessed by western blot for pBcr-Abl (Y245), pSTAT5 and pErk over a 24 

h period. Bcl-2 family members Mcl-1, Bcl-xL and Bcl-2, along with Bim and cleaved 

PARP were measured by western blot after 8-48 h TKI exposure. Cell viability was 

measured by Annexin V and 7AAD staining following 72 h treatment. Clonogenic 

potential was measured 2 weeks after the cell viability assay using the CFU-GM assay. 

Known pSTAT5 inhibitors pimozide (also a calcium channel155 and dopamine D2 receptor 

antagonist156) and N’-((4-Oxo-4H-chromen-3-yl)methylene)nicotinohydrazide (STAT5i), 

which targets the SH2 domain of STAT512, along with the autophagy inhibitor 

chloroquine, the MEK inhibitor U0126 and the JAK1/2 inhibitor ruxolitinib were used to 

interrogate Bcr-Abl-independent signalling. 
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Figure 5.1: Schematic of the standard and optimal washout procedures. 
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Standard washout (STD) refers to transient exposure to dasatinib (Das) for 30min, 

followed by 3 immediate washes in 10 ml pre-warmed PBS. Optimal washout (OPT) 

refers to x 3 washes in 10 ml pre-warmed PBS, with equilibration of cells in drug-free 

media for 1 h in between washes. 



Chapter 5 | Critical factors involved in commitment of CML cells to apoptosis 

147 

5.1.2 Summary and Research Contribution 

Using an optimal washout technique to completely remove residual dasatinib, 

prevention of apoptosis in KU812 and Meg01 cells is confirmed. Additionally the 

inhibition of STAT5 and Erk activation are highlighted as key indicators of low level Bcr-

Abl signalling inhibition. This data supports existing evidence that JAK kinase signalling is 

only relevant in Bcr-Abl-independent, extrinsic activation of STAT5, as JAK1/2 inhibition had 

no effect on Bcr-Abl-driven STAT5 signalling or cell death as a sole agent in the absence of 

cytokines. This study demonstrates that continuous inhibition of Bcr-Abl activity is not 

required to induce cell death in BCR-ABL1+ cells, rather the continuous inhibition of its 

downstream partner STAT5 is essential. Critically, additional STAT5 inhibition together with 

dasatinib pulse treatment results in increased cell death in primary CP-CML CD34+ cells. The 

findings presented here will help establish critical CML signalling components that may be 

targeted in combination therapeutic approaches, to further improve patient clinical 

outcomes. 

 

5.1.3 Publications 

Schafranek L, Nievergall E, Powell JA, Hiwase DK, Leclercq T, Hughes TP and White DL. 

Sustained inhibition of STAT5, but not JAK2, is essential for TKI-induced cell death in 

chronic myeloid leukemia. Leukemia advance online publication, June 27, 2014; 

doi:10.1038/leu.2014.156; accepted article preview online May 12, 2014. 

5.1.4 Conference Presentations 

Schafranek L, Nievergall E, Powell JA, Hiwase DK, Leclercq T, Hughes TP and White DL. 

New evidence that transient Bcr-Abl inhibition commits cells to death in a time- and 
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STAT5-dependent manner despite reactivation of Bcr-Abl. NDLR, March 2014, Noosa, 

QLD (oral presentation). 

Schafranek L, Nievergall E, Hiwase H, Powell J, White D, Hughes T. Direct inhibition of 

STAT5 in combination with transient Bcr-Abl inhibition commits cells to apoptosis 

despite reactivation of Bcr-Abl. ASH Dec 2013, New Orleans, USA (poster presentation). 

Schafranek L, Nievergall E, Hiwase H, Powell J, White D, Hughes T. Inhibition of 

activated STAT5 sensitizes chronic myeloid leukemia cells to TKI treatment and 

commits cells to apoptosis despite reactivation of Bcr-Abl, independent of JAK1/2. FHS 

conference, July 2013, University of Adelaide, Australia (poster presentation). Awarded 

Florey Medical Research Foundation Prize 

Schafranek L, Nievergall E, Hiwase H, Powell J, White D, Hughes T. STAT5 inhibition is 

critical to the commitment of chronic myeloid leukemia cells to apoptosis regardless of 

Bcr-Abl reactivation. CPCM Symposium, August 2013, National Wine Centre, Adelaide 

Australia (poster presentation). 

Schafranek L, Nievergall E, Hiwase H, Powell J, White D, Hughes T. Commitment of CML 

Cells to Apoptotic Cell Death Depends On the Length of Exposure to Das and the Level of 

STAT5 Activity. ASH Dec 2012, Atlanta, USA (poster presentation) 
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5.2 Results 

5.2.1 Equilibration of cells in drug-free media prevents apoptosis induced by 30 

min treatment with 100 nM dasatinib 

To interrogate whether complete removal of dasatinib using an optimal washout 

procedure would prevent cell death, as previously observed,227,232,234 KU812 and Meg01 

cells exposed to 1 nM dasatinib for 72 h or 100 nM dasatinib for 30 min, followed by 

either the standard washout procedure (3 consecutive washes) or an optimal washout 

procedure (OPT wash) in which cells were allowed to equilibrate for an hour at 

37°C/5% CO2 in drug-free media between washes. In KU812 cells, continuous 1 nM 

dasatinib is sufficient to induce cell death by 24 h (55% viable), with a maximum 

reduction to 21.7% viable cells reached by 72 h (Figure 5.2A). Exposure to a continuous 

dose of 100 nM dasatinib results in a substantial decrease in viable cells by 72 h (7.9% 

viable). Similar observations were made in Meg01 cells where 1 nM dasatinib induced 

reduced cell viability (13.4%) which was further reduced by 100 nM dasatinib (4.9% 

viable) at 72 h (Figure 5.2B). Treatment for 30 min with 100 nM dasatinib, followed by 

the standard (STD) washout procedure resulted in a reduction in live cells in both 

KU812 (18.4% viable, p=0.75) and Meg01 (8.5% viable, p=0.6) cells at 72 h that was not 

significantly different from cells treated with continuous 1 nM dasatinib. Permitting 

equilibration of cells between each wash (wash, equilibration, wash, equilibration, wash, 

the optimal washout protocol, OPT x 3 wash) resulted in a significantly higher 

proportion of live cells in KU812 (82.6% viable cells, p<0.005) and Meg01 (78.7% 

viable, p<0.05) cells compared to the STD wash (16.1% and 8.5% viable respectively) 

(Figure 5.2). Application of only one period of equilibration (wash, equilibrate, wash, 

OPT x 2) was also able to prevent apoptosis and was not significantly different from the
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Figure 5.2: Optimal washout procedure prevents cell death in BCR-ABL1+ cells. 

Optimal washout (OPT x3) prevents induction of cell death induced by transient 

exposure to dasatinib in KU812 (A) and Meg01 (B) cells. Cells were incubated either 

continuously with 1 nM dasatinib for 72 h, 100 nM dasatinib for 72 h or transiently 

exposed to 100 nM dasatinib for 30 min followed either by standard washout (STD) or 

optimal washout (OPT) and culturing for 72 h in drug-free media. Cells were then 

analysed by Annexin V/7-AAD staining (n=3, data are mean ± SEM). 
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OPT x 3 wash in KU812 (84.2%, p=0.43) or Meg01 (84.4%, p=0.39) cells at 72 h (Figure 

5.2). 

 

5.2.2 Reactivation of Bcr-Abl signalling and prevention of apoptosis following 30 

min exposure to dasatinib and optimal washout. 

To determine the critical factors required for TKI-induced cell death following transient 

treatment with dasatinib, the active signalling pathways following 30 min treatment 

with 100 nM dasatinib and the OPT washout were interrogated. In contrast to the 30 

min STD wash (Figure 4.9), Bcr-Abl phosphorylation recovered immediately following 

the 30 min optimal washout (OPT wash) and was fully restored within 8 h of the OPT 

wash (Figure 5.3). Notably, there was also reactivation of both STAT5 and Erk following 

the OPT wash, where phosphorylation was fully restored by 2 h for Erk and 8 h for 

STAT5. The complete removal of dasatinib after 30 min of 100 nM dasatinib exposure 

prevented the loss of anti-apoptotic Mcl-1, Bcl-xL and Bcl-2 and was reflected by no 

significant increase in Bim or cleaved PARP, thereby indicating no induction of apoptosis 

(Figure 5.4). 

 

5.2.3 Extension of the initial exposure to TKI for greater than 2 h induces cell 

death despite the complete removal of dasatinib 

Original standard washout experiments assessed exposures to TKI between 20 min and 

24 h prior to washout, however recent reports have only investigated exposures of less 

than or equal to 2 h.137,138 Peak plasma levels of dasatinib occur up to 6 h following 

administration134 and can be available at decreasing, but adequate levels to induce 

kinase inhibition (>10 nM) for 24 h.137 Subsequently, the length of dasatinib exposure 
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Figure 5.3: Reactivation of STAT5 following optimal washout.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) for 30 min followed by 

optimal washout (OPT) and culturing for up to 8 h in drug-free media. Lysates were 

analysed by western blotting for Bcr-Abl survival signalling. Data is representative of 

three independent experiments. Quantitation of protein phosphorylation normalised to 

total protein and actin (loading control). Percentage is relative to control (Ctrl). Graph is 

representative of western blots presented here. 
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Figure 5.4: Optimal washout prevents loss of Bcl-2 family members and induction 
of apoptosis markers.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) for 8 h followed by OPT 

washout, and then cultured for up to 48 h in drug-free media. Lysates were analysed by 

western blotting for apoptotic signalling. Data is representative of three independent 

experiments. Quantitation of protein normalised to actin (loading control) and 

percentage is relative to control (Ctrl). Graph is representative of western blots 

presented here. 
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prior to washout that was sufficient to induce cell death was determined. Whilst 

continuous treatment with 100 nM dasatinib reduced the percentage of viable cells to 

4.5% in KU812 and 5.3% in Meg01 cells (Figure 5.5), prolonging transient exposure of 

100 nM dasatinib from 30 min to 4 h and 8 h prior to OPT wash resulted in significant 

decreases in cell viability in KU812 (53% and 14% viable cells respectively) and Meg01 

(42% and 19% viable cells respectively) cells compared to 30 min dasatinib treatment 

(72.6% viable KU812, 75.8% viable Meg01) (Figure 5.5). Importantly, cell death was 

also induced following extended transient exposures to potent imatinib treatments of 

32.5µM (Figure 5.6), indicating that this observation is not TKI-specific (KU812, 18.9% 

viable at 2 h, 14.9% at 4 h and 13.3% at 8 h)(Meg01, 5.6% viable at 2 h , 4.4% at 4 h and 

3.9% at 8 h).  

 

To determine the relevance of these findings in primary CML, CD34+ cells from de novo 

CP-CML patients were treated with 100 nM dasatinib or 32.5 µM imatinib for 30 min, 2 

h, 4 h or 8 h and assessed for cell death and subsequent colony forming ability. A 30 min 

exposure to 100 nM dasatinib followed by the STD wash induced cell death (83% viable 

cells), however application of the OPT wash following the 30 min treatment with 

dasatinib prevented cell death (94.6% viable cells) (Figure 5.7A). As such, the 30 min 

dasatinib treatment in conjunction with the STD wash significantly impaired clonogenic 

potential (55.8% CFU normalised to control, p=0.03), but the more complete removal of 

dasatinib with the OPT wash lead to a significant increase in colony-forming cells 

(84.8% CFU, p=0.008) compared to the STD wash (Figure 5.7B), suggesting that 30 min 

exposure to dasatinib followed by efficient dasatinib removal is not sufficient to impair 

colony forming ability. 
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Figure 5.5: Extension of dasatinib exposure prior to OPT washout induces cell 
death in BCR-ABL1+ cell lines.  

Dasatinib treatment of greater than 4 h prior to optimal (OPT) wash induces cell death. 

KU812 (A) cells were treated with 100 nM dasatinib for 0-24 h, followed by standard 

(STD) or OPT wash and culturing for 72 h in drug-free media. Meg01 cells (B) were 

incubated with 100 nM Das for 0-8 h, followed by STD or OPT wash and culturing for 72 

h in drug-free media. Cells were then analysed by Annexin V/7-AAD staining (n=3 mean 

+ SEM). * p<0.05, ** p<0.01, ***p<0.001 c ompared to 30 min OPT wash. 
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Figure 5.6: Extension of imatinib exposure prior to OPT washout induces cell 
death in BCR-ABL1+ cell lines. 

Imatinib treatment for >2 h prior to optimal (OPT) wash induces cell death. KU812 (A) 

and Meg01 (B) cells were incubated with 32.5 µM imatinib for 0-8 h, followed by 

standard (STD) or OPT wash and then cultured for 72 h in drug-free media. Cells were 

analysed by Annexin V/7-AAD staining (n=1). 
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However, increasing the length of 100 nM dasatinib exposure to 4 h (85% viable, 

p=0.03) and 8 h (80.6% viable, p=0.004) significantly increased cell death compared to 

the 30 min treatment, despite complete removal of dasatinib with the OPT wash (Figure 

5.7A) and resulted in significant reduction in CFUs compared to 30 min dasatinib 

treatment prior to the OPT wash, at 2h (51.3%, p=0.004), 4h (39.6%, p=0.002) and 8h 

(30.1%, p=0.002)(Figure 5.7B).  

