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Abstract

Chronic myeloid leukaemia (CML) is characterised by the presence of the Philadelphia chromosome
which harbours the Bcr-Abl oncogene. BCR-ABL is a constitutively active tyrosine kinase that can be
inhibited by rationally designed tyrosine kinase inhibitors (TKIs) such as imatinib, nilotinib and
dasatinib. Although TKI therapy is an effective treatment for many patients, resistance can arise.
There are currently four identified resistance mechanisms. These are 1) overexpression of drug-efflux
proteins (ABCB1 and ABCGZ2), 2) BCR-ABL kinase domain (KD) mutations, 3) increased BCR-ABL
expression and 4) BCR-ABL independent mechanisms such as Lyn kinase expression. In this study

the interplay between these four recognised modes of TKI resistance is investigated.

Imatinib- and dasatinib-resistant cell lines were established and used to investigate TKI resistance in
vitro. Viability and IC50 assays were used to demonstrate TKI sensitivity/resistance. Flow cytometry
was used to screen for ABCB1 and ABCG2 cell surface expression, while conventional sequencing
and the MassARRAY method were used to determine the mutation status of the BCR-ABL KD.
Fluorescence in situ hybridisation (FISH) and quantitative DNA PCR were used to investigate Bcr-Abl
DNA copy number, and RQ-PCR was used to investigate expression levels of BCR-ABL and Lyn

MRNA.

These studies revealed that IM-resistant K562 cell lines exhibited increased BCR-ABL expression at
the onset of resistance. Interestingly, these cell lines had increased viability and IC50s for IM and NIL,
while the DAS IC50s were variable. Further investigation revealed Lyn overexpression in the cell line
which was more sensitive to DAS. The development of a DAS-resistant K562 culture resulted in the
emergence of the T315] mutation. Studies of the intermediate stages of resistance of this DAS-
resistant cell line revealed that increased BCR-ABL expression occurred gradually, preceding the
emergence of the mutation, at which time the BCR-ABL expression decreased and plateaued. Thus, it
appears that increased BCR-ABL expression may be the initial mechanism of resistance, followed by
the emergence of a KD mutation which has a clear selective advantage. This phenomenon was
observed a further four times (in a DAS-resistant K562 Dox culture, and in three IM-resistant KU812
cultures) each time with the emergence of different KD mutations. Different KD mutations resulted in

differential resistance to the three TKIs used in this study.
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In contrast, three IM-resistant K562 Dox cell lines were not found to have any KD mutations, nor BCR-
ABL overexpression. Instead, the primary cause of resistance in these lines appeared to be an
increase in ABCB1 expression. The addition of PSC833 (an ABCBL1 inhibitor) decreased the IM, NIL,
and DAS IC50s for all three resistant lines to the level of the naive control. This indicated that ABCB1

expression, facilitating active efflux of the drugs, is the primary mechanism of resistance in these lines.

This study demonstrates that KD emergence is a stochastic event, as the same mutation did not
always occur twice when exposed to the same TKI. However, increased ABCB1 expression was more
likely to arise recurrently in the predisposed K562 Dox cell line. Notably, different TKis elicited different
resistant mechanisms, and all but one (the Lyn overexpressing K562 cell line) were BCR-ABL
dependent. Furthermore, all resistant cell lines showed cross-resistance (at least to some extent) to
the three TKiIs tested, suggesting that currently available TKls share the same susceptibilities to drug

resistance.
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Chapter 1.

Introduction
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1.1 Chronic myeloid leukaemia

Chronic myeloid leukaemia (CML) is a cancer of haematopoietic progenitors and is characterised by
the increased, unregulated growth of predominantly myeloid cells in the bone marrow". These cells
include neutrophils, basophils, eosinophils and monocytesz, and although they are present in
abnormally high numbers in CML patients, they retain relatively normal function®. Symptoms of CML
include fatigue, weight loss, sweating, anaemia, haemorrhaging and splenomegaly, however
approximately 20-40% of patients are asymptomatic at diagnosis, which often occurs as the result of a
routine blood test’. CML accounts for approximately 15-20% of all leukaemias, and has an annual
incidence of 0.001%". Untreated, the disease is tri-phasic progressing from a chronic phase (CP)
lasting 3-5 years, to an accelerated phase (AP) lasting up to 12 months, and lastly a 3-6 month

terminal phase known as blast crisis (BC)S.

1.2 The Philadelphia chromosome and BCR-ABL

The cytogenetic hallmark of CML is the Philadelphia chromosome, which is present in almost all CML
patients, and is the result of a reciprocal translocation between chromosomes 9 and 22° (Figure 1.1).
This results in fusion of the Abelson kinase gene (ABL) from chromosome 9, with the breakpoint
cluster region (BCR) gene of chromosome 22. The resultant Becr-Abl fusion gene transcribes a novel,
chimeric 8.5kb mRNA, which in turn encodes a hybrid 210kDa protein (p210)* (Figure 1.2).
Depending on the break-point, the fusion protein may be 230, 210 or 185/190kD’. The BCR-ABL
protein is a constitutively active tyrosine kinase® which activates various signal transduction pathways
(such as the JAK/STAT, Raf/MEK/ERK, and PI3K/Akt pathwayss, Figure 1.3) leading to enhanced
proliferation, resistance to apoptosis, cytokine-independent survival’, altered protein trafficking and
suppression of granulocytic differentiation’. These characteristics result in the overproduction of
leukocytes (and progressively, the presence of more immature leukocytes/blasts in the blood) leading

to the CML phenotype”’.

1.2.1 BCR-ABL is sufficient to cause CML
Various CML mouse models have been generated and have provided an experimental system to

3

investigate CML pathogenesis and progression®™. Huettner et. al.” created transgenic mice that

expressed p210 BCR-ABL under the control of a tetracycline-off system. When tetracycline (tet) was
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Figure 1.1
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It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 1.1: The Philadelphia Chromosome

The Philadelphia Chromosome arises from the reciprocal translocation
of the long arms of chromosomes 9 and 22*. (CML Society of Canada,
2007, http://www.cmlsociety.org/?g=node/14)**.
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Figure 1.2
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Figure 1.2: The Philadelphia chromosome and the BCR-ABL oncoprotein

The Ph chromosome encodes the BCR-ABL fusion oncoproptein, which is transcribed into messenger
RNA (mRNA) molecules with el3a2 or el4a2 junctions, which are then translated, producing p210 BCR-
ABL. BCR-ABL contains functional domains from the N-terminus of BCR (dimerization [DD], SRC-
homology 2 [SH2]-binding, and the Rho GTP—-GDP exchange-factor [GEF] domains) and the C-terminal
end of ABL. Tyrosine 177 (Y177) in the BCR portion, and tyrosine 412 (Y412) in the ABL portion, are
important for the docking of adapter proteins and for BCR-ABL autophosphorylation, respectively. P-S/T
denotes ?yosphoserine and phosphothreonine (Goldman & Melo, 2003, New England Journal of
Medicine)™.



Figure 1.3
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Figure 1.3: Signal transduction pathways affected by BCR-ABL

The key pathways implicated so far are those involving RAS, mitogen-activated protein (MAP) kinases,
signal transducers and activators of transcription (STAT), phosphatidylinositol 3-kinase (PI3K), and MYC.
Most of the interactions are mediated through tyrosine phosphorylation and require the binding of BCR-
ABL to adapter proteins such as growth factor receptor—bound protein 2 (GRB-2), DOK, CRK, CT10
regulator of kinase-like protein (Crkl), SRC-homology—containing protein (SHC), and casitas-B-lineage
lymphoma protein (CBL). Downstream effects of BCR-ABL activity include increased proliferation, survival
signals and cytokine-independent survival, as well as reduced apoptotic signals (Goldman & Melo, 2003,
New England Journal of Medicine)™.
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present in the drinking water of the mice, expression of p210 BCR-ABL was suppressed and the mice
remained healthy. However when tet was removed from their drinking water, the mice developed
leukaemia and died within 4-11 weeks. It was further discovered that mice, even in advanced stages
of the disease (which exhibited leukocytosis, splenomegaly and in some cases lymphadenopathy)
could be cured by addition of tet back into the drinking water, which resulted in a drop in their white
cell count and normalisation within 48-72hrs. Other leukaemic symptoms disappeared within 5 days of
tet re-introduction. Mice could undergo multiple rounds of induction and reversion of the disease,
indicating that BCR-ABL is both necessary and sufficient to cause CML, and that silencing of this
oncogene may be the key to curing the disease’. To date, methods of inhibition of BCR-ABL in
humans have been the focus of much research, and resulted in the development of tyrosine kinase

inhibitors (TKIs) such as imatinib mesylatele.

1.3 CML treatment

1.3.1 Non-specific therapies
Prior to the mid-nineties, CML patients were treated with hydroxyurea and busulfan (chemotherapy
agents) to alleviate symptoms. However, neither drug could elicit lasting cytogenetic responses, and
neither significantly affected the rate of progression to fatal blast crisis'’. Interferon-a was the first
agent proven capable of modifying the biological course of CML by prolonging survival in patients’ by
a median of 20 months (57% survival rate at 5 years after diagnosis, compared with 42% survival on
hydroxyurea or busulfan chemotherapy)'®. However, interferon treatment only resulted in complete
and partial cytogenetic remissions® in 0-16% and 0-38% of patients respectively, and progression from
chronic phase to accelerated or blast phase was merely delayedls. Allogeneic bone marrow transplant
(BMT) can be curative, however there are limitations to eligibility for this procedure (e.g. limitations of
age and matched donor availability). Furthermore, there is ~50% probability of survival at 10 years
after receiving a BMT in chronic phase — which is reduced to 25% and 15% for patients transplanted in

AP or BC respectively®.

& Complete cytogenetic response (CCR) indicates the absence of the Philadelphia chromosome in 20 metaphases on classical
karyotyping performed on the bone marrow, and portends favourable prognosis. Partial cytogenetic response indicates 1-34%
Ph-positive metaphases®.
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1.3.2 Imatinib mesylate

In the mid-nineties a process of rational design lead to the development of imatinib mesylate
(otherwise known as Glivec, produced by Novartis Pharmaceuticals)zo. Originally, it was noted that 2-
phenylaminopyrimidines were potent inhibitors of the Abl kinase. Random screening (utilising large
libraries of different molecular combinations) resulted in the modification of the original 2-
phenylaminopyrimidine back-bone, and the creation of imatinib mesylate20 (Figure 1.4).

Imatinib acts by competitively binding at the adenosine tri-phosphate (ATP)-binding site of both the
normal Abl and BCR-ABL proteins, stabilising the protein in the inactive conformation and thus
preventing ATP hydrolysis and subsequent phosphorylation of substrates***** (Figure 1.5). Shortly
after its development, imatinib was shown to suppress the proliferation of BCR-ABL-expressing cells
in vitro and in vivo®. In colony-forming assays of blood and bone marrow from CML patients, imatinib
caused a 92-98% decrease in the number of Bcr-Abl positive colonies, while the colony potential of
Ber-Abl negative cells was unaffected®. Since 1998 imatinib has been used in clinical trials on
humans®’. The introduction of imatinib has given new hope for curing CML, as 87% of patients treated
with the drug achieved a complete cytogenetic response by 5 years, and 93% did not progress to
accelerated phase or blast crisis®®. Furthermore, patients receiving long-term imatinib treatment had
significantly reduced levels of BCR-ABL transcript present in their blood®>. The ultimate goal of CML
therapy is to induce complete molecular remission, i.e. elimination of BCR-ABL transcripts by real-time
quantitative PCR (RQ PCR)®. Despite the success of imatinib therapy to date, several issues require
addressing in order to make CML treatment more universally effective. For example, some patients
exhibit resistance to imatinib (either primary or acquired), which may be mediated by mutations in the
BCR-ABL kinase domain (KD) and thus prevent imatinib from binding and inhibiting the enzyme7.
Furthermore, only 4% of patients taking imatinib achieve complete molecular remission at 30
months®. Lastly, cessation of imatinib treatment leads to a rapid relapse into chronic phase in
approximately 50% of patients, even when complete molecular remission had been previously

achieved and maintained for a minimum of two years”'29

. It is therefore theorised that a population of
leukaemic haematopoietic stem cells is responsible for relapse, and that these progenitors are
insensitive to imatinib therapy. Due to these limitations, and increasing incidence of resistance to

imatinib, alternative TKls were developed including nilotinib (AMN107, Novartis Pharmaceuticals) and

dasatinib (BMS-354825, Bristol Myers Squibb)®.
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Figure 1.4
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Figure 1.4: Molecular structure of imatinib mesylat e

The chemical structure of imatinib mesylate (4-[(4-Methyl-1-piperazinyl)
methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-2-pyrimidinyl]Jamino] phenyl]-ben-
zamide monomethanesulfonate) is shown above. Molecular weight =
589.7 g/mol (NCBI, PubChem Compound; 2011)".
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Figure 1.5
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Figure 1.5: Mechanism of action of imatinib

A) BCR-ABL activity in the absence of imatinib is shown. Substrates are
constitutively phosphorylated, resulting in activation of downstream effector
molecules and cell proliferation i.e. the CML phenotype. B) Imatinib binds
BCR-ABL in the ATP binding pocket of the kinase domain. This binding
stabilises BCR-ABL in the inactive conformation, thereby preventing ATP
binding, and preventing substrate phosphorylation and disease phenotype
(Mughal & Goldman, 2006, Frontiers in bioscience)®.
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1.3.3 Nilotinib & Dasatinib
Through molecular, chemical and crystallography studies the detailed structure of BCR-ABL was
elucidated, enabling improved design of TKIs that are able to bind the BCR-ABL kinase domain more

efficientlyso.

Nilotinib (Figure 1.6) and dasatinib (Figure 1.7) are approximately 30 and 300 times more potent,
respectively, in inhibiting BCR-ABL than imatinib®***%*. Both are effective against many cell lines
exhibiting imatinib resistance due to KD mutations. For example, mutations M244V, G250E and
Q252H all render BCR-ABL insensitive to imatinib binding, but do not hinder binding with nilotinib or
dasatinib. Of the 16 mutations tested by O’Hare et. al.*®, the only exception was the T315| mutation,
which is insensitive to all three TKIs.

Nilotinib is a more selective Abl inhibitor, while dasatinib was designed to bind with less specificity,
thereby having a broader spectrum of action including activity against the Sarcoma (Src) family of

tyrosine kinases***

. A recent study showed that Src kinases activated by BCR-ABL remained fully
active in imatinib-treated mice, suggesting a deficiency in imatinib’s ability to inactivate all BCR-ABL
signalling pathways. However, dasatinib, which inhibits both BCR-ABL and the Src kinases, was able
to afford complete remission of acute lymphoblastic leukaemia (ALL) in mice®. It has also been shown
that dasatinib targets an earlier progenitor population than imatinib in primary CML, but does not
eliminate the elusive quiescent fraction®®. Both nilotinib and dasatinib have been approved for patient
use, and offer hope to patients who exhibit resistance, or who have a poor primary response, to

imatinib. Studies have shown that initial patient sensitivity to imatinib treatment varies, and that this is

a major determinant of patient response%.

1.4 IC50 and Intracellular Uptake and Retention ass ay (IUR)

Patient response to imatinib is determined by how well imatinib is able to bind and inhibit BCR-ABL in
Ph+ cells. In an effort to investigate this intrinsic sensitivity in patients, an assay was developed to test
BCR-ABL inactivation by imatinib in vitro. The 50% inhibitory concentration for imatinib (1C50™*"")
assay measures the decrease of CT10 regulator of kinase like (Crkl) in its phosphorylated form,
otherwise known as p-Crkl. Crkl is a BCR-ABL adaptor protein, and is the predominant

37,38

phosphorylated protein in K562 cells (a BCR-ABL—expressing erythroblastoid cell line)
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Figure 1.6
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Figure 1.6: Molecular structure of nilotinib

The chemical structure of nilotinib (4-methyl-N-(3-(4-methylimidazol-
1-yl)-5-(trifluoromethyl)phenyl)-3-((4-pyridin-3-ylpyrimidin-2-yl)amino)
ben-zamide) is shown above. Molecular weight = 529.51579 g/mol

(NCBI, PubChem Compound; 2011)".
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Figure 1.7

Figure 1.7: Molecular structure of dasatinib

The chemical structure of dasatinib (N-(2-chloro-6-methylphenyl)-2-
[[6-[4-(2-hydroxyethyl)-1-piperazinyl]-2-methyl-4-pyrimidinyl]Jamino]-5-
thia-zolecarboxamide, monohydrate) is shown above. Molecular
weight = 488.00554 g/mol (NCBI, PubChem Compound; 2011).
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Importantly, p-Crkl levels correlate well with levels of BCR-ABL, and p-Crkl is not detectable by
Western blot in Bcr-Abl-negative cells®®**. The 1C50™ "™ is therefore defined as the in vitro
concentration of drug required to reduce phosphorylation of Crkl (i.e. p-Crkl levels) by 50%*°. Patients
with a high |C5Q"™matne (low sensitivity to imatinib) were found to have a significantly lower probability of
achieving cytogenetic and molecular remissions by 12 months, thus providing evidence that the
degree of BCR-ABL inhibition achieved in patients is a critical determinant of response to imatinib®®.
Less interpatient variability was observed in IC50 with nilotinib, and values were on average 14-fold
lower than for imatinib, confirming that nilotinib is a more potent inhibitor of BCR-ABL activity™.

It has been shown that interpatient variability observed in 1C50™"™

assays is mainly due to
differences in the efficiency of intracellular uptake and retention (IUR) of the drugsg. In an IUR assay,
YC-imatinib is added to patient cells and incubated at 37°C/5%CO, for a set time (e.g. 2 hrs) before
being washed and analysed by a scintillation counter for presence of radioactivity. In this way it is
possible to measure the nanograms of drug present in the cell after 2hrs of incubation. It was found
that 1IC50™ ™ correlated well with imatinib IUR*, indicating that a major determinant of patient
response to imatinib was the ability of the drug to enter and remain in Ph+ cells. Investigation then
turned to mechanisms of imatinib uptake, which was found to be temperature dependent, and
therefore likely to be an active process requiring ATP%. Thomas et. al.*® conducted experiments

inhibiting members of the organic cation transporter (OCT) family, which implicated the OCT-1

transporter in imatinib uptake.

1.50CT-1

The largest superfamily of transporters, the solute carrier (SLC) superfamily, contains a subgroup

4142 \While most

known as SLC22. In humans, this subgroup consists of 12 family members of OCTs
plasma membrane transporters are substrate specific, the polyspecific OCT family recognises
compounds with different sizes and molecular structures. Furthermore, OCTs translocate organic

cations in an electrogenicb manner, and can do so in either direction across the plasma membrane.

These transporters are generally involved in drug uptake in the small intestine and in drug export in

b Electrogenic transport is an active, coupled transport process driven by electric potentials that alters the transmembrane
electrical gradient.
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the liver and kidney. Various compounds are known to inhibit OCTs, but are not transported

themselves™.

OCT-1 (Figure 1.8) was first identified in 1994* and in humans is principally expressed in the

42,44

liver™™", although it is also expressed in the large and small intestine, stomach, lungs, kidneys and

heart*?. Although not well understood, regulation of human OCT-1 cell surface expression/function is

thought to be mediated by calmodulin/calmodulin-dependent kinase Il and Src-like kinases (e.g. p56ICk

tyrosine kinase) which stimulate expression, and by protein kinase A (PKA) which is inhibitory****.
Interestingly, regulation of OCTs may affect their affinity for certain substrates, thereby altering their
selectivity. For example, when PKA is activated, or Ca®*/CaM inhibited, hOCT-1 affinity for
tetraethylammonium decreases six-fold. This is because regulation by
phosphorylation/dephosphorylation induces conformational changes in the transporter, thus altering

substrate affinity*>*°.

Imatinib is a substrate of OCT-1, and this transporter is known to be the primary mode of active uptake

39,40

of imatinib in haematopoietic cells™". Furthermore, OCT-1 mRNA expression has been linked to

748 When Crossman et. al.*’ categorised patients as either ‘responders’

patient response to imatinib
(achieving complete cytogenetic response to imatinib within 12 months of treatment) or ‘non-
responders’ (retaining >65% Ph+ karyotypes in the first 10 months of imatinib treatment), RQ-PCR
revealed that responders expressed roughly eight-fold more OCT-1 mRNA than non-responders‘”.
This suggested that OCT-1 mRNA expression may enable prediction of imatinib response in patients.
Indeed, Wang et. al.*® examined OCT-1 mRNA levels in patients prior to imatinib treatment, and found
that those with ‘high’ expression (levels above the median value) had superior cytogenetic responses
and progression free survival compared to patients with ‘low’ OCT-1 expression levels (below the
median). However, these studies were not conducted at diagnosis, nor did they examine OCT-1
function. Other influences such as post-transcriptional regulation, membrane localisation and

polymorphisms in OCT-1 may play a greater role in determining imatinib response42'49'5°.
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Figure 1.8
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Figure 1.8: Protein structure of OCT-1 (SLC22A1)

The OCT-1 protein is thought to contain 12 transmembrane domains. Both
the N and C termini are located intracellularly. The first large extracellular
loop contains three putative N-linked glycosylation sites, indicated by
branches (Jonker & Schinkel, 2004, The Journal of Pharmacology and
Experimental Therapeutics)™*.
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An assay was therefore developed to assess OCT-1 activity, and this was investigated in newly
diagnosed CML patients. OCT-1 activity was defined as the IUR of **C-imatinib, minus the IUR in the
presence of prazosin (a potent OCT-1 inhibitor)sz. A significant correlation was observed between
IC50™"™® and OCT-1 activity, where patients with a low 1IC50™ ™ had significantly greater OCT-1
imatinib imatinib

activity than patients with high 1C50 . The same correlation was not observed between IC50

and OCT-1 mRNA expression. Thus it was concluded that OCT-1 functional activity is a significant

52,53

indicator of imatinib response in de novo CML patients®". Studies suggest that uptake of nilotinib and

39,54,55

dasatinib is not mediated by OCT-1, but is primarily passive (i.e. by diffusion) . As well as active

influx, the efflux of TKls is also an important factor in efficacy.

1.6 ABCB1 and ABCG2

Present in almost all living organisms®, the ATP binding cassette (ABC) transporter proteins are
involved in the ATP-fuelled efflux of a wide range of substrates®’. Substrates include lipids, organic
anions, amino acids, carbohydrates, vitamins, glucoronide, glutathione conjugates and
xenobiotics/toxins which are transported across the plasma membrane®. In doing so, these
transporters are able to guard vital body compartments, such as the brain, the fetus, the germ line and
haematopoietic stem cells, against invading xenobiotics®’. Based on their structural similarity, the 48
known ABC transporters have been categorised into seven families named ABC(A-G)*. All
functionally active ABC transporters contain a minimum of two ABC units and two transmembrane
domains (TMDs). These four elements are usually present in a single polypeptide chain, known as a
‘full-length’ transporter. Members of the ABCG family possess only a single ABC and a single TMD -
such ‘half-length’ transporters must form homo- or heterodimers (via a disulfide bridge) in order to

become functional®®*.

In recent years, multidrug resistance (MDR) has been observed in many cancer patients undergoing
chemotherapy. MDR occurs when cancerous cells develop resistance to a chemotherapeutic agent
during the course of treatment. In many cases, when resistance develops against a single drug, the
resulting phenotype is a cancer that is resistant to a wide range of drugs. In humans, the three major
types of MDR proteins include members of the ABCB, ABCC and the ABCG subfamilyse. Of these,

ABCB1 (MDR1, p-glycoprotein (P-gp)) (Figure 1.9) and ABCG2 (breast cancer resistance protein
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Figure 1.9
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Figure 1.9: Protein structure of ABCB1 (MDR1; P-glycoprotein)

The 170-180kD protein consists of 12 transmembrane domains, and two
large cytoplasmic domains which contain ATP binding sites. The N-
terminal region is modified by 10-15kD glycosylation (indicated by
branching)®®. ABCB1 is known to be responsible for the efflux of various
chemotherapeutic drugs (see blue box) (adapted from Sorrentino, 2002,
Nature Reviews®).
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Figure 1.10
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Figure 1.10: Protein structure of ABCG2 (BCRP)

One ABCG2 polypeptide is shown, which forms a homodimer bridged by
disulfide bonds to facilitate transport function. Green bars represent the 6
transmembrane domains, while yellow branching on extracellular domains
indicates glycosylation sites. The purple circle represents the ABC domain
(ABC: ATP Binding Cassette), located at the N-terminus (adapted from
Sarkadi et. al. 2011, Drug Metabolism Tech Review)®.
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(BCRP)) (Figure 1.10) are known to interact with imatinib mesylate™ ™, nilotinib™ """, and dasatinib

% and are therefore of greatest interest in this study.

1.6.1 TKI interaction with ABCB1 and ABCG2
1.6.1.1 Imatinib

62-65

Contention remains as to whether imatinib merely inhibits ABCB1 and ABCG2°°™°, or whether the

drug is actually effluxed by these transporters®®’*"®

. Some argue that both inhibition and transport
occurs in the ABCB1-imatinib interaction’®. Jordanides et. al.** used primitive CML CD34" cells (which
were found to express 6.8-fold more ABCG2 than normal CD34+ cells) to investigate imatinib efflux.
The addition of imatinib to cells resulted in a dose-dependent decrease in efflux of BODIPY-prazosin
(B-P), a known ABCG2 substrate. However, this experiment did not distinguish between imatinib
acting as an inhibitor or a competitive substrate. It was reasoned that if imatinib were a substrate for
ABCGZ2, then co-treatment with a known ABCG2 inhibitor, fumitremorgin (FTC), would enhance the
effect of imatinib and cause increased cell death. As the combination of imatinib and FTC did not
result in a decrease of viable cells, it was concluded that imatinib was an inhibitor, but not a substrate,
of ABCG2%. Similarly, Houghton et. al.®® found that in the human osteosarcoma cell line (Saos2),
imatinib sensitivity was unaltered by the expression of ABCG2, but topotecan® resistance was
reversed by imatinib”’. It was therefore concluded that imatinib is a potent inhibitor of ABCG2, but not
a substrate. Imatinib was also found to be a poor substrate of ABCBL1 in a study conducted by Ferrao

et. al®

. It was found that imatinib sensitivity of K562 cells was similar regardless of ABCB1
expression. Conversely, Burger et. al.”> demonstrated that, in a panel of well-defined ABCG2-
overexpressing cell lines, the accumulation of “C-imatinib was significantly decreased as compared to
parental cell lines. Furthermore, imatinib was found to compete with mitoxantrone (a known ABCG2
substrate) for export, and Ko-143 (an ABCG2 inhibitor) prevented imatinib efflux. In 2005 the same
group demonstrated that imatinib accumulation was significantly decreased in KB-8-5 cells (a human
epidermoid carcinoma cell line overexpressing ABCB1) compared with the parental cell line which
lacked ABCB1 expression’". Burger et. al. ascribed their results (which conflicted with Jordanides et.

al.?, Houghton et. al.®® and Ferrao et. al.®®) to methodological differences, including the time and

temperature at which imatinib was incubated with the cells™. lllmer et. al.”, and Ozvegy-Laczka et.

¢ Topotecan is a chemotherapeutic agent that inhibits DNA topoisomerase | and is effluxed by ABCG2.
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al.”® supported these results, while Hamada et. al.” concluded that imatinib is a substrate as well as a
modulator of human ABCB1. Although intracellular imatinib accumulation decreased upon ABCB1
expression in a porcine kidney cell line, it was also found that the imatinib inhibitory effect on ABCB1
was slightly weaker than cyclosporin A, but stronger than verapamil (K; values for the inhibition of
ABCB1 function by cyclosporin A, imatinib and verapamil were calculated as 6.1, 18.3 and 540uM
respectively)”.
Lastly, it has been shown that some polymorphisms in ABCB1 (e.g. 1236T) are associated with an
increased incidence of imatinib treated patients achieving MMR (85% vs 47.7% for other genotypes).
Furthermore the 1236C-2677G-3435C haplotype was statistically linked to less frequent MMR (70%
vs 44.6%). This finding implicates a role for ABCB1 in CML outcome — likely to be mediated by its
efflux of imatinib™.

1.6.1.2 Nilotinib
Nilotinib transport is also controversial, as various studies have come to different conclusions
regarding this drug’s interaction with ABCB1 and ABCG2. Davies et. al.”® found that nilotinib (1-5uM)
was not transported by ABCB1 or ABCG2 in CML CD34+ cells. In contrast, Brendel et. al.*® showed
that nilotinib interacts with ABCG2 in murine KSL cells, as Hoechst efflux was inhibited in the
presence of the drug. Furthermore, ABCG2 expression in K562 cells conferred protection from cell
death when exposed to nilotinib (10-25nM), and prevented Crkl dephosphorylation. In 200nM nilotinib,
K562-ABCG2 cells had significantly decreased intracellular concentrations of nilotinib compared to the
K562-parental line. Blocking ABCG2 with an inhibitor (FTC) increased intracellular nilotinib
concentration back to levels of the parental line®.
Hegedus et. al.*® used K562 Dox (a cell line derived from K562 which expresses ABCB1 due to
selection with doxorubicin™) and K562-ABCG2 cells (retrovirally transduced with ABCG2%%) and
showed ABCG2, but not ABCB1, conferred protection against the cytotoxic effects of nilotinib.
However, nilotinib was able to reduce levels of phospho-BCR-ABL when ABCB1 or ABCG2 was
blocked in the respective cell lines®. Tiwari et. al.” found nilotinib was an inhibitor of both ABCB1 and
ABCG2 at a concentration of 2.5uM. However, this does not exclude that nilotinib may be transported
by these proteins at nanomolar concentrations which may be more pharmacologically relevant. Mahon
et. al.®! found that the K562 Dox cell line had increased resistance to nilotinib (1-100nM) compared to

the K562 parental line, but that this resistance could be reversed by blocking ABCB1 with verapamil or
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PSC833. Furthermore, nilotinib-resistant LAMA84° cells (generated by long-term nilotinib culture
reaching 20nM) over-expressed BCR-ABL and ABCB1, and blocking ABCB1 with verapamil partially
restored sensitivity to nilotinib®". Together, these studies clearly indicated some interaction between
nilotinib and the efflux proteins ABCB1 and ABCG2. Whether this TKI acts as an inhibitor, or is
actually transported, may be concentration dependent. However, it appears that at pharmacologically
relevant concentrations, nilotinib is transported®®®".
1.6.1.3 Dasatinib

Dasatinib transport is less controversial, as several groups have shown the drug is effluxed by both
ABCB1 and ABCG?2. Hegedus et. al.*® demonstrated that ABCB1 and ABCG2 conferred protection
against the cytotoxic effects of dasatinib using K562 Dox and K562-ABCG2 cells. Similarly, Hiwase et.
al.*® showed that IC50°*° could be reduced in the K562 Dox and K562-ABCG2 cell lines by the
addition of PSC833 or Ko143 (ABCB1 and ABCG?2 inhibitors respectively). Furthermore, dasatinib IUR
was significantly lower in the K562 Dox, VBL-100, K562-ABCG2 and Mef-BCRP1 cell lines, compared
to their non-ABCB1/ABCG2-expressing counterpartsss. These studies indicate that dasatinib is indeed
effluxed by ABCB1 and ABCG2.

