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i. Abstract

Resistance to therapeutic drugs is detrimental to treatment efficacy in chronic myeloid
leukaemia (CML). CML is driven by the constitutive activity of the tyrosine kinase, Bcr-Abl, and
has been treated effectively, in the majority of patients, using tyrosine kinase inhibitor (TKI)
therapy. However, therapeutic TKI resistance often results in suboptimal treatment response.
The molecular mechanisms of TKI resistance include: overexpression of Bcr-Abl; perturbed
activity of cell membrane influx/efflux transporters; amino acid substitutions in the Bcr-Abl
kinase domain precluding TKI binding (known as kinase domain mutations); and loss of
dependence on Bcr-Abl kinase activity, via the gain of alternate driver function (known as Bcr-
Abl independence). There is a temporal order to the acquisition of resistance mechanisms,
with shifts in clonal architecture over time and treatment altering therapy sensitivity. This
thesis explores the emergence of resistance to the TKls dasatinib and ponatinib with regard
to CML, investigating the molecular mechanisms of TKI resistance, to identify novel

therapeutic strategies for circumventing resistance and improving treatment outcomes.

The initial experiments described development of a leukaemic cell model of TKI resistance.
Using gradually increasing concentrations of the TKI dasatinib, TKI resistance was induced. A
dasatinib resistant K562 cell line was established by culture in increasing concentrations of
dasatinib over several months. Intermediate cell line samples were harvested over the course
of TKI dose escalation and were interrogated for TKI sensitivity by TKl-induced cell death assay
and phospho-CrkL IC50. Results indicated the loss of dasatinib and ponatinib sensitivity and
efficacy with prolonged dasatinib exposure. The expression of BCR-ABL1 gene transcript and
protein levels were analysed, demonstrating BCR-ABL1 overexpression as an early occurring
resistance mechanism. The Bcr-Abl kinase domain mutation, T315I, was observed emerging
late in dasatinib dose escalation, conferring complete dasatinib resistance. Dose escalation
intermediates were further examined by transcriptome sequencing. By interrogating global
gene expression perturbation and genetic structural rearrangements, putative resistance
mechanisms were identified: a) overexpression of the drug transporter ABCG2, and b)

expression of the rare BCR-ABL1 transcript isoform, e6a2.



The identification of ABCG2 expression in mRNAseq experiments was validated by assays to
demonstrate ABCG2 function and involvement in TKI resistance, confirming ABCG2
overexpression as a critical early resistance mechanism. Cell death and IC50 assays were
performed in the presence of the ABCG2 inhibitor, Ko143, which sensitised ABCG2
overexpressing cells to TKI-based inhibition. It was demonstrated, for the first time, that
ABCG2 is able to confer decreased ponatinib sensitivity. Interestingly, the loss of ABCG2
expression coincided with the gain of T315l, demonstrating the competitive advantage of

T315l-positive cells.

The role of the e6a2 BCR-ABL1 fusion transcript in TKI resistance was investigated. BCR-ABL1
eba2 gene expression was quantified in dasatinib resistant cells using RT-qPCR and DNA qPCR,
demonstrating a transient peak in expression, followed by a distinct reduction. Intriguingly,
this reduction in BCR-ABL1 expression coincided with the gain of ABCG2. To determine
whether e6a2 was less sensitive to TKI than the typical e14a2 (p210) or ela2 (p190) Bcr-Abl
fusions, these were cloned into a Ba/F3 pro-B cell line. All isoforms were able to transform
cells to IL-3 independence, demonstrating the leukaemia driving activity of Bcr-Abl. TKI-
induced cell death experiments determined that e6a2 expressing cells were less sensitive to
dasatinib than Ba/F3 cells harbouring the el4a2 isoform. Overall, several resistance
mechanisms were identified and explored, however more may remain undetected. Results
suggest a model of selective pressure in drug resistance, whereby leukaemic cells expressing
the most efficient drug resistance mechanisms are selected for, eventually becoming the
predominant cell population. These data and conclusions have bearing on the treatment of
Bcr-Abl driven leukaemia, guiding the development of better therapeutic targets and

strategies.
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The first recorded case of chronic myeloid leukaemia (CML) was described in 1845 by
physician and pathologist, John Hughes Bennett (1). Though the cause was unknown, Bennett
described symptoms of spleen, liver and lymph node enlargement, and material resembling
thick pus exuded from cut veins (2). The patient, treated with purgatives, potassium iodide,
and the application of leeches, died from the disease three months following diagnosis. Death
was attributed to “the presence of purulent matter in the blood” (3). Today, the World Health
Organization describes CML as “a myeloproliferative disorder affecting the hematopoietic
stem cell compartment” (4). As its name suggests, chronic myeloid leukaemia is a cancer of
the granulocytic lineage cells, including neutrophils, eosinophils, basophils, and their stem cell
precursors. The overproduction of these cells in the bone marrow and peripheral blood
results in disease (5, 6), and can be seen in Figure 1.1. Affecting around 1-2 per 100,000 adults,
CML accounts for ~15% of newly diagnosed leukaemia in adults, and there are approximately
340 new patients diagnosed in Australia each year (7, 8). Little is known of CML risk factors,

although exposure to ionising radiation increases rates of CML (9).

In patients with CML, anaemia, thrombocytosis and neutrophilia can result in patient fatigue,
immunosuppression, and propensity to bleed and bruise easily. However, ~50% of CML cases
are asymptomatic, and disease diagnosis occurs following routine physical examination or
blood tests (7). As the disease progresses, splenomegaly can lead to abdominal discomfort as
the excess leukocytes overflow to lymphatic tissue (8). The disease is often indolent.
However, without effective treatment, CML is almost universally fatal. CML is typically
identified in its less aggressive chronic phase, progressing over 5-8 years through an
accelerated phase and ultimately to blast crisis (7). Blast crisis is characterised by a block in
cellular differentiation, resulting in an increase in the proportion of immature blast cells in
the bone marrow and peripheral blood. As genetic abnormalities accumulate in the leukaemic

cell, symptoms worsen, and patients typically succumb to the disease (10).
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1.2.1 The Philadelphia chromosome and Bcr-Abl

Much is now known about the genetic and molecular basis of the disease. There is a
consistent genetic abnormality underlying the malignant transformation in patients with
CML. Nowell and Hungerford identified the Philadelphia (Ph) chromosome in patient
leukaemic cells; a genetic hallmark associated of CML, named for the place of its discovery
(11). Using improved cytogenetic Giemsa banding techniques, Janet Rowley expanded on
their research, elucidating the origins of the Ph chromosome: a translocation between
chromosomes 9 and 22 (t(9;22)(q34;911) (Figure 1.2) (12). The translocation is thought to
arise due to a double strand break of the two DNA molecules, followed by aberrant DNA
repair joining the chromosomes, and sequencing of the Ph breakpoint location has identified
Alu repeat sequences which could facilitate DNA strand end joining (13). The Ph chromosome
is consistently observed in the leukaemic cells of CML and ALL patients, providing a genetic

identifier for CML cells as determined by FISH or other cytogenetic analysis (5).