 

Similarly, 30 min treatment with 32.5 µM imatinib followed by STD wash resulted in 

decreased viability of CP-CML CD34+ patients cells (76.6% viable cells) (Figure 5.8A). In 

this setting, cell viability was also maintained using the OPT wash following a 30 min 

treatment (85.5% viable), however not when the initial exposure to imatinib was 

extended to 2 h (69.5% viable), 4 h (61.6% viable) or 8 h (54.1% viable). Extension of 

imatinib treatment prior to the OPT wash resulted in significant reduction in CFUs 

compared to 30 min OPT imatinib (82.9% CFUs), at 2h (41.2%, p=0.01), 4h (24.4%, 

p=0.0006) and 8h (14.4%, p=0.0003) (Figure 5.8B), indicating that the observation does 

not only apply in the dasatinib setting. 

 

5.2.4 Induction of apoptosis markers following 8 h 100 nM dasatinib exposure 

followed by optimal washout, despite reactivation of STAT5 and Erk 

To determine the critical components which induce cell death following transient 

treatment with dasatinib, Bcr-Abl and related signalling (Erk and STAT5), along with 

apoptotic signalling was assessed following 8 h exposure to 100 nM dasatinib with OPT 

wash (which induces cell death, Figure 5.5) and compared to the 30 min 100 nM OPT 

wash (which does not induce cell death, Figure 5.2). The longer 8 h exposure to 

dasatinib prior to OPT wash, lead to a reduction in Bcr-Abl phosphorylation with  
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Figure 5.7: Extension of 100 nM dasatinib exposure prior to OPT washout induces 
cell death and impairs clonogenic potential in CP-CML CD-34+ patient cells.  

De novo CP-CML CD34+ cells were incubated either continuously with 100 nM dasatinib 

(Das) for 72 h or transiently exposed to 100 nM dasatinib for 30 min-8 h followed either 

by standard washout (STD) or optimal washout (OPT) and culturing for 72 h in drug-

free media. Cells were then analysed for (A) cell death by Annexin V/7-AAD staining at 

72 h and (B) clonogenic potential by enumeration of CFUs following the CFU-GM assay 

at 2 weeks (n=3, mean + SEM). *p<0.05, **p<0.01, ***p<0.001 compared to Das 30 OPT. 
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Figure 5.8: Extension of imatinib exposure prior to OPT washout induces cell 
death and impairs clonogenic potential in CP-CML CD-34+ patient cells.  

De novo CP-CML CD34+ cells were treated with either continuously with 32.5 µM 

imatinib (IM) for 72 h or transiently exposed to 32.5 µM imatinib (IM) for 30 min-8 h 

followed either by standard washout (STD) or optimal washout (OPT) and culturing for 

72 h in drug-free media. Cells were then analysed for (A) cell death by Annexin V/7-AAD 

staining at 72 h and (B) clonogenic potential by enumeration of CFUs following the CFU-

GM assay at 2 weeks (n=3, mean + SEM). *p<0.05, **p<0.01, ***p<0.001 compared to IM 

30 OPT. 
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concomitant inhibition of STAT5 and Erk phosphorylation (Figure 5.9). These results are 

in contrast to the 30 min dasatinib exposure where Bcr-Abl activity was evident 

immediately after the OPT wash (Figure 5.3). This extended treatment induced a pro-

apoptotic state as indicated by loss of the STAT5 targets Mcl-1 and Bcl-xL, but not Bcl-2 

expression (associated with the Ras/Raf/MEK/Erk pathway) (Figure 5.10), indicating 

the loss of STAT5 phosphorylation as an important factor. Induction of apoptosis 

markers Bim and cleaved PARP were also observed (Figure 5.10).  

 

To validate that the maintenance of STAT5 inhibition following exposure of greater than 

30 min to dasatinib prior to the OPT wash occurs in primary cells, pSTAT5 was 

measured by flow cytometry in CD34+ cells from de novo CP-CML patients (Figure 5.11). 

In these primary leukaemic cells, STAT5 is constitutively activated by Bcr-Abl. The 

percentage of pSTAT5 positive cells significantly decreased from 27.4% in untreated 

samples, to 6.6% in cells treated with 100 nM dasatinib for 30 min without washout 

(p=0.007). In cells treated for 30 min with 100 nM dasatinib followed by the STD wash, 

pSTAT5 was significantly inhibited (9.7%, p=0.02), however upon OPT wash pSTAT5 

was restored (27.7%) (Figure 5.11). In contrast, increasing the initial dasatinib exposure 

to 4 h (18% pSTAT5, p=0.01) or 8 h (3.5% pSTAT5, p=0.002) demonstrated continued 

inhibition of STAT5 phosphorylation despite OPT wash (Figure 5.11). 
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Figure 5.9: Extension of Bcr-Abl inhibition results in the inhibition of pSTAT5 and 
pErk prior to OPT washout.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) for 8 h followed by 

optimal (OPT) wash and culturing for 0-8 h in dasatinib-free media. Lysates were 

analysed by western blot for Bcr-Abl-related signalling. Data is representative of three 

independent experiments. Quantitation of phosphorylated protein normalised to total 

protein and then actin (loading control). Percentage is relative to control (Ctrl). Graph is 

representative of western blots presented here. 
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Figure 5.10: Extension of Bcr-Abl inhibition induces apoptosis markers and 
inhibits Mcl-1 and Bcl-xL.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) for 8 h followed by 

optimal (OPT) wash, then cultured for 0-48 h in dasatinib-free media. Lysates were 

analysed by western blot for apoptotic signalling proteins. Data is representative of 

three independent experiments. Quantitation of protein normalised to actin and 

percentage is relative to control (Ctrl). Graph is representative of western blots 

presented here. 
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Figure 5.11: Extension of Bcr-Abl inhibition prior to OPT washout inhibits 
pSTAT5.  

De novo CP-CML CD34+ patient cells were incubated either continuously with 100 nM 

dasatinib for 72 h or transiently exposed to 100 nM dasatinib for 30 min-8 h followed 

either by standard washout (STD) or optimal washout (OPT) and culturing for 72 h in 

drug-free media. Cells were then analysed for pSTAT5 (pY694) by intracellular 

phosphoflow. (A) Histogram of representative data. (B) Percentage of cells in pSTAT5 

positive gate (n=3, mean + SEM). ** p<0.01 compared to 30 OPT. Ig denotes isotype 

control.  
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5.2.5 Inhibition of JAK1/2, MEK/ERK or autophagy survival signally does not 

restore cell death following 30 min exposure to 100 nM dasatinib with OPT 

washout.  

The observation that prolonged Bcr-Abl inhibition correlates with cell death lead us to 

hypothesise that application of a treatment which targets known CML resistance 

signalling, in combination with TKI treatment, may enhance cell death despite complete 

removal of TKI. As inhibition of Erk phosphorylation was observed following the STD 

wash, but recovered following the OPT wash, the ability of the MEK inhibitor U0126 to 

restore induction of cell death in the OPT wash setting was assessed. Surprisingly, no 

additional effect of MEK/Erk inhibition on commitment to cell death was observed 

following the 30 min 100 nM dasatinib OPT wash in combination with U0126 (69.2% 

viable cells) compared to U0126 alone (61.1% viable, p=0.73) or dasatinib 30 min OPT 

wash (83.4% viable, p=0.39) (Figure 5.11). Recent evidence suggests that autophagy 

protects BCR-ABL1+ cells from TKI-induced cell death and induction of death can be 

restored by blocking autophagy with chloroquine.185 Therefore the involvement of TKI-

induced autophagy was assessed for a role in the protection of BCR-ABL1+ cells from cell 

death. There was no significant effect on cell viability from the addition of chloroquine 

to the 30 min 100 nM dasatinib OPT treatment (69.1% viable) compared to treatment 

with chloroquine alone (48.4%, p=0.1) or dasatinib 30 min OPT wash (50.1% viable, 

p=0.88) (Figure 5.13).  

 

The mechanism of STAT5 activation by Bcr-Abl is unclear, but it has been reported that 

JAK2 is involved in the activation of STAT5.148 Intriguingly, combination of ruxolitinib (a 

pan JAK inhibitor) with 30 min 100 nM dasatinib OPT wash (77.6% viable cells) was  
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Figure 5.12: MEK/Erk inhibition had no effect on cell viability when used in 
combination with 30 min 100 nM dasatinib exposure followed by OPT wash in 
KU812 cells.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) followed by either 

standard wash (STD) or optimal wash (OPT) in the presence or absence of 5µM U0126 

and then cultured for 72 h in Das-free media with or without U0126. Cells were then 

analysed by Annexin V/7-AAD staining (n=3, mean + SEM). 



Chapter 5 | Critical factors involved in commitment of CML cells to apoptosis 

171 

 

 

 

 

Figure 5.13: Inhibition of autophagy had no effect on cell viability when used in 
combination with 30 min 100 nM dasatinib exposure followed by OPT wash in 
KU812 cells.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) followed by either 

standard wash(STD)  or optimal wash(OPT)  in the presence or absence of 10 µM of the 

autophagy inhibitor chloroquine (CQ) and then cultured for 72h in dasatinib-free media 

with or without CQ. Cells were then analysed by Annexin V/7-AAD staining (n=3, mean + 

SEM). 
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Figure 5.14: JAK1/2 inhibition had no effect on cell viability when used in 
combination with 30 min 100 nM dasatinib exposure followed by OPT wash in 
KU812 cells.  

KU812 cells were transiently exposed to 100nM dasatinib (Das) followed by either 

standard wash (STD) or optimal wash(OPT)  in the presence or absence of 1 µM of the 

JAK1/2 inhibitor ruxolitinib and then cultured for 72 h in dasatinib-free media with or 

without ruxolitinib (n=3, mean + SEM). Cells were then analysed by Annexin V/7-AAD 

staining (n=3, mean + SEM). 
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unable to induce a further reduction in live cells compared to treatment with the pan 

JAK inhibitor ruxolitinib alone in KU812 cells (71%, p=0.57) or 30 min dasatinib OPT 

wash (72.3% viable, p=0.92) (Figure 5.14). 

 

5.2.6 Inhibition of STAT5 activation with pimozide and STAT5i maintains cell 

death following 100 nM dasatinib with 30 min optimal washout in BCR-

ABL1+ cell lines 

To assess whether the loss of pSTAT5 was simply a surrogate for subtle inhibition of 

Bcr-Abl activity, or if it was itself a critical element of Bcr-Abl survival signalling, 

inhibitors which directly target STAT5 were utilised. STAT5 inhibition with pimozide 

(Figure 5.15A), and the specific STAT5 inhibitor N’-((4-Oxo-4H-chromen-3-

yl)methylene)nicotinohydrazide (from now on referred to as STAT5i) (Figure 5.15B) 

had little effect on viability. However continuous inhibition of STAT5 with either 

pimozide or STAT5i in combination with 30 min exposure to 100 nM dasatinib (with 

dasatinib completely removed by the OPT wash) effectively induced cell death in KU812 

cells (2.3% and 21% viable cells respectively) (Figure 5.15). This finding was further 

evidenced by similar observation in Meg01 cells (24.4% and 29.8% viable cells) (Figure 

5.16) and K562 cells (16.6% and 26.1% viable cells) (Figure 5.17) when 30 min 100 nM 

dasatinib OPT wash was combined with either pimozide or STAT5i. 
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Figure 5.15: Combination of STAT5 inhibition, with 30 min 100 nM dasatinib OPT 
wash, induces cell death in KU812 cells.  

Pimozide and STAT5i induce cell death following 100 nM dasatinib OPT wash. KU812 

cells were transiently exposed to 100 nM Das followed by either STD wash or OPT wash 

in the presence or absence of STAT5 inhibitors and then cultured for 72 h in Das-free 

media with or without 5µM or 10µM of the STAT5 inhibitor pimozide (A) or 50µM of the 

STAT5 inhibitor N’-((4-Oxo-4H-chromen-3-yl)methylene) nicotinohydrazide (STAT5i) 

(B). Cells were analysed by Annexin V/7-AAD staining (n=3, mean + SEM). * p<0.05 and 

** p<0.01 compared to 30 OPT wash alone. 
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Figure 5.16: Combination of STAT5 inhibition, with 30 min 100 nM dasatinib OPT 
wash induces cell death in Meg01 cells.  

Pimozide and STAT5i induce cell death following the OPT wash. Meg01 cells were 

incubated transiently exposed to 100nM Das followed by either STD wash or OPT wash 

in the presence or absence of inhibitors and then cultured for 72h in Das-free media 

with or without 5µM or 10µM of pimozide (A) and  50µM of STAT5i (B). Cells were then 

analysed by Annexin V/7-AAD staining (n=3, mean + SEM). * p<0.05 and ** p<0.01 

compared to 30 OPT wash alone. 
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Figure 5.17: Combination of STAT5 inhibition, with 30 min 100 nM dasatinib OPT 
wash induces cell death in K562 cells.  