It has been suggested that a narrow concentration range exists, within which TKIs may be transported
by the efflux transporters, while above this concentration TKls act as inhibitors®®. Although debate on

clinical relevance continues, it is known that CML haematopoietic stem cells (HSCs) exhibit resistance

to imatinib, and may use efflux transport as a mechanism to achieve this®.

1.7 Haematopoietic Stem Cells

CML haematopoietic stem cells (HSCs) are thought to be responsible for patient relapse when
imatinib treatment is discontinued®. HSCs exhibit resistance to imatinib and use several mechanisms
to achieve this, for example, increased BCR-ABL expression. Some of the most primitive
haematopoietic cells (linCD34°CD38) express the highest levels of BCR-ABL mRNA, and
differentiation is accompanied by decreasing expression®’. In HSCs, intracellular BCR-ABL
concentration may be high enough such that physiologically achievable TKI concentrations are too low
to effectively inhibit BCR-ABL %, Additionally, BCR-ABL is thought to stimulate growth factor

expression (e.g. IL-3 and G-CSF), thereby conferring resistance against the apoptotic effects of

9 The LAMAB84 cell line is a human, BCR-ABL positive, CML cell line that was established from a CML patient in accelerated
phase.
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imatinib”®. Furthermore, CML HSC's have significantly increased expression of ABCB1 and ABCB2
(but low expression of the imatinib-influx protein, OCT-1) and differentiation is accompanied by

decreased expression of efflux proteins and increased expression of OCT-1%%

. This phenomenon
may simply be a measure by which stem cells protect themselves, and the body thereby retains
integrity of the reparative stem cell population. However, HSC resistance to imatinib (and therefore

failure to cure CML) may be an unfortunate consequence.

1.8 Mechanisms of resistance to TKIs

Primary resistance is defined as the inability of a patient to achieve a landmark response®, for
example a major cytogenetic response by 6 months, a complete cytogenetic response by 12 months,
or a major molecular response by 18 months®. Approximately 2% of patients fail to achieve a
haematologic response (normalisation of white blood cell counts), while 8-13% fail to achieve a major
or complete cytogenetic response®. Primary resistance to imatinib is thought to be conferred by
decreased OCT-1 activity in the patient, thereby preventing adequate imatinib uptake and function®?.
Primary resistance to nilotinib and dasatinib (for which cellular uptake is predominantly passive®>>**°)
is much less common.

Secondary resistance is defined as the loss of recovery benchmarks while on treatment, for example
the loss of cytogenetic or haematologic response and disease progression while taking imatinib. After
2 years of treatment, approximately 10% of patients in CP will exhibit resistance to imatinib mesylate

(increasing to 40-50% for patients in AP and 80% in BC)’. There are several molecular mechanisms

contributing to this phenomenon (Figure 1.11) .

1.8.1 BCR-ABL expression induces genomic instabilit vy
BCR-ABL is both a result, and cause, of genomic instability. The fusion gene is itself a product of two
double-stranded breaks that have been repaired aberrantly resulting in the t(9;22) reciprocal
translocation. Double stranded breaks are caused by a number of factors, such as ionizing radiation,
chemicals, DNA replication stresses and free radicals (i.e. reactive oxygen species (ROS)).
Endogenous ROS are normally produced in the cell by the electron transport chain in the
85,86

mitochondria, and the majority are quenched by superoxide dismutase or glutathione peroxidases

ROS include superoxide (O,"), hydrogen peroxide (H,0O,) and the hydroxyl free radical (*OH). These
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Figure 1.11: Mechanisms of resistance to TKils

A) Efflux proteins (MDR-1/ABCB1 or ABCGZ2) can decrease the intracellular concentration of drug in the cell. B)
Plasma protein binding (e.g. binding with a;j-acidic glycoprotein) may decrease the extracellular concentration of
the drug. C) KD mutations may prevent TKI binding and inhibiting BCR-ABL (e.g. T315I). D) Down-stream
mutations rendering the cell independent of BCR-ABL survival signals (e.g. constitutive activation of a Src family
member). E) Amplification of the BCR-ABL gene, leading to tyrosine kinase overexpression. (Krause & Van
Etten, 2005, New England Journal of Medicine)®’.
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intermediates of oxygen reduction are reactive and potentially damaging to all molecules, including
DNA®®. During DNA synthesis, oxidatively modified bases may be incorporated into the DNA by

unfaithful polymerases, resulting in nucleotide mismatches, substitutions or strand breaks® .

BCR-ABL expression in haematopoietic cell lines induces production of ROS™!

, likely through a
PI3K/mTOR pathway-dependent mechanism®. Sattler et. al.* first demonstrated that transfecting the
Ba/F3, 32Dc13, and MO7e cell lines with Bcr-Abl resulted in an increase in ROS levels (by flow
cytometry) compared to untransformed controls. ROS production is directly due to BCR-ABL, as both
imatinib and anti-oxidants abrogate these effects®****®. Interestingly, Y177F mutated BCR-ABL fails to
increase ROS levels, suggesting this residue is critical for ROS generationgz.

Normally, DNA damage activates cell cycle checkpoints and repair mechanisms, however if the
damage is too great, cells commit to apoptosi594. BCR-ABL kinase activity promotes cell survival and

8.95 Furthermore, Keeshan et. al.%® have

inhibits apoptosis through the Ras/Raf and PI3K/Akt pathways
shown that translocation of apoptotic signals Bax and Bad to the mitochondria is blocked in cells
expressing high levels of BCR-ABL, and that BCR-ABL prevents late mitochondrial depolarization and

caspase 9 and 3 cleavage. Thus, BCR-ABL promotes survival and proliferation in cases when normal

cells would apoptose due to DNA damage.

BCR-ABL expressing cell lines have consistently increased genetic and chromosomal

97,98

abnormalities and have been shown to have an increased incidence of sister chromatid exchange

and chromosomal translocations after DNA damagegg. The increase in genetic abnormalities observed

1.°°° observed a

in Bcr-Abl positive cells indicates a loss of fidelity in DNA repair. Stoklosa et. al
decrease in mismatch repair in both murine haematopoietic cells expressing BCR-ABL, as well as
primary CD34+ CML cells compared to control cells, however the mechanism by which this occurs
remains unclear. Another study has shown that BCR-ABL down-regulates BCRA1*® — a protein
involved in genome surveillance and repair'®. Furthermore, BCR-ABL expression increases repair of
DNA double-stranded breaks through the error-prone non-homologous end-joining (NHEJ)
mechanism up to five-fold, with compromised repair fidelity'*>***. Nowicki et. al.** found that BCR-ABL
kinase activity enhanced NHEJ activity, and was responsible for a statistically significant loss of DNA

during NHEJ (35% of repair products lost more than 100bp) compared to cells not expressing BCR-

ABL. In summary, BCR-ABL generates ROS which damages DNA. Instead of undergoing apoptosis,
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the cell survives due to BCR-ABL driving survival signals, and low-fidelity repair is promoted resulting

in the accumulation of mutations and genomic instability (Figure 1.12).

1.8.2 BCR-ABL kinase domain mutations

Imatinib mesylate binds BCR-ABL at the ATP-binding pocket of the kinase domain (KD), stabilising it
in the inactive conformation. Specific residues in the KD are necessary for this interaction, as they
facilitate the inactive conformation of the tyrosine kinase, and also provide hydrogen bonds for
binding®**%°.

Residues in the kinase domain of BCR-ABL may mutate such that the TKI can no longer bind BCR-
ABL'™™®® (Figure 1.13). It was once thought that such mutations would render the kinase non-
functional, as the ATP-binding site would be compromised. However, it is now known that the TKI and
ATP binding sites only party overlap, so a mutation that prevents drug binding may still be

enzymatically active®*'%

. KD mutations are selected for in the leukaemic population, as cells
harbouring the mutations survive therapy and expand, resulting in a cancer that is resistant to the TKI.
In studies using imatinib, KD mutations have been observed to occur after commencing treatment,

107,110-113

and may be present at very low levels prior to treatment . Drug therapy therefore selects and

expands clones that may already be present, and when selective pressure is removed (ie. TKI therapy

stopped) the mutant clone often decreases as wild-type outgrows™***°.

KD mutations may be differentially sensitive to different TKIs, as critical binding residues differ
between the drugs. That is, patients who have developed imatinib-resistant KD mutations may find a
second-generation TKI, such as nilotinib or dasatinib, is effective against the mutated BCR-ABL, as
these potent drugs do not require the same residues for binding as imatinib**"**8 (Figure 1.14) . Thus,
although a KD mutation may prevent imatinib binding to BCR-ABL, nilotinib or dasatinib may still be
able to effectively bind and inhibit BCR-ABL kinase activityllg'121 (Figure 1.15). The T315I mutation
however, is a notable exception, as this mutation confers resistance to all three drugss3'1°7'122’123.
Thr315 is therefore known as the ‘gatekeeper’ residue, as this is a critical binding residue for all three

drugs, and mutations at this site confer overt resistance to all three™*

. In vitro mutagenesis screens of
BCR-ABL reveal that mutations may also occur outside of the KD (e.g. in the neighbouring linker,

SH3-SH2 and Cap domains), influencing conformation and leading to imatinib resistance through
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Figure 1.12: The effects of BCR-ABL on mutagenesis

A) BCR-ABL causes DNA damage through its generation of ROS. B) BCR-
ABL activity promotes cell survival, despite the presence of DNA damage
which would cause most cells to apoptose. C) BCR-ABL interacts directly
and indirectly with repair proteins contributing to rapid but low fidelity repair.
Overall, the activity of BCR-ABL results in the accumulation of mutations and
destabilisation of the genome (Burke & Carroll, 2010, Leukemia)®’.

45



Figure 1.13
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Figure 1.13: Map of BCR-ABL KD mutations

BCR-ABL kinase domain mutations associated with clinical resistance to imatinib are shown. Abbreviations:
P, P-loop; B, imatinib binding site; C, catalytic domain; A, activation loop. Amino-acid substitutions in green
indicate mutations detected in 2—-10% and in red in >10% of patients with mutations (Melo et. al. 2007, Cancer

Letters)'®,



Figure 1.14
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Figure 1.14: Nilotinib and dasatinib have different critical binding residues in the ABL kinase domain
compared to imatinib

A) Superimposition of nilotinib (purple) bound to AbIM351T (orange), and imatinib (green) bound to Abl (yellow).
Hydrogen bonds within the nilotinib-AbIM351T complex are depicted as dashed red lines, whereas those in the
imatinib complex are shown in black. The variability in the positions of side chains from the C-helix (top right corner)
is due to crystal contacts that influence the position of the N-terminal lobe of the kinase. The methyl-imidazole group
of nilotinib packs in a hydrophobic pocket formed by these residues with the nitrogen exposed to solvent (adapted
from Weisberg et. al. 2005). B) A comparison of the dasatinib-ABL complex (protein and dasatinib carbons, green)
and imatinib-ABL complex (protein and imatinib carbons, pink). Note the different positions of the drugs themselves,
and the activation loop in the two structures. The Phe382 residue in the activation loop (in a dot surface
representation for each complex) shows that imatinib would not be able to bind the active conformation of ABL
because of a clash with Phe382 (as well as other activation loop residues). Dasatinib, however, is able to bind ABL in
both the inactive and active conformations (Tokarski et. al. 2006, Cancer Letters)™*?

1
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Figure 1.15

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 1.15: Differential sensitivity of kinase domain mutations to the
three TKIs — imatinib, nilotinib and dasatinib

The IC50 value was defined as the concentration of inhibitor resulting in a
50% reduction in cell viability. Imatinib: sensitive (£1000nM), intermediate
(s3000nM), insensitive (>3000nM). Nilotinib:  sensitive (<50nM),
intermediate (£500nM), insensitive (>500nM). Dasatinib: sensitive (£3nM),
intermediate (£60nM), insensitive (>60nM). Note that the three drugs have
different sensitivities to different KD mutations (O’'Hare et. al. 2007,
Blood)™*°.
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108

allosteric mechanisms™ . A study of 98 CML patients taking imatinib revealed that 7% had regulatory

domain mutations, while 30% had KD mutations. The T212R mutation in the SH2 domain was found

to decrease imatinib sensitivity by 2.4-fold compared to native BCR-ABL'°.

1.8.3 Upregulation of TKI efflux proteins

Resistance may also be caused by upregulation of TKI-export proteins such as ABCB1 and ABCG2"™"
5127 if the drug is being effluxed from a cell, such that BCR-ABL is not being effectively targeted and
inhibited, then survival and proliferation of the leukaemic cell will continue. Upregulation of ABCB1 and
ABCG2 may be mediated by established cellular mechanisms in response to the TKI, by gain of
function mutations in the promoter region of genes encoding the transporters, or by fusion with
constitutively active enhancer elements as a result of genetic instabilitylzs.

ABCB1 and ABCG2 levels respond to stress signals such as heat shock, inflammation, hypoxia,
exposure to xenobiotics, toxic metabolites, and ultraviolet (UV) radiation®®. Hypoxia causes genomic
instability and is linked to metastasis and tumour growth and the induction of stress-associated genes.
ABCB1 and ABCGZ2 expression increases under hypoxic conditions, which is mediated by the
hypoxia-inducible factor 1 (HIF-1)*®****%_ HIF-1 binds to a site in the ABCB1 promoter (which overlaps
with the GC site playing a role in constitutive expressionm), and in the ABCG2 promoter (at the
proximal hypoxia response element, HRE) leading to the recruitment of transcription factors and thus

56,129,130

gene expression . BCR-ABL induces the expression of functionally active HIF-1 via the PI3-

kinase pathway131

. Thus it is possible that increased BCR-ABL expression in a cell may lead to
upregulation of ABCB1 and ABCG2 through this mechanism. Nakanishi et. al."** found that decreasing
BCR-ABL activity with imatinib caused reduced PI3K-Akt signalling, and decreased ABCG2 cell-
surface expression in a dose dependent manner.

133,134
—an

It has also been demonstrated that ABCBL1 is up-regulated by cyclooxygenase-2 (COX-2)
enzyme that catalyses the conversion of arachidonic acid to prostaglandins and other eicosanoids.
COX-2 is induced by growth factors, cytokines and carcinogens, and its expression is associated with
various cancers. Celecoxib inhibits COX-2, and causes anti-leukaemic effects in K562 cells such as

cell cycle arrest, caspase-3 activation, down-regulation of COX-2 and also down-regulation of

ABCB1™*'®_ |t has been previously shown that bone marrow COX-2 expression is elevated in
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chronic-phase CML and is associated with reduced survival'®*®, which may in part be due to

upregulation of ABCBL1.

The genomic instability associated with CML may also lead to increased efflux protein expression.
Knutsen et. al.**® used fluorescence in situ hybridisation (FISH) in drug refractory ALL-patient samples
to reveal breakpoints between ABCB1 and sequences 500-1,000kb telomeric to it. These
rearrangements resulted in the capture of ABCB1 by (apparently) random, constitutively expressed
genes, and led to increased expression of ABCB1. It was concluded that chromosomal rearrangement
(which was often also followed by gene amplification) may therefore be a mechanism for TKI
resistance observed in drug-selected cell lines, and ALL patients acquiring drug resistance?®.

An intriguing interplay exists between some MDR-ABC transporters, which are able to compensate for
the loss of similar efflux pumps. Several cases exist where the reduction of one transporter modifies
expression of another related proton pump. This has been observed in studies with ABCB1 and
ABCG2, which have overlapping substrate specificitiesse. It was found that ABCG2 was greatly up-

137

regulated in the blood brain barrier of ABCB1-knock-out mice™". It is therefore assumed that some

redundancy of function exists between these transporters, and that expression of one may influence

expression of the other.

1.8.4 BCR-ABL overexpression

107,138,139

Another mechanism of resistance is increased expression of BCR-ABL . This may occur due to

140 107,141

mutations in the promoter region of Bcr-Abl™", duplication of the Ph chromosome , or the

emergence of double minutes carrying Ber-Abl'*

. This leads to increased Bcr-Abl transcription and
translation such that pharmacologically achievable TKI concentrations are too low to effectively inhibit
BCR-ABL "%,

Bcer-Abl is under the control of the BCR promoter, and mutations affecting expression could be ‘in

140 Mutations in

trans’ (affecting both Bcr-Abl and BCR expression) or ‘in cis’ (affecting only Bcr-Abl)
miRNA203 (which down-regulates both BCR-ABL and ABL by a direct interaction with the 3’
untranslated region), may also result in BCR-ABL up-regulationl43.

BCR-ABL overexpression has also been observed to occur through duplication of the Ph

chromosome, and emergence of homogenously staining regions (HSR) or double minutes (dmin)
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carrying Ber-Abl™®"**'. The mechanisms by which such duplications arise are likely to involve genomic

instability, errors in DNA repair and errors in mitosis, in part facilitated by BCR-ABL expression®’°.

1.8.4.1 Homogeneously staining regions and double m  inutes

A HSR is a region of chromosome that contains highly amplified (repeating) DNA sequencesl44. The

term was coined as these regions are observable by FISH as broadly staining regions that can span

144

large areas of a chromosome™". HSR are frequently observed in solid tumour cells, where an

145,146

amplified oncogene (facilitating oncogene overexpression) stains uniformly in FISH . Dmin are

147

small, circular, acentric fragments of DNA and are thought to be closely related to HSR™'. Dmin

frequently carry oncogenes (e.g. KRAS1, MYC, MYCN, NRAS, EGFR, ERBB2 and GLI) and are

transcriptionally active, hence facilitating oncogene overexpression in human cancers'>140148149 Ag

double minutes do not have a centromere, they cannot attach to the mitotic spindle. Consequently,
they segregate randomly into the two daughter cells during mitosis, meaning that the number of
double minutes per cell will vary in a population. If the double minute carries an oncogene conferring
some survival/proliferation benefit, the daughter cell with the most double minutes will have the

selective advantage, and thus the number of double minutes per cell can rapidly increase in a

145

population™. Double minutes carrying ABCB1 have been observed in colchicine-selected multidrug

149

resistant KB cells (a human epidermoid carcinoma cell line)™™, while double minutes carrying Bcr-Abl

142

have been identified as a cause of imatinib resistance in CML blast crisis patients™™. Some groups

145,148,150

believe that dmin are formed by the breakdown of HSR , While others believe HSR are formed

by the integration of dmin®**%,

1.8.5 BCR-ABL independent resistance
Lastly, resistance may be due to the accumulation of other mutations (due to increased proliferation
and genetic instability) that promote proliferation independently of BCR-ABL. Thus, imatinib treatment

may eliminate cells that are dependent on BCR-ABL for survival, leaving those that are BCR-ABL-

3

independent to thrive”®. For example, mutations leading to a constitutively active PI3K/AKT

4 81,125,155,156

pathway'®*, or overexpression of Src kinases (e.g. Hck or Lyn) may cause resistance to

BCR-ABL inhibition.
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It was recently found that conditioned media from imatinib-resistant LAMA84 cell clones was found to
substantially protect imatinib naive LAMA84 cells and primary CML progenitors from imatinib or

nilotinib-induced cell death®’

. This ‘protection’ was found to be mediated by paracrine signalling, as
resistant cells were secreting granulocyte-macrophage colony-stimulating factor (GM-CSF). This
cytokine acted via BCR-ABL-independent activation of the JAK-2/STAT-5 pathway, such that imatinib-
sensitive cells survived drug treatment. AG490 (an inhibitor of JAK-2) prevented STAT-5

phosphorylation, and negated the protective effects of GM-CSF™’

. Interestingly, elevated mRNA and
protein levels of GM-CSF were found in several imatinib-resistant patient samples, however GM-CSF
up-regulation was independent from the BCR-ABL kinase domain mutation status, and was not related
to the CML disease phase at time of resistance. The authors of this study argue that changes in
cytokine expression are easier to achieve in tumour cells than ‘strategic’ mutations, thus paracrine

signalling (in response to imatinib selection) could be an early resistance mechanism before other

mutations arise™’.

Another mechanism of BCR-ABL-independent resistance may involve down-regulation of the
suppressor of cytokine signalling 1 (SOCS1) gene. Saudemont et. al.**® found that dormant tumour
cells show a progressive decrease of SOCS1 expression (in vitro and in vivo) caused by progressive
methylation of the SOCS1 promoter. As SOCS1 inhibits JAK-2, its down-regulation is accompanied by
increased JAK/STAT signalling, which results in resistance to cytotoxic T cell-mediated apoptosis, as
well as resistance to imatinib. Increased JAK/STAT signalling (which is also stimulated by BCR-ABL)
induces interleukin-3 (IL-3) overproduction in dormant cells, thus creating an autocrine loop that
stimulates survival. Saudemont's findings (confirmed by Liu et. al.™) suggest that long-term
persistance of dormant tumour cells may generate more aggressive subclones, which could escape

the immune system and imatinib treatment.

Lastly, it has been demonstrated that imatinib stimulates the PI3K/Akt pathway in BCR-ABL positive

0t is

LAMAS84 cells, as well as primary leukaemia cells in vitro and in a CP CML patient in vivo
thought that this occurs as cells attempt to compensate for the loss of signalling when BCR-ABL is
inhibited, and enables cells to survive in the presence of TKI treatment before developing overt

resistance mutations. Thus, this process appears to be involved in the development of resistance in
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vivo. However, the mechanism by which imatinib activates PI3K/Akt (and whether this is BCR-ABL
dependent) is unknown. Rapamycin (an mTOR inhibitor) and other PI3K inhibitors were found to
synergise with imatinib, causing apoptosis in Bcr-Abl positive cell lines, and in imatinib-resistant cell

lines where KD mutations were presentm.

1.9 Generation of TKI resistance in vitro, and inve  stigating the kinetics and

interplay of resistance mechanism emergence

Le Coutre et. al.**

generated an imatinib-resistant line by culturing LAMA84 cells (human, Ph+ cell
line) in gradually increasing concentrations of imatinib, initiated at 50nM, then increased by 100nM
every 3-4 weeks until reaching 600nM imatinib. The cell line did not harbour any KD mutations, and
ABCB1 mRNA expression had not changed. However, BCR-ABL overexpression was observed, and
FISH analysis confirmed the presence of HSR carrying the fusion gene. Quantitation software
revealed Bcr-Abl copy number had increased from 4 to 14, however no studies were conducted on the

intermediates of resistance development'®.

127 161

Mahon et. al.™" and Barnes et. al.”" generated imatinib-resistant cell lines by culturing human or
murine (respectively) Bcr-Abl positive cells in gradually increasing concentrations of IM at a rate of
100nM every 10 days until reaching 1pM. In the first study, BCR-ABL and ABCB1 overexpression
were noted as mechanisms of resistance, however the kinetics of resistance mechanism emergence
were not investigated127. Barnes et. al."* investigated how BCR-ABL expression levels determined the
rate of resistance development in the 32D murine myeloid cell line. These cells were transfected to
express graded amounts of BCR-ABL, and imatinib-resistance was generated by culture in gradually
escalating drug concentrations. They noted that peak BCR-ABL expression preceded kinase domain
mutations in three imatinib-resistant cell lines, however these murine cell lines were already
expressing high levels of transfected BCR-ABL prior to resistance development. It should be noted
that in vivo studies by Branford et. al."® and Press et. al."® found that a 2—-2.6 fold rise in BCR-ABL
expression correlated with the emergence of KD mutations, however, it has never been clear whether

this is a result of an increase in the number of circulating leukaemic cells, or increased expression of

BCR-ABL per cell, or both.
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1e4 generated imatinib-resistance by exposing KCL-22 cells

A more recent study by Yuan et. al.
(human, CML blast crisis cell line) to a single dose of 1, 1.5 or 10uM IM. After 2 weeks, surviving cells
repopulated the culture. Due to the rapid nature of this resistance production, no intermediate stages
of resistance were examined, and final resistant cultures were found to have kinase domain mutations,
but not BCR-ABL overexpression. Efflux protein expression was not investigated.

%% observed that 7 patients developed KD mutations,

A study of 44 patients conducted by White et. al.
and of these, the majority (6/7) had high levels of ABCB1 expression (i.e. ABCB1 expression levels
above the 75th percentile) prior to the detection of the mutation. Interestingly, ABCB1 overexpression
was reduced when the mutation developed. This raises the interesting possibility that efflux protein

overexpression, resulting in lower intracellular drug concentrations, creates a favourable environment

for KD mutation development.
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1.10 Hypothesis

In human, Bcr-Abl positive CML, resistance mechanism emergence is complex, involving the interplay

of several mechanisms which compete and influence the development of each-other.

1. Partially-protective mechanisms (e.g. efflux protein expression) create an environment that
selects for further mutations (e.g. KD mutations) causing overt TKI resistance in vitro.

2. The kinetics of resistance mechanism emergence in vitro is different for different TKls

3. Resistance mechanism emergence is stochastic in vitro i.e. different resistant mechanisms/KD

mutations will emerge each time an identical cell line is cultured in escalating TKI

1.11 Aims

1. To investigate the interplay and kinetics of three currently identified resistance mechanisms —
BCR-ABL overexpression, KD mutations, and ABCB1/ABCG?2 overexpression.

2. To determine the dynamics of resistance emergence

3. To determine whether different TKis elicit different resistant mechanisms in the same cell line.

4. To determine if specific TKls predispose cell lines to certain resistance mechanisms

To achieve these aims, imatinib and dasatinib-resistant cultures of human, Bcr-Abl positive cell lines
were generated, by gradually-increasing exposure of the cells to TKIs. Eleven TKi-resistant cell lines
were generated (eight imatinib-resistant and three dasatinib-resistant), as well as six cell lines that
were re-escalated in imatinib, dasatinib or nilotinib from key “intermediate” cultures. Intermediate
stages of resistance-development were sampled and analysed to determine the mechanisms
conferring resistance. Using this approach, trends in resistance mechanism emergence were

observed that have therapeutic implications for CML patients.
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Chapter 2:

Materials and Methods
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2.1 Commonly used reagents

Table 2.1 Suppliers of commonly used reagents

Reagent Supplier Catalogue number
0.1IM DTT Invitrogen 18064-014
Acrylamide/Bis solution 40% 37.5:1 ratio Bio Rad 161-0148
Anti-Crkl antibody SantaCruz SC-319
Anti-hBcrpl/ABCG2 R & D systems FAB995P
Anti-rabbit |mmun_oglobulln (alkaline- SantaCruz SC2007
phosphatase-conjugated)
CD243-PE (ABCB1) Beckman Coulter PN IM 2370U
Chloroform Merck 100776B
DABCO Sigma-Aldrich D-2522
DEPC H,O MP Biomedicals Inc. 821739
Dimethyl sulphoxide (DMSOQO) Merck K39661852
dNTPset(N=A,C, G, T) GE Healthcare 27-2035-02
ECF substrate Attaphos GE Healthcare RPN 5785
Ethanol Merck 4.10230.2511
Foetal Bovine Serum (FBS) JRH Bioscienes 12003-500M
Hanks Buffered Saline Solution (HBSS) Sigma-Aldrich H9394
HEPES 1M Sigma-Aldrich HO0887
High Pure DNA Isolation Kit Roche 117 968 28001
IgG2a/2b PE control antibodies Dako Cytomation X0950 / X095101
Isopropanol Ajax Finechem 425-2.5L PL
L-glutamine 200mM SAFC Biosciences 59202C-100ML
Lymphoprep Axis Shield 1114547
Membrane blocking agent GE Healthcare RPN 2125V
Methanol Chem Supply MAOQ04-P
Microscint-20 scintillation fluid Perkin Elmer 6013621
Phosphate Buffered Saline (PBS) SAFC Bioscieces 59331C
Penicillin Streptomycin 5000pg/mL Sigma-Aldrich P4458
Prazosin Hydrochloride Sigma-Aldrich P7791
PVDF (Western blot membrane) GE Healthcare PRN 303F
Random Hexamer Primer Geneworks RP-6
RPMI-1640 Medium w/o glutamine Sigma-Aldrich R0883
Sodium Chloride (NaCl) Ajax Finechem Pty Ltd 1128
Superscript Il Reverse Transcriptase Invitrogen 18064-014
SYBR Green ROX Qiagen PA-012-24
Tagman Master Mix Applied Biosystems 4318157
Tris Merck 1.08382.0500
Trizol reagent Invitrogen 15596-018
Trypan Blue Solution (0.4%) Sigma-Aldrich T8154
Trypsin SAFC Biosciences 59417C
Tween20 Sigma-Aldrich P9416

Vysis Bcr-Abl dual fusion probe

Meta Systems

D-5007-100-0G

2.2 Solutions, buffers and media

2.2.1 Cell culture media
500mL RPMI 1640 Medium

5mL L-Glutamine (200mM)

5mL Penicillin 5000pug/mL / Streptomycin Sulphate 5000ug/mL
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50mL Foetal Bovine Serum (FBS) (10%)

Stored at 4C; heated in 37<C water bath prior to u se

2.2.2 Tyrosine kinase inhibitors
2.2.2.1 Imatinib mesylate
Imatinib mesylate (imatinib; Glivec) and **C-imatinib (specific activity 3.394 MBg/mg) were provided by
Novartis Pharmaceuticals (Basel, Switzerland). Stock solutions of imatinib were prepared at 10mM
with distilled water, sterile filtered and stored at -70C. Stock solutions of **C-imatinib were prepared at
1mg/mL with distilled water and stored at -70<C.
2.2.2.2 Nilotinib
Nilotinib (Tasigna) was provided by Novartis Pharmaceuticals. Stock solutions were prepared at
10mM in DMSO and stored at 4C.
2.2.2.3 Dasatinib
Dasatinib (Sprycel) and 4C-dasatinib (specific activity 31.9uCi/mL) were provided by Bristol-Myers
Squibb (Victoria, Australia). Stock solutions of dasatinib were prepared at 10mM in DMSO and stored
at 4. Stock solutions of **C-dasatinib were prepared at 1mg/mL in ethanol and stored at -70<C.
2.2.2.4 100uM 14C-Imatinib mixture (50%)
29.5uL “C-imatinib, 1695.72uM
5uL 10mM imatinib
966pL RPMI medium
Made fresh on the day of use.
2.2.2.5100uM 14C-Dasatinib mixture (50%)
24.4uL “*C-dasatinib, 2049uM
5uL 10mM dasatinib
970.6uL RPMI medium

Made fresh on the day of use.
2.2.3 Prazosin hydrochloride — inhibits OCT-1

Used at 100uM from 10mM stock

10mM stock = 4.2mg/mL methanol
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Made fresh on the day of use.