As a result of the translocation event, two genes are fused together: the breakpoint cluster
region (BCR) gene on chromosome 22, with the Abelson murine leukaemia viral oncogene
homolog 1 (ABL1) gene on chromosome 9, giving rise to the BCR-ABL1 fusion gene. BCR-ABL1
is an oncogene; enforced expression in the murine haematopoietic cell line, Ba/F3, results in
a rapid malignant transformation (14, 15), and the introduction of BCR-ABL1 into
haematopoietic cells in murine models induces a myeloproliferative disease (16-18). Such a
specific marker of disease allowed for development of molecular assays that measure BCR-
ABL1 gene transcript expression using RT-qPCR, for disease diagnosis and monitoring (19).
The fusion of BCR to ABL1 removes the 5’ regulatory elements of the ABL1 gene, relegating
transcriptional control to the constitutive BCR promoter region (20, 21). Thus, the fusion gene
is transcribed and translated as a fusion protein, with both ABL1 and BCR sequences
contributing important functional elements to its oncogenic activity. In the majority of
patients, a fusion from intron 13 or 14 of BCR, to a region within the ~300 kb breakpoint
region in intron 1 of ABL1, gives rise to a 210 kD protein product known as Bcr-Abl p210 (5).
However, several transcript and protein isoforms have been identified in CML: genomic BCR

breakpoints are found in introns 1 to 19, and genomic ABL1 breakpoints are available within
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introns 1 and 2 (Figure 1.3) (22). These are transcribed as a number of different BCR-ABL1
transcripts. The Ph chromosome and BCR-ABL1 transcript is also associated with other
leukaemias; a breakpoint fusing BCR exon 1 to ABL1 exon 2 (ela2 transcript, giving rise to the
p190 protein) is associated with ~30% of adult acute lymphoblastic leukaemia (ALL) cases,

known as Ph+ ALL (23, 24).

The different BCR and ABL1 breakpoints can result in translation of a range of protein isoforms
which harbour varying functional domains. However, regardless of the isoform present, it is
the tyrosine kinase activity of the translated Bcr-Abl protein, derived from the Abl kinase
domain region, which is the primary driver of the disease phenotype (25). The physiological
properties of both Abl and Bcr are relevant for understanding the oncogenic properties of the

fused Bcr-Abl variant isoforms, and will be discussed below.

1.2.2 Structure and function of Abelson kinase

The highly conserved and ubiquitously expressed wildtype ABL1 proto-oncogene encodes a
non-receptor tyrosine kinase, Abl, which phosphorylates specific tyrosine residues on protein
cofactors and is an important mediator of proliferative growth factor signalling. Abl kinase
activation has been demonstrated following stimulation by platelet derived growth factor
(PDGF), members of the epidermal growth factor (EGF) family, and transforming growth
factor-B (TGF-R) cytokines (26). Canonical signal transduction downstream of Abl kinase
occurs through induction of extracellular signal regulated kinase 5 (ERK5), Janus kinase/signal
transduction and activation of transcription (Jak2/STAT5), and c-Jun N-terminal kinase (JNK)
proteins, which permit activation of downstream effector, the proto-oncogenic transcription

factor Myc (26).

The Abl protein contains three nuclear localisation domains and one nuclear export signalling
domain, which shuttle the protein between the nucleus and cytosol. Abl contains protein
binding SH2 and SH3 domains, as well as a catalytic tyrosine kinase domain (27). Proline rich
regions of Abl bind and interact with the SH3 domains of protein scaffolding cofactors, such
as Crk (28). Physiologically, Abl plays an important role in leukocyte, cardiomyocyte and
osteoblast development, acting as mediators of growth factor signal transduction. Disruption

of the ABL1 gene transcript in C57BL/6J murine models results in a ~50% loss of neonate
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viability, with gene knockout resulting in splenic and thymic atrophy, impaired lymphoid

development, cardiac abnormality, and defective osteoblast proliferation (26, 29).

In addition to CML, the dysregulated and aberrant activity of Abl kinase has been implicated
in several malignancies, including breast, lung, ovarian, skin, bladder, colorectal, and renal
cell carcinomas (30). Aberrant Abl kinase activation has also been identified in other blood
cancers, including acute myeloid leukaemia, and both B- and T-cell ALL (30). In addition to
acting as a proliferative driver, Abl activity is known to regulate epithelial cell polarity and
tumour epithelial-mesenchymal transition, leading to increased cell invasion and metastasis

(30).

The kinase activity of native Abl is tightly regulated through multiple mechanisms. Principle
kinase activity moderation occurs via an autoinhibitory mechanism, mediated by its N-
terminal cap (31). Crystallographic studies of Abl have demonstrated the presence of a
hydrophobic pocket within the catalytic kinase domain, which, when bound to the
myristoylated N-terminal region of Abl, results in an inhibitory conformational change
whereby the SH2 and SH3 domains bind distal regions in the kinase domain, losing an
activating phosphorylated tyrosine residue at position 245 (27, 32). Thus, native Abl is
typically not kinase active. In CML, the 5’ fusion of BCR replaces the N-terminal cap region,

resulting in Becr-Abl autophosphorylation, constitutive kinase activity, and disease.

1.2.3 Structure and function of the Bcr protein

The BCR gene also encodes a protein kinase, alternatively spliced to yield a 130 or 160 kDa
serine-threonine kinase (33, 34). Native Bcr harbours three major functional domains: a
serine/threonine kinase domain, a Dbl-homologous (DH) guanidine exchange factor (GEF)
domain, and a C-terminal Rac GTPase activating protein (GAP) domain (Figure 1.4) (34). A
central pleckstrin homology (PH) domain is able to bind PIP2 and PIP3 molecules, localising
Bcr to plasma membranes. Additionally, an N-terminal coiled-coil oligomerisation domain
mediates protein homodimerisation and kinase-activating autophosphorylation.
Immunoprecipitation of Bcr and its interacting proteins recovers a 650 kDa protein complex,
demonstrating the protein’s extensive scaffolding and cofactor recruitment (33). It is likely

that signalling through the Bcr protein complex is involved in haematopoiesis and cell
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differentiation. Through protein-protein interactions of its DH domain, Bcr has been
demonstrated to stimulate GTP binding to RhoA, Racl, Rac2, and Cdc42 (35). The members
of the Rho/Rac family of GTPases coordinate diverse cellular functions, and importantly, are
central to the development and differentiation of haematopoietic cells (36). It is possible that
Bcr activity is involved with mitogenesis and cell cycle control, through interactions with Myc
(37), and the tumour suppressor Bap-1 (38). Recently, Bcr was demonstrated to play a role in
activation of inflammatory NF-kB signalling, through interactions with casein kinase 1l (39).
The diverse cell signalling roles and extensive protein scaffolding interactions of Bcr are

important for the oncogenic signalling profile of the Bcr-Abl fusion protein.