Pimozide and STAT5i induce cell death following the OPT wash. K562 cells were 

incubated transiently exposed to 100nM Das followed by either STD wash or OPT wash 

in the presence or absence of inhibitors and then cultured for 72h in Das-free media 

with or without 5µM or 10µM of pimozide (A) and  50µM of STAT5i(B). Cells were then 

analysed by Annexin V/7-AAD staining (n=3, mean + SEM). *** p<0.0001 compared to 

30 OPT wash alone.  
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5.2.7 Inhibition of STAT5 activation with pimozide and STAT5i maintains cell 

death and impair colony formation following 30 min 100 nM dasatinib OPT 

wash in CP-CML CD34+ patient cells 

To determine the clinical relevance of these observations, the effect of STAT5 inhibition 

on the viability of de novo CP-CML CD34+ patient cells was determined. Interestingly, 

although addition of 10 µM pimozide to 100 nM dasatinib 30 OPT wash (56.8% viable, 

p=0.018) significantly reduced cell viability compared to the untreated control (89.6% 

viable), contrary to observations in cell lines, pimozide alone also reduced cell viability 

(61.6% viable) (Figure 5.18A). Furthermore, assessment of the ability to form colony 

forming units (CFUs) demonstrated that the addition of pimozide (12.8% CFUs, 

p<0.0001) (Figure 5.18B) significantly reduced colony formation in comparison to the 

100 nM dasatinib 30 OPT treatment alone (86.1% CFUs compared to untreated control). 

 

Similarly, combination of STAT5i with 100 nM dasatinib 30 OPT wash resulted in a 

significant reduction in live cells (53.5%, p=0.009) compared to cells treated with 100 

nM dasatinib 30 OPT wash in the absence of STAT5i (89.6% viable) (Figure 5.19A). 

However, unlike treatment with pimozide, the use of STAT5i as a single agent had little 

effect on viability (87.1% viable). Sequential assessment of clonogenic potential 

demonstrated that the addition of STAT5i to 100 nM dasatinib 30 OPT wash (29.5% 

CFUs, p<0.01) significantly reduced colony formation in comparison to the 100 nM 

dasatinib 30 OPT wash treatment alone (86.1% CFUs compared to untreated control) 

whilst demonstrating minimal impairment alone (97.2% CFUs) (Figure 5.19B).  
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Figure 5.18: STAT5 inhibition with pimozide and 30 min dasatinib 30 min OPT 
wash exposure induces cell death in CP-CML CD34+ patient cells.  

Pimozide induced cell death following the OPT wash in primary CP-CML CD34+ patient 

cells. De novo CP-CML CD34+ patient cells were treated with 100 nM dasatinib for 30 

min, followed by OPT wash in the presence or absence of the STAT5 inhibitor pimozide 

(Pz) and then cultured for 72 h in dasatinib-free media containing STAT5 inhibitors. 

Cells were then analysed for (A) viability by Annexin V/7-AAD staining and for (B) 

clonogenic potential by the CFU-GM assay at 2 weeks (right, n=3, mean + SEM). * p<0.05, 

** p<0.01 and **** p<0.0001 compared to 30 OPT wash alone. 
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Figure 5.19: STAT5i in combination with 30 min 100 nM dasatinib OPT wash 
induces cell death in CP CD34+ CML cells.  

STAT5i induced cell death following the OPT wash in primary CML cells.  De novo CP-

CML CD34+ patient cells were treated with 100 nM dasatinib (Das) for 30 min, followed 

by optimal (OPT) wash in the presence or absence of the STAT5 inhibitor STAT5i and 

then cultured for 72 h in dasatinib-free media containing that STAT5 inhibitor. Cells 

were then analysed for (A) viability by Annexin V/7-AAD staining and for (B) clonogenic 

potential by the CFU-GM assay at 2 weeks (n=3, mean + SEM). * p<0.05, ** p<0.01 and 

*** p<0.001 compared to 30 OPT wash alone.* 
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This reduction in cell viability and colony forming ability was not dasatinib specific, as  

30 min 32.5 µM imatinib OPT wash alone (93.9% viable and 85.7% CFUs) was 

significantly reduced when treated in combination with pimozide (38.1% viable, p=0.01 

and 8.9% CFUs, p<0.001) (Figure 5.20) or STAT5i (47.2% viable, p=0.008 and 16.9% 

CFUs, p<0.005) (Figure 5.21). Pimozide alone also induced a reduction in colonies 

(56.4% CFUs compared to untreated control) (Figure 5.18), however this may be 

attributed to off-target effects of pimozide, as STAT5i alone had little effect on the CFU-

GM (97.2% CFUs compared to untreated control, p=0.24) (Figure 5.19). 

 

5.2.8 Following 30 min exposure to 100 nM dasatinib and pimozide, STAT5 

remains inhibited despite complete removal of dasatinib 

Analysis of Bcr-Abl-related and apoptotic signalling was assessed following a 30 min 

exposure to 100 nM dasatinib plus OPT wash in combination with STAT5 inhibition by 

pimozide. Initial inhibition of Bcr-Abl and Erk phosphorylation, was completely restored 

2 h post the removal of dasatinib (Figure 5.22). However, sustained inhibition of STAT5 

phosphorylation was observed following the OPT wash which confirmed efficient 

blockade of STAT5 activation by pimozide. Furthermore, increased expression of Bim 

and cleaved PARP were observed indicating the induction of apoptosis (Figure 5.22). 

This was accompanied by a decrease in the STAT5 partners Bcl-xL and Mcl-1, but not 

Bcl-2 signalling, revealing STAT5 as an important player in commitment to cell death in 

this setting (Figure 5.23 ).  

 

In CP-CML CD34+ patient cells, treatment with 10 µM pimozide alone caused a decrease 

in pSTAT5 positive cells (10.3%) compared with untreated cells (27.4%) (Figure 5.24). 
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In cells treated with a combination of 10 µM pimozide and 100 nM dasatinib for 30 min 

followed by the OPT wash, pSTAT5 remained inhibited (7.1%) compared to the 

dasatinib alone OPT wash treatment (21%). The combination of STAT5i with the 30 min 

100 nM dasatinib OPT in CP-CML CD34+ patient cells, also resulted in sustained 

inhibition of pSTAT5 (Figure 5.24). 
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Figure 5.20: Pimozide in combination with 30 min imatinib induces cell death 
following the OPT wash. 

Pimozide and STAT5i induced cell death following the OPT wash in primary CML cells.  

De novo CP-CML CD34+ cells were treated with 32.5 µM imatinib (IM) for 30 min, 

followed by optimal (OPT) wash in the presence or absence of the STAT5 inhibitor 

pimozide and then cultured for 72 h in dasatinib-free media containing that STAT5 

inhibitor. Cells were then analysed for (A) viability by Annexin V/7-AAD staining and for 

(B) clonogenic potential by the CFU-GM assay at 2 weeks (n=3, mean + SEM). * p<0.05, 

** p<0.01 and *** p<0.001 compared to 30 OPT wash alone. 
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Figure 5.21: STAT5i in combination with 30 min imatinib induces cell death 
following the OPT wash. 

STAT5i induced cell death following the OPT wash in primary CML cells.  De novo CP-

CML CD34+ cells were treated with 32.5 µM imatinib (IM) for 30 min, followed by 

optimal (OPT) wash in the presence or absence of the STAT5 inhibitor STAT5i and then 

cultured for 72 h in dasatinib-free media containing that STAT5 inhibitor. Cells were 

then analysed for (A) viability by Annexin V/7-AAD staining and for (B) clonogenic 

potential by the CFU-GM assay at 2 weeks (right, n=3, mean + SEM). * p<0.05, ** p<0.01 

and **** p<0.0001 compared to 30 OPT wash alone.* 
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Figure 5.22: Pimozide in combination with 30 min 100 nM dasatinib exposure 
inhibits pSTAT5.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) together with 10 µM of 

the pimozide (Pz), followed by optimal (OPT) wash and then cultured for 0-8 h in 

dasatinib-free media containing pimozide. Lysates were analysed by western blotting 

for Bcr-Abl-related signalling. Data is representative of three independent experiments. 

Quantitation of protein phosphorylation normalised to total protein, then actin (loading 

control) and percentage is relative to control (Ctrl). Graph is representative of western 

blots presented here. 
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Figure 5.23: Downstream targets of STAT5, Bcl-xL and Mcl-1, are inhibited in the 
presence of pimozide.  

KU812 cells were transiently exposed to 100 nM dasatinib (Das) together with 10 µM 

pimozide (Pz), followed by optimal (OPT) wash and then cultured for 0-48 h in 

dasatinib-free media containing pimozide. Lysates were analysed by western blotting 

for apoptosis signalling. Data is representative of three independent experiments. 

Quantitation of protein normalised to actin (loading control) and percentage is relative 

to control (Ctrl). Graph is representative of western blots presented here. 
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Figure 5.24: Pimozide inhibits pSTAT5 in primary CP-CML CD34+ patient cells 
following complete removal of dasatinib. 

De novo CP-CML CD34+ patient cells were transiently exposed to 100 nM dasatinib (Das) 

together with 10 µM pimozide (Pz), followed by either the standard (STD) or the optimal 

(OPT) wash and culturing in dasatinib-free media with or without pimozide. Cells were 

then analysed for pSTAT5 (pY694) by intracellular phosphoflow (n=3 mean + SEM). 

*p<0.01 compared to 30 OPT. Ig denotes isotype control.  
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Figure 5.25: STAT5i inhibits pSTAT5 in primary CP-CML CD34+ patient cells 
following complete removal of dasatinib.  

De novo CP-CML CD34+ patient cells were transiently exposed to 100 nM dasatinib (Das) 

together with 50 µM STAT5i, followed by either the standard (STD) or the optimal (OPT) 

wash and culturing in dasatinib-free media with or without STAT5i. Cells were then 

analysed for pSTAT5 (pY694) by intracellular phosphoflow (n=1). 
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5.3 Discussion 

Bcr-Abl confers protection against apoptosis by harnessing cell survival pathways 

through proteins including STAT5238 and Erk52, inducing expression of anti-apoptotic 

proteins to prevent apoptosis and hence promote survival.195,239,240 BCR-ABL1+ cells 

appear to be addicted to Bcr-Abl kinase activation for survival and therefore the 

targeting of BCR-ABL1+ cells with Abl tyrosine kinase inhibitors (TKIs) commits these 

cells to death. Imatinib established the treatment paradigm that continuous TKI 

availability, and therefore continuous Bcr-Abl kinase inhibition, is required for induction 

of apoptosis in BCR-ABL1+ cells.104,241  However, studies of dasatinib therapy have 

challenged this as the accepted paradigm of continuous Bcr-Abl inhibition fails to 

account for the clinical efficacy of once-daily dasatinib therapy, which only transiently 

inhibits Bcr-Abl in vivo due to its short serum half-life.135,137  

 

In the previous chapter, in vitro treatments with 100 nM dasatinib for 30 min followed 

by a standard drug washout demonstrated induction of cell death despite the 

reactivation of Bcr-Abl, which supports the concept that continuous Bcr-Abl kinase 

inhibition, is not required for optimal therapeutic response. However, recent reports 

demonstrate that low concentrations of TKI remain in cells following the standard 

washout (three consecutive washes) protocol following a 30 min exposure to high dose 

TKI; 100 nM dasatinib, 32.5 µM imatinib or 1 µM nilotinib.227,232,234 The observations of 

Simara et al.227 indicated that following the standard washout protocol for removal of 

100 nM dasatinib, a residual amount of dasatinib remains that is similar to 1 nM 

continuous dasatinib for 72 h. As established in the previous chapter, sensitive 

inhibition of STAT5 and Erk signalling occurs during continuous 1 nM dasatinib 

treatment (Figure 4.11) which was comparable to the signalling observed following 30 
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min treatment with 100 nM dasatinib and the standard (STD) wash treatment (Figure 

4.9). These results support the findings of others that low levels of dasatinib remain in 

cells following the standard washout procedure and that the low level inhibition of Bcr-

Abl that this affords, is sufficient to induce apoptosis, despite substantial reactivation of 

Bcr-Abl signalling. 

 

Lipka and colleagues232,234 demonstrated that the removal of residual dasatinib using an 

optimal drug washout procedure (OPT wash) prevents induction of apoptosis. Using a 

similar washout procedure (in which cells are allowed to equilibrate in TKI-free media 

between washes), this investigation demonstrates that Bcr-Abl, STAT5 and Erk 

signalling are restored following efficient removal of 100 nM dasatinib (Figure 5.3), 

suggesting that no residual dasatinib remained in the cells to induce apoptotic signals 

(Figure 5.4). Pharmacokinetic studies suggest that a significant amount of dasatinib still 

remains in patient serum 4 h and 8 h after taking dasatinib, doses equating to 

approximately 100 ng/ml and 50 ng/ml respectively,242 but that Bcr-Abl activation is 

inhibited for at least 7 h post treatment.230 

 

Consequently, cellular signalling following longer exposures to dasatinib were 

interrogated. For the first time, this study demonstrates that commitment of BCR-ABL1+ 

cells to death requires at least 4 h exposure to 100 nM dasatinib in cultured cell lines 

(Figure 5.5) and 2 h exposure in CP-CML CD34+ patient cells (Figure 5.7). This is despite 

the complete removal of dasatinib and the reactivation of Bcr-Abl and Erk, but 

interestingly not STAT5. Induction of cell death following transient exposure to high 

dose (32.5 µM) imatinib for greater than 2 h (Figure 5.6 and Figure 5.8) was also 

observed, indicating that this phenomenon is not TKI specific.  
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Importantly, this investigation has clearly established distinct phospho-signalling 

dynamics upon 30 min or 8 h transient high dose dasatinib exposure, correlating with 

the commitment to cell death, offering a rationale for the therapeutic success of once 

daily dasatinib in the clinical setting. Comparison of 30 min and 8 h phospho-signalling 

profiles highlights STAT5 and its downstream signalling partners, Bcl-xL and Mcl-1 as 

key determinants of whether cells ultimately survive or die (Figure 5.9 and Figure 5.10). 