2.2.4 PSC833 — inhibits ABCB1

Used at 10uM from 8.23mM stock (kindly provided by Novartis Pharmaceuticals).

8.23mM stock = 10mg/mL = 10mg / 500pl 9:1 Ethanol:Tween20, + 500ul water

Made fresh on the day of use.

2.2.5 Ko143 — inhibits ABCG2
Used at 0.5uM from 1mM stock (kindly provided by Dr. John Allen)

Made fresh on the day of use.

2.2.6 Flow cytometry Fixative (FACS Fix)
500mL PBS
5mL 40% w/v Formaldehyde
10g D-glucose
0.1g NaN3

Stored at 4<C.

2.2.7 Freeze Mix
70% Hanks BSS
20% FBS
10% DMSO

Made fresh on the day of use.

2.2.8 Laemmli’s Buffer
50 mMol/L Tris-HCI, pH 6.8
10% glycerol
2% SDS
5% B-mercaptoethanol

0.1% bromophenol blue
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1mM NaVanadate
10mM NaFluoride

Stored in 1mL aliquots at -20C, thawed at RT or briefly in 100C heating block before use

2.2.9 Membrane blocking solution (2.5%)

12.5g Membrane Blocking agent (GE Healthcare, Little Chalfont, Buckinghamshire, United Kingdom)

500mL 1XTBS

2.2.10 SDS-Polyacrylamide Gel

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

MQ H20 12.9mL 6mL

40% Acrylamide oImL 1.26mL

1.5M Tris-HCI 7.5ml 2.52mL

10% SDS 300uL 100pL

10% APS 300uL 100pL

TEMED 18uL 10uL
2.2.11 1xTBS

20 mMol/L Tris-HCI, pH 7.5

150 mMol/L NaCl

2.2.12 1xTBST
20 mMol/L Tris-HCI, pH 7.5
150 mMol/L NaCl

0.1% Tween20

2.2.13dNTPset (N=A, C, G, T)

40uL of each dNTP (25mM stock)
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2.2.14 Random Hexamer Primer
500pg/mL stock

Working stock: 100pug in 200uL DEPC water

2.3 Cell lines

2.3.1 K562
The continuous cell line K562 was established by Lozzio and Lozzio'®® from the pleural effusion of a
53-year-old female with CML in terminal blast crisis. Cells were obtained from the American Type

Culture Collection (Manassas, VA, USA).

2.3.2 K562 Dox
The ABCB1-overexpressing cell line was derived from the K562 line by exposure to doxorubicin®.

Cells were provided by Prof. Leonie Ashman (University of Newcastle).

2.3.3 KU812
The KU812 cell line was established from the peripheral blood of a 38-year-old male with CML in blast
167

crisis™ . Cells were obtained from the American Type Culture Collection (Manassas, USA).

2.4 General Techniques

2.4.1 Tissue culture

All tissue culture was performed in a Class two “biohazard” laminar flow hood (Gelman Sciences).

Cell lines were maintained at a cell density between 8.0x10" and 2x10° cells/mL, depending on the
rate of proliferation, in 25cm?, 75cm” or 175cm’ tissue culture flasks (Greiner, Frickenhausen,
Germany). Culture media was RPMI (Sigma-Aldrich, Castle Hill, Australia) supplemented with
penicillin/streptomycin (Sigma-Aldrich), L-glutamine (SAFC Bioscience) and FBS (Trace Biosciences,
Sydney Australia) as detailed in 2.2 Solutions, buffers and media. Cell cultures were kept in a
37TC/5%CO , incubator, and were counted, and seeded at the above concentrations three times a

week with fresh media (warmed prior to use).
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2.4.2 Cell counts
Cell cultures were gently agitated to ensure cells were suspended throughout media. In a laminar flow
hood, cells were mixed further by pipetting before a 1-2mL aliquot was taken in 2mL tube (Eppendorf,
North Ryde, NSW, Australia). A 10ul aliquot of cells was then mixed with 10ul Trypan Blue (Sigma-
Aldrich), and 10ul of this mixture was loaded onto a haemocytometer counting chamber (Neubauer

Improved, Assistant, Germany) and cell concentration calculated accordingly.

2.4.3 Cryopreservation of cells
Cells were cryopreserved in a “Freeze Mix” of 70% Hanks BSS, 20% FBS and 10% DMSO as detailed
in 2.2 Solutions, buffers and media. Cells were pelleted, resuspended in Freeze Mix at 2x10° cells/mL,
and transferred quickly to cryoampoules (Nalgene, Rochester, NY, USA) before being cryopreserved
using a “Mr. Frosty” container (Nalgene) for a minimum of 4 hours at -70<C. Cryoampoules were finally

stored in liquid nitrogen (-196<C).

2.4.4 Thawing cells
Cells were removed from liquid nitrogen and thawed rapidly in a 37C water bath. In a laminar flow
hood, cells were transferred to a 50mL tube (BD Biosciences, North Ryde, NSW, Australia) and 30mL
warmed culture media was added drop-wise, slowly, with constant mixing. A further 10mL media was
added drop-wise quickly, with constant mixing, and a further 10mL media was poured in. Cells were
then pelleted at 1200rpm for 10mins, and the supernatant discarded. Cells were again resuspended in
50mL warmed culture media, slowly for the first 30mL, and quickly for the last 20mL (as above). Cells
were again pelleted and 40mL of the supernatant discarded. Cells were resuspended in the remaining

10mL, before being counted and placed in incubator.

2.5 Specialised Techniques

2.5.1 Generation of TKI resistant cell lines
Cell lines maintained in liquid culture, as described above (2.4.1), were gradually exposed to
increasing concentrations of imatinib or dasatinib. Imatinib culture was initiated at 100nM, and the
concentration was increased at a rate of 100-200nM every 10-20 days (depending on cell proliferation

and viability) until reaching 2uM (approximately 6.5 month duration). Dasatinib culture was initiated
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and maintained at varying concentrations/rates (K562 Dox initiated in 6nM, and subsequently 12nM,
20nM, 30nM, 40nM, 55nM, 75nM, 100nM, 150nM; K562 initiated in 0.5nM, and subsequently 1nM,
2nM, 3.5nM, 5nM, 10nM, 15nM, 25nM, 50nM, 75nM, 100nM, 150nM) until reaching 200nM
(approximately 9 months). Dasatinib concentration was escalated every 10-30 days, depending on cell
proliferation and viability.
Serial dilutions of imatinib (in Milli-Q water) or dasatinib (in DMSO) were made from 10mM stocks
such that no more than 20ul of drug was ever added to a 50mL cell culture — thus DMSO
concentration never exceeded 0.04%. Parental, ‘naive’ cell lines, and dasatinib solvent DMSO (0.1%)
lines were maintained in parallel cultures as controls.

2.5.1.1 Sampling intermediate lines for analysis
Prior to drug escalation, cells would be harvested from the culture as follows:
2x10° cells for DNA preparation
3x10’ cells to make three TRIzol (Invitrogen Life Technologies, Carlsbad, CA) preparations, frozen for
later RNA extraction.
1.4x10" cells for cryopreservation of 6 ampoules of cells at 2x10° cells/mL
DNA and RNA were stored until all intermediates of a resistant cell line had been collected before

analysis using quantitative DNA-PCR and RQ-PCR

2.5.2 DNA extraction
The High Pure PCR Template Preparation Kit (Roche Diagnostics, Mannheim, Germany) was used to
isolate genomic DNA. Briefly, 2x10° cells were pelleted, and all but 200ul of supernatant (culture
media) aspirated. Cells were resuspended in the remaining 200ul, and transferred to a new, labelled
tube. To this, 200uL of Binding Buffer and 40uL proteinase K solution was added, and the tubes
vortexed. The samples were then incubated for at least 30 minutes in a 72T heating block. Next,
100uL of isopropanol was added and the tube vortexed (at this stage, some samples were stored at -
70C). The mixture was then pipetted into a HighPur e filter in a collection tube, and centrifuged at
8,000rpm for 1 minute. Flow-through was discarded, and 500uL of Inhibitor Removal Buffer was
added before centrifugation at 8000 rpm for 1 minute. The HighPure filter was then transferred to a
clean collection tube, and washed twice with 500uL Wash Buffer (centrifuge at 8,000 rpm for 1

minute). The HighPure filter was then transferred to a clean collection tube, and dried by centrifugation
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at 13,000rpm for 1 minute. The filter was transferred once more to a clean, labelled tube, and 100uL of
pre-warmed Elution Buffer was added to the filter and left for 5 minutes. Tubes were centrifuged at
8,000rpm for 1 minute to collect DNA eluate. The concentration of DNA was then measured using a
NanoDrop Spectrophotometer (Thermo Scientific, Wilmington, DE, USA), and DNA was stored at -

20C.

2.5.3 Quantitative DNA PCR
Master mixes were made for both the GUSB control gene, and Bcr-Abl. The primers and probes used
were as follows:
GUSB Forward primer: 5° GAA AAA ATG AGG ACG GGTACG T 3
GUSB Reverse primer: 5 ATT TTG CCG ATT TCATGACTGA 3
GUSB probe: 5’ATC CCA TGA GCC AAACTG CCACTTACAC 3
K562 Forward primer: 5 TGA CCACGG GACACCTITG ¥
K562 Reverse primer: 5 TTA GTG CAA TCA GAG AAG AAAATCCTT 3
K562 probe: 5’ CTG GCC GCT GTG GAG TGG GTTTTATC 3
KU812 Forward primer: 5 CCC CTA GCC TGT CTCAGATCC T 3’
KU812 Reverse primer: 5 AAC ATG TCACTT TCT TCT GCATGAA 3

KU812 probe: 5" CTG GTG AGC TGC CCC CTG CTT AAA Z

GUSB 1PCR Ber-Abl 1PCR

Master Mix 12.5 Master Mix 12.5
DEPC H,0 9.35 DEPC H,0 8.85
Forward Primer 50uM 0.2 Forward Primer 50uM 0.2
Reverse Primer 50uM 0.2 Reverse Primer 50uM 0.2
GUSB probe 0.25 K562/KU812 Probe 0.75

Once master mixes were made, 22.5uL was pipetted into a 96-well PCR plate as per a setup sheet
(see Appendix 1.1). GUSB and Bcr-Abl standards were prepared in-house and run in every batch
(copy number 10-10° for GUSB plasmid, and 10°-10 for specific cell-line DNA). Salmon sperm diluent
and normal DNA (Bcr-Abl negative) were also used as controls.

In a UV'd cabinet, 2.5uL of standards, cell-line standards, and samples (DNA extractions made above)
were added to the correct wells, and capped with optical cap strips. Samples were run on the ABI

7500 Sequence Detector Instrument with the following cycler conditions:

64



Cycle Number | Temperature (C) Duration (mins)
1 50 2:00
1 95 10:00
95 00:15
45
60 1:00

After completion of the run, wells were checked for evaporation and the plate discarded. Results were

analysed using 7900HT version 2.3 Sequence Detection Systems software (Applied Biosystems).

2.5.4 mRNA extraction
In a laminar flow hood, 350pul chloroform was added to thawed TRIzol (Invitrogen Life Technologies)
preparations and shaken vigorously for 15 seconds. Samples were then incubated on ice for 3mins
before centrifugation at 13,000rpm for 15 minutes. Subsequently, 350ul of the clear, upper layers were
removed into new, labelled tubes. To this, 350ul of ice-cold isopropanol was added, and the tubes
were gently inverted and checked visually for DNA contamination. The samples were then incubated
on ice for 10 minutes, then centrifuged at 13,000 rpm for 10 minutes. The supernatants were then
discarded, and the pellets were washed with 1mL of 75% ethanol and vortexing for 10 seconds. The
samples were then centrifuged again at 6,500rpm for 5 minutes. The supernatants were discarded,
and finally tubes were centrifuged to remove the last traces of ethanol. The pellets were air dried in the
hood for 10-20mins, before 40ul of DEPC water was added to each tube to dissolve the pellets (15
minutes in 55T heat block, or 1 hour at room tempe rature). The concentration of RNA of each sample
was then measured using a NanoDrop Spectrophotometer (Thermo Scientific) and DEPC water was

added to achieve a desired concentration of between 1 and 2ug/ul. RNA was stored at -70C.

2.5.5 cDNA synthesis

Two PCR master mixes were made as follows (see setup sheet in Appendix [.2):
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. 1 sample
RQ-PCR Master Mix (uL)
Mix 1 25mM dNTP 0.4
(2.4uL) | 500pg/mL Random Hexamers 2
Mix 2 5x 1% Strand Buffer 4
(6uL) 0.1M DTT 2

2.4uL of Mix 1 was placed in flat-top PCR tubes, and the volume required for 2ug of RNA was
calculated and added. DEPC water was added to make the volume up to 12uL. PCR tubes were
heated at 65T for 5 minutes in a thermal cycler with heated cover. Tubes were then placed on ice,
and 6uL of Mix 2 was added to each tube. Tubes were then heated at 25T for 2 minutes in thermal
cycler, before placing the tubes on ice and adding 2uL of Superscript Il (Invitrogen Life Technologies).

The samples were reloaded into the thermal cycler with the following program:

Cycle number | Temperature (C) Duration (mins)
1 25 10:00
1 42 50:00
1 70 15:00
1 4 w0

cDNA was stored at -20<C.

2.5.6 RQ-PCR: BCR-ABL transcript quantitation
The cells lines used in this study contain the b3a2 transcript of BCR-ABL, so primers and probes for

%8 These are as follows:

b3a2 and BCR were designed as previously described
BCR Forward bF primer: 5 CCT TCG ACG TCA ATA ACA AGG AT 3’
Reverse bR primer: 5 CCT GCG ATG GCG TTCAC 3

TagMan BCR probe: 5 TCC ATC TCG CTC ATC ATC ACCGACA 3
b3a2 Forward b3 primer: 5’ GGG CTC TAT GGG TTT CTG AAT G 3’
Reverse 3a2 primer: 5 CGC TGA AGG GCT TTT GAACT 3’

TagMan b3a2 probe: 5' CAT CGT CCA CTC AGC CACTGG ATT TAAGC 3
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The standards for each transcript (copy number 10-10° for b3a2, and 10°-10° for BCR) were prepared
in-house, and run in every batch. Master mixes were made using the TagMan Universal PCR Master

Mix (Applied Biosystems, Foster City, CA) as follows:

BCR 1 sample (L) B3A2 1 sample (uL)
TagMan L_Jniversal PCR 125 TagMan L_Jniversal PCR 125
Master Mix ' Master Mix '
DEPC H,0 9.55 DEPC H,0 9.55
Forward primer 50uM 0.1 Forward primer 50uM 0.1
Reverse primer 50uM 0.1 Reverse primer 50uM 0.1
BCR probe 0.25 B3A2 probe 0.25

22.5uL of Master mix was pipetted into the appropriate wells of a 96-well PCR plate (on ice), before
adding 2.5uL of standards (in duplicate) (see setup sheet in Appendix 1.3). Standard wells were
capped before the addition of 2.5uL of cDNA (prepared as above) to the appropriate wells. The PCR
was run in the ABI Prism 7500 Sequence Detection System (Applied Biosystems) with the following

cycler conditions:

Cycle number | Temperature (C) Duration (mins)
1 50 2:00
1 95 10:00
95 15:00
45
60 1:00

After completion of the run, wells were checked for evaporation and the plate discarded. Results were

analysed using the ABI Prism 7500 software (Applied Biosystems).

2.5.7 Sequencing the BCR-ABL kinase domain
Previously designed primers were used for a Long PCR reaction — these are as follows:
ABL kinase Forward primer: 5 CGC AAC AAG CCCACTGTC T3
Exo Reverse primer: 5’CAG GAA TCC AGT ATC TCA GAC GAA 3’
See Appendix |.4 for the position of these primers in relation to the kinase domain of Abl. Master mix

was made for the Long PCR reaction as follows:
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1 sample

Reagent (pL)p
25mM dNTP 0.75
DEPC H,0 18.325
10xBuffer 3 25
25mM MgClI 0.75
ABL kinase Forward primer 0.15
Exo Reverse primer 0.15
Expand Enzyme Mix 0.375

Expand Enzyme Mix and 10xBuffer 3 were used from a kit (Expand Long Template PCR System;
Roche Diagnostics). 23uL of Master mix was placed in flat-topped PCR tubes, and 2uL cDNA

(prepared above) was then added for each sample to be sequenced. Cycler conditions were as

follows:
Cycle number Temperature (T) Duration (mins)

1 94 2:00
94 0:10
10 60 0:30
68 2:00
94 0:10
30 60 0:30
68 2:00
1 68 7:00

1 4 o

* Increase time after cycle 1 by 20 seconds after every cycle.

Long PCR products (1L aliquot) were visualised on a 2% agarose gel (stained with ethidium bromide)
to confirm success of the reaction. The PCR products were then cleaned using an UltraClean™ PCR
Clean-up DNA purification kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA) and diluted 1:4 before
being used as template for conventional sequencing, or chip-based MALDI-TOF mass spectrometry

(Sequenom, San Diego, CA, USA) described previously*®.
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2.5.7.1 Conventional sequencing

For conventional sequencing, Master mixes for the forward and reverse reactions were made as

follows:
Forward reaction Reverse reaction
1 sample 1 sample
Component Component
P (1) P (1)
Big Dye 1 Big Dye 1
Sequencing Buffer 2 Sequencing Buffer 2
Forward primer (50uM) 0.15 Reverse primer (50uM) 0.15
DEPC H,0 5.85 DEPC H,0 5.85

Primers are ABL kinase Forward and Exo Reverse (same as for Long PCR, above). 9uL of master mix
was placed in flat-topped PCR tubes, before adding 1uL of purified Long PCR product. Cycler

conditions were as follows:

Cycle number | Temperature () Duration (mins)
96 0:10
25 50 0:05
60 4:00
1 4 0

The sequencing reaction was then cleaned using the BigDye® XTerminator™ Purification Kit (Applied
Biosystems). Briefly, 45uL of SAM™ Solution and 10pL of Xterminator™ Solution was added to each
sample and vortexed for 30 minutes. Tubes were then centrifuged for 2 minutes at 1000g before being
sent to the sequencing department for in-house sequencing. Results were analysed using Mutation

Surveyor Version 3.24 (© SoftGenetics LLC, 2006).

2.5.7.2 MassARRAY sequencing (Sequenom)
For more sensitive mutation detection (to a level of 1-2% mutant) the Sequenom MassARRAY method
was used. MassARRAY Assay Designer 3.1 (Sequenom) was used to design amplification and
extension primers for 4 multiplex genotyping assays to detect 31 BCR-ABL mutations (see Appendix
1.5 for comprehensive list of mutations). An assay was designed for a region of ABL exon 7 that

contains no known sequence variations (primer extension onto nucleotide 1263, GenBank:
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M14752.1). This assay acts as a control for each multiplex to ensure sample was added to the well.

Rather than using a mixture of 4 terminator dNTPs (i.e. ddNTPs) (iPLEX, Sequenom) in the primer

extension reaction, specific mixes of 2 to 3 ddNTPs were used for each multiplex primer extension

reactions according to the SABER protocolm. This restricts the generation of extension products to

the mutant allele(s) only, increasing assay sensitivity compared to the standard protocol. Reactions

were carried out essentially as described by the manufacturer using TypePLEX reagents (Sequenom).

Briefly, 1ul of PCR product (previously analysed by conventional sequencing, described above) was

used as template in each of the 4 multiplex PCR reactions that amplify an approximately 100 bp

region targeting the mutations of interest (5 pl reaction). PCR cycler conditions were as follows:

Cycle number | Temperature (C) Duration (mins)
1 94 4:00
94 0:20
35 60 0:30
72 1:00
1 72 3:00

Unincorporated ddNTPs were inactivated using shrimp alkaline phosphatase prior to single base

extension onto the mutation site using the extension primers and assay-specific iPLEX terminator

mixes. PCR conditions were as follows:

Temperature Duration
Cycle number
(T) (mins)

1 94 0:30

94 0:05

40 58 0:05

5
80 0:05
1 72 3:00
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All reactions were carried out in a 384-well plate using a C1000 ThermoCycler (Bio-Rad Laboratories,
Hercules, CA, USA). Extension products were desalted using CleanSeq resin and approximately 20nL
was loaded onto each position of a 384-well SpectroCHIP Il preloaded with matrix. SpectroCHIPs
were analysed by a MassARRAY Analyser Compact MALDI-TOF Mass Spectrometer (Sequenom).

Typer4 software (Sequenom) was used to analyse the resulting mass spectra, generating automated
mutation calls using the default computational algorithms for genotyping diploid samples; however as
extension products were not generated for the wild-type allele, manual calling was necessary in some
instances. Manual mutation calling was performed in a blinded fashion, and selected experiments
were analysed by 2 independent operators, with a correlation of greater than 98%. Plasmids
containing mutant BCR-ABL for each of the 23 nucleotides investigated were included in each
experiment as internal standards to monitor assay sensitivity and enable manual calling of low level
mutants. Assay-specific mixes of mutant BCR-ABL plasmids were diluted in plasmid containing wild-
type BCR-ABL to 2, 0.5, 0.2 and 0.05% mutant which were amplified using PCR and included in each
experiment for comparison with experimental samples. The following controls were also included in
each experiment: no template, BCR-ABL amplicons of plasmid containing wild-type BCR-ABL, and the
ABL kinase domain amplified from cDNA of normal donors and Hela cells (BCR-ABL-negative cell
line). Precautions were taken to avoid false positive results; reagents were prepared in a BCR-ABL
naive laboratory using new reagents, primers, water, pipettes, pipette tips and tubes. Reagent mixes
and PCR products generated from experimental samples and controls were added to the reaction
plate in a UV-irradiated hood. Manual calling was performed by optical inspection of the Typer4 Yield
Call Cluster Plot, and patient samples were called positive if the following criteria were met: negative
control samples were clustered close to the origin, mutant plasmid samples showed expected yields
and were positioned discrete from the negative samples, and the yield of the experimental sample was
higher than the lowest mutant plasmid sample with a yield higher than the negative samples, i.e.
mutant plasmid samples may not all be called positive for each experiment - the assay sensitivity of

each particular experiment was estimated by the lowest dilution mutant plasmid called positive.

2.5.8 RQ-PCR: Lyn transcript quantitation

Lyn transcript levels were quantified as a ratio of GUSB transcript levels. The primers used for Lyn

amplification were as follows:
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Forward primer: 5 AAG TTG GTG AAAAGG CTT GG 3

Reverse primer: 5 GCC ACC TTG GTACTG TTG TTA 3’

The primers used for GUSB amplification were as follows:

Forward primer: 5 GAA AAA ATG AGG ACG GGTACG T 3

Reverse primer: 5" ATT TTG CCG ATT TCATGACTG A3’

Primers used for the RANKL control were as follows:

Forward primer: 5 TCA GCC TTT TGC TCA TCT CAC TAT 3’

Reverse primer: 5 CCA CCC CCG ATC ATG GT 3

Master mixes were made for each primer set using the SYBR Green ROX mix (Qiagen, Venlo,

Netherlands) as follows:

1 sample
Reagent (“L)p
SYBR Green ROX mix 5
Forward primer 0.5
Reverse primer 0.5
DEPC water 2

8uL of Master mix was pipetted into the appropriate 0.1mL PCR tube (in cold rack), before adding 2uL
of cDNA (prepared as above, diluted 1/10 in DEPC water) to the appropriate wells. Note, only 1uL of
RANKL cDNA was added to the RANKL control reactions. All samples were run in triplicate, and ‘no
template’ controls were run for each primer set. The PCR was run in the Rotor-Gene 3000 PCR cycler

machine (Corbett Research, Cambridgeshire, UK) with the following cycler conditions:

Cycle number | Temperature (C) Duration (mins)
1 50 2:00
1 95 15:00
95 00:15
48 60 00:26
72 00:10
1 72 00:30
Melt: Ramp from 72T — 99T, rising by 1 each ste p.
Wait for 15 seconds on first step, then wait for 5 seconds
for each step afterwards.
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After completion of the run, PCR tubes were discarded. Results were analysed using the Rotor-Gene
6.1.93 software (Corbett Research) and a standard curve previously generated was used for analysis

each time.

2.5.9 IC50 assay and Western blot
Western blot assays for p-Crkl were performed as previously described®®. Briefly, 2x10° Bcr-Abl
positive cells were incubated for 2 hours at 37C with concentrations of imatinib ranging from OuM to
200uM, dasatinib ranging from OuM to 30,000uM or nilotinib ranging from OuM to 50,000uM. Following
incubation, cells were washed once with cold phosphate-buffered saline (PBS) and lysed in Laemmli's
buffer by boiling for 12 minutes. Lysates were clarified by microfugation and stored at —20<C. Protein
lysates were resolved on a sodium dodecyl sulfate (SDS)/10% polyacrylamide gel and
electrophoretically transferred to polyvinylidenefluoride (PVDF) (GE Healthcare). Following blocking,
the membrane was probed with anti-Crkl antibody (Santa Cruz Biotechnology, Santa Cruz, CA), then
anti-rabbit 1gG secondary antibody (alkaline-phosphatase conjugated)(Santa Cruz). Protein bands
were detected with ECF substrate (GE Healthcare) and analyzed by Fluor Imager analysis (Molecular
Dynamics. Sunnyvale, CA). Signals were quantified using Image Quant software (Molecular
Dynamics), and the ratio of p-Crkl to Crkl was determined using Image Quant analysis. IC50 values
were determined as the dose of drug required to reduce levels of p-Crkl by 50%. To determine the
IC50 when ABCBL is blocked, assays were conducted in the presence or absence of 10uM PSC833

(provided by Novartis Pharmaceuticals).

2.5.10 Flow cytometry

2.5.10.1 Measurement of ABCB1/ABCG2 cell-surface ex pression.
1x10° cells (for isotype control) or 5x10° cells (for experimental samples) were incubated for 40mins
on ice in 250ul Hanks Balanced Salt Solution (Ca’™™ and Mg™" free; Sigma-Aldrich) medium
supplemented with 10mM Hepes (Sigma-Aldrich) with either 5uL of the mouse 1gG2a/2b PE control
antibodies (Dako), 20pL of ABCB1 PE (Beckman Coulter) or 20pL of ABCG2 PE (Jomar Bioscience)
antibodies. Cells were then washed twice with the Hanks-Hepes solution, before being resuspended in
250ul FACS Fix (as described in 2.2.9). Cells were protected from light and refrigerated until analysis

on flow cytometer.
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2.5.10.2 Cell viability
Cell viability was measured by staining cells with both 7-Amino-actinomycin D (7-AAD) and Annexin V,
and analysing using a flow cytometer. 7-AAD is excluded by viable cells, but can penetrate cell
membranes of dying or dead cells where it intercalates into double-stranded nucleic acids. Annexin V
is a Ca""-dependant phospholipid-binding protein that binds to phosphatidylserine residues on the cell
membrane. In normal cells, these residues are located on the inner surface of the cell membrane, and
are therefore inaccessible to Annexin V. However, at an early stage of apoptosis, the
phosphatidylserine residues are translocated to the outside of the cell, marking irreversible
commitment to death by apoptosis. The residues are then available to be bound by Annexin v,
Cells were washed and resuspended in fresh culture media to remove traces of drug, before being
cultured in quadruplicate in a 24-well plate. 1mL cultures were seeded at 1x10° cell/mL, and TKI was
added. Imatinib, dasatinib and nilotinib were serially diluted in an appropriate solvent (water and
DMSO respectively) before being added to each well. It should be noted that the volume of TKI added
never exceeded 5pL, as this volume of DMSO is toxic to cells in ImL media. A zero drug control (in
sextuplet) was always included, as well as a 5uL DMSO only control where appropriate. The 24-well
plates were placed in sterilised cake-boxes, and incubated (37C/5%CO ,) for three days before
staining to observe cell-death.
The probes were thawed in darkness on ice, before being diluted in Staining Buffer (Hanks BSS,
10mM Hepes). 7-AAD (Invitrogen) was used at 0.1uL in 39.9uL Staining Buffer per sample, while
Annexin V (BD Biosciences) was used at 1L in 9uL Staining Buffer per sample.
To make the Annexin V positive control, 1mL of zero drug culture was added to an equal volume of
DMSO in a 5mL FACS tube, and incubated at room temperature (RT) for 10 minutes. The cells were
then washed twice in 2mL PBS (all centrifugation in this method was at 2700rpm for 2 minutes). The
cells were then washed once in 2mL Staining Buffer, supernatant (SN) was removed, 10uL Annexin V
(made above) was added, and the tube was incubated at RT for 15 minutes in darkness. Lastly, the
cells were resuspended in 400uL Staining buffer and the tube stored on ice. To make the 7-AAD
positive control, 1mL of zero drug culture was added to 2mL cold ethanol (70%) in a 5mL FACS tube,
and incubated on ice for 10 minutes. The cells were then washed twice in 2mL PBS, and once more in
2mL Staining Buffer. Finally, SN was removed, 40uL 7-AAD (made above) was added, and the tube

was incubated at RT for 15 minutes in darkness. Lastly, the cells were resuspended in 400uL Staining
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Buffer and the tube stored on ice. For the negative staining control, 1mL of zero drug culture was
washed with 1mL of Staining Buffer in a 5mL FACS tube. The SN was removed, and cells were
resuspended in 400uL Staining Buffer before placing the tube on ice.