1.2.4 Oncogenic kinase signalling of p210 Bcr-Abl

With both Abl and Bcr independently regulating several aspects of cellular signalling and
haematopoiesis, the fusion of the two proteins produces a potent oncogenic entity, which is
independently capable of driving the CML phenotype. The phosphorylation cascade of signal
activation induced by the aberrant, constitutive kinase activity of Bcr-Abl impacts several
proliferative pathways (Figure 1.5). Tyrosine kinase activity is performed by the Abl kinase
domain, however the signalling pathway activation profile of Bcr-Abl is more complex than
that of Abl alone. Bcr-Abl tetramerisation, mediated by the Bcr oligomerisation domain, is
critical for full tyrosine kinase activation (40-42). Canonical Abl signalling occurs through
activation of the mitogen activated protein kinase (MAPK) and Jak/STAT pathways. These
pathways are also activated by Bcr-Abl, however, the kinase interactions are more diverse
than that of native Abl. Within Bcr, the phosphorylated tyrosine 177 forms critical interactions
with the Grb2 adaptor protein, which in turn recruits the Son of Sevenless homolog 1 (SOS1)
protein via its SH3 domain. The Bcr-Abl/Grb2/S0S1 complex is able to stimulate conversion
of GDP to GTP on the Ras protein, potently activating the proliferative MAPK signalling
pathway (43, 44). Grb2 also mediates Bcr-Abl activation of the Src family kinases Hck and Lyn,
which are important transducers of growth factor signalling (45). Src kinase activation can in

turn mediate the downstream activation of STATS (46).

In addition to canonical pathway activation through Jak proteins, the direct phosphorylation

of STAT1 and STATS5 proteins by Bcr-Abl has been described, independent of Jak
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phosphorylation (47). Often upregulated in several cancer types, the dimerization and nuclear
translocation of phosphorylated STAT5 results in activation of Myc, D-type cyclins, Bcl-2, Bcl-
xL, and several other genes involved in cell cycle, chromatin remodelling, and protection from
apoptosis (48, 49). Each signalling pathway activated contributes to CML oncogenesis; it has
been demonstrated that functional cooperation of STAT, PI3K/Akt and MAPK pathway

activation is required for the full oncogenic transformation potential of Bcr-Abl (50).

Additionally, Bcr-Abl p210 is a potent activator of the PI3K/Akt signalling pathway (51),
promoting cell survival through activation of mammalian target of rapamycin (mTOR)
signalling and downstream gene expression changes (43, 44). Bcr-Abl kinase activity results in
the repression of apoptotic signalling, through inhibitory phosphorylation of the pro-
apoptotic Bad protein (52). Bcr-Abl is also known to be a potent activator of Myc signalling,
through multiple overlapping pathways. Expression of Myc is regulated by PI13K/Akt signalling,
and phosphorylation of Myc by Jak2 is associated with the loss of proteasomal Myc
degradation, resulting in increased Myc activation (53-55). Interestingly, it has been
demonstrated that BCR and BCR-ABL1 gene expression is upregulated by Myc activation,
leading to a positive feedback loop of proliferative and oncogenic signalling. Bcr-Abl activity
has been also demonstrated to increase genomic instability (10, 56). This occurs both directly,
with Bcr-Abl increasing reactive oxygen species and DNA mutation(s) (57), but also indirectly
with downstream signalling pathway activation protecting leukaemic cells from apoptosis,
allowing DNA damage to accrue (58, 59). CML progression to blast crisis coincides with the
gain of multiple genetic abnormalities, and the increased mutation rate caused by Bcr-Abl

signalling may be central to disease propagation.

1.3.1 Bcr-Abl structure diversity and leukaemic phenotype

Approximately 95% of the BCR-ABL1 breakpoints in CML patients occur between exons 12
and 16 of BCR, and within intron 1 of ABL1, in a region known as the ‘major’ breakpoint cluster
region, M-bcr (Figure 1.3). Approximately half of the CML BCR-ABL1 transcript breakpoints

occur immediately 3’ of exon 14, resulting in an 8.5 kb transcript known as el14a2 (formerly
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b3a2) (60, 61). Normal BCR-ABL1 fusion transcript nomenclature joins the BCR 3’ breakpoint
location (e.g. BCR exons 1-14: e14) with the ABL1 5’ breakpoint location (e.g. ABL1 exons 2-
14: a2). Another ~30% of BCR-ABL1 breakpoints in CML result in fusion of BCR exon 13 with
ABL1 exon 2, generating the e13a2 (formerly b2a2) transcript. Both the el4a2 and el3a2

transcripts are translated as the typical p210 Bcr-Abl protein.

However, several other BCR breakpoints have been identified in CML patients, ranging from
BCR exon 1 to exon 19 (61). The ela2 fusion transcript is translated as the smaller p190 Bcr-
Abl protein isoform (62). As previously stated, this isoform is most commonly associated with
Ph+ ALL; an aggressive, often fatal disease (62). These patients typically have less favourable
treatment response and a fast disease progression (63, 64). There is conjecture as to whether
the p190 isoform is a result of, or causative of, the more aggressive ALL phenotype (61).
Conversely, the e19a2 transcript is translated as a 230 kDa protein. This p230 isoform is
associated with a more benign leukaemic phenotype, characterised by a higher mature
granulocyte and platelet count; it has been hypothesised that this is due to the leukaemic
cells retaining the capacity for normal neutrophilic granulocyte differentiation (61).
Conversely, Pane et al hypothesised that disease indolence was due to p230 having a lower
intrinsic kinase activity (22), with other studies describing lower levels of transcript expression

associated with the e19a2 BCR-ABL1 fusion (65).

Following identification of the ela2 chromosomal fusion in cases of Ph+ ALL, several studies
investigated the differences in disease phenotype associated with different Bcr-Abl isoforms.
Melo reviewed the contribution of the Bcr sequence, observing that while p210-induced CML
is characterised by expansion of granulocytic and megakaryocytic lineages, p190 associated
disease presents with monocytosis and variable basophilia (66). Cell line and animal model
studies concluded that the p190 Bcr-Abl isoform confers a more aggressive malignancy than
the one induced by p210. A bone marrow reconstitution leukaemogenesis model
demonstrated both eld4a2 and ela2 isoforms induce similar haematological disease,
however, transformation with ela2 resulted in a shorter disease latency period than el4a2
(67). Other studies demonstrated that the ela2 isoform induced a B-lymphocyte malignancy,
in contrast with el14a2, which conferred a mixed B-, T- and myeloid cell disease with a long

latency period (68). When transduced into myeloid 32D and lymphoid Ba/F3 cells, p210, p190
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and p230 each transform cells to IL-3 independent growth, and induce a CML-like disease in
recipient mice; transduction of p190 resulted in a higher leukaemic cell proliferative rate than
p210 or p230, and had increased potency for induction of B-lymphoid leukaemia (17).
Conversely, the p230 isoform conferred an indolent disease phenotype. Taken together,
these studies demonstrate that the Bcr-Abl isoform expressed by the leukaemic cell is

causative of the associated disease.

1.3.2 Rare Bcr-Abl isoforms: e6a2 and e8a2

In addition to p210, p190 and p230, alternate isoforms of Bcr-Abl have been identified in rare
cases of CML. The BCR-ABL1 e6a2 fusion transcript has been documented in over 20 clinical
case reports, of CML (69-79), AML (80, 81), chronic myelomonocytic leukaemia (82), B- and
T-ALL (83-85), and basophilic myeloid leukaemia (86-88). While the patient outcomes have
been variable, the e6a2 association with several leukaemic phenotypes suggests that
presence of this fusion does not exclusively confer a particular cell fate or disease outcome
However, Colla et al suggested that the presence of e6a2 results in a more aggressive disease
and poorer patient outcome (71, 74, 89). The functional mechanisms behind this disease

phenotype remain to be elucidated.