We therefore sought to target signalling pathways associated with Bcr-Abl resistance to 

overcome the OPT wash-induced prevention of cell death. 

 

Recent data highlights STAT5 as a critical participant in TKI resistance153,154 and the 

clinically available dopamine reuptake inhibitor pimozide, has been demonstrated to 

specifically inhibit STAT5 activation in BCR-ABL1+ cells resulting in increased sensitivity 

to TKIs.157,243 Addition of the STAT5 inhibitors pimozide or STAT5i induced cell death in 

both BCR-ABL1+ cultured cell lines as well as primitive CP-CML CD34+ patient cells 

despite complete removal of dasatinib or imatinib after 30 min high dose exposures. 

STAT5i, which targets the SH2 domain of STAT5,12 had little effect as a sole agent in cell 

lines or primary samples, however pimozide alone induced cell death and decreased 

colony formation in primary CD34+ CP-CML cells (Figure 5.16). The difference in effects 

as sole agents may be attributed to non-specific inhibition of other targets, as pimozide 

is also thought to inhibit proliferation in breast cancer cells by blocking T-type calcium 

channels.12,155 Importantly, both STAT5 inhibitors increased the sensitivity of BCR-

ABL1+ cells to dasatinib and imatinib, whilst combination with inhibitors of JAK1/2, 

MEK/Erk or autophagy had no additional effects on cell viability when compared to TKI 

alone treatments (Figure 5.11-14). Consequently, the Bcr-Abl-related and apoptotic 
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signalling profiles following the addition of pimozide to a 30 min transient treatment 

with 100 nM dasatinib were assessed and confirmed inhibition of STAT5, and 

subsequently Bcl-xL and Mcl-1 (Figure 5.22 and Figure 5.22), indicating the specific 

targeting of STAT5 to induce cell death. Importantly, induction of cell death was 

achieved despite reactivation of Bcr-Abl signalling, indicating that STAT5 inhibition is an 

important factor in commitment to cell death in addition to being a sensitive measure of 

residual TKI. 

 

In the setting of a transient exposure to dasatinib (30 min OPT wash), which did not 

commit cells to cell death, surprisingly no benefit from the addition of the pan JAK 

inhibitor, ruxolitinib, in the induction of cell death was observed (Figure 5.14).  Although 

there are reports that JAK2 may phosphorylate or complex with Bcr-Abl 148,149,244, JAK2 

inhibition alone had little effect on induction of cell death and appears to target extrinsic 

survival signalling (growth factor related) as opposed to Bcr-Abl-dependent signalling 

through STAT5.150 Therefore, we propose that STAT5 activation as a result of active Bcr-

Abl does not occur through JAK2, but instead is in close correlation to phosphorylation 

at the kinase site of Abl (see Figure 5.26). 

 

This study demonstrates that continuous inhibition of Bcr-Abl activity is not required to 

induce cell death in BCR-ABL1+ cells, rather the continuous inhibition of its downstream 

partner STAT5 is essential. Critically, this study convincingly establishes that additional 

inhibition of STAT5, and not JAK or MAPK inhibition, together with transient high dose 

dasatinib treatment, results in marked cell death (additional to the cell death noted from 

dasatinib treatment alone), in both cultured BCR-ABL1+ cell lines as well as in primary 
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CP-CML CD34+ patient cells. These findings highlight STAT5 as a potential target for 

combination therapeutic approaches. 
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Figure 5.26: Proposed activation of STAT5 

We propose that Bcr-Abl activation of STAT5 occurs independently of JAK2, despite 

previous observations that JAK2 may phosphorylate STAT5 and that cytokines activate 

STAT5 via JAK2.
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CHAPTER 6.   

TARGETING CYTOKINE PROTECTION 

FROM TKI-INDUCED CELL DEATH WITH 

THE PAN JAK INHIBITOR RUXOLITINIB
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6.1 Introduction 

Long term follow up of chronic phase CML (CP-CML) patients has demonstrated that 

imatinib does not eradicate leukaemic progenitor cells (LPCs) and that most patients 

experience persistent disease. Despite the complete cytogenetic response (CCyR) 

achieved in 87% of newly diagnosed CP-CML patients following treatment with imatinib 

for 60 months, only a minority of patients achieve the deeper response indicated by 

complete molecular response (CMR).103 Moreover, discontinuation of imatinib in 

patients who had achieved a CMR for at least 2 years resulted in the relapse of 50% of 

patients within 6 months,158 suggesting that the majority of the CP-CML patients are not 

cured by imatinib treatment and thus they are required to remain on imatinib therapy.  

 

Recent studies have demonstrated the persistence of LPCs in patients who have 

achieved CCyR with imatinib treatment.245 In vitro data has demonstrated that although 

imatinib and the more potent second generation tyrosine kinase inhibitors, nilotinib and 

dasatinib, have antiproliferative effects on CD34+ cells125,246 and the more primitive 

CD34+38- LPCs,162 the treatment did not result in the induction of apoptosis.247 It had 

been postulated that LPCs are refractory to imatinib due to inadequate Bcr-Abl kinase 

inhibition within progenitors.162 However, superior inhibition of Bcr-Abl kinase activity 

with the more potent second generation TKIs nilotinib and dasatinib was insufficient to 

increase the levels of apoptosis in quiescent CML progenitors.162,163 Thus, clinical studies 

as well as in vitro studies demonstrate that early LPCs are refractory to TKI and may be 

responsible for long-term disease persistence and resistance to imatinib treatment. 

Therefore, it is likely that the resistance of these progenitor cells to TKIs is independent 

of Bcr-Abl kinase function. 
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Haematopoietic stem cells (HSCs), including LPCs, reside in the bone marrow niche, 

which provides a cytokine rich microenvironment for the maintenance of both normal 

and CML HSCs.9 In a non-pathological setting, the cytokine dependent control of 

proliferation, differentiation and cell death is tightly regulated by negative feedback 

mechanisms (Figure 6.1). Of particular interest are the interleukin-3 (IL-3)/granulocyte-

macrophage colony stimulating factor (GM-CSF)/IL-5 receptor family pathways, which 

activate downstream survival signalling through Janus kinase (Jak)/signal transducers 

and activators of transcription (STATs), the Ras-mitogen-activated protein kinase 

(MAPK) pathway and the phosphatidyl-inositol-3-kinase (PI3K) pathway.248 It is 

therefore possible that the presence of cytokines in the bone marrow niche may provide 

protection of CML progenitor cells from the cytotoxic effects of TKI therapy. 

 

Several studies have now demonstrated the capability of cytokines in providing 

protection from TKI-induced cell death. Initial studies with imatinib found that cell lines 

expressing Bcr-Abl (MO7p210Bcr-Abl and 32Dp210Bcr-Abl), which are IL-3 responsive, are 

partially rescued from imatinib-induced cell death in the presence of IL-3.93,166 

Abnormal activation of the autocrine production of IL-3167,168,172 and GM-CSF170,171 

appears to be associated with autonomous growth in cell lines and CD34+ CML 

progenitors. Dorsey et al.173 also found that in Bcr-Abl-transformed cell lines 

(BaF3p210Bcr-Abl and 32Dp210Bcr-Abl) IL-3 protected cells from apoptosis, suggesting that 

in conjunction with autocrine secretion of IL-3, CD34+ progenitor cells may escape 

complete eradication by this mechanism. 

 

Liu et al.249 recently demonstrated that conditioned media from resistant DA1-

3bp210Bcr-Abl cells, which over-express IL-3, induced TKI resistance in previously 
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sensitive (non-mutated) DA1-3bp210Bcr-Abl cells through the activation of STAT5 and 

MEK/ERK pathways. Inhibition of JAK2 or MEK1/2 abrogated the protective effect of the 

conditioned media from TKI-induced apoptosis. Jiang et al.168 suggested that primitive 

CML cells become detectably more sensitive to TKI as they differentiate. This study 

demonstrated that autocrine secretion of IL-3 and G-CSF induced TKI resistance in CML 

CD34+/CD38- cells, even in the absence of exogenous growth factors. Whereas in the 

absence of exogenous growth factors, more mature CML cells (CD34+/CD38+) are more 

sensitive to imatinib. 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, 

resulting in increased sensitivity to TKI as the cells mature.168  

 

Wang et al.171 recently demonstrated that adaptive autocrine secretion of GM-CSF can 

initiate Bcr-Abl-independent survival signalling in the presence of imatinib and nilotinib. 

This resistance was mediated by the activation of the anti-apoptotic JAK2/STAT5 

pathway. c-KIT has also been shown to circumvent Bcr-Abl inhibition and apoptosis by 

activation of survival signals.176,250 Such data proposes that CML cells may not 

completely rely on Bcr-Abl for survival signalling. 

 

The IL-3 receptor α-chain (IL-3Rα) has been described as a unique marker in the 

identification of acute myeloid leukaemia (AML) stem cells.177,178 A recent murine study 

demonstrated that selectively targeting IL-3Rα in AML with a specific monoclonal 

antibody results in reduced AML burden in BM and improved mouse survival.179 The 

expression of IL-3Rα on CML CD34+CD38- progenitor cells has subsequently been 
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observed in CML patients.180,251 Collectively, this data suggests that IL-3 could be 

implicated in the protection of CML progenitors from cell death. 

 

Inhibition of JAK2  with TG101209 and CYT387 was recently observed to induce little 

apoptosis in CML cells and appears to inhibit extrinsic cytokine-mediated survival 

signalling rather than Bcr-Abl-dependent signalling,150 however there is some evidence 

to suggest that JAK2 interacts directly with Bcr-Abl 148,149. Moreover, the absence of JAK2 

did not affect leukaemia maintenance in a CML-like murine model 151. The mechanism of 

STAT5 activation by Bcr-Abl is unclear, and it has been reported that JAK2 is involved 

148. Additionally, in vivo evidence suggests that JAK kinase signalling is only relevant in 

Bcr-Abl-independent, extrinsic activation of STAT5, as JAK2 inhibition had no effect on 

Bcr-Abl driven STAT5 signalling or cell death as a sole agent in the absence of 

cytokines150,151. 

 

Ruxolitinib (formerly INCB018424), is a selective inhibitor of JAK kinases demonstrating 

potent inhibition of JAK1 (IC50 ~3.3 nM) and JAK2 (IC50 ~2.8 nM), with additional 

action against JAK3 (IC50 ~428 nM) and Tyk2 (IC50 ~19 nM).252 Ruxolitinib has now 

been approved by the FDA for the treatment of myelofibrosis. Preclinical trials 

determined the ability of ruxolitinib to inhibit mutant JAK2V617F signalling through 

STAT3, STAT5 and Erk1/2, resulting in the inhibition of the proliferation and survival of 

BaF3EpoR-V617F and HEL cell lines, as well as primary MF patient cells.253 Recent interest 

in targeting CML leukaemic progenitor cells has focused on inhibition of cytokine 

survival signalling, therefore this study evaluates for the first time the use of ruxolitinib 

in combination with TKI, in the induction of cell death in BCR-ABL1+ cells. 
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Here STAT5 activation is proposed to occur in close association to the kinase site of Abl 

as a result of active Bcr-Abl and not through JAK2. This project evaluates cytokine 

mediated persistence of LPCs during TKI treatment and the effectiveness of combining 

TKI treatment with JAK1 and JAK2 inhibition to eliminate the leukaemic progenitor 

population.  
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Figure 6.1 Normal Haematopoietic Cytokine Signalling Pathways 

In a non-pathological setting, cytokine activation of IL-3/GM-CSF/IL-5 receptors results 

in activation of the Ras/MEK/Erk, PI3K/Akt and JAK/STAT pathways. This results in the 

inhibition of apoptosis and the activation of survival and proliferation signalling. Such 

signalling is tightly regulated by negative feedback mechanisms. 
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 Approach 6.1.1

BCR-ABL1+ cell lines and CP-CML CD34+ patient cells were screened for expression of 

the cytokine receptors IL-3Rα and GM-CSFRα. Cytokine receptor surface expression was 

assessed by flow cytometry. Examination of p-STAT5 by flow cytometry was used to 

measure both the loss of Bcr-Abl signalling due to inhibition by dasatinib (as STAT5 is 

constitutively activated by Bcr-Abl in the absence of cytokines) and additionally the 

subsequent restoration of survival signalling upon the addition of exogenous cytokines. 

The effect of cytokines on the protection of cells from death was assessed using Annexin 

V and 7AAD staining. 

 

 Summary and Research Contribution 6.1.2

It appears that the majority of CP-CML patients are not cured by imatinib treatment. 