For the experimental samples, 1mL of cell culture for each drug concentration (including zero drug
control) was transferred to individual FACS tubes, centrifuged and SN removed. Cells were washed
once in 1mL Staining Buffer, and SN removed. Next, 40uL of 7-AAD and 10uL of Annexin V (made
earlier) were added to each tube. Tubes were incubated at RT for 15 minutes in darkness. Cells were
resuspended in 400uL Staining Buffer and tubes were kept on ice before flow cytometry analysis

(within an hour).

2.5.11 Intracellular Uptake and Retention (IUR) ass ay
The IUR assay was performed as previously described'’®. In brief, 200,000 cells (washed and
resuspended in fresh media to remove traces of drug) were incubated for 2 hours at 37C/5%CO , in
the presence of varying concentrations of imatinib or dasatinib (50% 14C-mixtures), ranging from OpM
to 2uM. After incubation the cellular and aqueous phases were separated and incorporation
determined using a Top Count Microplate Beta Scintillation counter (Perkin Elmer, Boston, MA)
following the addition of Microscint20 scintillation fluid (Perkin Elmer). All assays were performed in
triplicate and repeated if the assay demonstrated nonconcordance. The IUR was analyzed in K562
cells as a control for reproducibility in all assays. Where the K562 assays fell outside of the 95%
confidence limits, the assay results were not included and the assay was repeated. To measure OCT-
1 activity, and the IUR when ABCB1 was blocked, the assay was conducted in the presence of 100uM

prazosin or 10uM PSC833 respectively.

2.5.12 Cytogenetic analysis

2.5.12.1 Fluorescence in situ hybridisation (FISH)
FISH was performed using Vysis LS| BCR-ABL dual colour, dual fusion probes according to the
manufacturer’s instructions. Briefly, 1x10°%1x10" cells were harvested from culture, centrifuged for 5
minutes at 1400 rpm, and all but ImL SN aspirated. Cells were resuspended in remaining 1mL media,
and to this 100uL of 10ug/mL colcemid (GIBCO KaryoMAX, Invitrogen) was added. The cells were

then incubated (37C/5%CO ,) for 30 minutes. Note: for Metaphase FISH, cells were first incubated in
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100uL ethidium bromide for 40 minutes before the addition of coldemid. Fresh fixative (3:1
methanol:glacial acetic acid) was prepared and refrigerated, while fresh 0.075M KCI was prepared
and warmed in 37C heating bath. Cells were pelleted (10 minutes at 1000rpm) and SN aspirated.
Cells were resuspended in 8mL of warmed KCI, before incubation for 30 minutes (37°C/5%CO ;). Next,
1mL of cold fixative was added to each tube and mixed by inverting several times. Cells were pelleted
(10 minutes at 1000rpm) and SN aspirated. Cells were then washed three times in 10mL of cold
fixative, and finally resuspended in 1mL of cold fixative. Using a Pasteur pipette, approximately 20uL
of cells were dropped from a height of approximately 20cm onto labelled glass slides (polysine coated)
and allowed to air-dry before storage at 4C in dar kness. Each chamber of the Hybaid Omnislide
Humidity Chamber (Pegasus Scientific Inc.; Rockville, MD, USA) was filled with 10mL MQ H,O, and
temperature set to 37<C. Next, 20xSaline-Sodium Cit rate buffer (SSC; 3M NacCl, 0.3M sodium citrate,
pH 7) was diluted with MQ H,O 1:10 to make 2xSSC. RNase (stock concentration 1mg/mL) was
diluted in 2xSSC to make a 100ug/mL working stock. 100uL of the RNase treatment was placed on
the fixed cells on the glass slides, and a 22x50mm coverslip was placed on top. Slides were incubated
for 1 hour at 37T in the Omnislide Humidity Chamber (Pegasus Scientific Inc.). After incubation,
coverslips were removed from the slides, and the slides were washed with 2xSSC in a Coplin jar.
Slides were then dehydrated by brief rinses in ice-cold 70%, 90% and finally 100% ethanol. The slides
were then air-dried on an Omnislide rack (Pegasus Scientific, Inc.). The Omnislide Humidity Chamber
(Pegasus Scientific, Inc.) was warmed to 70C while probe mix was prepared. To make 10uL probe
mix per slide: 7uL Hybridisation mix, 2uL MQ H,O, 1puL probe. Probe mix was flicked to mix
ingredients, and microfuged. 10uL of probe mix was then added to each slide, and covered with a
22x22mm coverslip avoiding air bubbles. Slides were placed in the Humidity Chamber (Pegasus
Scientific Inc.) and incubated for 10 minutes at 70C, then 37C overnight (O/N). Coverslips were
removed, and slides were washed thrice for 10 minutes in 0.1%SSC at 60<C in the Hybaid Omnislide
Wash Module (Pegasus Scientific Inc.). Next, slides were rinsed in MQ H,O in a Coplin jar, and air-
dried on a slide rack in darkness. Lastly, a Pasteur pipette was used to add one drop of Antifade
(0.018g DABCO, 100pL Tris 20mM, 900uL glycerol) onto the slides, and a 22x50mm coverslip was

applied. Slides were kept in darkness at 4C until analysis with a fluorescence microscope.
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2.5.12.2 Karyotyping
For conventional cytogenetic analysis, log phase cultures were treated with 0.1ug/mL colcemid
(GIBCO KaryoMAX, Invitrogen) and 0.075M KClI, followed by fixation in 3:1 methanol:acetic acid. The
fixed cell suspension was dropped onto microscope slides and the metaphase cells were analysed by

microscopy after G-banding using trypsin and Leishman’s solution.

2.5.13 Statistics
Figures were developed using GraphPad Prism 5.01 © software (GraphPad Software Inc.) or
Microsoft Office Excel 2003 (Microsoft Corporation). Column graphs represent the mean plus the
standard error of the mean (SEM), or plus the standard deviation (SD) as indicated. The Student’s T-
test was used to determine statistical differences between experimental groups where the data sets
passed the normality and equal variance tests. Differences were deemed statistically significant when

the probability value (P-value) was less than 0.05.
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Chapter 3:
Imatinib resistance in the K562 cell line is

mediated by BCR-ABL overexpression

78



3.1 Introduction

3.1.1 Adherence and dose-interruptions
Imatinib mesylate was specifically designed to inhibit the ABL kinase domain of BCR-ABL. However, it
is also known to bind and inhibit the normal Abelson (ABL) protein, Arg (ABL-related gene) protein,
stem cell factor receptor (Kit), the macrophage colony stimulating factor receptor, c-fms, and platelet-

16,23,173,174. As these

derived growth factor receptor a and  (PDGFRa and PDGFR) tyrosine kinases
and other targets are inhibited by imatinib, patients taking this drug may experience various side-

effects, including epiphora and periorbital edema (excessive tear production and fluid retention around

175 177

the eyes)'”, severe nausea and vomiting'’®, or various dermatological conditions'’’. Due to the
discomfort imatinib mesylate causes in many patients, compliance (that is, adherence to an imatinib
dosage regime) may be affected. Economic and social factors, as well as complacency, may also

result in non-adherence'’®, while pregnancy will cause some female patients to stop treatment®®.

The ADAGIO study (Adherence Assessment with Glivec: Indicators and Outcomes) assessed
adherence in 169 patients (recruited from centres in Belgium) prospectively over a 90-day period. One
third of patients were considered to be non-adherent, and only 14.2% of patients were perfectly

adherent (taking 100% of prescribed imatinib)179

. Furthermore, this study revealed that of the patients
who achieved a suboptimal response (defined as incomplete haematologic® response at 3 months;
minor cytogenetic responsef at 6 months; and less than major molecular response® at 18 months, or
loss of major molecular response) significantly more were non-adherent (23.2%) compared with
patients with optimal response (7.3%, P=0.005). Thus, dose interruptions frequently occur during

imatinib therapy, and there is evidence for a correlation of non-adherence with suboptimal

responsem.

3.1.2 Suboptimal kinase inhibition
In patients receiving imatinib therapy, the median peak and trough plasma concentrations of imatinib

are approximately 4uM and 2uM respectively, and these levels are variable between patientslso. This

¢ Complete haematological remission/response (CHR) is defined by normalization of the white blood cell counts.

f Complete cytogenetic remission (CCyR) indicates the absence of the Philadelphia chromosome (Ph) in 20 metaphases on
classical karyotyping performed on the bone marrow, and portends favourable prognosis if achieved within 18-24 months of
starting therapy with tyrosine kinase inhibitors. Partial cytogenetic remission indicates 1-34% Ph-positive metaphases, and
minor cytogenetic remission is 35-90% Ph-positive metaphases.

9 Major molecular remission (MMR) is defined as a 23 log10 reduction of BCR—ABL transcripts by real-time quantitative PCR.
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variation may be due to a combination of factors such as imatinib absorption, distribution, metabolism
and elimination'®. Cytochrome P450 (CYP) 3A4 is the main enzyme responsible for imatinib
metabolism, and expression/activity of this enzyme varies greatly between patientslso. Furthermore,
protein plasma binding (for example, to albumin and especially al-acid glycoprotein) also affects

bioavailability of imatinib*®".

Patient response is determined by how well imatinib is able to bind and inhibit BCR-ABL. The
|C50matne assay was developed to measure BCR-ABL kinase inhibition in vitro, and is defined as the

concentration of imatinib required to reduce levels of the BCR-ABL adapter protein, p-Crkl, by 50%. In

a study by White et. al.*, patients with a high IC50™™ (i.e. low sensitivity to imatinib) had a

significantly lower probability of achieving cytogenetic and molecular remissions by 12 months. It was
also found that IC50™"™ results inversely correlated with intracellular uptake and retention (IUR) of
imatinib in patient mononuclear cells (as measured by the IUR assay; 2.5.11)39. Low IUR of imatinib

may be mediated by factors intrinsic to the patient, such as drug metabolism, protein plasma

bindinglso'ml, or low OCT-1 activity, as OCT-1-mediated transport is the primary mode of active uptake
of imatinib into cells*. Indeed, OCT-1 activity has been shown to be predictive of long-term patient

182

outcome™". Low IUR may also be mediated by ABCB1 and/or ABCG2 cell surface expression, as

these proteins are responsible for imatinib efflux’"> ">’

. Non-adherence to the prescribed imatinib
dosage would also lower peak imatinib plasma levels, thereby likely contributing to suboptimal IUR in

leukaemic cells.

Thus, inadequate BCR-ABL kinase inhibition causes suboptimal response, and evidence suggests this

may lead to resistance development.

3.1.3 Generation of imatinib-resistant cell lines
The generation of drug-resistant sub-clones has long been observed in the context of antibiotic-
resistant bacteria'®®. Overuse and suboptimal dosage of antibiotics in the human population has led to

the development of multi-resistant bacteria. Suboptimal dosage often results when patients cease a

»184

therapy regimen prematurely due to complacency or because they “feel better™™". In agriculture,

185

animal food is often supplemented with low dose antibiotics™ . Suboptimal dosage is therefore a
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known method of resistance generation, and has been used extensively in the generation of

chemotherapy-resistant cell lines (eg. ovarian cancer cell lines resistant to cisplatin and Taxol,

epidermoid carcinoma cell lines resistant to colchicine etc.)’®*%%%,

I 139 | 127 | 161

Several groups (Le Coutre et. al.”, Mahon et. a and Barnes et. al.”") have previously generated

imatinib resistance in human or murine Bcr-Abl positive cell-lines, by exposing cultures to low-level
(e.g. 100nM), increasing concentrations of imatinib for a prolonged period of time. By gradually

increasing the imatinib concentration in a step-wise fashion (e.g. an additional 100nM every 10 days),

127,139,161

cells became resistant to up to 1uM imatinib . Although this method does not mimic imatinib

dose fluctuations that patient cells may experience through therapy interruptions or non-adherence, it
may reflect the intracellular conditions of a patient with suboptimal IUR (due to plasma protein binding
or low OCT-1 activity) who eventually has dosage escalation to improve his/her IUR*?. Regardless, the

resulting imatinib resistant cell lines generated in vitro displayed resistance mechanisms similar to

127,139,161

those observed in imatinib-resistant patients In each of these studies, BCR-ABL

overexpression was noted as a mechanism of imatinib resistance.

3.1.4 BCR-ABL overexpression

BCR-ABL overexpression may occur due to altered regulation of the Bcr-Abl promoter™*®, duplication

107,141

of the Ph chromosome , or through the emergence of double minutes carrying Ber-Abl**2. When

139 127

imatinib-resistance was generated in vitro by Le Coutre et. al.™, Mahon et. al.™*', and Barnes et.

al.*™®', BCR-ABL overexpression was always accompanied by an increase in Bcr-Abl DNA copy
number. In these studies, Bcr-Abl gene amplification was shown by either Southern blots or
fluorescence in situ hybridisation (FISH). FISH can be used to count Ber-Abl copy number by using a
dual fusion probe that contains probes labelled in red (spanning the Abl locus) and green labelled
probes (which bind the Bcr locus). Overlaying these signals can reveal the presence of Bcr-Abl fusion

139

genes. However, only the study by Le Coutre et. al.™ showed that Bcr-Abl amplification was due to

HSR and not dmin.

HSR are regions of a chromosome that contain highly amplified (repeating) DNA sequencesl44, and

are frequently observed in solid tumour cells where an amplified oncogene stains uniformly in
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FISH'>! HSR and dmin are closely related, as they are both facilitate oncogene overexpression by

145,146

amplification . Dmin are small, circular fragments of DNA that frequently carry oncogenes and are

observed in many different types of human cancers**®**#*%

. As dmin do not have a centromere, they
cannot attach to the mitotic spindle, and are distributed to daughter cells randomly during mitosis. The
amplification of an oncogene due to dmin can therefore occur rapidly in a population, as cells carrying

high numbers will have a selective advantage and outgrow other clones**. Dmin carrying Bcr-Abl

have been identified in imatinib-resistant CML patients'**. It is unclear whether the breakdown of HSR

145,148,150 151-153

gives rise to dmin , or if chromosomal insertion of dmin gives rise to HSR

3.1.5 The K562 cell line
The erythroleukaemia K562 cell line was established by Lozzio and Lozzio'® in 1975 from the pleural
effusion of a 53-year-old female with CML in terminal blast crises. The woman was in her fourth year
from CML diagnosis, and had previously been treated with busulfan for 3 years and pipobroman for 1
year. Busulfan and pipobroman are both alkylating agents that slow tumour growth by cross-linking
guanine bases in DNA double-helix strands, preventing DNA replication and cell division. Both drugs

provide symptomatic relief, but are not curative™®**,

The pleural fluid was collected with heparin, and aliquots of 1.5-2x10" cells were diluted with Eagle’s
minimal essential medium (MEM) plus additional amino acids and 15% foetal bovine serum (FBS). All
cultures were kept at 37TC/5%CO ,, and were counted and diluted in fresh media weekly. The cell line

was named CML-1 K-562°¢,

This was the first human, CML cell line in which the Ph chromosome persisted after prolonged in vitro

culture (3% years, 175 serial passages). K562 cells also contain a second reciprocal translocation

166

between the long arms of chromosome 15 and 17 (acrocentric chromosome t(15;17)) and an

unidentified marker chromosome composed almost entirely of Ber-Abl fusion genes™®**%%. Additional

Bcr-Abl copies are harboured on a der(2)add(2)(g33) chromosome'*®

. K562 cells were successfully
grafted into nude mice, where they formed solid tumours. Analysis of the tumours revealed cells were

near triploid and retained the Ph chromosome™*,
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3.2 Approach

3.2.1 Generation of imatinib-resistant cell lines
In general, this study aims to investigate the mechanisms of resistance development (and the kinetics
of these events) in human, Bcr-Abl positive cell lines. Therefore, imatinib resistant cell lines were

generated in vitro, and the intermediate stages of resistance were analysed.

Imatinib resistance was generated using the principle that suboptimal dosage (i.e. chronic low
intracellular drug concentrations and inadequate kinase inhibition) will allow leukaemic cells to survive
and proliferate in the presence of imatinib™’****_If dosage is escalated slowly enough, this will allow
enough time for the emergence of mutant clones (that are mildly resistant to imatinib) and their
selection and expansion. A subset of this mildly-resistant population may harbour further
mutations/resistance mechanisms that make them more resistant than the bulk population. Thus,
every dose escalation will, in theory, select and expand the most imatinib-resistant clones, resulting in

the generation of an overtly resistant cell line.

The K562 cell line was chosen for this study, as it has no kinase domain mutations (Figure 3.1), nor
overexpression of ABCB1 and ABCG2 (Figure 3.2 & 3.3) . The K562 cell line is also the parental line
of the K562 Dox (ABCB1 overexpressing) cell line. Thus, to be able to compare resistance mechanism
emergence in the presence or absence of a drug efflux protein (such as ABCB1), both the K562 and
K562 Dox cell lines (see Chapters 4 and 5) were used for tyrosine kinase inhibitor (TKI)-resistance

generation

Cultures of K562 cells (obtained from the American Type Culture Collection (Manassas, VA, USA)
were passaged in our laboratory for no more than 4 months before resistance generation was
commenced. K562 cultures were initiated in 100nM IM, or maintained long-term in the absence of
drug as a control (named K562 Naive cells). IM was serially diluted in Milli-Q water from a 10mM stock
solution. Drug concentration was increased by 100-200nM approximately every 20 days, until reaching
2uM IM (approximately 7 month total duration). In patient plasma, peak and trough concentrations of
imatinib are approximately 4uM and 2uM respectivelylso. Therefore, 2uM imatinib was chosen as the

final ‘resistant’ concentration, as this is pharmacologically relevant.
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Figure 3.1: The K562 Naive cell line does not carry  any BCR-ABL kinase domain mutations

1x10’ K562 cells (passage 44) were harvested, pelleted and resuspended in TRIzol reagent. RNA was extracted
from the TRIzol solution and used as a template for cDNA synthesis. A Long PCR was then conducted to amplify
the product, and conventional sequencing of the BCR-ABL kinase domain was conducted. Shown is an example
“screen shot” of Mutation Surveyor Version 3.24, where the kinase domain of the K562 Naive cell line was
sequenced and analysed from residue 309 to 338. Each peak represents a DNA base (A = Adenine; C = Cytosine;
G = Guanine; or T = Thymine) in the 5’-3’ direction of the ABL sequence. Note the sequence from the K562 Naive
cell line exactly matches exactly with the ABL reference sequence, indicating the lack of mutations in this cell line.
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Figure 3.1
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Figure 3.2
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Figure 3.2: ABCB1 cell-surface expression in the IM 1 and IM2
resistant cell lines

K562 Naive and resistant cells were harvested and stained with either an
isotype control antibody or the PE ABCBL1 antibody. After a 45 minute
incubation with the antibody, the cells were washed and analysed by flow
cytometry. No ABCB1 expression could be detected in either the Naive or
resistant cell lines. Histogram is representative of 3 experiments.
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Figure 3.3
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Figure 3.3: ABCG2 cell-surface expression in the IM 1 and IM2
resistant cell lines

K562 Naive and resistant cells were harvested and stained with either an
isotype control antibody or the PE ABCG2 antibody. After a 45 minute
incubation with the antibody, the cells were washed and analysed by flow
cytometry. No change in ABCG2 expression could be detected when

comparing Naive and resistant cell lines. Histogram is representative of 3
experiments.
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Two imatinib-resistant K562 cell lines were generated. The first IM-resistant K562 cell line (named
K562 2uM IM1) was escalated as follows: 100nM, 200nM, 300nM, 400nM, 500nM, 700nM, 900nM,
1.1uM, 1.5uM, 2uM. At the 400-500nM intermediate stages, it was noted that proliferation rate was
increasing and cells became able to withstand larger increases in drug concentration. Accordingly,
dose escalations became larger (eg. 200nM, 400nM, and finally 500nM) to reach the final
concentration of 2uM IM after 7 months.

The second IM-resistant K562 cell line (named K562 2uM IM2) was escalated as follows: 100nM,
200nM, 300nM, 450nM, 600nM, 800nM, 1.4uM, 2uM. Fewer intermediates and larger dose
escalations resulted in the 2uM IM2 concentration being reached sooner (less than 6 months). A

parental, imatinib-naive culture was maintained in parallel as a control, named K562 Naive.

3.2.2 Analysis of imatinib-resistant cell lines
As the study progressed, the kinetics of resistance-mechanism emergence became of great interest.
Thus, samples were collected at each point of dose escalation to make DNA and RNA for later
analysis. BCR-ABL expression in intermediates could therefore be measured by RQ-PCR, as could

the mutation status of the kinase domain.

Viability of these cells in the presence of imatinib was measured by trypan blue analysis, and flow
cytometry. Cells were washed to remove traces of imatinib from media, and cultured in a range of
imatinib concentrations for three days, before counting or staining dying and apoptotic cells with
Annexin V and 7AAD. This enabled direct comparison of the viability in the IM-resistant cell lines with
the K562 Naive control, when exposed to imatinib. |C50matne assays were conducted to measure the
extent of BCR-ABL kinase activity inhibition occurring by measuring levels of p-Crkl. Crkl is a direct
BCR-ABL target, and it has been demonstrated that there is a direct correlation between the presence
of BCR-ABL and the phosphorylation status of Crki*’. The 1C50™""™ is therefore defined as the
concentration of imatinib required to reduce levels of p-Crkl by 50%. Intracellular uptake and retention
(IUR) assays were used to investigate the amount of imatinib being internalised and retained in the
cells. By the addition of prazosin (a potent OCT-1 inhibitor) the OCT-1 activity was also measured.

The resistant cell lines were also screened for ABCB1 and ABCG2 cell surface expression by flow

cytometry. Furthermore, interphase fluorescence in situ hybridisation (FISH) using a dual fusion Bcr
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and Abl probe enabled copies of the fusion gene to be visualised in fixed cells. Metaphase FISH and
karyotyping was used to determine the presence of Bcr-Abl on specific chromosomes, while DNA

PCR allowed for quantification of Bcr-Abl DNA copy humber.
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3.3 Results

Two K562 2uM IM-resistant cell lines were generated by long-term culture in gradually increasing
concentrations of imatinib. Viability of these cells in the presence of imatinib was measured by trypan
blue analysis, and flow cytometry. Cells were washed by centrifugation in fresh media and cultured in
a range of imatinib concentrations for three days, before counting or staining the dying and apoptotic
cells. Both the IM-resistant cell lines had significantly increased survival compared to the K562 Naive

control (reaching significance at 250nM imatinib for both methods; P<0.02)(Figure 3.4 and 3.5).

The IC50 assay measures levels of BCR-ABL kinase inhibition in the presence of a tyrosine kinase
inhibitor (Figure 3.6). This assay has been shown to be predictive of molecular response in de novo
CML patients, and a high IC50 is indicative of imatinib refractoriness*®. In both the K562 IM1 and IM2
resistant lines, the 1C50 for imatinib (IC50™""™) increased significantly from an average of 6.6uM

(naive control) to 37uM (P<0.0002) and 48uM (P<0.000002) respectively (Figure 3.7 and 3.8 ).

Studies have shown that an increase in the cell-surface expression of ABCB1 (an imatinib efflux
protein) increases the IC50™"™ of Ber-Abl positive cell lines**”**®. As both ABCB1 and ABCG2 are

known to efflux imatinib, the cell-surface expression of these proteins was investigated as a possible

cause of the increased 1C50™"™ However, flow cytometry could not detect any cell-surface

expression of either ABCB1 (Figure 3.2) or ABCG2 (Figure 3.3).

39,40

OCT-1 is the major active influx protein responsible for imatinib transport into cells™ ™. It has been

shown that increased 1C50™"™ in CML patient mononuclear cells is mediated by reduced OCT-1

activity39'52

. Intracellular uptake and retention (IJUR) assays were therefore conducted to determine
whether imatinib IUR or OCT-1 activity had decreased in the K562 IM-resistant cell lines. However,
there was no decrease in the IUR or OCT-1 activity in these cells (Figure 3.9 and 3.10 ). Furthermore,
the addition of PSC833 (an ABCBL1 inhibitor) or Kol143 (an ABCG2 inhibitor) did not significantly
increase the imatinib IUR in either cell line (P>0.3), supporting the finding that no ABCB1 or ABCG2

cell-surface expression was present (Figure 3.9 and 3.10 ).
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Figure 3.4
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Figure 3.4: Viability assay by trypan blue analysis : K562 Naive versus K562 2uM IM1 & IM2 cell lines

Cells were washed and resuspended in fresh culture media to remove traces of drug, before being cultured in a 24-
well plate. 1x10° cells were seeded in 1mL culture medium, and different concentrations of imatinib (serially diluted in
water) were added to each well. A no drug control was always included. The 24-well plates were incubated at
37TC/5%CO ;, for three days before trypan blue cell counts were performed. Counts were normalised to viable cells in
OnM drug control well (100%). Data are presented as mean £SD of at least 3 independent experiments. *P<0.02.
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Figure 3.5

Annexin V & 7AAD staining of K562 cells
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Figure 3.5: Viability by Annexin V and 7AAD stainin  g: K562 Naive versus K562 2uM IM1 & IM2 cell lines

Cells treated as in figure 3.4. Dying and apoptotic cells were stained with both Annexin V and 7AAD, before being
analysed by flow. Live cells were defined as those negative for both Annexin V and 7AAD staining. Counts were
normalised to live cells in the OnM drug control (100%). Data are presented as mean +SD of at least 3 independent
experiments. Inset shows a magnified image of the first three value points. *P<0.01.
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Figure 3.6: Example of a K562 Naive IC50 ™" \Western blot quantification

Cells were incubated for 2 hours at 37C/5%CO , with IM concentrations ranging up to 100uM. Western blot
analysis for p-Crkl was performed as previously described®. Signals were quantified using Image Quant
software (Molecular Dynamics), and the ratio of p-Crkl to Crkl was determined using Image Quant analysis. (A)
Polygons were drawn around each Crkl and p-Crkl band, and blank membrane was also sampled as a
background control. (B) Bands of p-Crkl were measured and graphed as a percentage of the intensity of total
Crkl (i.e. p-Crkl + Crkl intensity = 100%). (C) These percentages are normalised (OpM imatinib is 100% p-Crkl,
100pM imatinib is 0% p-Crkl). The IC50 value is then taken as the concentration of imatinib when normalised p-
Crkl reaches 50% (i.e. IC50™ """ = oM in this case). This blot is shown again in Figure 3.7.
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Figure 3.6
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Figure 3.7
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Figure 3.7: IC50 ™" of the K562 Naive, K562 2uM IM1 and K562 2uM
IM2 cell lines

Cells were incubated for 2 hours at 37C/5%CO , with IM concentrations
ranging up to 100uM. Western blot assays for p-Crkl were performed as
previously described®®. Signals were quantified using Image Quant
software (Molecular Dynamics), and the ratio of p-Crkl to Crkl was
determined using Image Quant analysis. The IC50 value for each blot
(determined as the dose of drug required to reduce levels of p-Crkl by
50%) is indicated above each blot (and with red arrow). IC50 assays were
conducted at least four times, and one representative blot is shown for
each of the three cell lines.
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Figure 3.8
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Figure 3.8: Average IC50 imatinib for K562 Naive, K 562 2uM IM1 and
K562 2uM IM2

IC50 assays determine the concentration of imatinib required to reduce
levels of p-Crkl (a BCR-ABL adapter protein) by 50%. A higher IC50 value
indicates greater resistance to imatinib, while a lower IC50 value indicates
more sensitivity. Data are presented as mean +SEM of data from at least
4 independent experiments. The IC50™ for both K562 2uM IM1 and IM2
were significantly greater than the Naive control (*P<0.0002;
**P<0.000002).

96



Figure 3.9
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Figure 3.9: Imatinib IUR assay: K562 Naive cell lin e versus K562 2uM IM1 cell line

The IUR assay was performed as previously described'’?. Ko143 (0.5uM) inhibits ABCG2, while PSC833 (10uM)
inhibits ABCB1. Prazosin (100uM) is a potent inhibitor of OCT-1, so the OCT-1 activity is calculated by subtracting the
IUR in the presence of prazosin from the IUR in the absence of prazosin. The IM1-resistant cell line had neither a
decreased IUR, nor a decreased OCT-1 activity compared to the Naive control. Furthermore, blocking ABCB1 or
ABCG2 did not result in an increased IUR for either cell line, indicating imatinib efflux by these proteins is not facilitating
resistance. Data are presented as mean +SD calculated from at least three independent experiments.