Similar to the Bcr-Abl e6a2 fusion, the e8a2 fusion transcript has been identified in rare cases
of CML (90-95). While patients with the e8a2 fusion have responded to therapy, investigators
have described an aggressive disease phenotype and poorer prognosis associated with e8a2
(91, 92, 95). Both the e6a2 and e8a2 fusions result in truncation of the PH domain in the
central Bcr region, while keeping intact the N-terminal serine/threonine kinase domain and
RhoGEF DH domain. In contrast, the ela2 fusion completely lacks the DH and PH domains
(Figure 1.3). The importance of the Bcr region on Abl kinase activity, leukaemic phenotype,

and potential therapy resistance, is yet to be fully explored, and is expanded on in Chapter 4.

1.4.1 Methods for monitoring of disease and treatment response
Regardless of the therapy used, the measurement of CML disease burden is essential for both

diagnosis and evaluation of treatment response. As previously mentioned, initial diagnosis is
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primarily made based on disease symptoms and diagnostic assays. Haematological analysis
provides a description of the white blood cell counts, with a reduction in their levels indicating
remission. However, with increasing understanding of the underlying molecular biology of
CML, molecular methods for measuring treatment response are now available to most first
world clinicians. Using cytogenetic techniques such as G banding or FISH, Ph positive cells are
detected in the peripheral blood and bone marrow (96). Analysis of Ph positive cells allows
determination of cytogenetic response and remission. Using more sensitive RT-qPCR based
methods, quantitation of BCR-ABL1 transcripts is the current Australian standard of care for
monitoring of CML (97, 98). A ratio of BCR-ABL1 transcripts in patient samples is calculated,
quantitated and compared with a standard curve of reference genes, typically ABL1, BCR, or
GUSB (99). Molecular assessment typically occurs at diagnosis and in the months following
induction of therapy. The international exchange of patient samples across CML laboratories
allowed development of an international reporting scale (IS) and designation of molecular
response (MR) targets (98, 100). A deep molecular response is associated with a 4-log
reduction in BCR-ABL1" transcripts from diagnosis levels to below 0.01% (MR?) (100). The
timely achievement of a deep molecular response is associated with high rates of progression-
free survival, and following treatment success, some of these patients are able to discontinue
therapy without disease recurrence (101). In these patients, the sensitive detection of
residual disease may be important for predicting leukaemic cell expansion following

treatment discontinuation.

1.4.2 Non-targeted CML therapies

Prior to the development of current kinase inhibition therapies, the most successful
treatments for CML were not particularly targeted to the leukaemic cell. Allogeneic stem cell
therapy utilises high dose chemotherapy and/or radiotherapy to deplete the leukaemic cell
population, followed by bone marrow or peripheral blood stem cell transplantation from a
HLA matched donor (102). While being potentially curative, stem cell transplant is not always
suitable. Chemotherapy side effects are significant, and can be associated with secondary
malignancies. The procedure often results in patient mortality as the engrafted cells attack
the new host, known as graft-versus-host disease. Furthermore, the requirement for a HLA

matched donor, often a sibling or other relative, is often prohibitive (103). Nevertheless,
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transplant can be curative, and remains a treatment option for patients with advanced

disease or following the failure of other therapies.

Interferon-a is a naturally occurring human protein secreted by many cell types, including
lymphocytes, macrophages and endothelial cells, and is used as a therapy for CML. The
current understanding of how interferon-a exerts its antileukaemic effect is incomplete (104).
Interferon-a treatment Jin vitro is known to inhibit cell proliferation, promote cell
differentiation and apoptosis, and induce an immunomodulatory response, possibly
activating the patient’s immune system. Interferon-a treatment was once considered
standard of care in CML (105). The common flu-like side effects are relatively mild, however
neurological effects can be debilitating, and poor response rates have largely relegated it to
being a historical treatment. Nevertheless, interferon-a is still indicated when more modern

therapies cannot be used due to intolerance or failure (104).

1.4.3 Imatinib and the introduction of tyrosine kinase inhibitor therapy

In 1996, Druker et al described the in vitro efficacy of the first clinically available tyrosine
kinase inhibitor (TKI), imatinib (Gleevec™, formally STI571, Novartis International AG).
Imatinib effectively impeded the proliferation and survival of the K562 Bcr-Abl positive cell
line at low nanomolar concentrations (106). A derivative of 2-phenylaminopyrimidine,
imatinib was synthesised along with a series of other compounds, designed to compete for
the ATP binding site in the kinase domain of Abl (Figure 1.6) (25, 107, 108). By downregulating
Bcr-Abl kinase signalling, imatinib not only prevents the proliferation of leukaemic cells, but
also induces apoptosis through downregulation of BCL family regulators of apoptosis (109).
In addition to Bcr-Abl, imatinib also potently inhibits the kinase activity of native Abl, PDGFR,
and c-Kit tyrosine kinases (110, 111). The IRIS clinical trial, comparing imatinib against
interferon-a + cytarabine, demonstrated imatinib was significantly more effective than the
contemporaneous standard of care (112). In that study, response to treatment was defined
as having normal peripheral blood counts with <5% bone marrow blast cells, between 1-3
months following treatment induction, which was termed haematological remission (113);
remarkably, oral dosing over 300 mg daily resulted in haematological remission in 53/54 CML
patients (114). After demonstrating clinical efficacy for the treatment of CML, imatinib was

further used in trials of Ph+ ALL (115), and other malignancies driven by PDGFR and c-Kit
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activation (110). Compared with traditional chemotherapy, imatinib has proven to be
remarkably safe with relatively few adverse effects. Follow up studies demonstrated the long
lasting efficacy of imatinib, with 83% event free survival after 5 years (116). Incredibly, overall
survival after 14 years was 87%, approaching survival rates of healthy, age-matched
populations (117). Today, durable remission on imatinib therapy is common, and some
patients are able to cease treatment (101). Imatinib remains one of the great success stories

of molecular biology and targeted drug design.

While most patients treated with imatinib are able to achieve deep and durable remissions,
imatinib treatment is not without its shortcomings. Analysis of the IRIS patient samples found
that although most patients on imatinib achieved good haematological response, 32% of
patients failed to achieve the more sensitive complete cytogenetic response (112). Imatinib
failure rates are significantly higher in patients with advanced disease (113). Additionally,
imatinib therapy is not always tolerated by patients, and while side effects are usually
minimal, patients are typically required to be on therapy indefinitely, significantly affecting
lifestyle (101). Most importantly, imatinib resistance in leukaemic cells can result in secondary
resistance and therapy failure, even following successful therapy and remission (113). Indeed,
even after successful imatinib induction therapy, BCR-ABL1 gene expression remains
detectable in 95% of patients even following 12 months of treatment. Elucidating why some
leukaemic cells are resilient to imatinib and other TKls is of clear clinical importance for

improving patient outcomes.