LPCs may be refractory to TKI treatment as a result of inadequate Bcr-Abl kinase 

inhibition or survival signalling independent of Bcr-Abl. LPCs exist in a cytokine rich 

microenvironment in the bone marrow and survival pathways activated by cytokines 

can protect these cells from the cytotoxic effects of TKI treatment. Therefore, the 

maintenance of survival signals in leukaemic progenitors by cytokines is likely to be a 

significant contributor to their persistence during TKI therapy. An understanding of this 

cytokine mediated TKI resistance is essential for developing new therapeutic strategies 

to target and eliminate these leukaemic progenitors and potentially provide a cure for 

CML patients. 

 

The research presented in this chapter contributes to the current understanding of 

cytokine mediated protection from TKI-induced cell death and demonstrates that 
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blocking of cytokine signalling via JAK inhibition along with Bcr-Abl kinase inhibition 

has the potential to eradicate primitive CML cells. 

 Publications 6.1.3

Schafranek L, Nievergall E, Powell JA, Hiwase DK, Leclercq TL, White DL and Hughes TP. 

Sustained inhibition of STAT5, but not JAK2, is essential for TKI-induced cell death in 

chronic myeloid leukemia. Leukemia advance online publication, June 27, 2014; 

doi:10.1038/leu.2014.156; accepted article preview online May 12, 2014. 

 Conference Presentations 6.1.4

Schafranek L, Nievergall E, Hiwase H, Powell J, Leclercq T, White D, Hughes T. Direct 

inhibition of STAT5 in combination with transient Bcr-Abl inhibition commits cells to 

apoptosis despite reactivation of Bcr-Abl. ASH Dec 2013, New Orleans, USA (poster 

presentation) Abstract Achievement Award 

 

Schafranek L, Hiwase H, Powell J, Melo J, White D, Hughes T. Blocking Cytokine 

Signalling Along with Intense BCR-ABL Kinase Inhibition may be necessary to Eradicate 

CML cells. Health Sciences Postgraduate Research Conference Aug. 2011, Adelaide, 

Australia (poster presentation). 

 



Chapter 6 | Targeting cytokine protection from TKI induced death 

 210 

6.2 Results 

 BCR-ABL1+ cell lines express IL-3 and GM-CSF receptors 6.2.1

Previous studies have indicated that CML progenitor cells may escape TKI-induced cell 

death by harnessing IL-3 and GM-CSF survival signalling.171,173 To assess the 

requirement of cytokine signalling to enable CML cells to escape from apoptosis, BCR-

ABL1+ cells lines were first screened for the surface expression of IL-3 receptor alpha 

(IL-3Rα) and GM-CSF receptor alpha (GM-CSFRα). The mouse CTL-ENIL-3GMβ cell line, 

which overexpresses the alpha receptors for both IL-3 and GM-CSF together with the β-

common receptor, was used as a positive control (Figure 6.2A). The BCR-ABL1+ cell lines 

KU812, K562, Meg01 and KCL-22 demonstrated some expression of both IL-3Rα and 

GM-CSFRα (Figure 6.2B-E), MOLM-1 cells only expressed IL-3Rα (Figure 6.2F) and K562 

Dox only expressed GM-CSFRα (Figure 6.2G). 

 

 Cytokines stimulate STAT5 activation in the presence of dasatinib 6.2.2

Having determined the expression of the IL-3Rα and GM-CSFRα in BCR-ABL1+ cell lines, 

the ability of cytokines to induce survival signalling in the absence of active Bcr-Abl was 

assessed. Bcr-Abl constitutively activates STAT5152,254 and IL-3 and GM-CSF activates 

STAT5 via the JAK-STAT pathway.248 As both cytokine- and Bcr-Abl-dependent 

signalling converge on STAT5, phosphorylation of STAT5 (pSTAT5) was assessed by 

flow cytometry to determine the reactivation of survival signals in the presence of 

cytokines following dasatinib treatment.  
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Figure 6.2: Expression of IL-3Rα and GM-CSFRα in BCR-ABL1+ cell lines. 

Cells were stained with antibodies against IL-3Rα (CD123, blue) and GM-CSFRα (CD116, 

orange) and expression was determined by flow cytometry. (A) CTL-EN mouse cell line 

overexpressing IL-3Rα and GM-CSFRα was used as a positive control, and the BCR-

ABL1+ cell lines (B) KU812, (C) K562, (D) KCL-22, (E) Meg01 (F) MOLM-1 and (G) K562 

Dox. Grey peaks demonstrate isotype negative control staining. Histograms are 

representative of at least 2 independent experiments 
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BCR-ABL1+ cell lines were exposed to 100 nM dasatinib for 30 min in the presence or 

absence of either IL-3 or GM-CSF. In the absence of cytokines, exposure to dasatinib 

blocked pSTAT5 in KU812, K562, Meg01 and MOLM-1 cells (Figure 6.3). In KU812 cells, 

stimulation with GM-CSF resulted in recovery of pSTAT5 in the presence of dasatinib, 

whilst IL-3 showed only a slight reactivation of STAT5 (Figure 6.3A). K562 cells express 

both IL-3Rα and GM-CSFRα, however stimulation with IL-3 or GM-CSF did not result in 

recovery of pSTAT5 in the presence of dasatinib (Figure 6.3B). Meg01 cells stimulated 

with cytokines demonstrated reactivation of STAT5 with GM-CSF in the presence of 

dasatinib, but not IL-3 despite expressing receptors for both (Figure 6.3C). MOLM-1 cells 

only express IL-3Rα, and stimulation with IL-3 resulted in the reactivation of STAT5 in 

the presence of dasatinib (Figure 6.3D). These results indicate that cytokines can 

activate Bcr-Abl-independent survival signalling and the dominant survival signalling 

pathway/s are specific to each cell line. 

 

 Newly diagnosed primary CP-CML CD34+ cells express IL-3 and GM-CSF 6.2.3

receptors 

To determine whether the expression of cytokines receptors were relevant to primary 

CML cells, the receptor expression of IL-3Rα, GM-CSFRα and the β-common chain 

(required for signalling) was assessed in primary CML CD34+ cells. Surface expression 

of both the IL-3Rα and GM-CSFRα were evident in CP-CML-CD34+ cells (Figure 6.4A). 

Importantly, expression of the α-receptors are found in conjunction with the β-common 

chain which is essential for downstream signal transduction (Figure 6.4B). 
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Figure 6.3: Cytokine receptor activation of STAT5 signalling in BCR-ABL1+ cell 
lines 

BCR-ABL1+ cells were treated with 100 nM dasatinib (Das, red) in the presence or 

absence of 20 ng/ml GM-CSF (green), or 20ng/ml IL-3 (yellow). (A) KU812, (B) K562, 

(C) Meg01 and (D) MOLM-1. Phosphorylation of STAT5 was measured by flow 

0063ytometry. Grey peaks demonstrate isotype negative control staining Data are 

representative of 3 independent experiments. 
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 Cytokines stimulate STAT5 activation in CP-CML CD34+ cells 6.2.4

As primitive CP-CML CD34+ cells possess the required components for IL-3 and GM-CSF 

signalling, accordingly the ability of IL-3 and GM-CSF to stimulate STAT5 in the presence 

of dasatinib was assessed. CP-CML CD34+ cells were exposed to 100 nM dasatinib in the 

presence or absence of either IL-3 or GM-CSF (Figure 6.5). The presence of dasatinib 

inhibited activation of STAT5 (as measured by pSTAT5). Addition of IL-3 or GM-CSF, 

resulted in activation of STAT5 even in the presence of dasatinib. These results indicate 

that cytokines have the potential to protect CP-CML CD34+ cells from TKI-induced cell 

death. 

 

 Cytokines protect cells from cell death 6.2.5

Activation of STAT5 signalling was established as an important component for cell 

survival in the previous chapter. Here, the effect of cytokines on TKI-induced cell death 

was determined in the BCR-ABL1+ KU812 cell line. Cells were cultured either with 1 nM 

dasatinib for 72 h or transiently with 100 nM dasatinib for 30 min followed by the 

standard washout procedure (STD wash) and recultured for 72 h in dasatinib free 

media. Cell death was induced by 72 h exposure to both 1 nM dasatinib (11.4% viable, 

p<0.0001) and 100 nM dasatinib 30 min STD wash (17.9% viable, p<0.0001) (Figure 

6.6A). When exposed to 1 nM dasatinib for 72 h or 100 nM dasatinib for 30 min followed 

by STD wash, respectively, cells were protected from TKI-induced death by a mix of six 

growth factors (6GF) (69.3% and 66.9% viable), with only partial protection by IL-3 

(48.3% and 29% viable), GM-CSF (20% and 44.3% viable), and erythropoietin (EPO) 

(15.9% and 22.3% viable), but not thrombopoietin (TPO) (10.8% and 15.4% viable). 
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Figure 6.4: Expression of IL-3Rα, GM-CSFRα and the β common chain in CP-CML 
CD34+ cells. 

Cells were stained with antibodies against (A) IL-3Rα (CD123, blue) and GM-CSFRα 

(CD116 orange), or (B) the β–common chain (CD131, green), with expression 

determined by flow cytometry in CP-CML CD34+ progenitor cells. Grey peaks 

demonstrate isotype negative control staining. Histograms are representative of at least 

2 independent experiments. Results were obtained with the assistance of Dr. Eva 

Nievergall. 
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Figure 6.5: Cytokine receptor activation of STAT5 signalling in CP-CML CD34+ cells 

CP-CML CD34+ cells were treated with 100 nM dasatinib (Das) in the presence of 

absence of 20ng/ml IL-3 or 20 ng/ml GM-CSF. (A) Representative histogram. (B) 

Representative density plots. Phosphorylation of STAT5 was measured by flow 

cytometry. Grey peaks demonstrate isotype negative control staining. Data are 

representative of 3 independent experiments. Results were obtained with the assistance 

of Dr. Eva Nievergall. 
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Comparative to KU812 cells, continuous exposure to 10 nM dasatinib induced death in 

K562 cells (29.6% viable, p=0.0007), however transient exposure to 100 nM dasatinib 

30 min followed by STD wash had little effect on cell viability (83.3% viable, p=0.008) 

compared to untreated cells (94.9% viable) (Figure 6.6B). Unlike KU812s, no protection 

from TKI-induced cell death was observed with IL-3 (20.7% and 84.5% viable), GM-CSF 

(26.1% and 83.9% viable) or 6GF (25% and 83.2% viable). Interestingly, EPO (81.6% 

and 95.9% viable), but not TPO (22.4% and 84.8% viable) protected cells from dasatinib 

induced cell death. 

 

 Ruxolitinib inhibits JAK1 and JAK2 activation in BCR-ABL1+ cell lines 6.2.6

Ruxolitinib is a pan JAK inhibitor approved for use in myeloproliferative neoplasms 

(myelofibrosis, polycythemia vera and essential thrombocythemia).252,255 It potently 

inhibits JAK1 and JAK2 over JAK3, opposed to other more specific JAK2 inhibitors 

(Figure 6.7).252 To determine the effect of ruxolitinib in BCR-ABL1+ cell lines, KU812 

cells were assessed for activation of JAK1, JAK2 and their downstream signalling 

partners STAT3 and STAT5, following exposure to increasing concentrations of 

ruxolitinib for 3 h. 

 

Ruxolitinib exposure demonstrated sensitive inhibition of JAK1 with an IC50 of ~10 nM 

and also resulted in inhibition of JAK2 (IC50 ~100 nM) and STAT3 (IC50 ~100 nM) 

(Figure 6.8). However, ruxolitinib had no inhibitory effect on the phosphorylation of 

STAT5. As it has previously been reported that inhibition of JAK2 may result in 

inhibition of Bcr on Bcr-Abl itself,148 phosphorylation of Bcr (Y177) and Abl (Y245) were 

also investigated. Surprisingly, neither phosphorylation of Bcr-Abl at Y177 nor Y245 

was inhibited in the presence of ruxolitinib (Figure 6.8). 
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Figure 6.6: Cytokine protection from TKI-induced death in BCR-ABL1+ cell lines 

(A) KU812 or (B) K562 cells were treated with 1 nM dasatinib for 72 h or 30 min with 

100 nM dasatinib (Das) followed by standard wash and culturing for 72 h in drug-free 

media, in the presence or absence of IL-3, GM-CSF, erythropoietin (EPO), a 6 growth 

factor mix (6GF) or thrombopoietin (TPO). Cell viability was analysed by Annexin V/7-

AAD staining (n=3 mean + SEM). ** p<0.005, *** p<0.0005, ****p<0.0001 compared to 

Das 72 h and ## p<0.005, #### p<0.0001 compared to Das STD washout. 
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Figure 6.7: The structure and activity of JAK inhibitor ruxolitinib in comparison to 
other JAK2 inhibitors. 

Ruxolitinib (formerly, INCB018424) is a specific JAK kinase inhibitor with preferentially 

selectivity for JAK1 and JAK2.Adapted from Weinberg et al.43 and Quintàs-Cardama et 

al.256 
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Figure 6.8: Dose-dependent inhibition of JAK1, JAK2 and STAT3, but not Bcr-Abl or 
STAT5, with ruxolitinib in KU812 cells. 