Figure 3.10
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Figure 3.10: Imatinib IUR assay: K562 Naive cell li
The IUR assay was performed as previously described'’?. Ko143 (0.5uM) inhibits ABCG2, while PSC833 (10uM)
inhibits ABCB1. Prazosin (100uM) is a potent inhibitor of OCT-1, so the OCT-1 activity is calculated by subtracting the
IUR in the presence of prazosin from the IUR in the absence of prazosin. The IM2-resistant cell line had neither a
decreased IUR, nor a decreased OCT-1 activity compared to the Naive control. Unexpectedly, OCT-1 activity is
significantly increased in the IM2-resistant cell line. Blocking ABCB1 or ABCG2 did not result in an increased IUR for
either cell line, indicating imatinib efflux by these proteins is not facilitating resistance. Data are presented as mean +SD

calculated from at least three independent experiments.

ne versus K562 2uM IM2 cell line
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Increased BCR-ABL expression may also increase the concentration of imatinib required to halve

7,40,83

kinase activity . To investigate whether BCR-ABL expression had increased in the IM-resistant cell

lines, RQ-PCR was conducted to quantitatively measure BCR-ABL transcript number (with respect to
the BCR control genel%). RQ-PCR revealed that BCR-ABL/BCR transcript levels significantly
increased in both lines from 178% in naive cells, to approximately 1200% (P<0.0002) and 400%
(P<0.002) in the 2uM IM1 and IM2 cell lines respectively (Figure 3.11). Studies of the intermediates of
resistance development showed a step-wise increase of BCR-ABL expression, before reaching a
plateau (Figure 3.11). The increase in BCR-ABL expression may have been due to a mutation in the
promoter of Bcr-Abl, or an increase in the Bcr-Abl DNA copy number. To distinguish which had
occurred, interphase FISH was conducted using a dual colour probe to visualise the number of Bcr-
Abl fusion genes in naive cells compared to the resistant cell lines (Figure 3.12). From these results, it
appears that the Bcr-Abl copy number has increased in the IM-resistant cell lines compared to the
Naive control, and the spread of fusion signals indicates the presence of dmin. To confirm that
amplification had occurred due to double minutes, the cell lines were karyotyped (Figures 3.13 &
3.14). However, no double minutes were observed in the IM-resistant cell lines. Instead, HSR
harbouring the Bcr-Abl fusion gene were observed using metaphase FISH (Figure 3.15). It was found
that two marker chromosomes carried additional copies of Bcr-Abl in the K562 Naive cell line (Figure
3.13 & 3.15), while a large HSR on chromosome 14 was responsible for amplification in the K562 2uM

IM1 cell line (Figure 3.14 & 3.15). A new marker chromosome with HSR in the K562 2uM IM2 cell line

was the source of Ber-Abl amplification in these cells.

To quantify Bcr-Abl copy number, quantitative DNA PCR was conducted using the house-keeping
gene, Beta-glucuronidase (GUSB), as a reference gene'®. These experiments confirmed that Ber-Abl
copy number had significantly increased in both the IM1 and IM2 cell lines from 101% in naive cells to
721% (P<0.0000003) and 187% (P<0.0005) respectively (Figure 3.16). Sequencing of the kinase
domain did not reveal the presence of any mutations in either of the IM-resistant cell lines, or in the

Naive control cell line.
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Figure 3.11: Intermediate BCR-ABL expression in the IM1 and IM2 resistant cell lines

BCR-ABL expression increased as IM concentration was escalated in the two IM-resistant K562 cell lines, K562 2uM
IM1 (A) and K562 2uM IM2 (B). Samples were taken at intermediate stages of resistance development, and cDNA was
synthesised using the RNA extracted from 1x10’ cells. RQ-PCR was conducted using cDNA as the template, and BCR-
ABL expression was determined as a ratio of BCR expression. Data are presented as mean +SEM from at least 3
independent experiments. AII intermediates are S|%nificantly different from the Naive line (*P<0.000006; **P<0.0007;
++P<0.006; ****P<0.0002; 3P<0.002; P<0.0002; $55P<0.0004; 58%5P<0.0009; $8%58p<0.0007; $5%8%5P<0.0006).
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Figure 3.12
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Figure 3.12: Interphase FISH to identify BCR-ABL fu  sion genes

1x10° cells were harvested from culture and incubated in 100uL colcemid
before being fixed onto glass slides. After RNase treatment, cells were
probed with a dual fusion probe and analysed with a fluorescence
microscope. Shown above are a single, representative K562 Naive cell
(top panel), K562 2uM IM1 cell (middle panel), and K562 2uM IM2 cell
(bottom panel). Becr-Abl amplification in the IM-resistant lines, especially
the IM1 cell line, is evident due to numerous co-localising BCR (green)
and ABL (red) signals.
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Figure 3.13
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Figure 3.13: Karyotype of the K562 Naive cell line

The K562 Naive cell line had undergone over 100 passages as a control
culture. This cell line is believed to harbour multiple copies of Bcr-Abl on
the marker chromosomes indicated with arrows. Also note ploidy of
chromosome 7 which harbours the GUSB reference gene. Karyotyping

conducted by Sarah Moore.
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Figure 3.14: Karyotype of K562 2uM IM1 and IM2 cell  lines

Note multiple marker chromosomes, and large homogeneously staining
region on chromosome 14 in the K562 2uM IM1 karyotype (top). Also note
a new marker chromosome (which may contain a homogeneously staining
region) and additional material on chromosome 7 in the K562 2uM IM2
karyotype (bottom). These abnormalities may harbour additional copies of
Bcr-Abl. Karyotyping conducted by Sarah Moore.
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Figure 3.14
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Figure 3.15
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Figure 3.15: Metaphase FISH to identify markers car  rying Bcr-Abl

1x10’ cells were harvested from culture and incubated in 100uL ethidium bromide,
and subsequently 100uL colcemid, before being fixed onto glass slides. After RNase
treatment, cells were probed with a dual fusion probe and analysed with a
fluorescence microscope. Shown above are a single, representative K562 Naive cell
(top), K562 2uM IM1 cell (bottom left), and K562 2uM IM2 cell (bottom right). Arrows
indicate homogeneously staining regions (HSR) carrying the Bcr-Abl fusion gene. In
the K562 Naive line, the two markers indicated in Figure 3.12 are identified here as
harbouring Ber-Abl. In the K562 2um IM1 cell line, two marker chromosomes as well
as a large HSR on chromosome 14 are found to carry Bcr-Abl (see Figure 3.13). In
the K562 2uM IM2 cell line, the large marker chromosome and one small marker
carry Ber-Abl (see Figure 3.13). Metaphase FISH conducted by Sarah Moore.
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Figure 3.16
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Figure 3.16: Bcr-Abl copy number in the IM1 and IM2 resistant cell
lines

Bcr-Abl copy number (with respect to the GUSB control gene) had
increased in the two IM-resistant K562 cell lines. DNA was extracted from
the three cell lines using a High Pure PCR Template Preparation Kit
(Roche Diagnostics, Mannheim, Germany). The DNA was used as a
template in quantitative DNA PCR, performed in duplicate for each
experiment. Data are presented as mean +SD from at least 3 independent
experiments. Both IM-resistant lines were significantly different from the
Naive line (*P<0.0000003; **P<0.0005).
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3.4 Discussion

Two IM-resistant K562 cell lines were generated by long-term exposure to gradually increasing
concentrations of imatinib. Several mechanisms of resistance were considered and systematically

excluded.

Firstly, to determine whether resistance was BCR-ABL dependent or independent, IC50 assays were
conducted. In BCR-ABL-independent resistance, alternative oncogenic pathways have emerged that
drive proliferation and inhibit apoptosis independently of BCR-ABL kinase activity and its downstream

effect5154,156,197

. In theory, the BCR-ABL kinase may be effectively inhibited by a TKI in such cases (ie.
cells appear to be sensitive when measured by the IC50 assay which measures the level of kinase
inhibition via the BCR-ABL surrogate, p-Crkl), yet the cells would still survive due to mutations in other
genes that have accumulated. Therefore, if the resistance mechanism in the K562 2uM IM1 and IM2
lines was exclusively BCR-ABL-independent (e.g. Src kinase overexpression) then we would expect
no change (or a decrease) in the IC50™* " despite increased viability in imatinib. However, both IM-
resistant lines had an increased viability in imatinib compared with the Naive control (shown with both
trypan blue analysis and flow cytometry) as well as a 5-7 fold increase in IC50™"™ This indicated that

the mechanism of resistance was dependent on BCR-ABL, and may therefore include KD mutations,

overexpression of the tyrosine kinase, or alteration of imatinib influx/efflux proteins.

It should be noted that IC50 values obtained by the p-Crkl assay (e.g. 6.6uM, 37uM and 48uM for
K562 Naive, 2uM IM1 and 2uM IM2 respectively, Figure 3.8) are much higher than the concentration
required to reduce the number of live cells by 50% in a 3-day viability experiment (e.g. approximately
400nM, 3700nM and >4000nM for K562 Naive, 2uM IM1 and 2uM IM2 respectively, Figure 3.4). This
is because lower concentrations are sufficient to induce cell death when there is prolonged drug

19819 There was also a

exposure (i.e. low level but ‘long term’ BCR-ABL kinase-inhibition can kill cells)
notable disconcordance between trypan blue analysis and flow cytometry analysis of 3-day viability
experiments (compare Figure 3.4 & 3.5). By trypan blue analysis, the K562 Naive cell line was below
10% viability in the presence of 2000nM imatinib, but by flow cytometry the K562 Naive cells had

reached a plateau of 60% in the presence of 2000nM imatinib. This is likely due to aberrant counting

of dead cell fragments by the flow sorter machine.
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To investigate whether mutations in the kinase domain of BCR-ABL were preventing imatinib from
binding, the kinase domain was sequenced (see Chapter 2, section 2.5.7). However, no mutations
were detected in either cell line. Mutations in other domains (e.g. Linker, SH3-SH2 or Cap domains)

cannot be excluded, but these are much rarer.

Blockade of OCT-1 activity with prazosin (a potent OCT-1 inhibitor) allows for determination of the
amount of active imatinib uptake and retention for which OCT-1 is responsible. This is termed OCT-1
activity, which is calculated as the (IUR in 2uM imatinib) — (IUR in 2uM imatinib with prazosin). In
patients, low OCT-1 activity is predictive of suboptimal response, as less imatinib is entering and being
retained in the cells to mediate kinase inhibition®*. To determine whether the two IM-resistant cell lines
had acquired a resistance mechanism involving the OCT-1 transporter, IUR assays were conducted. If
the high IC50 values were due to suboptimal IUR, we would expect to see a decrease in imatinib IUR
in the resistant cells, coupled with a decrease in the OCT-1 activity. There was no decrease in the IUR
or OCT-1 activity in these cells (Figures 3.9 and 3.10 ). Furthermore, if ABCB1 or ABCG2 efflux was
playing a role in imatinib resistance, we would expect that blocking these proteins (with PSC833 and
Ko143 respectively) would cause an accumulation of intracellular imatinib i.e. an increased IUR.
However, no significant increase in IUR could be detected in either the IM-resistant lines or the Naive
control, confirming that neither influx nor efflux of imatinib was playing a role in imatinib resistance.
This was supported by the fact that no expression of ABCB1 and/or ABCG2 was detectable by flow

cytometry.

Notably, the imatinib IUR was significantly higher in the K562 2uM IM1 cell line (at 1pM and 2uM)
compared to K562 Naive cells, even though the OCT-1 activity was not significantly different (Figure
3.9). Therefore, this increase in imatinib IUR may be due to passive uptake in the K562 2uM IM1 cell
line. As BCR-ABL is overexpressed in the K562 2uM IM1 line, more intracellular imatinib will be
bound, and the passive movement of imatinib across the plasma membrane may be skewed toward
influx, resulting in increased intracellular concentrations of imatinib. Conversely, the K562 2uM IM2
cell line had significantly higher OCT-1 activity than the Naive control, which likely mediated the

significantly increased imatinib IUR in these cells at 2uM (Figure 3.10). Although this is unexpected in
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a cell line with a high 1IC50™"™ it illustrates that whatever mechanism is conferring resistance, is able

to tolerate an increased intracellular imatinib concentration.

Next, BCR-ABL/BCR expression was investigated as a possible resistance mechanism. Here we
found a significant increase in both lines from 178% in naive cells, to approximately 1200% and 400%
in the resistant cell lines. This overexpression was found to be due to a significantly increased copy
number of Bcr-Abl/GUSB, and could be visualised by observing the number of fusion signals in
interphase FISH. In interphase, the chromatin is loosely structured and ‘spread out’ to enable
transcription of genes. This usually allows the number of probe signals to be counted when interphase
cells are observed in FISH. In metaphase FISH, chromatin is condensed allowing individual
chromosomes to be identified. However, because the DNA is so densely packaged, multiple signals
(e.g. due to the amplification of a gene) will not be visible individually, but as a homogeneously
staining region. This may explain why it appeared that dmin were present in the IM-resistant cell lines
using interphase FISH (as the multiple gene copies of a HSR were spread out in the nucleus: Figure
3.12), whereas karyotyping and metaphase FISH confirmed the presence of HSR rather than dmin
(Figures 3.13, 3.14 & 3.15). Alternatively, it may be that Bcr-Abl amplification was originally due to
dmin, and that some of these integrated into chromosomes forming the HSR. However, this is unlikely
because unless every single dmin is integrated, dmin retention would be selected for in the presence

of imatinib.

The K562 2uM IM1 cell line karyotype revealed a large HSR present on chromosome 14, as well as
several unidentified marker chromosomes (Figure 3.14 ). To determine whether the HSR, or any other
chromosomes carried Bcr-Abl, metaphase FISH was conducted. These experiments revealed that
chromosome 14 was indeed a carrier of Bcr-Abl, as were two of the small marker chromosomes
(Figure 3.15). Furthermore, the K562 2uM IM2 cell line was found to have a large new marker
chromosome, and extra genetic material on one chromosome 7 (Figure 3.14). Metaphase FISH
revealed that chromosome 7 was not the site of Bcr-Abl amplification, but rather the large marker
chromosome (and another small marker chromosome) (Figure 3.15). The GUSB reference gene is
located on chromosome 7, therefore the additional material on this chromosome (in the K562 2uM IM2

cell line) potentially harbours duplicate copies of GUSB. If this were the case, it would result in a
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decreased ratio of Bcr-Abl/GUSB, making the DNA copy number of Ber-Abl appear lower than it really
is. However, this is unlikely, as BCR-ABL transcript levels mirror Ber-Abl copy number (both DNA and
transcript levels have approximately doubled in the K562 2uM IM2 cell line) and BCR-ABL transcript is

measured using a different reference gene (BCR).

The 1200% BCR-ABL/BCR expression observed in the K562 2uM IM1 cell line is likely sufficient to
cause resistance to 2uM imatinib, and the 7-fold increase in 1IC50™"™ Notably, the IM2 cell line had
only one third of the BCR-ABL expression present in the IM1 cell line, yet both thrived in the presence
of 2uM imatinib, and its IC50™ ™ had increased 5-fold above the Naive line. It is unlikely that 400%
BCR-ABL/BCR expression is sufficient to mediate resistance to 2uM imatinib, because if it were there
would be no need for the K562 2uM IM1 cell line to express an excessive 1200%. It has been
previously postulated that excessive expression of active BCR-ABL is detrimental to the cell*®, and

89 Itis

BCR-ABL is known to generate cell-damaging agents such as reactive oxygen species (ROS)
therefore unlikely that a cell would overexpress BCR-ABL if it was not absolutely necessary for
survival. | therefore conclude that the BCR-ABL/BCR expression of 1200% in K562 2uM IM1 cell line
is necessary for survival in 2uM imatinib, and that the K562 2uM IM2 cell line (with only 400% BCR-
ABL/BCR expression) may harbour another, as yet unidentified, resistance mechanism that
compensates for its lower, insufficient expression of BCR-ABL. Other BCR-ABL-dependent resistance
mechanisms may include mutations outside of the kinase domain of BCR-ABL, or an unidentified
imatinib efflux transporter which may be overexpressed in the IM2 cell line (although this is less likely

as imatinib ITUR was significantly higher than Naive cells; Figure 3.10). This concept is further

discussed in Chapter 6: TKI cross-resistance.
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Chapter 4.
Imatinib resistance in the K562 Dox cell line is

mediated by ABCB1 overexpression

111



4.1 Introduction

Effective treatment of CML with imatinib mesylate requires sufficient intracellular concentrations of the
TKI to bind and inhibit BCR-ABL molecules®. The intracellular uptake and retention of imatinib in
leukaemic cells (i.e. its net influx) is dependent upon the activity of OCT-1, an influx transporter®*“°,
and ABCB1 and ABCG2 — efflux transporters71'73'75. Cellular transport of imatinib is a critical factor in

52,53

CML outcome, as OCT-1 activity is predictive of patient response”>". The role of efflux proteins such

as ABCB1 and ABCG?2 is therefore also of interest, as these transporters negatively affect imatinib

IUR. Suboptimal dosage of chemotherapy is known to foster the emergence of resistant clones’®*®

% and in this study resistance mechanism emergence was investigated in the context of ABCB1

expression.

4.1.1 The multidrug resistance protein, ABCB1
ABCBL1 is a member of the ATP-binding cassette (ABC) family of transporters. The protein consists of
two homologous halves, each with 6 transmembrane domains and an ABC domain, joined by a linker
region. Together, the two halves form a ‘pore’, enabling translocation of substrates across a plasma
membrane by the hydrolysis of ATP* (Figure 1.9). ABCBL1 is highly expressed in epithelial cells lining
the lower gastrointestinal tract, in proximal tubule cells of the kidney, in the canalicular membranes of
hepatocytes and in capillary epithelial cells in the brain and testes. Lower levels of expression can be
found in the placenta, adrenal cortex and CD34+ haematopoietic stem cells®. In these compartments,
ABCB1 (which has the broadest substrate specificity of all ABC transporters™) effluxes undesirable

and toxic compounds, thereby protecting these system357.

ABCB1 was first identified as a cell surface glycoprotein that decreased the rate of drug uptake in
colchicine selected Chinese hamster ovary (CHO) cells. The cells displayed a multidrug resistance
(MDR) phenotype, as sensitivity to vinblastine, colcemid, daunomycin, puromycin, cytochalasin B and
other drugs was reduced, even though the CHO cells had only ever been exposed to colchicine®®.

Since that time, ABCB1 expression has been identified in various MDR cancers®®.

By facilitating the efflux of cytotoxic drugs, ABCB1 expression allows cells to survive in the presence

of such compounds. ABCB1 has been implicated in both primary and secondary drug resistance in
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human cancers® . Expression of this efflux protein may occur in tumours from tissues that inherently

express ABCBL1 (e.g. colon cancers, resulting in primary resistancezoz) and in tumours from tissues in
which it is not normally expressed (e.g. breast cancer). In the latter scenario, ABCB1 expression in the
tumour results from exposure to, and selection by, chemotherapeutic agents — this leads to
relapse/secondary resistance (Figure 4.1). ABCB1 expression has been detected in relapsed breast

cancer patients after treatment with mitoxantrone, tamoxifen, vincristine, mitomicin, epirubicin,

203

vindesine or combinations thereof”. B-cell ymphomas and metastatic melanomas have also been

found to express ABCBL in response to chemotherapy®®*?%.

4.1.2 ABCB1 expression in CML
To effectively treat CML, imatinib must be present at a sufficient intracellular concentration in order to
adequately inhibit BCR-ABL and cause leukaemic cell death. Intracellular concentrations of imatinib

are determined by the net influx of the drug into cells. OCT-1 is responsible for the active influx of

39,40 71,73,74 55,69

imatinib into CML cells™"", while ABCB1 has been implicated in imatinib , dasatinib and

69,81

nilotinib efflux.

In a study in 1999 by Giles et. al.*®

, 198 CML patients were screened for ABCB1 expression in
peripheral blood by Western blot. Of these, 127 patients were in “early” chronic phase (ECP; less than
one year from time of diagnosis), 31 patients were in “late” chronic phase (LCP; greater than one year
from diagnosis), 27 patients were in accelerated phase (AP), and 13 were in blast crisis (BC). ABCB1
protein expression levels were compared to 36 normal control samples, and defined as ‘high’ or ‘low’
about the control median. 57% of ECP patients, 65% of LCP patients, 30% of AP patients, and 62% of
BC patients had high ABCB1 expression. Notably, all patients in this study were on interferon-a-based

therapy regimens (not transported by ABCB1*"’

), and no difference in survival based on ABCB1
expression was observed®®. In contrast, other studies (also conducted before the introduction of
imatinib) noted expression of ABCB1 in up to 70% of blast crisis CML patients, and increased
expression in those who relapsed on chemotherapies such as doxorubicin, cytarabine and

hydroxyurea2°8'21°.
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Figure 4.1

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 4.1: The development of a multidrug resistant (MDR) cancer

A tumour may harbour many different sub-clones (e.g. the green circle
represents a clone not expressing ABCB1, the blue circle represents a
clone expressing ABCB1 (red circle with arrow)). Cells that do not express
ABCB1 are sensitive to chemotherapy (black dots) and die, while those
which express ABCBL1 are selected and expanded in the population. In the
course of chemotherapy, further mutations and selection may greatly
increase the expression of ABCB1, which protect the tumour cells against
various chemotherapies. The result may be relapse with an MDR cancer
despite initial response to the chemotherapy (Sarkadi et. al. 2006,
Physiological Reviews)®®.
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In 2005 Galimberti et. al.?*" studied 33 CML patients (30 in CP, 3 in AP) taking imatinib for 18 months.
RQ-PCR was used to measure ABCB1 and BCR-ABL expression in the bone marrow at baseline,
after 4 weeks of first imatinib dose, and every 3 months during imatinib therapy. 22 patients (66.7%)
achieved a complete cytogenetic response (CCR; the absence of the Ph chromosome in 20
metaphases on classical karyotyping of the bone marrow), and 3 (9.1%) achieved a major cytogenetic
response (MCR; less than 34% Ph-positive metaphases). 8 patients (including the 3 patients in AP;
24.2%) did not achieve any cytogenetic response milestones. These patients had 10-fold higher
ABCB1 expression than those who did achieve a cytogenetic response (P=0.02). Despite an initial
complete haematologic response (CHR; normalisation of white blood cell count) the three patients in
AP showed disease progression after 8, 12, and 17 months of imatinib treatment respectively. All
three patients displayed a concomitant increase in BCR-ABL and ABCB1 expression before

211

relapsing” . These observations indicate a role for ABCBL1 expression in TKI resistance in CML.

In a study of 44 de novo CP CML patients by White et. al.'®®

, 7 patients developed kinase domain
mutations, and of these, 6/7 had high levels of ABCB1 expression (above the 75" percentile) prior to
the detection of the mutation. This suggested that ABCB1 was involved in resistance-development by
interplay with other mechanisms. It may be that low intracellular levels of imatinib (mediated by

ABCB1 expression) create an environment conducive to kinase domain mutation development. To

investigate this possibility, the K562 Dox cell line was utilised in imatinib resistance generation.

4.1.3 The breast cancer resistance protein, ABCG2
Between 1990 and 1999 a number of mitoxantrone-resistant cell lines were generated that had
transporter activity without overexpression of ABCB1 or ABCCL1. The cell lines used for these studies

included a human gastric carcinoma cell line*?, human colon cancer and multiple myeloma cell

213,214 213,215,216

lines , and the MCF-7 breast cancer cell line . In all cases, the cell lines were cross-

217

resistant to doxorubicin and daunorubicin, but not vinblastine®". In 1998, the transporter responsible

for this cross-resistance was identified in the MCF-7 cell line, and named the breast cancer resistance
protein (BCRP, later ABCGZ)ZlB. ABCG2 is highly expressed in the placenta, liver, colon, testis, ovary

217

and brain microvessels™'. A study in 2001 found ABCG2 was also highly expressed in haematopoietic
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stem cells (CD34+38- or CD34+KDR+ populations; KDR: kinase insert domain protein receptor) but

much lower levels in committed progenitors (CD34+38+, CD34+33+, or CD34+10+)*.

ABCG2 expression in CML CD34+ cells has been found to be 6.8-fold higher than in their normal

71,72,75 55,69 66,69

counterpartsez, and ABCG2 has been implicated in imatinib , dasatinib and nilotinib
transport in human CML cell lines. For this reason, expression of ABCG2 was also investigated as a

possible mode of TKI resistance in all resistant cell lines generated.

4.1.4 The K562 Dox cell line
In 1986 Tsuruo et. al.”® published a study on adriamycin (doxorubicin) resistance-generation in K562
cells. The K562 cells were first exposed to gradually increasing concentrations of vincristine for 1
month, before further treatment with gradually increasing concentrations of doxorubicin. These cells
were finally cultured for 4 months in 500nM doxorubicin, and named K562/ADM. Initial studies
revealed overexpression of a 180kD glycoprotein (later identified as ABCB1) and the presence of HSR
and double minutes, thought to carry amplified ABCB1. None of these traits are present in the parental

220,221

K562 cell line’. In later studies, the cell line became known as K562 Dox . It has also been

shown that verapamil or PSC833 can block ABCBL1 in the K562 Dox cell line, increasing its sensitivity

195
b

to doxorubicin®?, imatinib*®®, nilotinib® and dasatinib®°.
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4.2 Approach

4.2.1 Generating imatinib resistance in the K562 Do  x cell line
The K562 Dox cell line was chosen for this study, as it is an ABCB1 overexpressing variant of the
K562 line. One of the hypotheses at the outset of this study was that ‘partially-protective mechanisms
(e.g. efflux protein expression) create an environment that selects for further mutations (eg. KD
mutations) causing overt TKI resistance in vitro’. Therefore, to compare the resistance mechanisms
that emerge in the presence and absence of efflux protein expression, imatinib resistance generation

in the K562 cell line was compared with imatinib resistance generation in the K562 Dox cell line.

The first imatinib culture of K562 Dox cells was initiated in 100nM, and subsequently escalated to
200nM, 300nM, 400nM, 500nM, 600nM, 700nM, 800nM, 900nM, 1.1uM, 1.2uM and 2uM. This cell line
was named K562 Dox 2uM IM1, and was analysed for resistance mechanisms. It appeared that
further expression of ABCB1 was responsible for conferring resistance to imatinib. Due to the theory of
clonal selection, it was hypothesised that a different resistance mechanism may emerge each time a
cell line is escalated in imatinib. It may be that one clone, expressing higher levels of ABCB1,
happened to emerge and out-compete other clones — perhaps harbouring BCR-ABL kinase domain
mutations or BCR-ABL overexpression. If the emergence of clones with particular
advantages/mutations was stochastic, we would expect a different resistance mechanism to emerge
each time a cell line is cultured in imatinib. To determine whether this was the case, the generation of

imatinib resistance in the K562 Dox cell line was done in triplicate.

The second imatinib culture was escalated as follows: 100nM, 200nM, 300nM, 400nM, 600nM,
800nM, 1.1pM, 1.5uM and 2uM. This cell line was named K562 Dox 2uM IM2. The third imatinib
culture was initiated in 200nM, and subsequently escalated to 400nM, 600nM, 800nM, 1.4uM and
2uM. This cell line was named K562 Dox 2uM IM3. On average, IM-resistance took approximately 4
months to generate in the K562 Dox cell line. Parental ‘Naive’ cells were maintained in parallel

cultures as controls.
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4.2.2 Analysis of imatinib-resistant cell lines
To investigate the cause of imatinib resistance in the three K562 Dox cell lines, samples for RNA and
DNA isolation were collected at each intermediate stage of imatinib concentration escalation. Thus, we
could observe the mechanisms of resistance as they emerged in each step-wise drug escalation. As
the K562 Dox 2uM IM1 and IM2 cell lines were two of the first cell lines generated in this study as a
whole (and due to the rapidity with which the K562 Dox cell line can be escalated in imatinib) few

intermediate samples were collected for these cell lines.

RNA isolated from all collected intermediate samples was used in RQ-PCR reactions to investigate
levels of BCR-ABL expression in the three imatinib resistant K562 Dox cell lines. RNA was also
converted to cDNA for use in sequencing reactions to determine the mutation status of the BCR-ABL
kinase domain. Additionally, flow cytometry was used to investigate the level of cell-surface
expression of ABCB1 and ABCG2. Intracellular uptake and retention (IJUR) assays were used to
determine the amount of imatinib being internalised and retained in the cells over a 2hr incubation
period. By the addition of PSC833 (a potent ABCBL1 inhibitor), the amount of imatinib being effluxed
due to ABCBL1 activity could also be measured. IC50 assays were used to measure the concentration
of imatinib that was required to reduce levels of the BCR-ABL adaptor protein, p-Crkl, by 50%, thus
giving an indication of how resistant the 2uM IM cell lines were compared to the imatinib-naive control.
Furthermore, the IC50 in the presence of PSC833 was also investigated, to observe how blockade of

ABCBL1 affects imatinib resistance.
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4.3 Results

Three imatinib-resistance K562 Dox cell lines were generated, and were named K562 Dox 2uM IM1,
IM2 and IM3. All three cultures thrived in the presence of 2uM imatinib, indicating that they were
overtly resistant to imatinib. In order to determine the mechanisms of resistance present in these cell
lines, the cells were screened for BCR-ABL expression, kinase domain mutations, ABCB1 and

ABCG2 expression, intracellular uptake and retention (IUR) of imatinib, and IC50™"™.

107,138,139, and was

BCR-ABL overexpression is an imatinib resistance mechanism observed in patients
the mode of the resistance for the K562 2uM IM1 and IM2 cell lines (Figures 3.10 & 3.15 ). Therefore,
RNA isolated from all collected intermediate samples was used in RQ-PCR reactions to investigate
levels of BCR-ABL expression in the three imatinib resistant K562 Dox cell lines. Strikingly, there was
no significant difference between the BCR-ABL expression levels of the K562 Dox Naive cell line and
the K562 Dox 2uM IM1, IM2 and IM3 cell lines (Figure 4.2 ). Sequencing the BCR-ABL kinase domain
did not reveal the presence of any mutations.

TLI27475 Therefore,

ABCB1 and ABCG2 have been implicated in imatinib efflux and resistance in vitro
overexpression of either of these proteins may have been responsible for the imatinib resistance
observed in the K562 Dox 2uM IM1, IM2 and IM3 cell lines. To investigate this possibility, samples of
the IM-resistant cell lines were incubated with ABCB1 or ABCG2 antibodies, and analysed using flow
cytometry. It was found that cell surface expression of ABCG2 was absent in all three IM-resistant cell
lines, as well as in the K562 Dox Naive control (Figure 4.3). However, cell-surface expression of

ABCB1 was at least double that of the K562 Dox Naive control in all three resistant cell lines (199%,

253% and 204% for the IM1, IM2 and IM3 cell lines respectively) (Figure 4.4).