1.4.4 2nd generation TKiIs: nilotinib, dasatinib and bosutinib

Following the success of imatinib, several other TKls were developed for clinical use (Figure
1.6). Newer TKIs were designed for several reasons, including increasing drug potency,
specificity and tolerance. However, the principle function of second and third generation TKls
is to overcome leukaemic cell resistance to imatinib, which would otherwise result in therapy
failure. Crystallographic studies of the Abl kinase domain demonstrated that imatinib binding
stabilises a kinase inactive state of Abl, whereby the activation loop motif mimicked peptide
substrate binding (118). However, mutations in the Abl kinase domain can result in loss of
imatinib binding and drug efficacy (further discussed in Section 1.5). Using structural

knowledge of Abl-imatinib binding, a number of 2nd generation TKIs were developed,
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including nilotinib (formerly AMN107, Tasigna™, Novartis International AG), dasatinib
(formerly BMS-354825, Sprycel™, Bristol-Myers Squibb), and bosutinib (formerly SKI-606,
Bosulif™, Pfizer Inc.) (119, 120).

Nilotinib was designed on the structural backbone of imatinib, and binds and stabilises Abl in
the inactive conformation. However, nilotinib is significantly more potent than imatinib at
inducing antiproliferative activity in Bcr-Abl positive cell lines (121, 122). Like imatinib,
nilotinib demonstrates inhibition of Abl, c-Kit, and PDGFR kinases (123). Trialled in CML and
Ph+ ALL patients, nilotinib was active in many otherwise imatinib refractory cases (124). When
compared with imatinib in newly diagnosed CML patients, nilotinib is significantly more likely
to induce molecular response, and responses are deeper and faster (125). The drug is
generally well tolerated, however can induce neutropenia, thrombocytopenia, and vascular
toxicity (124). Nevertheless, nilotinib remains an important front line clinical therapeutic

option for CML.

Unlike imatinib and nilotinib, dasatinib was designed to bind and inhibit the active Abl
conformation, as well as members of the Src family of kinases (126). In vitro data
demonstrated that dasatinib is over 300 times more potent than imatinib in antileukaemic
activity (123, 127). However, the structure of dasatinib also results in reduced specificity of
kinase binding and increased off target effects (128). Therefore, more severe adverse side
effects are noted with dasatinib treatment, and can include fluid retention, haemorrhage,
pleural effusion, dyspnea and diarrhoea, as well as neutropenia and thrombocytopenia (123,
129, 130). Nevertheless, a phase 1 clinical trial in imatinib resistant CML and Ph+ ALL patients
found dasatinib was able to overcome almost all imatinib resistance mutations (131), and the
drug is now available both as a frontline and salvage therapy following imatinib or nilotinib
failure (132). The thesis presented here interrogates the cellular mechanisms granting
resistance to dasatinib in a cell line model, in order to identify ways to circumvent drug

resistance.

1.4.5 The 3rd generation TKI: ponatinib
A single nucleotide mutation in BCR-ABL1 is able to confer resistance to imatinib, nilotinib,

bosutinib and dasatinib. The T315I ‘gatekeeper’ mutation was identified in TKI-resistant CML
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and Ph+ ALL patients, and several efforts have been made to synthesise inhibitors of T315I-
mutated Bcr-Abl. The importance of the T315I mutation will be further discussed in Section
1.5.3. One clinically available compound targeting T315l-mutated Bcr-Abl is ponatinib
(formerly AP24534, Iclusig™, Ariad Pharmaceuticals), currently used as salvage therapy for
patients harbouring a T315l Bcr-Abl mutation (133). Ponatinib was designed to bind the
inactive conformation of Bcr-Abl, and uses a carbon triple bond to straighten out its structure,
accommodating the steric bulk of isoleucine 315 while excluding the hydrogen bond requisite
for the binding of other 1st and 2nd generation TKIs (Figure 1.6) (134, 135). It has been shown
to be effective in clinical trials, inducing haematological and molecular responses where
previous TKI therapy had failed (136). Unfortunately, ponatinib also has increased off target
inhibition of several other kinases, including PDGFR, VEGFR, and Src family kinases (137). This
purportedly induces several possible adverse effects, such as pancreatitis, arterial thrombotic
events, hepatotoxicity, and drug induced rashes (135). Concerns about cardiac toxicity
resulted in ponatinib being temporarily withdrawn from the market, and it is now available
with a black box warning. Furthermore, certain single nucleotide or compound mutations
dramatically alter the protein structure, and are able to confer ponatinib resistance (138).
Resistance to ponatinib severely limits patient treatment options, and therefore the ponatinib
resistance and cross resistance mechanisms investigated in this study have direct clinical

relevance.

1.4.6 Other future therapies

While most Bcr-Abl TKIs were designed to bind the ATP binding site in the kinase domain of
Abl, others have been designed to inhibit Abl by stabilising the inactive kinase conformation.
These small molecules bind to the allosteric binding site, where the myristate moiety usually
sits to autoinhibit native c-Abl (139, 140). Recently, the allosteric inhibitor asciminib (ABLO01,
Novartis International AG) entered phase 1 clinical trials, where it demonstrated efficacy
against several Bcr-Abl kinase domain mutants (141). However, some leukaemic cells are able
to evade Bcr-Abl inhibition via a different spectrum of kinase domain mutations (139), or drug
efflux mediated by membrane transporters ABCB1 and ABCG2 (142). Asciminib resistance
may be circumvented by co-treatment with conventional ATP binding site TKIs, marking novel

strategies simultaneously overcoming toxicity and resistance (143).
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The selective pressure of TKI therapy in CML patients has resulted in the emergence of TKI
resistant leukaemic cells, which expand in the leukaemic cell population and result in disease
relapse and patient mortality. TKI resistance mechanisms can be broadly defined by four
distinct groups: overexpression of Bcr-Abl and its cellular signalling, lowering of leukaemic cell
intracellular TKI concentrations, loss of TKI binding and inhibition of Bcr-Abl, and loss of
leukaemic cell dependence on Bcr-Abl kinase activity for proliferation. Additionally, there are
patient specific reasons for the loss of TKI effectiveness, extrinsic to changes in the leukaemic

cell.

1.5.1 Increases in Bcr-Abl expression and kinase activation

CML cells are reliant on Bcr-Abl kinase activity for maintaining cell proliferation, and CML cells
often overcome TKI treatment by compensatory upregulation of Bcr-Abl expression and
kinase activation. In order for imatinib to effectively restrain growth of the CML cell
population, Bcr-Abl kinase activity must be inhibited in each tumour cell. Several studies have
generated in vitro models with CML cell lines resistant to imatinib and other TKls, and many
of these cell lines display similar characteristics to patient study samples. In these studies,
authors demonstrated that TKI resistant leukaemic cells expressed significantly more Bcr-Abl
protein and gene transcript levels than TKI sensitive cells; this has the net effect of increasing
the oncogenic signalling pathway activation, while titrating the amount of available
intracellular TKI (144-146). This effect is clinically relevant, and has been identified in imatinib
resistant patients (147). Bcr-Abl overexpression is associated with disease progression, and is
a common resistance mechanism to all therapeutics targeting Bcr-Abl kinase activity (148).
Overexpression of the Bcr-Abl protein often results from increases in BCR-ABL1 gene
transcript expression. The increases in transcript expression can be driven by duplication of
the Ph chromosome, or genomic amplification of the BCR-ABL1 locus by tandem duplication
or expansion on extrachromosomal elements such as double minutes (149-151). However,
like other proteins, increased Bcr-Abl levels have been detected in the absence of gene
overexpression or DNA amplification, indicating multiple dynamic levels of Bcr-Abl protein

expression control (145).
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1.5.2 Bcr-Abl kinase mutations