KU812 cells were exposed to 0-5000 nM ruxolitinib for 3 h. Lysates were analysed by 

western blotting for Bcr-Abl-related survival signalling. Data is representative of three 

independent experiments. Tubulin western blot included as a loading control. 
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 Ruxolitinib blocks cytokine-dependent activation of STAT5, but not Bcr-6.2.7

Abl-dependent activation of STAT5 in BCR-ABL1+ cell lines 

In the setting of transient exposure to dasatinib, no additional benefit of the pan JAK 

inhibitor ruxolitinib was observed, however chemical inhibition of STAT5 in 

combination with 30 min TKI treatment induced cell death (refer Results Chapter 3 

Figure 2.13-18), suggesting JAK signalling is not significantly involved in this setting. 

The effect of JAK inhibition on pSTAT5 was assessed by flow cytometry in the presence 

and absence of GM-CSF in KU812 cells. Following a 3 h incubation, a minor reduction in 

pSTAT5 was observed using ruxolitinib at concentrations of 100 nM (6.8 MFI), and 500 

nM (6.8 MFI) compared to untreated control (7.8 MFI), with maximum effect at 1000 nM 

(6.3 MFI) (Figure 6.9A). Stimulation with GM-CSF slightly increased pSTAT5 (8.3 MFI), 

which could be reduce back to unstimulated levels with ruxolitinib at 100 nM (7.7 MFI), 

500 nM (7.6 MFI) and 1000 nM (6.5 MFI) (Figure 6.9B). 

 

To assess the contribution of the JAK-STAT pathway to Bcr-Abl survival signalling, the 

effects of 1000 nM ruxolitinib on the cytokine activation of STAT5 were examined in the 

presence of 100 nM dasatinib. Ruxolitinib had little effect on STAT5 phosphorylation as 

a sole agent (7 MFI) however when STAT5 was activated by 20 ng/ml GM-CSF (8.5 MFI), 

ruxolitinib reduced pSTAT5 comparable to untreated control (7.7 MFI) (Figure 6.10A). 

However, this only inhibited the GM-CSF stimulated portion of STAT5 and did not 

reduce Bcr-Abl activation of STAT5. Contrariwise, dasatinib inhibited STAT5 in the 

absence of GM-CSF (4.1 MFI), but was unable to completely inhibit STAT5 in the 

presence of GM-CSF (8.8 MFI). The combination of dasatinib with ruxolitinib was 

required to completely inhibited STAT5 in the presence of GM-CSF (3.8 MFI) (Figure 
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6.10B). JAK inhibition appears to only target cytokine-dependent activation of STAT5 

and therefore acts independently of Bcr-Abl. 

 

 Ruxolitinib blocks cytokine-dependent activation of STAT5, but not Bcr-6.2.8

Abl-dependent activation of STAT5 in CP-CML CD34+ cells 

Subsequently, the activation of STAT5 was assessed in the presence and absence of a 

mix of growth factors (5GF) in CP-CML CD34+ cells. In the absence of 5GF, ruxolitinib 

alone had little effect on STAT5 phosphorylation, however 100 nM dasatinib reduced 

pSTAT5 whether alone or in combination with ruxolitinib (Figure 6.11A). Addition of 

5GF stimulated further activation of STAT5 (Figure 6.11B). Although dasatinib 

completely inhibited pSTAT5 in the absence of 5GF, this could be partially restored by 

5GF stimulation. Ruxolitinib removed 5GF stimulated activation of STAT5 both in the 

presence and absence of dasatinib, suggesting that the role of JAK2 activation of STAT5 

in CP-CML CD34+ cells may preferentially occur through cytokine signalling and not via 

Bcr-Abl. 

. 

 Ruxolitinib has little effect as a sole agent or in combination with dasatinib 6.2.9

in the absence of cytokines, but abrogates cytokine protection of dasatinib-

induced cell death. 

As ruxolitinib successfully inhibited cytokine-dependent activation of STAT5, the ability 

of JAK inhibition to induce cell death in the presence and absence of cytokines was 

assessed. Ruxolitinib specifically inhibits JAK kinases producing IC50s of JAK1 at 2.7 nM, 

JAK2 at 4.5 nM and JAK-3 at 322 nM and is commonly used in in vitro assays at 300-1000 

nM.253,257 To determine the optimal dose in this setting, a titration in the presence and 
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Figure 6.9: Ruxolitinib demonstrates minimal reduction of Bcr-Abl dependent 
pSTAT5 in KU812 cells. 

KU812 cells were treated with 100 nM, 500 nM and 1000 nM ruxolitinib (JAKi) in the 

(A) absence or (B) presence of 20 ng/ml GM-CSF (GM). Phosphorylation of STAT5 

(pSTAT5) was measured by flow cytometry. Histograms are representative of at least 2 

independent experiments. 
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Figure 6.10: Pan JAK inhibition removes cytokine stimulated pSTAT5 but not Bcr-
Abl-dependent pSTAT5 in KU812 cells 

KU812 cells were treated with or without 20ng GM-CSF (GM) in the presence or absence 

of 1000 nM ruxolitinib (JAKi) (A) alone or (B) in combination with 100 nM dasatinib 

(Das). Phosphorylation of STAT5 was measured by flow cytometry. Histograms are 

representative of at least 2 independent experiments. 
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Figure 6.11: Ruxolitinib reduces cytokine stimulated pSTAT5 but not Bcr-Abl-
dependent pSTAT5 in CP-CML CD34+ cells. 

Newly diagnosed CP-CML CD34+ cells were treated (A) with or (B) without a 5 growth 

factor mix (5GF) in the presence or absence of ruxolitinib (Rux) with or without 100 nM 

dasatinib (Das). Phosphorylation of STAT5 was measured by flow cytometry. 

Histograms are representative of at least 2 independent experiments. 
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absence of 5GF in CP-CML CD34+ cells was performed. In the presence of 5GF, 

ruxolitinib resulted in a dose dependent reduction in live cells, however in the absence 

of cytokines ruxolitinib had little effect on cell viability after 72 h culture (Figure 6.12). 

 

 In primary CP-CML CD34+ cells ruxolitinib removes cytokines protection 6.2.10

from dasatinib-induced cell death, having no additional effect to dasatinib 

treatment in the absence of cytokines 

As there was no additional effect of 3000 nM ruxolitinib (Figure 6.12), concentrations of 

300 nM and 1000 nM were chosen for use in subsequent experiments. In the absence of 

cytokines, cell viability was not significantly reduced from control cells (22.4% viable) 

by JAK inhibition alone with ruxolitinib at either 300 nM (22% viable, p=0.73) or 1000 

nM (20.8% viable, p=0.24) (Figure 6.13). Dasatinib alone (10 nM) induced significant 

cell death compared to control (10.1% viable, p=0.04), but this cell death was not 

significantly enhanced by addition of either 300 nM (9.9% viable, p=0.75) or 1000 nM 

ruxolitinib (9.5% viable, p=0.3). Cell viability was significantly increased by the presence 

of 5GF compared to control (55.8% viable, p=0.04), and could then be significantly 

reduced by the addition of 300 nM (28.6% viable, p=0.03) and 1000 nM (22.1% viable, 

p=0.04) ruxolitinib. The presence of growth factors protected cells from dasatinib 

induced cell death, where dasatinib alone was unable to significantly decrease viability 

compared to 5GF alone (45.2% viable, p=0.45).  

 

The combination of dasatinib with 300 nM (11.6% viable, p=0.03) or 1000 nM (9.8% 

viable, p=0.04) ruxolitinib significantly enhanced the cell death achieved by dasatinib 

treatment alone in comparison to 5GF alone. However ruxolitinib was unable to reduce 

viability more than dasatinib treatment alone, suggesting that ruxolitinib abrogates
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Figure 6.12: Cytokine protection of CP-CML CD34+ cells from dasatinib-induced 
cell death is blocked by ruxolitinib. 

CP-CML CD34+ cells were treated with increasing concentrations of ruxolitinib in the 

presence or absence of 0.5 nM or 10 nM dasatinib (Das), (A) without cytokines or (B) 

with a 5 growth factor (5GF) mix. Cells were then analysed by flow cytometry for 

Annexin V/7-AAD staining following 72 h culture. 
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Figure 6.13: Ruxolitinib abrogates cytokine-dependent protection from dasatinib-
induced cell death, but does not further increase cell death compared to dasatinib 
alone. 

CP-CML CD34+ cells were treated with either 300 nM or 1000 nM ruxolitinib +/- 5 

growth factor (5GF) mix, +/-  10 nM dasatinib. Cells were then analysed for Annexin 

V/7-AAD staining at 72 h by flow cytometry (n=3 mean + SEM). § p<0.05, compared to 0 

nM dasatinib with 5GF. 
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cytokine-dependent protection from dasatinib induced death. These results indicate that 

JAK inhibition may only be effective in the context of cytokine stimulation, irrespective 

of Bcr-Abl activity. 

 

 Ruxolitinib impairs the ability of CP-CML CD34+ cells to form colonies in the 6.2.11

presence of 5GF 

The ability of CP-CML CD34+ cells to form colonies was assessed following the 72 h cell 

death assay (previously described in Section 5.2.7). In the absence of cytokines, 10 nM 

dasatinib alone significantly reduces CP-CML CD34+ colony formation (24.1% CFUs of 

untreated control (arbitrarily set at 100%), p=0.01), however 300 nM ruxolitinib alone 

was unable to significantly reduce CFUs (87.8% CFUs compared to untreated control, 

p=0.27) and the combination of dasatinib with 300 nM ruxolitinib (24.7% CFUs 

compared to untreated control, p=0.98) did not further reduce CFUs compared to 

dasatinib alone (Figure 6.14). The addition of 5GF significantly increased colony 

formation (156.5% CFUs compared to no 5GF control) which was significantly reduced 

by the addition of 10 nM dasatinib (71.9% p=0.03) or 300 nM ruxolitinib (58.1%, 

p=0.01). The combination of dasatinib with 300 nM ruxolitinib in the presence of 5GF, 

resulted in a further decrease in colonies (31.3% CFUs, p=0.01 compared to 5GF alone). 

Again, indicating that the effect of JAK inhibition is to specifically block survival 

signalling induced by cytokine stimulation. Interestingly, 1000 nM ruxolitinib not only 

significantly reduced colony formation in the presence of cytokines (46.5%, p=0.04), but 

also reduced CFUs in the absence of cytokines (53.3%, p=0.07) (Figure 6.14).  

However, this may occur due to loss of specificity of ruxolitinib for JAK1 and JAK2 at this 

high dose, 237,252 therefore the effect of ruxolitinib on CD34+ cells from normal bone 

marrow donors was assessed to confirm that ruxolitinib-induced cell death is not due to 



Chapter 6 | Targeting cytokine protection from TKI induced death 

 232 

Bcr-Abl. Exposure to dasatinib alone had little effect on the reduction of colony 

formation (93.3% CFUs compared to untreated control) (Figure 6.15). Alternatively, 

ruxolitinib resulted in a decrease in colonies at both 300 nM (68.4% CFUs) and 1000 nM 

(49.4% CFUs). Therefore, it’s likely that dasatinib results in effective inhibition of Bcr-

Abl signalling and that JAK inhibition offers no further benefit except in the presence of 

cytokines, with STAT5 common to both pathways. 
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Figure 6.14: JAK inhibition prevents colony formation in the presence of 5GF 

CP-CML CD34+ cells were treated with 300 nM or 1000 nM ruxolitinib, +/- 10 nM 

dasatinib, in the absence or presence of a 5 growth factor (5GF). Clonogenic potential 

was assessed by enumeration of colonies at 2 weeks following CFU-GM assay (n=3, 

mean+SEM). * p<0.05 compared to 0 nM dasatinib without 5GF, § p<0.05, §§ p<0.01 

compared to 0 nM dasatinib with 5GF. 
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Figure 6.15: Non-specific effect of ruxolitinib on clonogenic potential of normal 
CD34+ cells. 

CD34+ cells were treated with increasing concentrations of ruxolitinib (JAKi) +/- 5 

growth factor (5GF) mix. Clonogenic potential was assessed by enumeration of CFUs at 2 

weeks following CFU-GM assay (n=2, mean+SEM). 
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6.3 Discussion 

STAT5 is constitutively activated due to the presence of the Bcr-Abl oncoprotein in CML 

cells.75 Bcr-Abl confers protection against apoptosis through the activation of cell 

survival signals, like STAT5, as well as the expression of anti-apoptotic proteins, to 

promote cell survival. In the previous chapter, STAT5 was found to have a critical role in 

the balance between life and death in BCR-ABL1+ cells exposed to TKIs. Furthermore, 

the activation of STAT5 by Bcr-Abl has recently been demonstrated to play an important 

role in protection of CML cells from oxidative stress. 154 

 

In a non-pathological setting, activation of STAT5 occurs through cytokine and growth 

factor signalling by way of JAK2 kinases.146,165 Although there are reports that JAK2 may 

phosphorylate or complex with Bcr-Abl,148,149,244 inhibition  JAK2 alone has little effect 

on induction of apoptosis and appears to specifically target extrinsic survival signalling 

(cytokine dependent) as opposed to Bcr-Abl-dependent signalling through STAT5.150 As 

such, the focus of this chapter was to interrogate the function of cytokine signalling as a 

mechanism of TKI resistance. Expression of the cytokine receptors IL-3Rα and GM-

CSFRα were observed in BCR-ABL1+ cell lines and CP-CML CD34+ cells (Figure 6.2 and 

Figure 6.4). Stimulation of the BCR-ABL1+ KU812 cell line and CP-CML CD34+ cells with 

IL-3 and GM-CSF was found to enhance pSTAT5 in the presence of Bcr-Abl inhibition 

with dasatinib (Figure 6.3 and Figure 6.5) and consequently, the presence of these 

cytokines was able to prevent the induction of dasatinib-induced cell death (Figure 6.6 

and Figure 6.12).  
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Cytokine activation of JAK2 has previously been described to have a protective effect on 

CML cells.144,171 Thus, the pan JAK inhibitor ruxolitinib was utilised to determine 

whether the involvement of JAK kinases was specific to cytokine-dependent signalling, 

or also played a role in Bcr-Abl dependent signalling, as recently suggested.148 Dose-

dependent inhibition of JAK1, JAK2, and STAT3 was observed following ruxolitinib 

treatment (Figure 6.8). Interestingly however, no inhibition of STAT5 was observed 

following treatment with ruxolitinib in KU812 cells, suggesting a role for STAT3 but not 

STAT5 in JAK signalling in the BCR-ABL1+ setting (Figure 6.8). Interestingly, JAK 

inhibition had no effect on pBcr-Abl at either the Y245 site, or the Y177 site, which has 

been previously reported to be inhibited by JAK2 inhibition.258 However, in the 

observations made by Samanta et al.258, there was also a decrease in total Bcr-Abl. This 

disparity may be due to use of different techniques. The approach for these analyses 

used only the soluble fraction of the lysates which may have resulted in loss of proteins 

associated with the cytoskeleton,259 whereas our study utilised the whole cell lysate and 

we noted no reduction in total Bcr-Abl (Figure 6.8). 