As ABCBL1 cell-surface overexpression had been identified in the three IM-resistant cell lines, the
functionality of the overexpressed protein was then investigated. To determine whether the increased
ABCB1 expression was affecting the intracellular levels of imatinib, IUR assays were conducted to
measure imatinib uptake and retention over a 2hr period. In all three IM-resistant cell lines imatinib
IUR was decreased compared to the K562 Dox Naive control at both the 1uM and 2uM experimental

conditions (Figure 4.5). In the IM1 and IM2 cell lines, this decrease in IUR was significant (P<0.03)
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Figure 4.2
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Figure 4.2: Intermediate BCR-ABL mRNA expression in the K562 Dox 2uM IM1, IM2 and IM3 cell lines
BCR-ABL/BCR mRNA expression levels did not significantly change in the A) K562 Dox 2uM IM1 B) K562 Dox 2uM IM2
or C) K562 Dox 2uM IM3 cell lines compared to the Naive control. Samples were taken at intermediate stages of
resistance development, and cDNA synthesised from RNA extracted from 1x10’ cells. RQ-PCR was conducted using
cDNA as the template, and BCR-ABL mRNA expression was determined as a ratio of BCR mRNA expression. Data are
presented as mean +SEM from at least 3 independent experiments.
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Figure 4.3
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Figure 4.3. ABCG2 cell surface expression in IM-res istant K562 Dox
cell lines

K562 Dox Naive and IM-resistant cells were harvested and stained with
either an isotype control antibody or the PE ABCG2 antibody. After a 45
minute incubation with the antibody, the cells were washed and analysed
by flow cytometry. No ABCG2 expression could be detected in either the
Naive or 2uM IM-resistant cell lines. Histogram is representative of 3
experiments.
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Figure 4.4
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Figure 4.4: ABCBL1 cell surface expression increased in the K562 Dox IM-resistant cell lines

K562 Dox Naive and IM-resistant cells were harvested and stained with either an isotype control antibody or the PE
ABCB1 antibody. After a 45 minute incubation with the antibody, the cells were washed and analysed by flow cytometry.
ABCBL1 cell-surface expression was seen to increase to 199% in the K562 Dox IM1 cell line (A), 253% in the K562 Dox

IM2 cell line (B), and 204% in the K562 Dox IM3 cell line (C) above that of IM-Naive K562 Dox cells (100%). Histograms
are representative of 3 experiments.
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Figure 4.5: K562 Dox IM-resistant cell lines have a  reduced imatinib
intracellular uptake and retention (IUR) comparedt o0 K562 Dox Naive
control cells

The IUR assay was performed as previously described*®. PSC833 (10puM)
inhibits ABCB1. “ABCB1-mediated imatinib efflux” is calculated as [IUR of
2UM imatinib + PSC833] minus [IUR of 2uM imatinib]. It is therefore a
measure of the amount of imatinib effluxed that is attributable to ABCB1
activity. These data demonstrate that the K562 Dox 2uM IM1 (A), IM2 (B)
and IM3 (C) cell lines have a lower imatinib IUR than the K562 Dox Naive
control, and significantly higher ABCB1-mediated imatinib efflux. Data are
presented as mean +SD calculated from at least three independent
experiments.
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Figure 4.5
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(Figure 4.5 A & B ). Blockade of ABCB1 with PSC833 resulted in an increased IUR in all three IM-
resistant cell lines above the Naive control, which was significant in the K562 Dox 2uM IM3 cell line
(P<0.05) (Figure 4.5 C). ABCB1-mediated imatinib efflux is a measure of [the IUR when ABCBL1 is
blocked with PSC833] minus [the IUR in the absence of PSC833]. It is therefore a measure of the
amount of imatinib efflux that is attributable to ABCBL. In all three IM-resistant cell lines, the amount of
ABCB1-mediated imatinib efflux was significantly greater than in the Naive control (P<0.03, P<0.05,

P<0.02 for K562 Dox 2uM IM1, IM2 and IM3 respectively) (Figure 4.5).

Notably, viability (cell culture) experiments were attempted to demonstrate that imatinib sensitivity in
the K562 Dox 2uM IM1, IM2 and IM3 cell lines could be restored by the inhibition of ABCB1. 1x10°
cells were seeded in 1mL cultures in a 24-well plate for both K562 Dox Naive cells and K562 Dox 2uM
IM1 cells, in the presence or absence of 10uM PSC833. After 72hrs, cells were harvested and
counted with a haemocytometer. 207 live K562 Dox Naive cells were counted in the absence of
PSC833, but only 49 live cells were counted in the presence of PSC833; while 131 live K562 Dox 2uM
IM1 cells were counted in the absence of PSC833, but only 36 live cells counted in the presence of
PSC833. It appeared that 72hrs of culture with 10uM PSC833 alone caused cell death at an
unacceptable level for viability experiments with imatinib. Thus, the IC50 assay was used instead to
demonstrate imatinib resistance and sensitivity in the presence or absence of PSC833, as this assay
only involves a 2hr incubation period which does not result in significant cell death (see Materials and

Methods, 2.5.8).

The 1C50™" (Figure 4.6 ) was measured in the IM-resistant cell lines, to quantify and compare their
level of imatinib resistance with the Naive control. All three cell lines had a significantly increased
IC50™"® (28.7uM, 30.5uM, 28.3uM in IM1, IM2 and IM3 respectively) compared to the K562 Dox
Naive control (10.7uM) (P<0.001) (Figure 4.7 & 4.9). In fact, the IM-resistant lines were three-fold
more resistant to imatinib than the Naive control, as almost three times the concentration of imatinib
was required to reduce levels of p-Crkl by 50%. If ABCB1 overexpression was the only mechanism of
imatinib resistance present in these cell lines, inhibition of ABCB1 should restore sensitivity of the cell
imatinib

lines back to the level of the K562 Dox Naive control. To confirm this, the IC50 was measured in

the presence of 10uM PSC833 (an ABCBL inhibitor). It was found that the significant difference
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between the IC50s of the IM1, IM2 and IM3 resistant cell lines and the K562 Dox Naive cell line was
removed when ABCB1 was blocked (P>0.2). In the presence of PSC833, the IC50™"™ of the IM1,
IM2 and IM3 cell lines was 3.6uM, 3.4uM, and 2.4uM respectively, while the K562 Naive K562 Dox

Naive cell line was 3.3uM and 3.5uM respectively (Figure 4.8 & 4.9).
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Figure 4.6: Example of a K562 Dox Naive IC50 ™" \Western blot quantification

Cells were incubated for 2 hours at 37C/5%CO , with IM concentrations ranging up to 100uM. Western blot analysis for
p-Crkl was performed as previously described®®. Signals were quantified using Image Quant software (Molecular
Dynamics), and the ratio of p-Crkl to Crkl was determined using Image Quant analysis. (A) Polygons were drawn
around each Crkl and p-Crkl band, and blank membrane was also sampled as a background control. (B) Bands of p-
Crkl were measured and graphed as a percentage of the intensity of total Crkl (i.e. p-Crkl + Crkl intensity = 100%). Note
the 40pM imatinib value has been removed as an outlier. (C) These percentages are normalised (OpM imatinib is 100%
p-Crkl, 100puM imatinib is 0% p-Crkl). The IC50 value is then taken as the concentration of imatinib when normalised p-
Crkl reaches 50% (i.e. IC50™"® = 10.5uM in this case). This blot is shown again in Figure 4.7.
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Figure 4.6
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Figure 4.7: K562 Dox IM-resistant cell lines have i ncreased
IC50™" compared to K562 Dox Naive control cells

Cells were incubated for 2 hours at 37C/5%CO , with IM concentrations
ranging up to 100uM. Western blot analysis for p-Crkl was performed as
previously described®. Signals were quantified using Image Quant
software (Molecular Dynamics), and the ratio of p-Crkl to Crkl was
determined using Image Quant analysis. The IC50 value for each blot
(determined as the dose of drug required to reduce levels of p-Crkl by
50%) is indicated above each blot (and with red arrow). IC50 assays were
performed at least four times. One representative blot is shown for each
of the five cell lines.
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Figure 4.7
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Figure 4.8: In the presence of PSC833, K562 Dox IM- resistant cell
lines have similar 1IC50 ™" yalues compared to K562 Dox Naive
control cells

Cells were incubated for 2 hours at 37TC/5%CO , with IM concentrations
ranging up to 100uM, in the presence of 10uM PSC833 — an ABCB1
inhibitor. Western blot analysis for p-Crkl was performed as previously
described®. Signals were quantified using Image Quant software
(Molecular Dynamics), and the ratio of p-Crkl to Crkl was determined using
Image Quant analysis. The IC50 value for each blot (determined as the
dose of drug required to reduce levels of p-Crkl by 50%) is indicated above
each blot (and with red arrow). IC50 assays were performed at least four
times. One representative blot is shown for each of the five cell lines.
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Figure 4.8
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Figure 4.9
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Figure 4.9: PSC833 removes the significant differen  ce in 1C50 ™3P
values between the three IM-resistant K562 Dox line s and Naive
controls

Blocking ABCB1 with PSC833 (10uM) ablated the difference in IC50
between IM-resistant lines and K562 Dox Naive, indicating ABCB1
overexpression is the primary mode of resistance in these cell lines. Data
are presented as the mean +SEM from at least 4 independent
experiments.
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4.4 Discussion

Imatinib resistance in CML patients remains a significant clinical challenge. Currently defined
mechanisms of resistance include mutations in the kinase domain of BCR-ABL™"!0919223

127,139,224

overexpression of BCR-ABL , and overexpression of imatinib efflux proteins such as ABCB1

and ABCG20"*"" ABCB1 overexpression as the major mode of imatinib resistance has been

observed in several in vitro studies™"**%

, while patient outcome has been shown to be affected by
ABCBL1 expression®™, inhibition’* and ABCB1 polymorphisms’®. One case study reports a BCR-ABL
positive ALL patient who had relapsed 2 months after an allogeneic bone marrow transplant. DNA
PCR revealed a 2-fold increase in ABCB1 expression after two weeks of imatinib treatment (to which
the patient was not responding). It was found that rhodamine efflux by the patient’s blast cells could be
inhibited by cyclosporine A (CsA), an ABCB1 inhibitor. After treatment with a bolus of CsA, followed by
continuous infusion for 72hr with CsA, the combined treatment with imatinib resulted in a reduction of
blasts in the peripheral blood, as well as abolishing phosphorylation of Crkl, a direct BCR-ABL target’.
Therefore it appeared that inhibition of ABCB1 with CsA allowed imatinib to affectively target BCR-
ABL, impacting patient response. A study by Dulucq et. al.”®, of 90 CML patients treated with imatinib,
found that 85% of patients homozygous for the 1236T ABCBL1 allele achieved a major molecular
response (MMR), compared with only 47.7% for other genotypes (P=0.003). Other ABCB1 haplotypes
were statistically linked with less frequent MMR™®. Together, these studies suggest a role for ABCB1
activity in imatinib response in CML patients. It has also been postulated that low imatinib intracellular
concentrations (mediated by ABCB1 activity) may create an environment conducive to the emergence

of more overt resistance mechanisms e.g. kinase domain mutations'®.

To investigate the kinetics of resistance mechanism emergence, specifically the interplay between
drug-efflux protein expression and kinase domain mutations, an ABCB1-overexpressing cell line
(K562 Dox) was cultured in gradually increasing concentrations of imatinib to generate resistance. It
was already noted that KD mutations had not arisen when imatinib resistance was generated in two
K562 cell lines. This time, by using the K562 Dox cell line, any differences in resistance mechanism
emergence in the presence of an efflux pump (in this case, ABCB1) would be identified. Three IM-
resistant K562 Dox cell lines were generated and characterised to determine the mechanism(s) of

resistance.
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The three K562 Dox 2uM imatinib-resistant cell lines were generated in much less time (4 months)
than it took to generate imatinib resistance in the K562 cell lines (approximately 6.5 months on
average). This observation again supported the findings that ABCBL1 is involved in imatinib efflux and
resistance in vitro™® and in vivo®'’. It appeared that imatinib efflux, mediated by the ABCB1 protein,
was conferring some resistance in the K562 Dox Naive cell line, making drug escalation quicker and

easier than in the K562 cell line.

No BCR-ABL kinase domain mutations were detected when the K562 Dox 2uM IM1, IM2 and IM3 cell
lines were sequenced. Therefore, ABCB1 overexpression does not appear to promote KD mutation
development in vitro. This may be because the levels of ABCB1 expression achieved in the K562 Dox
imatinib-resistant cell lines were sufficient to confer resistance to 2uM imatinib. If a threshold imatinib
concentration was reached at which ABCB1 expression was no longer sufficient, the cell line may then

have resorted to another resistance mechanism, such as a BCR-ABL kinase domain mutation.

Unlike the K562 IM-resistant cell lines, no BCR-ABL overexpression was observed in the three K562
Dox IM-resistant lines (Figure 4.2). Instead, the only detectable mechanism of resistance was a
further increase in ABCB1 expression (Figure 4.4). As these cells were already overexpressing
ABCB1, it seems this mechanism of resistance was ‘primed’ and therefore easily utilised by the cells
to defend against imatinib exposure. Although the sample size is small (n = 3) it appears that this cell
line will always rely on ABCB1 overexpression for resistance when exposed to imatinib, because

ABCBL1 is already being overexpressed and is therefore the easiest path for imatinib resistance.

Due to post-translational modifications, localisation and other regulation, increased ABCB1 expression

°%2%5 To demonstrate that the increased

does not always correlate with increased ABCB1 activity
ABCBL1 cell-surface expression in the K562 Dox 2uM IM-resistant cell lines caused imatinib efflux (and
therefore contributed to imatinib resistance) IUR assays were conducted. In all three IM-resistant cell
lines, the intracellular uptake and retention of imatinib was less than the Naive control, and this
decrease was significant in two of the cell lines (P>0.03) (Figure 4.5). Furthermore, blocking ABCB1

activity with PSC833 was able to increase the imatinib IUR in all three IM-resistant cell lines, and this

increase was significant in the K562 Dox 2uM IM3 cell line (P<0.05). By inhibiting ABCB1, imatinib
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was no longer being effluxed from the cells, and was therefore accumulating intracellularly — thus
causing the increase in IUR. Furthermore, the ABCB1-mediated imatinib efflux (that is, the amount of
imatinib being effluxed due to ABCB1 activity) was significantly increased in all three IM-resistant lines
above that of the Naive control (Figure 4.5). This demonstrates that the ABCB1 protein being
overexpressed in the K562 Dox 2uM IM1, IM2 and IM3 cell lines was functionally active and able to
reduce the intracellular concentrations of imatinib in these cell lines. However, it was necessary to

demonstrate that ABCB1 overexpression was sufficient to cause resistance to 2uM imatinib.

Viability experiments with 10uM PSC833 were attempted in order to demonstrate that imatinib
sensitivity could be restored by blocking ABCB1. This concentration of PSC833 is routinely used in the
2hr IUR and IC50 assays to inhibit ABCB1, and was therefore chosen for preliminary viability
experiments. However, it was found that 10uM PSC833 alone resulted in cell death at 72hrs, thereby
invalidating the experiment. Other studies have successfully used PSC833 in culture to measure
reduced viability of ABCB1 expressing cells in the presence of imatinib and cyclosporine, but at much

195226 Thus, these concentrations of PSC833 could be used for

lower concentration ranges (0.1-1puM)
such an experiment with the K562 Dox IM-resistant cell lines. Nevertheless, restoration of imatinib

sensitivity by blockade of ABCB1 was demonstrated with the IC50 assay.

In all three K562 Dox IM-resistant cell lines, the IC50™™ had significantly increased above that of the
Naive control (P<0.001) (Figure 4.9). If ABCB1 was the cause of imatinib resistance, then blocking
ABCB1 should restore sensitivity of the resistant cell lines, back to the same level as the Naive
control. This is in fact what was observed, as in the presence of PSC833, there was no significant
difference between the 1IC50™"" values of the K562 Dox IM-resistant cell lines and the Naive control
(P>0.2) (Figure 4.9). If there were other unidentified resistance mechanisms besides ABCB1
expression, we would expect only partial restoration of the IC50 values when ABCB1 is blocked with
PSC833. However, sensitivity was fully restored in all IM-resistant cell lines with PSC833. This
indicates that ABCB1 overexpression was the only mechanism of resistance present in these cell

lines. Notably, the three imatinib-resistant K562 Dox cell lines also displayed resistance to nilotinib and

dasatinib. This is discussed in Chapter 6: TKI cross-resistance.
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Chapter 5:
BCR-ABL kinase domain mutations arise in the
setting of BCR-ABL overexpression, in imatinib-

and dasatinib-resistant cell lines
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5.1 Introduction

Despite the success of tyrosine kinase inhibitor (TKI) therapy in many CML patients, a proportion of
patients acquire secondary resistance. Secondary resistance is defined as disease progression or the
loss of an achieved response while on therapy. Specifically, this includes loss of haematologic

response, loss of complete cytogenetic response (CCR), or an increase in BCR-ABL expression of 1

196

log or greater . Approximately 10% of chronic phase patients treated with imatinib will relapse and

this percentage is increased for patients in accelerated phase (40-50%) and blast crisis (80%)’.
Approximately half the patients that switch to a second generation tyrosine kinase inhibitor (e.g.
nilotinib or dasatinib) due to imatinib failure, are found to have BCR-ABL kinase domain (KD)

mutations that confer imatinib resistance™®°.

5.1.1 BCR-ABL kinase domain mutations
TKIs designed for CML treatment function by binding BCR-ABL in the ATP-binding pocket of the KD.

Specifically, imatinib stabilises BCR-ABL in the inactive conformation, thus preventing the hydrolysis

2

of ATP and the phosphorylation of downstream substrates*®”. Particular residues in the KD are

essential for the imatinib-BCR-ABL interaction, providing hydrogen bonds and facilitating the correct

22,105

protein conformation . If the BCR-ABL kinase has a mutation in the KD, a specific residue required

for imatinib binding may be lost, or prevent imatinib stabilising BCR-ABL in the inactive

105,107

conformation . KD mutations leading to resistance do not render the BCR-ABL protein kinase

109

inactive™ . Due to the specific nature of the TKI-BCR-ABL interaction, differential resistance may be

observed for certain mutations i.e. different KD mutations will confer different levels of resistance to
different TKIs. This is because imatinib, nilotinib and dasatinib all bind BCR-ABL utilising slightly

different residues™°®**

, however, a residue critical for binding for all three TKIs is the threonine
molecule at position 315. When this residue is replaced with isoleucine, neither imatinib, nilotinib nor
dasatinib can bind BCR-ABL'"'*. This residue is called the ‘gatekeeper’ residue, and the T315I

119,124

mutation is known as the ‘gatekeeper’ mutation . To date, more than 50 mutation sites, and more

than 70 individual mutations conferring varying TKI resistance have been identified in CML patient3227.
Of these, mutations at 15 residues account for more than 85% of mutations detected, including T315I,

Y253F/H, E255D/K/R/V, M351T, G250A/E, F359C/L/V, H396P/R, M244V, E355A/G/K, F317C/L/V,

M2371, Q252H/R, D276G, L248V and F4865%’.
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5.1.2 BCR-ABL expression and kinase domain mutation s
BCR-ABL expression itself is known to promote genomic instability and results in abnormalities such

as mutations, chromosomal rearrangements and aneuploidy97'98

. This is largely facilitated by
increased production of reactive oxygen species (ROS; such as superoxide, hydrogen peroxide and
hydroxyl free radicalsss'se) due to BCR-ABL kinase activitygg'gl. The mechanisms by which BCR-ABL
facilitates production of ROS is unclear, but one group has demonstrated the involvement of the T177
BCR-ABL residue and the PI3K/mTOR pathway®’. ROS are intermediates of oxygen reduction, and

are damaging to all molecules, including DNA®>®®

. Extensive DNA damage in cells normally leads to
apoptosi594, however, in BCR-ABL positive cells these apoptotic signals are overridden due to BCR-
ABL-mediated activation of the JAK/STAT, Raf/MEK/ERK, and PI3K/Akt pathwayss. Furthermore,
DNA repair mechanisms such as mismatch repair are hindered by BCR-ABL expressionloo, while
error-prone repair mechanisms such as non-homologous end joining (NHEJ) are enhanced® %%,
Thus, BCR-ABL expression is responsible for ROS production which damages DNA, as well as
promoting survival in cells that would otherwise undergo apoptosis due to this damage. Finally,

through hindering DNA repair mechanisms, genomic fidelity is compromised, resulting in the

accumulation of genetic lesions and genomic instability.

A link between BCR-ABL overexpression and BCR-ABL KD mutations has been postulated by several

164

groups . In 2005, Barnes et. al.'®

generated IM-resistance in a murine myeloid cell line transfected
with BCR-ABL (named 32Dp210228'229). Several clones expressing different levels of BCR-ABL were
cultured in gradually increasing concentrations of IM at a rate of 100nM every 10 days until 1uM was
reached. It was noted that BCR-ABL expression levels determined the rate of resistance development
(i.e. the more BCR-ABL expressed, the faster imatinib resistance developed). It was also observed
that BCR-ABL expression increased gradually in a step-wise fashion as imatinib concentration was
escalated, and levels peaked before the emergence of KD mutations, after which BCR-ABL levels

161

declined (in two cases, below the BCR-ABL expression levels in the ‘naive’ controls)™". The uniform

emergence of KD mutations in the setting of increased BCR-ABL expression has also been noted in

ViV0162'163.
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Most patients are routinely screened by RQ-PCR to monitor BCR-ABL expression levels, ensuring that
achieved recovery benchmarks are maintained'®*'®. In one study of 214 IM-treated CML patients,

BCR-ABL expression data were correlated with mutation status™®

. It was found that 56/214 patients
had a greater than 2-fold rise in BCR-ABL mRNA while on imatinib therapy, and of these patients, 34
(61%) had detectable BCR-ABL KD mutations. In the majority of these patients (31/34) the mutation
was present at the time of the rise in BCR-ABL expression, and in the remaining 3 patients the
mutations became detectable within 3 months of the increase in BCR-ABL expression. Of the 158
patients with stable or decreasing BCR-ABL expression, only one developed a KD mutation
(P>0.0001). Thus, this study suggested that a >2-fold rise in BCR-ABL expression identified 97%

162

(34/35) of the patients who developed a KD mutation™". A study in 2009 involving 150 patients used a

receiver operating characteristic (ROC) analysis to determine a 2.6-fold increase in BCR-ABL

183 1t is difficult to determine

expression as the optimal rise that is predictive of KD mutation emergence
whether a clinical observation of a rise in BCR-ABL is attributable to 1) an increase in the number of
circulating leukaemic cells, or 2) increased expression of BCR-ABL per cell, or both. This is because
conventional monitoring using RNA-based PCR (RQ-PCR) measures the number of BCR-ABL

transcripts in a sample relative to a control gene. It is therefore a composite of leukaemic cell number

and RNA expression level.

5.1.3 Conventional sequencing and the MassARRAY tec  hnique
The dideoxynucleotide system (dye-terminator sequencing) is commonly used for sequencing DNA
and cDNA. This reaction is a PCR in which normal dNTPs and dideoxynucleotide triphosphate
(ddNTP) chain terminators are present. ddNTPs lack a 3'-hydroxyl (-OH) group on their deoxyribose
sugar, and therefore halt DNA chain elongation as no phosphodiester bond can be formed with the 5’
phosphate of a subsequent nucleotide. As both dNTPs and ddNTPs are equally likely to be
incorporated in the reaction, this PCR results in products of different lengths, each terminating at a
different nucleotide of the sequence. Each of the four possible ddNTPs (adenine, guanine, thymine
and cytosine) are labelled with fluorescent dyes, each of which emit light at different wavelengths. To
obtain the sequence, gel electrophoresis is used to separate the PCR products by length (to a
resolution of one nucleotide) before detection of the four fluorescent dyes which represent a particular

base. This method (known as conventional sequencing) has a sensitivity of around 20%, as mutations
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that represent less than 20% of the total transcript may not be detectable due to the vast majority of
‘wild-type’ sequence overwhelming the mutant sequence. The MassARRAY method is a much more
sensitive sequencing technique, allowing detection of mutations as low as 0.5%. Rather than using a
mixture of 4 ddNTPs in the primer extension reaction, specific mixes of 2 or 3 ddNTPs are used for
each PCR. This restricts the generation of extension products to the mutant allele only, increasing

assay sensitivity compared to conventional sequencing.

5.1.4 The KU812 cell line
The myeloblastic KU812 cell line was established in 1984 from the peripheral blood of a 38-year-old
male with CML in blast crisis™’. Karyotyping revealed this cell line carried two Ph chromosomes, as
well as several other genomic abnormalities such as aneuploidy (Figure 5.1) . Chromosome number

167

was found to vary from 50-60""", and more recent studies confirm this karyotype has changed little

over passage from the original cell line**°.
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Figure 5.1
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Figure 5.1: Karyotype of KU812 cell line when first established

Shown is the karyotype of the KU812 cell line by Kishi (Leukemia Research,
1985)*" when the cell line was first established. Arrows show the common
abnormalities of this cell line.

Described as: 58, XY, 1(9;22)(q34;ql 1), i(17q), + 1, +4, + 6, + 6, + 8, +
der(9)t(9;22), + der(9)t(9;22), + der(1 I)(ql 1), + 14, + 15, + 19, +21, +21, -9.
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5.2 Approach

Due to clonal differences, not all cell lines for a particular model will behave in the same way or

provide similar results®****

. To ensure that trends in resistance mechanism emergence were not
merely cell-line specific, multiple cell lines were used in the generation of imatinib- and dasatinib-
resistance in this study. The KU812, K562 and K562 Dox cell lines were chosen for several reasons.
Firstly, all three were readily available and are widely accepted and used in in vitro CML

. 65,81,127,155,156,164,233
studies

. Secondly, they are human CML cell lines and therefore provide a more
relevant model over murine cell lines, or cell lines transfected with p210 BCR-ABL. Finally, none of
these cell lines carry kinase domain mutations and BCR-ABL expression levels are comparable with

CML patient cells.

5.2.1 Generating dasatinib resistance in the K562 a nd K562 Dox cell lines
Previously, BCR-ABL overexpression (in the K562 2uM IM1 and IM2 cell lines) and ABCB1
overexpression (in the K562 Dox 2uM IM1, IM2 and IM3 cell lines) was observed when these cell lines
acquired resistance to imatinib (Figure 3.11 and Figure 4.4). Therefore, resistance to dasatinib was
generated in order to compare the resistance mechanisms that had previously emerged in response to
imatinib. To our knowledge, this is the first instance of dasatinib-resistance generation in a human
CML cell line. Notably, generation of dasatinib resistance was considerably harder than generating
imatinib resistance. This may be because dasatinib is 300 times more potent than imatinib® and

inhibits sarcoma (Src) family kinase members in addition to BCR-ABL**

, thus making it harder for
the cells to survive and develop resistance. Src family kinases are involved in humerous signalling
pathways regulating homeostasis, cell proliferation and survival, and are implicated in a variety of
human cancers®** (Figure 5.2).

19 therefore 200nM dasatinib was

In patient plasma, peak dasatinib concentrations reach 100nM
chosen as the final ‘resistant’ concentration for this study, as cells thriving in this concentration would
be comparably resistant (or even more resistant) than patient cells from a DAS-resistant patient. K562
cells were initiated in 0.5nM dasatinib, and subsequently escalated to 1nM, 2nM, 3.5nM, 5nM, 10nM,
15nM, 25nM, 50nM, 75nM, 100nM, 150nM until reaching 200nM (approximately 11 months). The final

resistant cell line was named K562 200nM DAS.
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Figure 5.2

NOTE:
This figure/table/image has been removed
to comply with copyright regulations.
It is included in the print copy of the thesis
held by the University of Adelaide Library.

Figure 5.2: Src-mediated pathways contribute to cancer progression

Src family kinases are involved in numerous signalling pathways
governing cell proliferation and homeostasis. In tumour cells, association
of Src with overexpressed and mutated receptor tyrosine kinases (RTK;
e.g. BCR-ABL) leads to increased enzymatic activity of Src. This leads to
the activation of pro-survival pathways (green), angiogenic pathways
(blue), proliferation through the Ras/Raf pathway (gold) and decreased
stromal adhesion through the focal adhesion kinase (FAK) (red). PI3K,
phosphatidylinositol 3-kinase; STAT3, signal transducers and activators of
transcription 3; IKK, IkB kinase; MAPK, mitogen-activated protein kinase;
MEK, mitogen-activated protein kinase kinase; IL-8, interleukin-8; ERK,
extracellular signal-regulated kinase; NF-kB, nuclear factor-kB (Summy et.

al. 2006, Clinical Cancer Research)®*.
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Next, one K562 Dox cell culture was initiated in 6nM dasatinib, and subsequently escalated to 12nM,
20nM, 30nM, 40nM, 55nM, 75nM, 100nM and 150nM until reaching 200nM (approximately 8 months).
This cell line was named K562 Dox 200nM DAS1. A second K562 Dox DAS culture was initiated in
6nM, and subsequently escalated to 12nM, 20nM, 35nM, 55nM, 75nM, 100nM and 150nM until
reaching 200nM (approximately 7 months). This cell line was named K562 Dox 200nM DAS2. In all
cases of dasatinib-resistance generation, dasatinib concentration was escalated every 10-30 days,
depending on cell proliferation and viability. Generating a KU812 DAS-resistant line was also
attempted, however due to the extreme sensitivity of this cell line, dasatinib concentrations could not

be increased above 1nM.

Serial dilutions of dasatinib (in DMSO) were made from 10mM stocks such that no more than 20ul of
drug was ever added to a 50mL cell culture — thus DMSO concentration never exceeded 0.04% in
dasatinib cultures. Parental, ‘naive’ cell lines, and DMSO (0.1%) lines were maintained in parallel

cultures as controls — the latter to confirm that DMSO itself does not generate TKI resistance.