The most commonly detected mechanism of resistance to TKls is the emergence of mutations
in the kinase domain of Bcr-Abl, and are identified in most patients who fail to achieve
responses to TKI treatment. Detected via sequencing of BCR-ABL1 mRNA transcripts, over 100
nucleotide mutations have been identified (Figure 1.7). These result in the substitution of
amino acid residues, affecting the drug-protein interaction and resulting in a loss of TKI
efficacy (146, 152). Protein crystallography studies have identified the conformational
changes caused by Abl kinase domain mutations, and how these result in the loss of TKI
binding (118). Several of these mutations cluster around the P-loop of Abl kinase (Figure 1.6),
and increase the level of kinase phosphorylation, increasing activation (153). Interestingly,
mutations occur not only at the site of TKI binding, but also at more distant regions, forcing
the protein into a conformational state which prevents drug access (152). Kinase domain
mutations vary widely in both the level of resistance conferred, as well as the frequency
detected in patients (113, 152, 154). However, detection of a kinase domain mutation during

imatinib treatment is almost always accompanied by clinical resistance (155).

1.5.3 The T315I ‘gatekeeper’ kinase domain mutation, and development of ponatinib

Despite several treatment options available to clinicians, there remains an Achilles heel in TKI
therapy. The first report of clinical imatinib resistance in CML patients by Gorre et al identified
a single amino acid exchange occurring in over half of the TKI refractory patients (146). Known
as the ‘gatekeeper’ mutation, a cytosine to thymine mutation at ABL1 position 944 leads to a
threonine-to-isoleucine substitution at amino acid position 315, in the kinase domain of the
Abl protein. Interaction of imatinib with the ATP binding site of Bcr-Abl is mediated through
hydrogen bonding to the threonine hydroxyl group; substitution with the non-polar isoleucine
residue abrogates this interaction, while the physical bulk of isoleucine protects the binding
site by steric hindrance (156, 157). T315| mutant CML and Ph+ ALL cells are thus completely
resistant to all 1st and 2nd generation TKIs (158). Crystallographic studies of the Abl kinase
domain have demonstrated that mutation of the gatekeeper residue results in stabilisation
of the active kinase conformation, restoring constitutive Bcr-Abl activity leading to Ba/F3 cell
transformation (159). Azam et al further demonstrated that the T315] mutation results in
stronger ATP binding, and confers further increases in Bcr-Abl kinase activation and

transformation potential compared with unmutated Bcr-Abl (159). Griswold et al
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demonstrated that T315] imposed a significant growth advantage to Bcr-Abl harbouring cells
(160), postulating that this was due to alterations in adaptor protein binding and kinase
substrate phosphorylation (153). Furthermore, a study by Hartel et al demonstrated that
unlike native Bcr-Abl, Bcr-Abl harbouring T3151 exhibits compensatory MAPK pathway
activation in response to TKI treatment (161). Indeed, significant differences in gene
expression have been identified in cells harbouring the T315] mutation (162). Thus, even in
the absence of TKI therapy, T315I may confer kinase activating transformations, functional
alterations, and an altered disease phenotype. That said, T315I rarely emerges clinically in the
absence of TKI based selection, and unpublished observations in our laboratory indicate that
in the absence of TKI, T315l harbouring cells do not outcompete wildtype Bcr-Abl cells,
suggesting that the altered kinase activity associated with T315I is only advantageous under

the selective pressure of TKI exposure.

1.5.4 Lowering of intracellular TKI concentrations: ABCB1 and ABCG2

In addition to absolute Bcr-Abl levels, the amount of intracellular TKI available to bind Bcr-Abl
also affects the proliferation of CML cells. Being highly water soluble, imatinib does not readily
diffuse through the lipid bilayer of the cell membrane, requiring active import to mediate its
effects. Lowered leukaemic cell activity of the organic cation transporter 1 (OCT1), a cell
membrane small molecule importer, has been associated with primary resistance to imatinib,
and the activity of OCT1 is predictive of imatinib response in CML patients (163, 164). In
addition to lowered TKI import, increased drug export from the leukaemic cell is known to
confer therapeutic resistance. The most well studied of the drug efflux transporters are the

members of the ATPase binding cassette (ABC) transporter superfamily.

The ABC transporters are responsible for translocating a wide variety of substrates across the
cellular lipid membrane. With both cellular export and import function, they are expressed
by eukaryotes, prokaryotes and archaea (165, 166). Within the human genome, there are at
least 49 distinct ABC transporter genes divided into 7 subfamilies, expressed predominantly
in the liver, kidneys, intestines and at the blood-brain barrier (165, 167). ABC transporters
have several critical functions in cellular homeostasis and physiology, transporting a wide
array of substrates, including metal ions, peptides, sugars and hydrophobic compounds

across cell lipid bilayers (167). While the function and sequences of human ABC transporters
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are highly diverse, there are structural and mechanistic attributes common to members of
the transporter superfamily. All members rely on ATP binding and hydrolysis for transporter
function; two conserved nucleotide binding domains contain a catalytic core responsible for
the hydrolysis of ATP. Two variable transmembrane domains form a translocation pathway
through the plasma membrane, and a short a helix couples the conformational change from

nucleotide binding to allow alternating transmembrane access (168).

The prototypical ABC transporter, ABCB1 (P-glycoprotein, MDR-1), was the first
demonstration of an ABC transporter contributing to altered cell membrane drug
permeability (169) and chemotherapy resistance (170). Overexpression of ABCB1 is
associated with resistance to several cytotoxic chemotherapeutics (171), and is often induced
following exposure to single agent therapy. Its broad substrate transport specificity can result
in cross-resistance to several chemotherapeutics, known as a multidrug resistant phenotype
(172). Commonly associated with therapeutic resistance in colon, kidney, liver and adrenal
carcinomas, ABCB1 also contributes to poor therapy response in several leukaemic subtypes
(172-175). In the CML setting, cell line models have identified ABCB1 as a transporter of
imatinib (176, 177), and ABCB1 overexpression as a significant contributor to TKI resistance
(144, 175, 178, 179). In CML patients, high ABCB1 expression is significantly associated with
imatinib failure (180), and poor response upon switching to nilotinib (181). ABCB1
overexpression has been also observed in cell line models as a result of exposure to nilotinib
(182) and dasatinib (183, 184). However, TKls have also been demonstrated to act as
inhibitors of ABCB1 activity. Several studies have reported the inhibition of ABCB1 substrate
transport in ABCB1 expressing lines treated with imatinib (178, 185, 186), nilotinib (186, 187),
and dasatinib (186). The contrasting nature of TKls as both substrate and inhibitor is often TKI
concentration dependent, highlighting the complex nature of drug-transporter interactions

(173).