 

In the absence of growth factors, it was observed that increasing concentrations of 

ruxolitinib alone was unable to cause a significant reduction in CD34+ CP-CML cell 

viability (Figure 6.12). In the presence of a growth factor cocktail, JAK inhibition was 

only able to reduce the live cell population stimulated by cytokines, and didn’t further 

enhance dasatinib mediated cell killing (Figure 6.12 and Figure 6.13). Although a 

significant reduction in CD34+ colonies was observed following treatment with 1000 nM 

ruxolitinib alone, there was no significant additive effect when ruxolitinib was used in 

combination with dasatinib (Figure 6.14). Furthermore, we demonstrated that pan JAK 

inhibition alone was unable to inhibit Bcr-Abl-dependent phosphorylation of STAT5, 
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only inhibiting the cytokine stimulated portion of pSTAT5 (Figure 6.9-11). These 

findings support previous reports that cytokines protect cells from TKI induced 

apoptosis by Bcr-Abl independent activation of the JAK2/STAT5 pathway.171 

 

The data presented here is also supported by in vivo evidence which suggests that JAK 

kinase signalling is only relevant in Bcr-Abl-independent, extrinsic activation of STAT5 

as JAK2 inhibition had no effect on Bcr-Abl driven STAT5 signalling or cell death as a 

sole agent in the absence of cytokines150,151. Therefore, we propose that STAT5 

activation as a result of active Bcr-Abl does not occur through JAK2, but rather that JAK2 

activation of STAT5 occurs through cytokine signalling (Figure 6.16). 
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Figure 6.16: Proposed cytokine- and Bcr-Abl-dependent signalling in CML 

Bcr-Abl activates survival signalling through components such as STAT5. When Bcr-Abl 

is inhibited by tyrosine kinase inhibitors (TKI), pSTAT5 is subsequently reduced. 

Cytokine receptor activation results in the dimerization of JAK2 which can activate 

STAT5 resulting in cell survival in the presence of Bcr-Abl inhibition which can be 

targeted by JAK inhibition (JAKi). 
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CHAPTER 7.   

GENERAL DISCUSSION
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Chronic myeloid leukaemia is reliant on the constitutive activation of Bcr-Abl for 

survival and maintenance.26 Bcr-Abl signalling potentiates survival of cells by 

harnessing growth factor survival pathways, like STAT5 signalling,53,260 and 

consequently results in uncontrolled factor-independent proliferation,47 reduced 

apoptosis (ie via the overexpression of Bcl-2)67 and aberrant adhesion.261 TKI therapy, 

which targets Bcr-Abl, removes this survival signalling promoting cell death. 

 

The introduction of imatinib therapy has revolutionised the treatment of CML and 

become a model for targeted therapy in other malignancies.262 Nevertheless, not all CML 

patients achieve optimal responses when treated with imatinib therapy. The inability to 

achieve a landmark response to imatinib treatment may be due to intrinsic factors 

(primary resistance), a loss of response after a successful treatment phase (secondary 

resistance); and/or progression to a more advanced disease stage.122 As such, deeper 

investigations into the conditions required for optimal patient outcomes are essential. 

The aim of such investigations is to optimize treatment for CML patients and avert both 

TKI resistance and persistent disease. The studies presented in this thesis examine the 

critical factors involved in cell death following treatment with TKIs; specifically, 

assessing the signalling mechanisms CML cells employ in order to avoid death. Aspects 

of Bcr-Abl dependent and independent signalling which govern leukaemic cell survival 

in response to TKI treatment explored in these studies include: 

 Examination of the extent of Bcr-Abl signalling inhibition required to commit 

cells to death and subsequently, the important Bcr-Abl dependent factors 

involved in these signalling pathways that allow the cells to survive TKI 

treatment 
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 Investigation into the mechanism of TKI-induced autophagy and assessment of 

autophagy inhibition as a strategy for combination therapy 

 Evaluation of cytokine signalling as a Bcr-Abl independent mechanism of TKI-

resistance 

7.1 Major Findings 

 Deactivation of STAT5 is critical for the induction of cell death in situations 7.1.1

of low level or transient Bcr-Abl kinase inhibition. 

Utilizing in vitro models of transient TKI inhibition of Bcr-Abl, Chapter 4 and Chapter 5 

challenge the validity of the current clinical dogma of continuous Bcr-Abl kinase 

inhibition. Understanding the duration and degree of kinase inhibition needed for 

optimal efficacy in CML patient is critically important. 

 

Long term partial kinase inhibition is effective at killing BCR-ABL1+ cells in CP-CML 

patients receiving once daily dasatinib treatment.263 Chapter 4 examines the disparity 

between the dose of dasatinib required to inhibit Bcr-Abl kinase activity and the dose 

required to induce cell death. BCR-ABL1+ cells are believed to be “addicted” to Bcr-Abl 

survival signalling, resulting in dysregulated proliferation and survival of malignant cells 

in the absence of exogenous growth factors. Additionally, oncogene addiction has been 

established in other malignancies, for example MYC229 and EGFR230 are drivers of cancer 

cell maintenance, thus understanding oncogene addiction reaches beyond the scope of 

CML. 
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Preliminary studies of imatinib demonstrated that continuous and potent Bcr-Abl kinase 

inhibition was required to trigger cell death and inhibit cell proliferation, whereas a 

short exposure of 6-7 h was not.132 Clinical observations using dasatinib challenged the 

paradigm that a continuous high dose of TKI was required for optimal clinical responses, 

demonstrating that transient dasatinib exposure was capable of inducing cell death in 

BCR-ABL1+ cells in vitro137 and that reduced frequency of dasatinib intake from 50-

70mg twice daily to 100-140mg once daily did not appear to affect clinical outcome in 

patients with CML.135,264,265 Initial studies suggested that very brief exposure to kinase 

inhibitors (30 min) was sufficient to induce apoptosis in CML cells,136-138 however, flaws 

in this experimental model have subsequently been identified.227,232,234,266 Several 

groups have now demonstrated that the removal of residual dasatinib using an optimal 

washout procedure (OPT wash)  reverses apoptosis induction and that 30 min exposure 

to TKI while sufficient to result in inhibition of Bcr-Abl is insufficient to induce 

apoptosis. 227,232,234,266 They hypothesised that it is the residual TKI present in cells, due 

to an inferior washout procedure, which induced cell death and not the initial short 

exposure to high dose TKI.227,232,234,266 The results presented in Chapter 4 demonstrate 

that low doses of dasatinib committed BCR-ABL1+ cells to death (Figure 4.2). Sensitive 

inhibition of pSTAT5 was observed despite <10% inhibition of Bcr-Abl (Figure 4.10). 

This suggests that low levels of dasatinib may cause the sustained inhibition of pSTAT5 

following the standard washout (STD wash) and that cell death may arise from technical 

considerations associated with the original washout protocol.  

 

Chapter 5 assesses recent reports that low concentrations of TKI remain following the 

STD wash.227,232,234 Here we confirm that an equilibration between washes (i.e. the OPT 

wash) restores viability to BCR-ABL1+ cells treated for 30 min with 100 nM dasatinib, 
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suggesting that a low level of dasatinib remained in the cells following the STD wash. At 

the time of these experiments, sensitive detection of dasatinib by liquid chromatography 

and/or mass spectrometry was unavailable to us, and observations presented here 

using radiolabelled dasatinib were inconclusive due to lack of sensitive detection 

(Figure 4.13). However, during the establishment of these procedures in our laboratory, 

several other groups reported sensitive detection of dasatinib using chromatography 

and mass spectrometry procedures,227,232,234,266 although they have expressed difficulty 

in accurately quantifying low nanomolar concentrations. Along with the OPT wash, our 

analysis of Bcr-Abl signalling, in particular the reactivation of STAT5 (Figure 5.3), 

indicated the complete removal of dasatinib. This data indicated that sufficient dasatinib 

remained following the 30 min 100 nM dasatinib STD wash to maintain continuous 

pSTAT5 inhibition, despite reactivation of Bcr-Abl (Figure 4.8), and subsequently 

achieved induction of cell death (Figure 4.6). 

 

These results raised two questions;  

1) Is there a minimum length of exposure to TKI which commits BCR-ABL1+ cells to 

death (thus supporting the theory of “oncogenic shock”226)? 

2) is STAT5 simply a sensitive measure of low intensity Bcr-Abl inhibition, or is it 

important for the decision of BCR-ABL1+ cells to survival following challenge with TKI? 

 

 STAT5 is a critical component of the time-dependent sensitivity of BCR-7.1.2

ABL1+ cells to TKI treatment 

The clinical efficacy of dasatinib therapy suggests that continuous potent exposure, and 

consequent complete and continuous inhibition of Bcr-Abl, is not required for optimal 
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clinical response in CML patients. Although recent reports have established that 30 min 

exposure to TKI is not sufficient to induce apoptosis, 227,232,234 the in vitro length of Bcr-

Abl inhibition required to induce cell death has not been assessed. For the first time, the 

data presented in this thesis establishes a requirement of at least 2-8 h exposure to 

potent TKI (100 nM dasatinib, or 32.5 µM imatinib) to induce death and decrease colony 

forming potential in CP-CML CD34+ cells (Figure 5.7 and Figure 5.8). These results are in 

line with serum availability of dasatinib130 in patients treated on a once daily regime and 

thus provides mechanistic support for the clinical efficacy of once daily dasatinib 

therapy.  

 

Recent data highlights STAT5 as a critical factor in TKI resistance153,154 with chemical 

inhibition of STAT5 phosphorylation in CML cells increasing sensitivity to TKI induced 

apoptosis.157,243 Investigations of Bcr-Abl signalling comparing low dose dasatinib, 30 

min 100 nM dasatinib STD wash and 30 min 100 nM dasatinib optimal wash highlighted 

STAT5 as a potentially critical target in the survival of BCR-ABL1+ cells following 

challenge with TKI. Bcr-Abl activation of STAT5 has previously been implicated in the 

protection of cells from DNA-damage-induced apoptosis267 and Warsch et al.153 recently 

emphasised the role of STAT5 expression as an important mechanism of resistance to 

TKI treatment. Interestingly, high expression of STAT5 was found to facilitate imatinib 

resistance, independent of JAK2, significantly reducing sensitivity to TKI induced 

apoptosis.153  

 

Recent data has revealed chemical inhibition of STAT5 activation in CML cells increasing 

sensitivity to TKI induced apoptosis. 157,243 Here the addition of the STAT5 inhibitors 

pimozide or N’-((4-Oxo-4H-chromen-3-yl)methylene)nicotinohydrazide (STAT5i) in 
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combination with only a 30 min exposure to TKI, was demonstrated to induce cell death 

in both BCR-ABL1+ cell lines (Figure 5.15) and CP-CML CD34+ progenitor cells (Figure 

5.19) despite complete removal (optimal washout) of dasatinib or imatinib after a 30 

min exposure, a novel observation. If JAK2 is involved in Bcr-Abl activation of STAT5, it 

would be expected that inhibition of JAK2 would produce the same result as direct 

inhibition of STAT5, however treatment with ruxolitinib (a JAK2 inhibitor in clinical use 

in other malignancies) did not enhance cell death following 30 min dasatinib OPT wash 

(Figure 5.14). Treatment with STAT5i, which targets the SH2 domain of STAT5 12, had 

little effect as a sole agent in BCR-ABL1+ cell lines or primary CP-CML CD34+ progenitor 

cells, thus supporting the recent findings mentioned above and suggesting that direct 

inhibition of STAT5 may be a promising therapeutic target in combination with TKI 

therapy. 