5.2.2 Generating imatinib resistance in the KU812 ¢  ell line
Previous studies have failed to generate IM-resistant KU812 cells due to the inherent sensitivity of

d*¥"*%* The method used in this

these cells to TKiIs, and the rigidity of the 10-day-escalation metho
study was more flexible, as drug concentrations were escalated more slowly if the cell cultures

required. As a result, three IM-resistant KU812 cell lines were generated.

Cultures of the KU812 cell line were initiated in 100nM IM, and subsequently increased to 200nM,
300nM, 400nM, 500nM, 600nM, 700nM, 800nM, 1.4uM and 2uM. A second resistant cell line was
generated as follows; 100nM, 200nM, 350nM, 450nM, 600nM, 800nM, 1.4uM, 2uM, 2.5uM, 3uM, and
a third; 100nM, 200nM, 300nM, 400nM, 600nM, 800nM, 1.4uM, 2uM. These cell lines were named
KU812 2uM IM1, KU812 3uM IM2 and KU812 2uM IM3. On average, it took 9 months to generate
resistance to 2uM imatinib in the KU812 cell line. A drug ‘naive’ KU812 culture was maintained in

parallel as a control (hamed KU812 Naive).
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5.2.3 Re-escalation of intermediates in imatinib, d  asatinib or nilotinib
When clinically relevant BCR-ABL kinase domain mutations were identified in these cell lines, two cell
lines were chosen for ‘re-escalation’ studies. The K562 Dox 200nM DAS1 cell line was found to
harbour a KD mutation, which emerged in the 75nM DAS intermediate cell culture. To determine
whether clones carrying the mutation were present at undetectable levels in earlier intermediates, the
40nM DAS and 55nM DAS intermediates were re-escalated in either dasatinib or nilotinib (NIL).
Nilotinib escalation from the 55nM DASL1 intermediate was conducted as follows: 200nM, 250nM,
350nM, 500nM (escalating every ten-15 days) and the two nilotinib-resistant cell lines generated were
named K562 Dox 500nM NIL1 RE55 and NIL2 RE55. Although the achievable plasma trough

235

concentrations of nilotinib has been reported as 2000nM~™, it is difficult to know what concentration of

nilotinib is pharmacologically relevant as plasma concentrations may not represent the

effective/intracellular concentration. Nilotinib is highly lipophillic®®®

, and is therefore particularly
susceptible to plasma protein binding which sequesters the drug away from leukaemic cells in the
blood. In vivo, the effective dose may therefore be much lower than 2000nM, and for the purposes of

this study, a concentration of 500nM for the final nilotinib resistant culture was deemed sufficient.

When the same KD mutation repeatedly emerged in dasatinib re-escalation cultures, it was
hypothesised that a clone carrying this mutation was present in the K562 Dox Naive culture (and
would always be expanded under DAS selection). Dasatinib resistance was therefore generated ‘from

scratch’, resulting in the K562 Dox 200nM DAS2 cell line.

Lastly, the KU812 2uM IM3 cell line was found to carry a KD mutation from the 300nM IM3
intermediate cell line onwards. The 200nM IM3 culture was therefore used in an imatinib re-escalation
to determine if a KD-carrying clone was present in the 200nM intermediate, even though it was not
detectable by MassARRAY sequencing. For all re-escalation studies, the intermediate of interest was
thawed from frozen stocks and cultured in an escalated TKI concentration i.e. the KU812 200nM IM3

intermediate was thawed and immediately exposed to 300nM imatinib.
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5.2.4 Analysis of dasatinib- and imatinib-resistant cell lines
Various assays were utilised in order to characterise the resistance mechanisms present in the
dasatinib- and imatinib-resistant cell lines. To measure the level of kinase inhibition in response to
particular TKIs, IC50 assays were performed as previously described®®. Thus, by measuring the
concentration of TKI required to reduce levels of p-Crkl (a BCR-ABL adaptor protein) by 50%, relative

levels of TKI resistance were determined (Figure 5.3).

In order to demonstrate that resistance was not mediated by TKI efflux protein expression, flow
cytometry was used to measure levels of ABCB1 and ABCG2 cell surface expression. Furthermore,
the intracellular uptake and retention (IlUR) assay was used to confirm that TKI transport (influx/efflux)

was not involved in conferring resistance.

In all TKI-resistant cell lines, intermediate stages of resistance development were sampled for RNA
and DNA isolation. These samples were later used for RQ-PCR to measure BCR-ABL mRNA
expression, quantitative DNA PCR to measure Bcr-Abl copy number, and for sequencing of the BCR-
ABL KD. If BCR-ABL expression and DNA copy number had increased, FISH and karyotyping was

used to demonstrate the mode of amplification (e.g. whether by HSR or dmin carrying Bcr-Abl).
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Figure 5.3: K562 DMSO IC50 930 \Western blot quantification

Cells were incubated for 2 hours at 37C/5%CO , with DAS concentrations ranging up to 5000nM. Western blot analysis
for p-Crkl was performed as previously described®. Signals were quantified using Image Quant software (Molecular
Dynamics), and the ratio of p-Crkl to Crkl was determined using Image Quant analysis. (A) Top panel: Scanned
Western blot image before analysis. Bottom panel: Polygons were drawn around each Crkl and p-Crkl band, and blank
membrane was also sampled as a background control. (B) Bands of p-Crkl were measured and graphed as a
percentage of the intensity of total Crkl (i.e. p-Crkl + Crkl intensity = 100%). (C) These percentages were normalised
(OnM dasatinib is 100% p-Crkl, 5000nM dasatinib is 0% p-Crkl). The 1C50 value was then taken as the concentration of
dasatinib when normalised p-Crkl was reduced to 50% (i.e. IC50%%%"" = 13 2nM in this case). This blot is shown again
in Figure 5.4.
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Figure 5.3
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5.3 Results

In order to compare and contrast the different resistance mechanisms that arise in different cell lines
exposed to different TKils, the K562, K562 Dox and KU812 cell lines were exposed to imatinib or
dasatinib. Previously it was observed that imatinib resistance in the K562 cell line was mediated by
BCR-ABL overexpression (Chapter 3) while imatinib resistance in the K562 Dox cell line was mediated
by overexpression of ABCB1 (Chapter 4). In this chapter, these resistance mechanisms were
compared with one dasatinib-resistant K562 cell line and two dasatinib-resistant K562 Dox cell lines,

as well as three imatinib-resistant KU812 cell lines.

5.3.1 Dasatinib resistance in the K562 cell line
To compare the level of dasatinib resistance in the K562 200nM DAS cell line, IC50P"S assays were
conducted and compared with values for the K562 Naive and K562 DMSO control cell lines. The K562

Naive and DMSO control cell lines had an average IC50°*°

of 11.7nM and 10.7nM respectively,
whereas the K562 200nM DAS cell line had an 1C50°*° greater than 50,000nM (Figure 5.4 and 5.5) .
To identify the mechanism(s) facilitating this overt dasatinib resistance, various assays were

performed.

To exclude ABCB1 and ABCG2 cell surface expression, cells were analysed by flow cytometry. No
expression of either of these efflux pumps was detected in the K562 200nM DAS cell line (Figure 5.6) .
To further confirm that dasatinib uptake and retention did not play a role in dasatinib resistance, DAS
IUR assays were conducted. At both 1uM and 2uM dasatinib, there was no significant difference in
DAS IUR in the K562 200nM DAS cell compared with the K562 Naive and DMSO control cell lines

(Figure 5.7).

RQ-PCR for BCR-ABL revealed that expression had increased from 178% in the K562 Naive control,
to 847% in the K562 200nM DAS cell line (Figure 5.8, “200nM”). Retrospective analysis of the
intermediate stages of resistance revealed that BCR-ABL expression had increased gradually in a
step-wise fashion, peaking at 1915% in the 3.5nM intermediate. BCR-ABL expression levels then
dropped significantly to approximately 1000% in the 5nM intermediate (P=0.0003) (Figure 5.8) . Using

a sensitive mutation detection technique (MassArray), it was found that the T315I| gatekeeper mutation
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Figure 5.4
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Figure 5.4: The K562 200nM DAS cell line has an inc reased IC50°*°
compared to the K562 Naive and DMSO control cell li  nes

Cells were incubated for 2 hours at 37C/5%CO , with DAS concentrations
ranging up to 50,000nM. Western blot analysis for p-Crkl was performed
as previously described®. The IC50 value for each blot (determined as the
dose of drug required to reduce levels of p-Crkl by 50%) is indicated above
each blot (and with red arrow). IC50 assays were performed at least four
times. One representative blot is shown for each of the three cell lines.
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Figure 5.5
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Figure 5.5: The average IC50 P*° for K562 200nM DAS was

significantly greater than that of the K562 Naive a nd DMSO control

cell lines

Note that no exact value can be given for the K562 200nM DAS cell line,
as p-Crkl could not be ablated even in the presence of 50,000nM DAS
(see Figure 5.4). A higher IC50 value indicates greater resistance to
dasatinib, while a lower IC50 value indicates more sensitivity. Data are
presented as mean +SEM of data from at least 4 independent
experiments. The K562 200nM DAS IC50°*° was significantly greater than
the K562 Naive and DMSO control cell lines (*P<0.00001).
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Figure 5.6
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Figure 5.6: The K562 200nM DAS cell line does note xpress ABCB1 or ABCG2
K562 Naive, DMSO, and 200nM DAS cells were harvested and stained with either an isotype control antibody or the
corresponding PE ABCB1 or PE ABCG2 antibody. After a 45 minute incubation with the antibody, the cells were

washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCBL1 (B) expression could be detected in the K562
200nM DAS cell line. Histograms are representative of 3 experiments.
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Figure 5.7
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Figure 5.7: Dasatinib IUR does not differ betweent he K562 200nM DAS cell line and the K562 Naive and DMSO
control cell lines

The intracellular uptake and retention (IUR) assay was performed as previously described*’. The K562 200nM DAS cell
line had a similar IUR compared to the K562 Naive and DMSO control cell lines (no significant difference). Data are
presented as mean +SD calculated from at least four independent experiments.
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Figure 5.8
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Figure 5.8: BCR-ABL expression levels and KD mutati  on status in the K562 200nM DAS cell line

BCR-ABL expression levels increased gradually in a step-wise fashion, peaking in the 3.5nM intermediate. Expression levels then
significantly decreased (*P=0.0003) before the emergence of the T315l mutation, detectable by MassARRAY at 1% in the 25nM
intermediate. Subsequently, conventional sequencing revealed the T315I% increased steadily over time in the presence of DAS.
Note that the T3151% continued to rise after 27 passages in DAS while BCR-ABL expression decreased (200nM P27). When the
200nM P27 cells were grown in the absence of dasatinib for 36 passages (-DAS P36) both T3151% and BCR-ABL expression
decreased. BCR-ABL expression levels are plotted as a ratio of BCR expression (% +SEM from at least 3 independent

experiments).
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had emerged in the 25nM intermediate cell line. The T315I percentage (relative to total BCR-ABL
transcript) continued to increase and became detectable by conventional sequencing in the 50nM
intermediate cell line. The T315] mutation reached a peak of 50% after 27 passages in 200nM
dasatinib (200nM P27) (Figure 5.8). Conversely, BCR-ABL expression levels significantly decreased
from 847% to approximately 590% after 27 passages in 200nM dasatinib (P<0.007) (Figure 5.8). To
investigate whether BCR-ABL overexpression and mutation status would be maintained if the
selective pressure was removed, frozen stocks of K562 200nM DAS cells (P27) were thawed and
cultured in the absence of dasatinib. After 36 passages in the absence of dasatinib (-DAS P36) it was
found that BCR-ABL expression levels had significantly decreased from ~590% to ~313% (P<0.02)

and this was accompanied by a decrease in T3151% (Figure 5.8).

DNA PCR confirmed a significant increase in Bcr-Abl copy number from 115% in the K562 Naive
control cell line to 438% in the K562 200nM DAS cell line (P<0.0005), and that these levels
significantly decreased to 305% after 27 passages in 200nM dasatinib (P<0.04) (Figure 5.9).
Furthermore, when the K562 200nM DAS P27 cells were cultured in the absence of dasatinib for 36
passages, Bcr-Abl copy number again decreased to 210% (P<0.02) (Figure 5.9) but still remained

significantly higher than in the K562 Naive cell line (P<0.005).

5.3.2 Dasatinib-resistance in K562 Dox cell lines
Dasatinib-resistance generation in the K562 Dox cell line was noticeably easier than in the K562 cell
line, as duration was ~7.5 months for the former compared to 11 months in the latter. This is likely due

to the fact that dasatinib is transported by ABCB1°*®

, Which is expressed at high levels in the K562
Dox cell line thereby facilitating some level of primary dasatinib resistance.

5.3.2.1 The K562 Dox 200nM DAS1 cell line
The K562 Dox 200nM DASL1 cell line was able to thrive in the presence of 200nM dasatinib. The
mechanisms facilitating this resistance were investigated by a variety of methods. Firstly, flow
cytometry was used to determine whether any changes in expression of ABCB1 or ABCG2 had
occurred. It was found that expression levels of both these transporters had not changed in the K562

Dox 200nM DAS1 cell line compared to the parental K562 Dox cell line (Figure 5.10). This was

unexpected, as ABCB1 overexpression was previously observed as a resistance mechanism in three
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Figure 5.9
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Figure 5.9: Bcr-Abl copy number in intermediates of the K562 200nM
DAS cell line

Bcr-Abl copy number (with respect to the GUSB control gene) was
significantly increased in the K562 200nM DAS cell line compared to the
K562 Naive control cell line. After 29 passages in 200nM DAS, the Bcr-Abl
copy number significantly decreased (200nM DAS P29), and 28 passages
in the absence of dasatinib (-DAS P28) resulted in a further significant
decrease. These results mirror the values seen for BCR-ABL transcript
expression (Figure 5.7). DNA was extracted using a High Pure PCR
Template Preparation Kit (Roche Diagnostics, Mannheim, Germany). The
DNA was used as a template in quantitative DNA PCR, performed in
duplicate for each experiment. Data are presented as mean +SD from at
least 3 independent experiments. *P<0.005.
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Figure 5.10

106 97
Isotype control | Isotype control
—— K562 Dox Naive —— K562 Dox Naive
—— K562 Dox DMSO —— K562 Dox DMSO
i —— K562 Dox 200nM DAS1 —— K562 Dox 200nM DAS1
80+
g
3 534
@)
27
0+ ¢ man P ——rTT T - —
0 1 2 3 4
10 10 10 10 10 0 o 102 10° 10*

ABCG2 expression ABCB1 expression

Figure 5.10: Cell surface expression of ABCB1 or AB CG2 in the K562 Dox 200nM DASL1 cell line

K562 Dox Naive, K562 Dox DMSO and K562 Dox 200nM DAS1 cells were harvested and stained with either an isotype
control antibody or the corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody. After a 45 minute incubation
with the antibody, the cells were washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCB1 (B)

expression had increased in the K562 Dox 200nM DASL cell line compared to the dasatinib-naive control cell lines.
Histograms are representative of 3 experiments.
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imatinib-resistant K562 Dox cell lines (Figure 4.4 ). Furthermore, the dasatinib intracellular uptake and
retention (IUR) was not significantly different from the K562 Dox Naive cell line, indicating that drug

influx/efflux was not mediating dasatinib resistance (Figure 5.11).

RQ-PCR revealed that BCR-ABL expression had increased from 186% in K562 Dox Naive cells to
540% in the final K562 Dox 200nM DASL1 cell line (Figure 5.12). Studies of the intermediate cultures
revealed that BCR-ABL expression levels again increased gradually as the dasatinib concentration
was escalated (as it did in the K562 200nM DAS cell line; Figure 5.8), reaching a peak in the 55nM
DAS1 intermediate of ~850%. Notably, expression levels then dropped significantly to ~466%
(P<0.004) coinciding with the appearance of the V299L BCR-ABL kinase domain mutation. BCR-ABL
expression levels then appeared to plateau at around 500%, while the percent of V299L mutation
(relative to total BCR-ABL transcript) steadily increased from ~40% to ~70% as dasatinib

concentrations increased (Figure 5.12).

Quantitative DNA PCR demonstrated that the Bcr-Abl DNA copy number mirrored BCR-ABL mRNA
expression in the 55nM DAS1, 75nM DAS1 and 200nM DAS1 cultures, again showing a significant
decrease between the 55nM and 75nM intermediates (P<0.0001) (Figure 5.13). FISH revealed the
presence of multiple copies of Bcr-Abl, although it is unclear whether this amplification was due to

double minutes or homogeneously staining regions (Figure 5.14).

Using conventional sequencing, the V299L mutation first became detectable in the 75nM DAS1
intermediate cell line. However, this method is only sensitive to 20% (i.e. mutations present below this
threshold are not detectable by conventional sequencing). To investigate whether the V299L mutant
clone emerged at an earlier time-point, MassARRAY sequencing (sensitive to 1%) was utilised, but
the mutation was not identified in any intermediate cell cultures prior to the 75nM condition.
5.3.2.1.1 Re-escalation of intermediates in DAS  or NIL

If indeed the V299L clone was present in the 55nM DAS1 intermediate, it should again be selected for
if this intermediate was re-escalated in dasatinib. Therefore, frozen stocks of the 55nM DAS1
intermediate were thawed and two separate cultures were re-escalated to 200nM dasatinib (named

K562 Dox 200nM DAS 1RE55 and 2RESS respectively). Neither dasatinib-re-escalated cell line
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Figure 5.11

K562 Dox 200nM DAS1

14

1 O K562 Dox Naive
" m K562 Dox 200nM DAS1
3 10
o
o
S
S 8
N
@
o 6 T
o)
£
§ 4
©
(@]
c

1uM 2uM
UM dasatinib

Figure 5.11: Dasatinib IUR does not differ between  the K562 Dox 200nM DAS1 cell line and the K562
Dox Naive control cell line

The intracellular uptake and retention (IUR) assay was performed as previously described*’?. The K562 Dox
200nM DASL1 cell line has a similar DAS IUR compared to the K562 Dox Naive control cell line, in the
presence of 1uM or 2uM DAS. Data are presented as mean +SD calculated from at least four independent
experiments.
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Figure 5.12
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Figure 5.12: BCR-ABL expression increased until the emergence of the V299L mutation in a DAS-
resistant K562 Dox cell line

BCR-ABL expression levels increased gradually, peaking in the 55nM DAS intermediate. Expression levels
then significantly dropped (*P<0.004) coinciding with the appearance of the V299L mutation. Neither
conventional sequencing nor MassARRAY could detect the mutation in the 55nM DAS intermediate. After the
emergence of the V299L mutation, BCR-ABL expression levels appeared to plateau. BCR-ABL expression is
plotted as a ratio of BCR expression % +SEM from at least 3 independent experiments.
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Figure 5.13
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Figure 5.13: Bcr-Abl copy number in selected interm  ediates of the
K562 Dox 200nM DAS1 cell line

Bcr-Abl copy number (with respect to the GUSB control gene) mirrored
BCR-ABL expression levels (Figure 5.12) in the K562 Dox Naive, 55nM
DAS1, 75nM DAS1 and 200nM DAS1 cell lines. Again, note the significant
decrease between the 55nM and 75nM intermediates. DNA was extracted
from cells using a High Pure PCR Template Preparation Kit (Roche
Diagnostics, Mannheim, Germany). The DNA was used as a template in
quantitative DNA PCR and was performed in duplicate for each
experiment. Data are presented as mean +SD from at least 3 independent
experiments. (*P<0.0008).
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Figure 5.14
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Figure 5.14: Interphase FISH to identify Bcr-Abl fu  sion genes

Shown above is a single, representative K562 Dox Naive cell (top panel) and a K562 Dox 200nM DAS1 cell (bottom
panel). Ber-Abl amplification in the DAS-resistant cell line is evident due to numerous co-localising Bcr (green) and Abl
(red) signals. 1x10° cells were harvested from culture and incubated in 100uL colcemid before being fixed onto glass
slides. After RNase treatment, cells were probed with a dual fusion probe and analysed with a fluorescence microscope.
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exhibited overexpression of ABCB1 or ABCG2 above levels in the Naive control cell line (Figure
5.15). The V299L mutation did emerge again in both cell lines in 75nM DAS, accompanied by a
significant decrease in BCR-ABL expression levels (Figure 5.16). To determine whether even earlier
intermediates harboured the V299L clone at undetectable levels, frozen stocks of the 40nM DAS1
intermediate were thawed and re-escalated in dasatinib to 200nM. This cell line was named K562 Dox
200nM DAS RE40, and also did not express ABCB1 or ABCG2 above control levels (Figure 5.15).
Once more, the V299L mutation emerged at the 75nM condition, and the familiar pattern of BCR-ABL

expression decrease was observed (Figure 5.17).

It was clear that, under the selective pressure of dasatinib, the dasatinib-resistant V299L-carrying

clone would always expand, as this mutation is known to confer dasatinib resistance'?***t, T

0
investigate whether a different mutation would arise under a different selective pressure, the 55nM
DASL1 intermediate cells were then re-escalated in nilotinib (as the V299L mutation is thought to be
sensitive to nilotinibm). Stocks of the 55nM DAS1 cells were thawed and immediately cultured in
200nM nilotinib, before being escalated every 10-15 days to 250nM, 350nM and finally 500nM. The
nilotinib-resistant cell lines (named K562 Dox 500nM NIL1 RE55 and NIL2 RES55) did not exhibit
ABCB1 or ABCG2 overexpression (Figure 5.18), nor did they carry the V299L mutation. The NIL1
RES55 cell line developed the G250E mutation in the 350nM nilotinib intermediate, which was again
associated with a significant decrease in BCR-ABL expression (from 853% in the 200nM NIL1
intermediate to 669% in the 350nM NIL1 intermediate; P<0.02), while the NIL2 RE55 cell line did not
carry any BCR-ABL KD mutations but rather had a significant increase in BCR-ABL expression (from
851% in the 55nM DAS intermediate to 1213% in the 200nM NIL2 intermediate; P<0.04) (Figure
5.19).
5.3.2.2 The K562 Dox 200nM DAS2 cell line

To determine if the V299L clone was present in the K562 Dox Naive cell line (though undetectable by
available sequencing methods), a second dasatinib-resistant culture was generated, and named K562
Dox 200nM DAS2. Again, these cells did not demonstrate any increased ABCB1 or ABCG2
expression (Figure 5.20) and interestingly, no kinase domain mutations were detected in any
intermediates. Rather, the only apparent resistance mechanism was a significant increase in BCR-

ABL expression from 176% in the K562 Dox Naive cell line, to 512% in the K562 Dox 200nM DAS2

cell line (P<0.00001) (Figure 5.21).
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Figure 5.15
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Figure 5.15: Cell surface expression of ABCB1 or AB  CG2 in the K562 Dox 40nM and 55nM dasatinib re-esca
cell lines

K562 Dox Naive, DMSO, 200nM DAS RE40, 200nM DAS 1RE55 and 200nM DAS 2RE55 cells were harvested and
stained with either an isotype control antibody or the corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody.
After a 45 minute incubation with the antibody, the cells were washed and analysed by flow cytometry. Neither ABCG2 (A)

nor ABCB1 (B) expression had increased in the dasatinib re-escalated cell lines compared to the Naive or DMSO control
cell lines. Histograms are representative of 3 experiments.
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Figure 5.16
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Figure 5.16: The V299L mutation emerged when the K5 62 Dox 55nM DASL1 intermediate was re-escalated ind asatinib

When the 55nM DAS intermediate of the K562 Dox 200nM DASL1 cell line was re-escalated in dasatinib, the V299L mutation again
emerged as the dominant clone. The first re-escalation was nhamed K562 Dox 200nM DAS 1RES55 (A), and the second nhamed K562
Dox 200nM DAS 2RE55 (B). In both cases the emergence of the V299L mutation was accompanied by a significant decrease in
BCR-ABL expression (*P<0.0005). BCR-ABL expression is plotted as a ratio of BCR expression % +SEM from at least 3
independent experiments. Patterned columns indicate results from the original K562 Dox 200nM DAS1 cell line (Figure 5.12) while
white columns indicate results for the re-escalated cultures.
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Figure 5.17
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Figure 5.17: The V299L mutation emerged when the K5 62 Dox 40nM
DASL1 intermediate was re-escalated in dasatinib

When the 40nM DAS intermediate of the K562 Dox 200nM DASL1 cell line
was re-escalated in dasatinib, the V299L mutation again emerged (in the
75nM intermediate) as the dominant clone. Furthermore, the emergence of
the V299L mutation was again accompanied by a significant decrease in
BCR-ABL expression. BCR-ABL expression is plotted as a ratio of BCR
expression % +SEM from at least 3 independent experiments. Patterned
columns indicate results from the original K562 Dox 200nM DASL1 cell line
(Figure 5.12) while white columns indicate results for the re-escalated
cultures.
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Figure 5.18
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Figure 5.18: There was no change in cell surface ex
escalation cell lines

K562 Dox Naive, DMSO, 500nM NIL1 RE55 and 500nM NIL2 RE55 cells were harvested and stained with either an
isotype control antibody or the corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody. After a 45 minute
incubation with the antibody, the cells were washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCB1 (B)

expression had increased in the nilotinib re-escalated cell lines compared to the Naive or DMSO controls. Histograms are
representative of 3 experiments.
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Figure 5.19 B K562 Dox 500nM NIL2 RE55

A 1400- i T
K562 Dox 500nM NIL1 RE55 1200 'T' 'T'
1000+ __ P02 - 50 * L
-~ G250E ; L J # S 10009
o z - 40 S a0 Y
s T < 5 i }'
O 600+ } [0 = <
9 % c o 6004 %
= 3 5
< 4004 ] .
< = 400~
2
2004 / - 10 2004
04 —4— 4— 4‘—*—4—'!'—'!'—‘ 0 0-

o 0?9 Q?9 0?9 0?9 0?9 %\\:\/ é\\:\/ é\\:\/ é\\’\/ & ovg 0?? 0?? ovg ovg e\\’q’ g\\’q/ g\\()’ e\\’q/
K S

S T T T ST TS S ST T T ST T ST
N A M A

. . Intermediate lines
Intermediate lines

Figure 5.19: Re-escalation of the K562 Dox 55nM int ermediate in NIL resulted in the emergence of the G  250E
mutation or increased BCR-ABL expression

Two nilotinib resistant cell lines were generated by re-escalating the K562 Dox 55nM DASL1 intermediate, and named K562
Dox 500nM NIL1 RE55 and NIL2 RES5S5 respectively. In the NIL1 cell line, the G250E mutation emerged (A), while in the
NIL2 cell line there was no KD mutation but instead a significant increase in BCR-ABL expression (*P<0.04) (B). BCR-ABL
expression is plotted as a ratio of BCR expression % +SEM from at least 3 independent experiments. Patterned columns
indicate results from the original K562 Dox 200nM DASL1 cell line (Figure 5.12) while white columns indicate results for the
re-escalated cultures.
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Figure 5.20
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Figure 5.20: Cell surface expression of ABCB1 or AB
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K562 Dox Naive, DMSO and 200nM DAS2 cells were harvested and stained with either an isotype control antibody or the
corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody. After a 45 minute incubation with the antibody, the
cells were washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCB1 (B) expression had increased in the

K562 Dox 200nM DAS2 cell line. Histograms are representative of 3 experiments.




Figure 5.21

K562 Dox 200nM DAS2

600+

N
N\
\
\
\
N\
\

7 7
V. 7
7 7
7
7

-
N

N

-

4004

-
A

-
N
R R R T R

-r
"’

* . '

N

\

N
-

AN

-

=
NN
N
\
N
R
Nk

N
N

200+

BCR-ABL/BCR %

-
N

-
N

Ll lhLLLLLEEEY
N

R T
R R R R
11
R R R T R
Ll Y
11

7
7 s
7 v .
i i 7
7 i 7 i
7 i 7 i
7 i 7 i
P 7 i 7 i
f 7 i 7 i
f 7 i 7 i
f i i 7 7
f i i 7 7
f i i 7 7
f 7 i 7 i
f 7 i 7 i
f 7 i 7 i
f 7 i 7 i
f 7 i 7 i
f 7 i 7
f 7 i 7
f 7 i 7
f 7 i
7 i
7 i
i
Ui

.-

AR
h\ \

i

7 7 7
7 7 i
7 7 7
7 . 7 7
7 7 7 7 7
7 7 U 7 7

O . Wz Z Wiz 7 7

Intermediate lines

Figure 5.21: Intermediate BCR-ABL expression levels in the K562 Dox
200nM DAS2 cell line

BCR-ABL expression increased significantly as dasatinib concentration
was escalated in the K562 Dox 200nM DAS2 cell line (*P<0.00001).
Unlike the DAS1 cell line, no BCR-ABL KD mutations emerged in the
DAS2 cell line. Samples were taken at intermediate stages of resistance
development, and cDNA was synthesised using the RNA extracted from
1x10’ cells. RQ-PCR was conducted using cDNA as the template, and
BCR-ABL expression was determined as a ratio of BCR expression. Data
are presented as mean +SEM from at least 3 independent experiments.
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5.3.3 Imatinib-resistance in KU812 cell lines
Imatinib resistance generation in the K562 and K562 Dox cell lines only took ~6 months and ~4
months respectively, however, the KU812 cell line was noticeably more sensitive, taking an average of
9 months to become resistant to 2uM IM. Furthermore, when dasatinib cultures of KU812 cells were
initiated, drug concentration could not be escalated above 1nM, and proliferation was noticeably
slowed. This TKI-sensitivity is likely due to the fact that the KU812 cell line is known to only harbour

%0 Therefore, in contrast

two copies of BCR-ABL, while the K562 cell line has in excess of 20 copies
to the KU812 cell line, the increased BCR-ABL expression in both the K562 and the derivative K562
Dox cell line (which also has ABCB1 overexpression) result in intrinsic TKI resistance, enabling
escalation in dasatinib and faster resistance development in imatinib. This may explain why previous

studies have failed to generate TKI resistance in the KU812 cell line™"**

. In this study three imatinib-
resistant KU812 cell lines were established, namely KU812 2uM IM1, IM2 and IM3.
5.3.3.1 The KU812 2uM IM1 cell line

Imatinib resistance was generated in the KU812 cell line to compare modes of imatinib-resistance with
the K562 and K562 Dox cell lines. The KU812 2uM IM1 cell line was found to not have any ABCB1
overexpression, but flow cytometry indicated a very slight increase in ABCG2 expression (x-mean
increased from 0.97 in the Naive control to 2.18) (Figure 5.22). To determine whether this minimal
increase was functionally relevant and contributing to imatinib resistance, IUR assays were conducted.
Imatinib ITUR was not significantly different in the presence of 1uM imatinib (9.7ng and 10.2ng imatinib
per 200,000 cells in the Naive and IM-resistant cell line respectively) or 2uM imatinib (20.2ng and
20.7ng imatinib in 200,000 cells in the Naive and IM-resistant cell line respectively) (Figure 5.23).
Furthermore, there was no significant difference in imatinib accumulation when cells were incubated
with the ABCG2 inhibitor, Ko143, and there was no significant difference in OCT-1 activity (Figure

5.23). This indicated that neither the IM-Naive nor the IM-resistant cell lines had any functional

ABCGZ2, and that imatinib influx and efflux was not playing a role in IM-resistance.