The ABCG2 transporter (formerly known as breast cancer resistance protein, Bcrpl) was first
identified in 1998 (188). ABCG2 has been implicated in chemotherapy resistance in several
cancer types and has a promiscuous substrate transport profile, ferrying both hydrophobic
and anionic compounds across the phospholipid bilayer. Several cancer therapeutics are

transported by ABCG2, and ABCG2 overexpression has been associated with poor outcome
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and chemotherapy failure in the myeloid malignancy, AML (189), as well as several solid
tumours (190). The functional ABCG2 complex consists of one nucleotide binding domain and
six transmembrane helices, dimerising to form a ~144 kDa functional transporter (191).
McDevitt et al demonstrated the existence of a higher order tetrameric complex of ABCG2
homodimers, forming an aqueous central region to facilitate transport (192). The binding of
ATP to ABCG2 switches the ABCG2 complex from inward facing to outward facing,
transporting its small molecule cargo; the subsequent loss of bound ATP reverts the
conformational change, exposing the substrate binding site to the inner leaflet of the plasma
membrane, to again recruit a transported molecule (193). Recently, Jackson et al described
the structure of ABCG2 bound to the ABCG2 inhibitor, Ko143, demonstrating that the
compound binds to the central cavity of the inward-facing molecule, blocking substrate
access and preventing ATP hydrolysis (194). This compound was used in the current study to
inhibit ABCG2 function, following the identification of ABCG2 overexpression in the described

dasatinib resistance model (Chapter 5).

The interaction of ABCG2 with imatinib, dasatinib, and nilotinib has been previously
demonstrated, with the TKls functioning both as transported substrate and transporter
inhibitor. Studies have identified ABCG2 overexpression in TKl-resistant cell populations (173,
195-197). Imatinib efflux is mediated by ABCG2, while at higher concentrations imatinib
inhibits ABCG2 transport activity (198). The overexpression of ABCG2 is associated with poor
imatinib response, and poor response to salvage therapy with 2nd generation TKls (199).
Studies have also demonstrated the selective advantage conferred by ABCG2 overexpression
during TKI treatment. Gromicho et al described the increase of ABCG2 expression in K562
cells following prolonged culture in imatinib (200). Interestingly, mRNA expression did not
increase linearly with TKI exposure, instead peaking early in dose escalation before
significantly falling with increasing TKI concentration, likely due to the selection for clones
harbouring alternate TKI resistance mechanisms. In our own laboratory, we have
demonstrated that overexpression of ABCG2 in K562 cells does not significantly decrease the
intracellular concentrations of imatinib or nilotinib, nor does inhibition of ABCG2 decrease
the cytotoxic sensitivity to these TKls (201). The body of evidence for imatinib-ABCG2
interactions demonstrates a marked complexity, with function of ABCG2 differing depending

on cell type, imatinib concentration, and the analytical methods used.
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Studies of dasatinib-ABCG2 interactions have been less comprehensive and conclusive. Our
laboratory first described significantly lower intracellular dasatinib in cells overexpressing
ABCG2 compared with parental cell line controls, which was reversible upon treatment with
the ABCG2 inhibitor, Ko143 (184). Similarly, dasatinib uptake was significantly increased in
ABCG2-overexpressing K562 cells, when treated with Ko143. Consistent with these data, Bcr-
Abl kinase sensitivity to dasatinib was decreased in K562-ABCG2 cells, and was significantly
reduced with Kol43 treatment. ABCG2 has subsequently been demonstrated to confer
resistance to both nilotinib and dasatinib (183). However, higher concentrations of dasatinib
have an inhibitory effect on ABCG2 function, though only above clinically relevant levels (183,
186). The emergence of ABCG2 overexpression has also been described following dasatinib
dose escalation in a K562 cell model similar to the study described here (200). A study of CML
patients resistant to imatinib and subsequently treated with dasatinib salvage therapy,
identified ABCG2 expression contributing to failure to achieve molecular response on

dasatiib, and to shorter progression-free survival (202).

1.5.5 Bcr-Abl independent leukaemic cell growth

The gain of an alternate driver mutation can override the requirement for Bcr-Abl activity,
granting the leukaemic cell Bcr-Abl independent growth. Some studies of imatinib resistant
cells have demonstrated the loss of dependence on Bcr-Abl, with cellular proliferation instead
driven by other proliferative drivers, such as Lyn kinase (203). Lyn has previously been
implicated in TKI resistance (182, 204-206), providing a potential mechanism for differential
resistance through kinase activation. Mahon et al also demonstrated that a relative increase
in the expression of Lyn was associated with failure of imatinib and nilotinib (207). Authors
also suggested that the TKI resistant CML patients with overexpression of Src family kinases
be treated with dasatinib, due to its dual function as Bcr-Abl and Src kinase inhibitor.
Furthermore, Bcr-Abl independent growth has been associated with increases in MAPK
pathway activation, which can be therapeutically targeted (208, 209). The compensatory
upregulation of proliferative signalling pathways regardless of Bcr-Abl activity inhibition

demonstrates the need to confirm the leukaemic cell’s reliance on continued Bcr-Abl activity.
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1.5.6 Leukaemic cell extrinsic TKI resistance mechanisms

As with most other cancer therapies, the efficacy of TKI treatment is influenced by several
factors independent of the leukaemic cell. Pharmacokinetic factors are known to significantly
influence treatment response. The oral bioavailability of imatinib is ~98%, and a long half-life
of 18 h allows effective once daily dosing regimens in the majority of patients (210, 211). The
main metabolite of imatinib, N-desmethyl imatinib (CGP74588), is also known to have anti-
leukaemic potency in vitro (212). Nevertheless, genetic polymorphisms in gastrointestinal and
liver drug transporters are known to affect the uptake and clearance of most TKls (211). As a
substrate of the cytochrome P450 3A4 (CYP3A4) enzyme, inducers of CYP3A4 result in
lowered imatinib exposure, and as always care must be taken by clinicians to maintain
adequate drug dosing (210, 211). Additionally, the leukaemic stem cell population can
repopulate the malignancy following TKI treatment (213, 214). Residing in the bone marrow,
the cytokine laden microenvironment can support the ongoing maintenance of leukaemic
cells, further complicating the absolute elimination of the malignancy (215). Hiwase et al
described the protective effect of the cytokines granulocyte-macrophage colony-stimulating
factor (GM-CSF) and granulocyte colony-stimulating factor (G-CSF) under TKI exposure on
leukaemic cells, and TKI sensitisation following inhibition of the cytokine’s main effector, Jak
(216). Paracrine signalling effects have also been reported; a study by Liu et al demonstrated
that the increased production of IL-3 by dasatinib resistant DA1-3b murine leukaemic cells
conferred a TKI protective effect on co-cultured leukaemic cells, which were otherwise

sensitive in monoculture (217).