 

To further define the role of STAT5 in TKI induced cell death, further genetic studies 

investigating the knockdown and rescue of STAT5 are required to confirm its role in the 

commitment to cell death following transient treatment with TKIs. Casetti et al.154 

recently described a role for STAT5 in protection of CML cells from stress (i.e. from the 

loss of Bcr-Abl dependent survival signals). This work demonstrated that attenuation of 

STAT5A with RNAi was unable to induce apoptosis, but instead resulted in increased 

DNA damaging reactive oxygen species (ROS) and subsequent activation of the 

p53/Chk2 pathway. This is supported by the results presented in Chapter 3, where an 

increase in Chk2 was observed following dasatinib treatment (Figure 3.11). As such, 

DNA damage as a result of STAT5 inhibition may contribute to the induction of 

autophagy in response to TKIs. Collectively, the results presented in Chapters 4 and 5 
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provide new insight into the biology of TKI therapy, challenging the premise that 

continuous Bcr-Abl kinase inhibition is required for sustained disease control.  

 

 TKI-induced autophagy occurs by inhibiting Bcr-Abl driven survival 7.1.3

signalling and may involve energy sensing pathways 

The inactivation of Bcr-Abl oncogenic activity by TKI therapy results in a reduction of 

pro-survival and the induction of pro-apoptotic signalling consequently inducing cell 

death.93,142,164 The loss of Bcr-Abl dependent survival signals creates a highly stressful 

environment for BCR-ABL1+ cells and recent observations have highlighted a role for 

STAT5 in protection of CML cells from TKI-induced stress.154 Although knockdown of 

STAT5 was unable to induce apoptosis directly, BCR-ABL1+ cells were sensitised to TKI-

induced apoptosis due to lack of protection from stress.154 Intriguingly, current research 

suggests that chemotherapy-induced stress responses induce an autophagic response to 

protect cells from apoptosis,206,268-270 rendering these studies applicable to a range of 

malignant diseases. 

 

 Tyrosine kinase inhibition of Bcr-Abl induces autophagy by activating 7.1.4

stress response pathways 

Previous studies have established a role for TKI-induced autophagy as a mechanism of 

resistance to TKIs in CML,185,186 however there is only speculation in regard to the 

processes by which inhibition of Bcr-Abl induces autophagy.271 Thus, the underlying 

mechanisms of autophagy induction were investigated here following TKI inhibition. In 

Chapter 3, induction of autophagy by inhibition of Bcr-Abl with TKIs is confirmed in 

BCR-ABL1+ cell lines as demonstrated by increased LC3-II, and additionally, increased 

levels of p62 demonstrated induction of autophagy. 
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Bcr-Abl induces the overexpression of anti-apoptotic Bcl-2 to prevent apoptosis.47,67 

Beclin-1 is a signalling protein required for the induction of autophagy, which has 

previously been demonstrated to interact with both Bcl-2 and Bcl-xL, thereby preventing 

its availability for the induction of autophagy.210-212 Chapter 3 provides novel insight 

into the availability of Beclin1 in the presence or absence of TKIs. Although Beclin-1 

expression is unchanged following TKI treatment, the reduction in Bcl-2 and Bcl-xL 

observed would liberate Beclin-1 for initiation of autophagy (Figure 3.6). This 

interesting finding could be applicable when therapy-induced autophagy is observed in 

other diseases. It is hypothesised that autophagy could be induced by most cancers in 

response to chemotherapy,268 especially targeted therapy. In our experience we did not 

observe induction of autophagy following targeted therapy in JAK2 driven MPN (D Ross, 

L Schafranek unpublished data). Thus understanding what drives autophagy following 

TKI treatment in CML may provide additional information about critical targets 

encompassing other malignancies.  

 

A phosphoproteomic approach was undertaken to assess changes in kinase signalling 

following dasatinib treatment and revealed additional Bcr-Abl driven signals involved 

energy sensing and regulation of mTOR. The energy sensing LKB1/AMPK pathway, in 

conjunction with Pim3 kinases, is presented as a possible mechanism for TKI-induced 

autophagy (Figure 2.9 and Figure 2.11). Bcr-Abl constitutively activates several survival 

pathways, including but not limited to, those involving Pim kinases.272 Pim kinases 

inhibit the activation of AMPK,200 thereby preventing LBK1/AMPK inhibition of mTOR 

which consequently inhibits autophagy. Preliminary evidence presented here 

demonstrates that TKI inhibition of Bcr-Abl reduces Pim3 and increases LKB1 protein 
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expression (Figure 3.10 and Figure 3.8). Thus, this data implicates LKB1/AMPK 

inhibition of mTOR as a possible mechanism for TKI induced autophagy in BCR-ABL1+ 

cells.  

 

Additionally, preliminary observations in our laboratory demonstrate TKI-induced 

reductions in glucose transport genes (e.g. Glut3), indicating a TKI-induced decrease in 

glycolysis that could also stimulate an increase in LKB1/AMPK activity. Interestingly, 

change STAT5 phosphorylation is associated with autophagy in breast cancer273 and 

STAT5 is known to activate Pim kinases274 suggesting that inactivation of STAT5 may be 

involved in the induction of an autophagic response (Figure 7.1).  

 

This preliminary research is also relevant to other chemotherapeutic resistant 

malignancies which utilise these metabolic pathways and highlights the requirement for 

investigations into the metabolic processes in CML cells following TKI therapy as a 

means of identifying important targets to counteract resistance to therapy. 

 

 Combination treatment of TKI with clarithromycin targets autophagy in 7.1.5

BCR-ABL1+ cells 

Inhibition of autophagy with chloroquine (CQ) is currently being investigated in the 

CHOICES trial to determine its effectiveness as a combination treatment in conjunction 

with TKI therapy.275 Traditionally a treatment for malaria, CQ is not a pleasant 

treatment long-term. Therefore it is desirable to find other therapies, in particular those 

already available with thoroughly evaluated pharmacokinetic profiles, to substitute for 

CQ that might be more amenable to a good quality of life for CML patients. 
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Clarithromycin (CAM) has previously been reported to be involved in autophagy in 

other cancers.189,276 When CAM is used in combination with TKI a rapid reduction in 

BCR-ABL transcripts was observed in TKI-resistant CML patients.188  

 

For the first time, CAM is demonstrated here to effectively increase the sensitivity of 

BCR-ABL1+ cells to TKI-induced cell death in vitro, whilst having little or no effect on cell 

death as a sole agent (Figure 3.13). The mechanism of induction of cell death by CAM 

combined with dasatinib appears to be via inhibition of late stage autophagy. Results 

presented here suggest that CAM inhibits autophagy in a similar way to the late stage 

autophagy inhibitor CQ, providing strong evidence to support CAM as a candidate for 

combination therapy, in particular in patients with resistant disease. These findings 

were published in the peer reviewed journal Leukemia and Lymphoma.277 

 

 JAK2 activation of STAT5 occurs in a cytokine-dependent, but Bcr-Abl-7.1.6

independent manner 

Persistent disease in the majority of CML patients means that continuation of TKI 

therapy is required for life in most patients. Cytokine pathways including IL-3 and GM-

CSF are utilised by Bcr-Abl in mature cells to maintain survival and proliferation.54 It is 

therefore possible that the presence of cytokines in the bone marrow (BM) niche may 

provide protection to CML progenitor cells from the cytotoxic effect of TKI therapy. 

 

The JAK/STAT pathway has been proposed to play a role in Abl oncogenic 

transformations.278,279 Bcr-Abl constitutively activates STAT5,53,260 however the 

mechanism by which it is activated is currently controversial. Ilaria et al.280 observed no 
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Figure 7.1: Proposed STAT5 and autophagy signalling 
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detectable complex between JAK2 and Bcr-Abl, however, Arlinghaus and colleagues 

have suggested that a direct interaction occurs between JAK2 and Bcr-Abl73 and that 

JAK2 subsequently regulates Bcr-Abl signalling at the Y177 phosphorylation site on 

Bcr.148,258 Recent findings by Jiang and colleagues postulate that the Abelson helper 

integration site 1 (AHI-1) interacts with Bcr-Abl and JAK2 and thus destabilisation of 

this complex by inhibition of JAK2 sensitizes cells to TKIs.281,282 Our observations of 

JAK/STAT signalling demonstrated that inhibition of STAT5 increased the sensitivity of 

BCR-ABL1+ cells to TKIs, whilst combination with ruxolitinib (JAK2 inhibitor) had no 

additional effect on cell viability when compared to TKI alone. These results suggest that 

JAK2 may not be an important Bcr-Abl-dependent target, rather the specific targeting of 

STAT5 is required to induce cell death. Thus, we sought to clarify the role of JAK2 beyond 

Bcr-Abl-dependent signalling by assessing extrinsic/Bcr-Abl-independent, cytokine 

signalling. 

 

As reported in Chapter 6, an investigation was undertaken into cytokine signalling as a 

mechanism of resistance to TKI. These studies determined the presence of cytokine 

receptors surface expression in BCR-ABL1+ cell lines and CP-CML CD34+ cells (Figure 

6.4), which could be stimulated with appropriate cytokines to activate STAT5 (Figure 

6.5). Inhibition of JAK2 with ruxolitinib demonstrated little effect alone and in 

combination with dasatinib demonstrated no increase in dasatinib sensitivity in the 

absence of cytokines (Figure 6.12). However, in cells cultured in the presence of 

cytokines, ruxolitinib effectively inhibited pSTAT5 (Figure 6.11) and thus abrogated 

cytokine protection of cells from dasatinib induced cell death (Figure 6.13), confirming 

previous observations that cytokine activation of JAK2 has a protective effect on CML 

cells.144,171 These results are supported by in vivo evidence which suggests that JAK 
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kinase signalling is only relevant in Bcr-Abl-independent150 extrinsic activation of 

STAT5; JAK2 inhibition had no effect on Bcr-Abl driven STAT5 signalling or cell death as 

a sole agent in the absence of cytokines.150,151. Moreover, the absence of JAK2 did not 

affect disease maintenance following initial myeloid transformation in a CML-like 

murine model.151 Conversely, STAT5 deletion resulted in failure to maintain leukemic 

hematopoiesis,152 reinforcing the pivotal role for the STAT5 protein in leukemic cell 

survival. 

In non-malignant cells, activation of STAT5 occurs by cytokine and growth factor 

signalling through JAK kinases. Thus, several lines of evidence suggest the critical 

involvement of STAT5153,157 but not JAK2150 in the sensitivity of Bcr-Abl to TKI therapy. 

Further investigations to determine the requirement for STAT5 over JAK2 would benefit 

from inducible knockouts of STAT5 and JAK2, and will further define the importance of 

STAT5 in resistance to TKI therapy. 

The results presented here establish that STAT5 activation, as a result of active Bcr-Abl, 

does not occur through JAK2, however, further investigation is required to precisely 

determine the mechanism by which Bcr-Abl activates STAT5. 
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7.2 Future Directions 

To further define the role of STAT5 and the kinetics of Bcr-Abl inhibition resulting from 

exposure to TKIs from that presented in this thesis, the following lines of investigation 

have been proposed: 

1. An important next step would be to investigate the sensitive detection of dasatinib 

by LC or MS to conclusively define intracellular levels of dasatinib 

a. following 1 nM dasatinib, 100 nM STD wash or 100 nM OPT wash over 24 h 

b. in vivo snapshots of intracellular dasatinib at day 0 (pre-dose), day 1 (pre- 

and post-dose), day 7 (pre- and post-dose) and day 28 (pre- and post-dose) 

2. To rule out off target effects of chemical inhibitors used in this study, genetic 

knockdown of STAT5 and JAK2 and rescue experiments utilising inducible STAT5 

would demonstrate whether STAT5 aids in the protection cells of from TKI-induced 

stress and subsequently cell death. 

3. To eliminate non-specific toxicity effects of STAT5 inhibitors experiments involving 

non-malignant cells in vitro in BCR-ABL1-ve cell lines and additionally in an in vivo 

murine model are required. 

 

In this thesis, autophagy was determined by assessment of proteins known to be 

involved in autophagy (LC3 and p62) and by morphological changes of BCR-ABL1+ cells 

following TKI exposures in the presence or absence of autophagy inhibitors. Further 

assessment of autophagy should also assess; 

1. Localisation of LC3 to vacuoles using fluorescence microscopy, electron microscopy 

of cells and genetic impairment/deletion of molecules required for the induction of 

autophagy (i.e. Beclin-1) 
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2. Further studies which define the underlying mechanisms of TKI induction of 

autophagy, will assess knockdown and overexpression experiments of top kinases 

from the kinase protein array and thus determine the value of these kinases to TKI-

induced autophagy 

 

7.3 Conclusion 

Continuous inhibition of Bcr-Abl activity is not required to induce cell death in BCR-

ABL1+ cells, rather the continuous inhibition of its downstream partner STAT5 is 

essential. This offers a plausible explanation for why transient exposure to once daily 

dasatinib therapy in a clinical setting is successful. The findings detailed here will help 

establish critical Bcr-Abl signaling components which may be targeted in combination 

therapeutic approaches, and may enable a better understanding of the potential clinical 

effectiveness of dose reductions during dasatinib therapy. 

 

This thesis defines critical CML signalling components that may be targeted in 

combination therapeutic approaches. These studies will have broad implications for 

ongoing therapeutic strategies in TKI-resistant cases of CML and ultimately in making 

progress towards the elusive curative treatment. 
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