1.5.7 Selective pressures in the context of TKI resistance

While the use of TKI therapy in CML has been clinically effective, the therapy provides a
selective pressure, which shapes the evolution of the cell population (174). If the CML cell
population is not completely eliminated, TKI exposure selects out the most adaptive, TKI-
resistant cells (218). The genetic instability, fast proliferation rate, diverse initial genetic
heterogeneity, and vast initial pool of cancer cells, can facilitate the rapid clonal evolution of
leukaemic cells to a resistant phenotype (219, 220). The common targeting of Bcr-Abl to elicit
antileukaemic effects, in addition to the structural homogeneity of the TKI molecules, often
results in multidrug resistance. This is exemplified by the T315] mutation or overexpression

of ABCB1, whereby the gained resistance to one TKI can result in failure of secondary TKI
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treatments (221). In this context, the potency and timeliness of the therapy becomes critical.
With prolonged culture, stochastic variances in the cancer cell population can spontaneously
develop into pro-survival characteristics (218). This makes the study of TKI resistance in CML
not a simple listing of identified individual resistance mechanisms, but an investigation of how
the tumour subpopulations interact with each other. Several previous studies have generated
TKI resistant cells, comparing them directly against TKI naive cells, while ignoring the
fluctuations in the resistance mechanisms which occur over time and drug treatment. Thus,

this thesis aims to investigate the longitudinal aspects of TKI resistance generation.

To further investigate the molecular mechanisms of TKI resistance in CML, several research
questions were posed, which served to direct investigative procedure. These were mostly
centred around a cell line model of induced dasatinib resistance, which was previously
generated in our laboratory. The cell line, here named K562 DasR, overexpresses Bcr-Abl p210
(e14a2), and in the later stages of dasatinib dose escalation, harbours the T315I mutation
(205). However, there remained several unexplored aspects of the TKI resistance mechanisms
present, and indeed, entirely undiscovered resistance mechanisms at play. This thesis serves
to explore deeper into the resistance mechanisms present, and how they contribute towards
the gain of total TKI therapy resistance. To gain further understanding of how TKI resistance

was mediated, the following research aims and hypotheses were posed:

. To explore the factors altering the propensity for leukaemic cells to develop the T315I
mutation under dasatinib selection
o] Hypothesis: Prior to the acquisition of T315I, subpopulations of leukaemic cells

harbour and express alternate resistance mechanisms, allowing cells to evade TKI treatment

. To determine how cellular adaptations conferring resistance to dasatinib affect
response to the salvage therapy TKI, ponatinib
o] Hypothesis: Resistance mechanisms arising in response to dasatinib exposure can

provide leukaemic cells a means to evade ponatinib treatment
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. To determine how drug resistance mechanisms can be circumvented and overcome
o] Hypothesis: Targeting of the individual drug resistance mechanisms will allow re-

sensitisation to TKI treatment

To investigate the cellular adaptations involved in dasatinib and ponatinib resistance,
dasatinib dose escalation intermediates of the K562 DasR cell line were subjected to a
combination of genetic, transcriptomic, protein and functional analysis. Previously
established resistance mechanisms (e.g. BCR-ABL1 overexpression and the T315] mutation)
were validated using RT-gPCR, western blotting and transcript sequencing, and aspects of
these resistance mechanisms were further explored with DNA gPCR and cytogenetic analysis,
which determined the origin and outcome of BCR-ABL1 gene overexpression. Dasatinib
resistance was determined in dose escalation intermediates using the TKI induced cell death
and phospho-CrkL IC50 assays; cross resistance to ponatinib was determined using the same
method. To determine alternate resistance mechanisms, transcriptome sequencing of
selected K562 DasR dose escalation intermediates was performed, and was interrogated to
identify changes in gene expression and the formation of genetic alterations (nucleotide
variants, indels and genetic fusions). The overexpression of ABCG2 was identified in certain
K562 DasR dose escalation intermediates, and its functional role in TKI resistance was
determined. It was demonstrated that ABCG2 expression contributes to dasatinib resistance,
and for the first time, to ponatinib cross resistance. Furthermore, genetic fusion analysis
detected a rare BCR-ABL1 fusion associated with TKI resistance, e6a2, which was, for the first
time to our knowledge, cloned into a Ba/F3 cell line to determine its effects on dasatinib
susceptibility. Finally, analysis of the fluctuations in each of the different TKI resistance
mechanisms gave insight into the selective advantages each mechanism provided, which
provided evidence for a model of TKI resistance accrual, governed by the cellular energy

efficiency of the individual resistance mechanisms.

The data and interpretation presented here has added significantly to the understanding of
drug resistance in CML, not only in identification of individual TKI resistance mechanisms, but
also how each mechanism contributes to the evolution of resistance, allowing prediction of

which cell populations will end up predominating under TKI selection, and suggesting how

1-38



these cell populations may be effectively targeted. This improved understanding will guide

translational research approaches to improve patient care.
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1.7 Chapter 1: Figures

Figure 1.1: a) Peripheral blood smear (Wright's stain, 40x) and b) bone marrow biopsy smear
(hematoxylin and eosin stain, 160x) from a patient with CML. Both slides demonstrate the
marked myeloid hyperplasia typically associated with CML. From New England Journal of
Medicine, Sawyers CL, Chronic Myeloid Leukemia, Volume 340(17), pages 1330-40. Copyright

© (1999) Massachusetts Medical Society. Reprinted with permission.
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Figure 1.2: Representation of the Philadelphia chromosome translocation event.
Translocation between chromosomes 9 and 22 brings the BCR and ABL1 genes into

juxtaposition. For the National Cancer Institute © (2007) Terese Winslow LLC, U.S. Govt. has

certain rights. Permission granted to: Benjamin Leow.
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Figure 1.3: A diagrammatic representation of ABL1 (green) and BCR (red) exon and intron
locations, and how they break to form transcript isoforms of BCR-ABL1. Most transcripts have
the same 5 exonic ABL1 breakpoint, beginning at exon a2. However, several differ in the
length and content of the BCR portion, such as e6a2, which likely confers functional
differences. The major (M), minor (m), and micro (1) BCR breakpoints are shown, which give

rise to p210, p190, and p230 Bcr-Abl proteins, respectively.

Adapted from Haematologica, Mughal Tl et al. Chronic myeloid leukemia: reminiscences and

dreams (222).
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Figure 1.4: A schematic representation of the Bcr protein. Exon locations are shown, as well
as common Bcr breakpoints. The Bcr portion of all Ber-Abl isoforms contain oligomerisation
and serine/threonine kinase domains, while only some contain the guanine exchange factor
(GEF) regions. None of the Bcr-Abl isoforms contain the N-terminal Bcr GTPase activating
protein (GAP) domain. The existence of different Bcr regions is likely to confer functional

variance.

Figure adapted from Cancer Research, Laurent E et al. The BCR gene and Philadelphia

chromosome-positive leukemogenesis (223).
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Figure 1.5: A diagram of the signalling pathways activated by Bcr-Abl. These include the MAPK
(orange), JAK/STAT (pink), PI3K/AKT (blue), and Src family kinase (yellow) pathway members.
Important scaffolding proteins (purple) mediate interactions with several effector proteins.
Phosphorylated amino acid residues (dark blue P’s) are crucial for signalling pathway
activation, which leads to increases in cell survival and proliferation, and loss of apoptotic

signalling.

Adapted from Haematologica, Mughal Tl et al. Chronic myeloid leukemia: reminiscences and

dreams (222).
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Figure 1.6: a) Crystal structure of the Abl kinase domain in complex with clinically available
TKls. The yellow region indicates the phosphate binding P-loop, and green the kinase
activation loop. Highlighted amino acid residues indicate point