RQ-PCR was conducted with available intermediate samples, revealing that BCR-ABL expression had

significantly increased from 443% in the KU812 Naive cell line to 5860% in the 600nM intermediate

(P<0.0002), after which BCR-ABL mRNA reached a plateau of approximately 6000% (Figure 5.24).
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Figure 5.22
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Figure 5.22: Cell surface expression of ABCB1 and A BCG2 in the KU812 2uM IM1 cell line

KU812 Naive and KU812 2uM IM1 cells were harvested and stained with either an isotype control antibody or the
corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody. After a 45 minute incubation with the antibody, the
cells were washed and analysed by flow cytometry. (A) Minimal ABCG2 expression was detected (x-mean increased

from 0.97 in the Naive control to 2.18 in the KU812 2uM IM1 cell line). (B) No ABCB1 expression was detected.
Histograms are representative of 3 experiments.
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Figure 5.23
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Figure 5.23: The imatinib IUR in the KU812 2uM IM1 cell line was not significantly different from the KU812
Naive cell line, and was not affected by blocking A BCG2

The IUR assay was performed as previously described*’?. Ko143 (0.5uM) inhibits ABCG2, while prazosin (100puM) is a
potent inhibitor of OCT-1. OCT-1 activity is calculated by subtracting the IUR in the presence of prazosin from the IUR in
the absence of prazosin. The IM1-resistant cell line had neither a decreased IUR, nor a decreased OCT-1 activity
compared to the KU812 Naive control cell line. Furthermore, blocking ABCG2 did not result in an increased IUR for
either cell line, indicating imatinib efflux by ABCG2 was not facilitating resistance. Data are presented as mean +SD
calculated from four independent experiments.
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Figure 5.24
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Figure 5.24: BCR-ABL expression increased until the emergence of
three KD mutations in the KU812 2uM IM1 cell line

BCR-ABL mRNA expression levels significantly increased in the KU812
2uM IM1 cell line compared to the KU812 Naive cell line as imatinib
concentration was escalated (*P<0.0002). Expression levels then
significantly dropped coinciding with the appearance of the E459K, E450Q
and E470K mutations (*P<0.004). BCR-ABL expression is plotted as a
ratio of BCR expression % +SEM from at least 3 independent
experiments. Conventional sequencing was used to determine the
mutation status of the kinase domain of BCR-ABL.
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Following the emergence of three kinase domain mutations (E459K, E450Q and E470K), BCR-ABL
MRNA levels significantly decreased to 2414% (P<0.004). Bcr-Abl DNA copy number (with respect to
the GUSB control gene) increased from 128% in the KU812 Naive cell line, to 2426% in the KU812

2uM IM1 cell line - mirroring BCR-ABL mRNA levels (Figure 5.25).

To determine the mode of Bcr-Abl DNA amplification, karyotyping and FISH was conducted. The
KU812 Naive cell line did not have any homogeneously staining regions or dmin (Figure 5.26) and
confirmed that the karyotype had changed very little from the originally established KU812 cell line
(Figure 5.1) despite over 100 passages. In contrast, the heterogeneous KU812 2uM IM1 population
had a variable karyotype, with abnormalities of ploidy and additional structural rearrangements
(Figure 5.27). Of note was the presence of dmin, which are observed in various human cancers and
frequently carry oncogenes™®*****°. To determine whether the dmin in the KU812 2uM IM1 cell line
harboured additional copies of Bcr-Abl, FISH was conducted. It was found that the KU812 2uM IM1
cell line had many more positive signals for BCR and ABL, which co-localised and indicated numerous
copies of Bcr-Abl (Figure 5.28). Thus, the small, acentric fragments of DNA (dmin) were shown to
carry Ber-Abl and were therefore considered responsible for BCR-ABL overexpression.
5.3.3.2 The KU812 3uM IM2 cell line

A second imatinib-resistant KU812 cell line was generated and named KU812 3uM IM2. At the 2uM
IM2 intermediate, sequencing and RQ-PCR showed that several kinase domain mutations had
emerged, but that BCR-ABL expression had steadily increased and remained high (from ~440% in
KU812 Naive cells, to over 10,000% in the KU812 3uM IM2 cell line) (Figure 5.29). Previously, in the
K562 200nM DAS cell line, the K562 Dox 200nM DAS1 cell line (and its dasatinib and nilotinib re-
escalations) and the KU812 2uM IM1 cell line, KD mutation emergence was always accompanied by a
significant decrease in BCR-ABL expression (Figure 5.8, 5.12, 5.16, 5.17, 5.19 & 5.24 ). To determine
whether BCR-ABL expression levels in the KU812 2uM IM2 intermediate cell line would eventually
decrease since KD mutations had emerged, this cell line was further escalated in imatinib to 3uM. It
was found that BCR-ABL expression levels in the 2.5uM IM2 intermediate had indeed significantly
decreased to 5266% (P<0.008), while the percentage of the E459K mutation continued to rise to 90%

(Figure 5.29).
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Figure 5.25
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Figure 5.25: Bcr-Abl DNA copy number was significan  tly increased

in the KU812 2uM IM1 cell line compared to the KU81 2 Naive cell
line

Bcr-Abl copy number (with respect to the GUSB control gene) was
significantly increased in the IM-resistant cell line (*P<0.00001). DNA
was extracted from the three cell lines using a High Pure PCR Template
Preparation Kit (Roche Diagnostics, Mannheim, Germany). The DNA
was used as a template in quantitative DNA PCR, performed in duplicate
for each experiment. Data are presented as mean +SD from at least 3
independent experiments.
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Figure 5.26
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Figure 5.26: Karyotype of the KU812 Naive cell line
Karyotype of the KU812 Naive cell line after ~50 passages in our laboratory.

The cell line showed a fairly constant, near triploid karyotype: 61,XYY,-2,-
x2,-10,i(11)

3,add(4)(p11),-5,+6,-7,+8,-9,t(9;22)(q34;911.2)
16,del(17)(q11.2924),i(17)(q10), -18,+19,-20,-22

This karyotytpe is consistent with the originally published KU812 karyotype

(see Figure 5.1). Karyotyping conducted by Sarah Moore.

(q10)1-121
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Figure 5.27
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Figure 5.27: Karyotypes of the heterogeneous KU812

2uM IM1 population

These cells showed a variable karyotype, with abnormalities of ploidy and
additional structural rearrangements including double minutes (dmin):
57~118<3n>,XYY,-2,-3,-4,-5,+6,-7,+8,-9,1(9;22)(q34;911.2)x2,-10, i(11)(q10),-12,-
16, del(17)(q11.2924),i(17)(g10),-18,+19,-20,-22, +5~8dmin[cp]/57~58,
idem,der(?)t(21;?)(q11;?). Two example karyotypes are shown. Karyotyping
conducted by Sarah Moore.

179



Figure 5.28
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Figure 5.28: Interphase FISH to identify Bcr-Abl fu  sion genes

Shown above is a single, representative KU812 Naive cell (top panel) and a single KU812 2uM IM1 cell (bottom
panel). Ber-Abl amplification in the KU812 2uM IM1 cell line is evident due to numerous co-localising Bcr (green)
and Abl (red) signals, seen in the ‘Overlay’ panel. This indicates that the dmin (identified by karyotyping) carry Bcr-
Abl. 1x10° cells were harvested from culture and incubated in 100pL colcemid before being fixed onto glass slides.
After RNase treatment, cells were probed with a dual fusion probe and analysed with a fluorescence microscope.
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Figure 5.29
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Figure 5.29: BCR-ABL expression and KD mutation sta tus in the
KU812 3uM IM2 cell line

BCR-ABL expression levels increased gradually, peaking in the 2uM
intermediate at ~10,450%. BCR-ABL expression then significantly
decreased to ~5,265% (*P<0.008), accompanied by the expansion of
multiple KD mutant clones. BCR-ABL expression is plotted as a ratio of
BCR expression % +SEM from at least 3 independent experiments.
Conventional sequencing was used to determine the mutation status of
the kinase domain of BCR-ABL.
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Bcr-Abl DNA copy number had significantly increased in the KU812 3uM IM2 cell line (1732%)
compared to the KU812 Naive control (125%) (P<0.00001) (Figure 5.30). Furthermore, FISH results
indicated multiple copies of the Bcr-Abl gene (Figure 5.31). This may again be evidence for the
presence of dmin which are carrying the Bcr-Abl oncogene. Lastly, overexpression of ABCB1 and
ABCG2 could be excluded as a resistance mechanism in the KU812 3uM IM2 cell line by flow
cytometry (Figure 5.32).
5.3.3.3 The KU812 2uM IM3 cell line

In both the KU812 2uM IM1 and IM2 cell lines, the E459K, E450Q and E470K mutations emerged,
and the E459K mutation reached approximately 90% in both cell lines (Figure 5.24 & 5.29). To
determine whether these mutations were predisposed to emerge in the KU812 cell line, a third IM-
resistant culture was established and hamed KU812 2uM IM3. Again, as with the previous IM-resistant
KU812 cell lines, no ABCB1 or ABCG2 cell surface expression was detected (Figure 5.33), excluding
drug efflux as a resistance mechanism. Instead, BCR-ABL expression levels steadily increased with
imatinib concentration escalation, peaking at 990% in the 200nM IM3 intermediate before significantly
decreasing to a plateau of approximately 660% in the 300nM IM3 intermediate (P<0.005)(Figure
5.34). Interestingly, this drop in BCR-ABL expression coincided with the appearance of the F359C KD
mutation in the 300nM IM3 intermediate. The percentage of F359C mutation with respect to total BCR-

ABL transcript reached 100% in the 2uM IM3 culture (Figure 5.34).

To determine whether the increase in BCR-ABL mRNA expression in the 200nM IM3 intermediate was
mediated by an increased Bcr-Abl DNA copy number, quantitative DNA PCR was conducted.
Strikingly, there was no significant difference in Bcr-Abl copy number when comparing the KU812
Naive control (94%), the 200nM IM3 (86%) and 300nM IM3 (94%) intermediates, and the 2uM IM3 cell
cultures (90%)(Figure 5.35). This was confirmed by FISH, as there were consistently only four
overlaying Bcr and Abl signals in the KU812 Naive cell line, and in the 200nM IM3, 300nM IM3 and
2uM IM3 cultures (Figure 5.36). Of the four signals, two represent the two copies of Bcr-Abl (the
t(9:22) translocation) that the KU812 cell line is known to harbour®®, while the other two signals

represent the reciprocal translocation (two copies of der 9).
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Figure 5.30

Bcr-Abl DNA copy number
2500-

*
2000+

15004

1000+

Bcr-Abl/GUSB %

500+

(Ve

KU812 Naive KU812 3uM IM2

Figure 5.30: Bcr-Abl DNA copy number was significan  tly increased in
the KU812 3uM IM2 cell line compared to the KU812 N  aive cell line
Bcr-Abl copy number (with respect to the GUSB control gene) was
significantly increased in the KU812 3uM IM2 cell line (*P<0.00001). DNA
was extracted from the three cell lines using a High Pure PCR Template
Preparation Kit (Roche Diagnostics, Mannheim, Germany). The DNA was
used as a template in quantitative DNA PCR, performed in duplicate for
each experiment. Data are presented as mean +SD from at least 3
independent experiments.
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Figure 5.31

Bcr probe Abl probe Overlay

KU812 Naive

KU812 3uM IM2

Figure 5.31: Interphase FISH to identify Bcr-Abl fu  sion genes

Shown above is a single, representative KU812 Naive cell (top panel) and a single KU812 3uM IM2 cell (bottom panel).
Bcer-Abl amplification in the IM-resistant cell line is evident due to numerous co-localising Bcr (green) and Abl (red)
signals, seen in the ‘Overlay’ panel. 1x10° cells were harvested from cell cultures and incubated in 100pL colcemid
before being fixed onto glass slides. After RNase treatment, cells were probed with a dual fusion probe and analysed
with a fluorescence microscope.
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Figure 5.32
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Figure 5.32: Cell surface expression of ABCB1 and A BCG2 in the KU812 3uM IM2 cell line
KU812 Naive and KU812 3uM IM2 cells were harvested and stained with either an isotype control antibody or the
corresponding PE ABCB1 or PE ABCG2 antibody. After a 45 minute incubation with the antibody, the cells were

washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCBL1 (B) expression could be detected in the KU812
3uM IM2 cell line. Histograms are representative of 3 experiments.
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Figure 5.33
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Figure 5.33: Cell surface expression of ABCB1 and A
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KU812 Naive and KU812 2uM IM3 cells were harvested and stained with either an isotype control antibody or the
corresponding PE labelled ABCB1 or PE labelled ABCG2 antibody. After a 45 minute incubation with the antibody, the

cells were washed and analysed by flow cytometry. Neither ABCG2 (A) nor ABCB1 (B) expression could be detected in
the KU812 2uM IM3 cell line. Histograms are representative of 3 experiments.
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Figure 5.34
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Figure 5.34: BCR-ABL expression increased until the emergence of the F359C mutation KU812 2uM IM3 cell  line
BCR-ABL expression levels increased gradually in the KU812 2uM IM3 cell line, peaking in the 200nM intermediate at
~990%. Expression levels then significantly dropped (*P<0.005) coinciding with the appearance of the F359C mutation.
Neither conventional sequencing nor MassARRAY analysis could detect the mutation in the 200nM IM3 intermediate.
After the emergence of the F359C mutation, BCR-ABL expression levels reached a plateau. BCR-ABL expression is
plotted as a ratio of BCR expression % +SEM from at least 3 independent experiments.
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KU812 300nM IM3 KU812 200nM IM3 KU812 Naive

KU812 2uM IM3

Figure 5.36

Bcr probe Abl probe Overlay

Figure 5.36: Interphase FISH to identify Bcr-Abl fu  sion genes

FISH analysis of a single, representative KU812 Naive cell (top panel), a single
KU812 200nM IM3 cell (second panel), a 300nM IM3 cell (third panel) and a 2uM
IM3 cell (bottom panel). Overlaying Bcr (green) and Abl (red) signals confirms that
Bcr-Abl amplification has not occurred in the IM-resistant cell line. There were
consistently four signals in the four cell lines. White arrows indicate overlaying
signals in the KU812 2uM IM3 panel.
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Neither conventional sequencing nor the more sensitive MassARRAY technique could detect any
mutations in the 200nM IM3 intermediate. In previous re-escalation studies with the K562 Dox 200nM
DAS1 cell line, it was shown that the same KD mutation emerged and became the dominant clone,
even when the re-escalated intermediate culture had no detectable mutation (Figures 5.16 & 5.17 ).
To determine if this phenomenon would also be observed in the KU812 cell line in the context of
imatinib resistance, the 200nM IM3 intermediate culture was thawed from frozen stocks, before being
re-escalated in imatinib. It was found that the F359C again emerged in the presence of 300nM
imatinib. As previously observed, the emergence of the KD mutation was accompanied by a significant

decrease in BCR-ABL expression levels (P<0.02) (Figure 5.37).
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Figure 5.37
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Figure 5.37: The F359C mutation emerged when the KU 812 200nM
IM3 intermediate was re-escalated in imatinib

When the 200nM IM3 intermediate of the KU812 2uM IM3 cell line was re-
escalated in imatinib, the F359C mutation again emerged (in the 300nM
intermediate) as the dominant clone. Furthermore, the emergence of the
F359C mutation was again accompanied by a significant decrease in
BCR-ABL expression. BCR-ABL expression is plotted as a ratio of BCR
expression % +SEM from at least 3 independent experiments. Patterned
columns indicate results from the original KU812 2uM IM3 cell line (Figure
5.33) while white columns indicate results for the re-escalated cultures.
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5.4 Discussion

In order to investigate mechanisms of TKI resistance, several TKI-resistant cell lines were generated,
including one dasatinib-resistant K562 cell line, two dasatinib-resistant K562 Dox cell lines, and five
dasatinib or nilotinib re-escalated cultures. Imatinib resistance was also generated in three KU812 cell

lines (Table 5.1).

5.4.1 BCR-ABL overexpression precedes the emergence  of KD mutations
In the DAS-resistant K562 and K562 Dox DASL1 cell lines, and in all three KU812 IM-resistant cell
lines, increased BCR-ABL expression was the first TKI resistance mechanism to emerge. This
mechanism was then superseded by the emergence of one or more KD mutations. For all 10 cell lines
that developed KD mutations, increased BCR-ABL expression always occurred first. In a study by

Branford et. al.*®

(where the BCR-ABL mRNA expression and KD mutation data of 214 CML patients
taking imatinib was correlated) it was found that in most patients with mutations (91% of patients with
KD mutations), the mutations were detectable at the time of the =22-fold rise in BCR-ABL expression.
However, in 47% of these patients, the mutations were also detectable from 1.5 to 8 months before
the rise in BCR-ABL expression. Only 9% of patients exhibited mutations that were detectable at 2-3
months after the rise in BCR-ABL expression. Thus, most patients developed KD mutations followed
by BCR-ABL overexpression — the opposite order observed in this study. In these patients, it appears
that a leukaemic clone carrying a KD mutation emerges first, and is selected for by therapy which
results in the measurable BCR-ABL rise after the mutation was detected. Thus, the rise in BCR-ABL
expression may merely reflect a rise in the number of circulating leukaemic cells, rather than
increased expression of BCR-ABL per cell (though these are not mutually exclusive). In the case of
those patients where BCR-ABL overexpression emerged first and was followed by a KD mutation, it
appears that leukaemic burden first increased, perhaps due to some other resistance mechanism (e.g.
increased ABCBL1 expression) and/or that BCR-ABL expression per cell increased as a partially
protective resistance mechanism, and that the KD mutation followed due to the increased likelihood of
mutation caused by increased BCR-ABL expression itself. This scenario most likely mimics the
observations of this study.

It should also be noted that the cell lines in this study were effectively monitored every 10-30 days

(whenever TKI escalation occurred), whereas the patients in the study by Branford et. al."® were
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Table 5.1

KuU812 K562 Dox K562
) IM3 DAS DAS DAS NIL1 NIL2
Cell line IM1 IM2 IM3 RE200 DAS1 RE40 1RE55 ORES5 RES5 RES5 DAS?2 DAS
KD Mutation X X
Increased
ABCB1/ABCG?2 cell- X X X X X X X X X X X
surface expression
Increased BCR-ABL
expression

Table 5.1: Summary of resistance mechanisms detecte r DAS, as well as

those detected in the re-escalated cell cultures.
=yes; x = no. Greyed box indicates ‘not tested’.

d in three TKI-resistant cell lines exposed to IM o

193




monitored between 1-6 month intervals. If intervals were consistent and shorter, more patients in
which a rise in BCR-ABL expression occurred before the emergence of a KD mutation may have been

identified.

In this study, FISH and DNA PCR confirmed that the K562 200nM DAS, K562 Dox 200nM DAS1,
KU812 2uM IM1 and KU812 3uM IM2 cell lines all had increased Bcr-Abl DNA copy number, likely
causing overexpression of BCR-ABL. The presence of dmin was confirmed by karyotyping as the
mode of Bcr-Abl DNA amplification in the KU812 2uM IM1 cell line. FISH results and fluctuating copy
number observed by DNA PCR in key intermediate cell lines indicate that dmin may also be present in
the K562 200nM DAS, K562 Dox 200nM DAS1 and KU812 3uM IM2 cell lines. Rapid increase in

BCR-ABL expression may have emerged as the first mechanism of resistance in these cell lines due

146 146

to the ease of (dmin) amplification™. Dmin are small, circular, acentric" fragments of DNA™ that

frequently carry oncogenes (hence facilitating oncogene overexpression) in  human

cancers'®'*®1*®1%° The number of dmin per cell varies, as they cannot attach to the mitotic spindle

and are randomly segregated into the daughter cells following DNA replication. After mitosis, the

daughter cell with the most dmin would have the selective advantage, and thus the number of

146

dmin/cell in a population can rapidly increase™. BCR-ABL expression is known to increase DNA

33,34,117,223

damage and genomic instability via reactive oxygen species (ROS)*. This may in part

explain why cells overexpressing BCR-ABL have an increased likelihood of developing a KD

mutation®’*®*

. Furthermore, increased levels of genomic Bcr-Abl (e.g. copies present on dmin) may
also increase the likelihood of KD mutation development by virtue of the fact that more Bcr-Abl is
being duplicated during mitosis, and the chance of an error in replication increases as copy number

increases.

5.4.2 BCR-ABL expression levels significantly decre  ase upon the emergence of KD
mutations
Barnes et. al."®" hypothesised that excessive expression of active BCR-ABL may be detrimental to the
cell. When imatinib was suddenly removed from cultures of BCR-ABL-overexpressing cells, their

161
d

proliferation suddenly and significantly decreased, and apoptosis increased ™. This may explain why a

" Acentric: Without a centromere.
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clone carrying a KD mutation, yet with lower levels of BCR-ABL expression, has a selective advantage
over a clone without a mutation that exhibits excessive expression of BCR-ABL. Thus, a drop in BCR-
ABL expression accompanies the appearance of a KD mutation, as the mutation supersedes BCR-

ABL overexpression as the preferred mechanism of resistance.

5.4.3 Kinetics of DAS-resistance development in the K562 200nM DAS cell line
The T315| mutation confers high level resistance to IM, DAS, and NIL'"**'. The K562 200nM DAS

PAS yalue could not be obtained for this cell

cell line was found to harbour the T315I mutation. An IC50
line, as no amount of dasatinib was able to reduce the amount of p-Crkl (a measure of BCR-ABL
activity) even when challenged with 50,000nM dasatinib. IC50 values for IM and NIL are shown in
Chapter 6: TKI cross-resistance. The IC50 assay also confirmed that long term culture in 0.1% DMSO

did not generate resistance to dasatinib. Thus, any dasatinib resistance mechanisms observed are

due only to dasatinib, and not the DMSO vehicle.

After 27 passages of the K562 200nM DAS cell line in dasatinib, BCR-ABL expression levels
significantly decreased while T3151% continued to increase in the population as a whole (Figure 5.8).
Without intensive clonal studies which are beyond the scope of this project, it remains unclear whether
these resistance kinetics represent A) two separate clones which are competing for survival (one with
low BCR-ABL expression carrying the T315] mutation, and the other with high BCR-ABL expression
but no T315I mutation) OR B) one dominant clone carrying wild-type- and T315I-Bcr-Abl on double
minutes, where the proportion of dmin carrying T315I-Bcr-Abl in that clone is increasing due to
selection (Figure 5.38). Either of these theories may explain why T3151% continued to increase while
BCR-ABL expression levels continued to decrease over time. Interestingly, when the K562 200nM
DAS cell line was grown in the absence of dasatinib for over 30 passages, BCR-ABL mRNA
expression continued to fall (as increased expression was no longer beneficial), as did the T3151%
(Figure 5.8). This was not unexpected, as it has been documented in CML patients with KD mutations
that mutation% decreases upon cessation of TKI therapy (as wild-type BCR-ABL 0utgrows)114'116. This
indicates that the kinase activity of mutant BCR-ABL molecules may be slightly compromised
compared to their wild-type counterparts. In conclusion, the removal of dasatinib as a source of

selective pressure causes a reduction in BCR-ABL expression (as excess, active BCR-ABL activity is
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Figure 5.38: Representations of possible clonal kin  etics of resistance emergence

There are different explanations that account for the resistance kinetics of BCR-ABL expression and mutation% in the
K562 200nM DAS, K562 Dox 200nM DAS1, KU812 2uM IM1, IM2 and IM3 cell lines. This figure shows possible
mechanisms for how T3151% increased as BCR-ABL expression decreased in the K562 Dox 200nM DAS cell line.
Left panel: Early in dasatinib escalation, two different cells may have mutated such that one acquired the T315I
mutation only, while the other developed BCR-ABL overexpression only. At low dasatinib concentrations, both clones
may have been equally viable and continued to grow. However, as dasatinib concentration was escalated, the T315I-
carrying clone was able to survive and expanded, while BCR-ABL overexpression in the latter clone was not sufficient
in such high dasatinib concentrations, causing this clone to decline. Right panel: Double minutes carrying wild-type
and mutant Bcr-Abl are present in a single clone which populates the culture. As dasatinib concentration is increased,
daughter cells that contain higher numbers of mutant Bcr-Abl (but not necessarily higher numbers of total Ber-Abl) are
selected and thrive. Both explanations provide plausible theories to explain the results obtained in this study. Dmin =
double minutes; HSR = homogenously staining regions.
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Figure 5.38
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detrimental*®), as well as a reduction in T3151%, because this clone no longer has an advantage over

un-mutated BCR-ABL.

5.4.4 A V299L-carrying clone emerged early on in DA S exposure in the K562 Dox cell
line

Besides T315I, the V299L mutation is the most common KD mutation detected in CML patients

120 119,121

treated with dasatinib . The V299L mutation is known to confer dasatinib resistance in vitro and

in vivo®’.

When the K562 Dox cell line was exposed to gradually increasing concentrations of dasatinib, the
V299L mutation emerged in the 75nM intermediate (Figure 5.12). It is possible that there were many
different clones carrying different KD mutations in a previous intermediate culture that were all capable
of emerging as the dominant clone. However, neither conventional sequencing nor more sensitive
MassARRAY analysis could detect the presence of the V299L mutation (or any other of the 30 most
common KD mutations found in CML patients; see Appendix 1.5) in any prior intermediates, including
the K562 Dox Naive cell line. Despite this mutation being undetectable, two re-escalations of the
55nM DASL1 intermediate, and indeed even the 40nM DAS1 intermediate, resulted in the emergence
of V299L again. Notably, the KD mutation always became detectable when cultures reached the 75nM
dasatinib culture condition (Figures 5.16 & 5.17 ). The V299L-carrying clone must have emerged at an
earlier intermediate (i.e. 40nM DASL1 or earlier), but did not have the selective advantage (to allow for
detection) over cells only overexpressing BCR-ABL when dasatinib concentrations were relatively low.
Only when dasatinib concentrations reached 75nM did BCR-ABL overexpression become insufficient
to confer dasatinib resistance, allowing the V299L-carrying clone to dominate and become detectable.
It seems likely that the V299L-carrying clone was present in intermediates prior to the 75nM DAS1
intermediate, yet it was not detectable by the sensitive MassARRAY detection method. Therefore, the
presence of clones carrying different KD mutations prior to the 75nM intermediate cannot be excluded
merely because none were detected by MassARRAY.

119,121,237
b

The V299L mutation is thought to be sensitive to both nilotinib and imatini . Therefore, it was

hypothesised that re-escalation in nilotinib would not facilitate selection of the V299L mutation, but that
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the population would have to resort to some other mutation/resistance mechanism. This hypothesis
was correct, as nilotinib culture resulted in the emergence of the G250E mutation in the 350nM NIL1
intermediate (Figure 5.19). This mutation has been implicated in both in vitro®*> and in vivo®® nilotinib
resistance, however its emergence in the NIL1 cell line must have been a stochastic event as it did not
emerge in the second nilotinib re-escalation (NIL2) (Figure 5.19). Instead, BCR-ABL overexpression
appeared to be the major mode of NIL-resistance in the K562 Dox 500nM NIL2 RE55 cell line (Figure

5.19).

KD mutations have been found to be present in de novo CML patients, before TKI therapy is

Started107,110-113

. Thus, in some cases of relapse where KD mutations are present, it appears that
clones with advantageous mutations were already present before treatment and were merely selected
for by the TKI therapy. It was noted that the V299L repeatedly emerged in dasatinib cultures related to
the K562 Dox 200nM DAS1 cell line. To determine whether a clone carrying this mutation was already
present in the K562 Dox Naive cell line and will always be expanded under dasatinib selection, the
K562 Dox cell line was escalated in dasatinib a second time. The resulting K562 Dox 200nM DAS2
cell line did not harbour the V299L mutation (instead only exhibiting BCR-ABL overexpression),

indicating that the emergence of this mutation was a random event of the K562 Dox 200nM DAS1 cell

line.

5.4.5 Multiple KD mutations emerged in imatinib-res  istant KU812 cell cultures
When two imatinib-resistant KU812 cell lines were generated, it was observed that both cell lines
(KU812 2uM IM1 and 3uM IM2) carried the E459K mutation (as well as several bystander mutationsg)
(Figure 5.24 & Figure 5.29 ). The E462K, E466E (a synonymous or ‘silent’ mutation), and E470K
mutations have not previously been observed in CML patients, however, the E459K and E450Q
mutations have been reported. A case study by Kim et. al.”* discussed a male CML patient taking
imatinib who developed the E459K mutation within two months of starting treatment. The patient was
then switched to bosutinib (another second generation TKI), but developed a compound mutation of
V299L and E459K within five months and entered blast crisis. The patient was subsequently switched

to nilotinib and achieved a complete cytogenetic remission within four months®*°.

°A bystander mutation refers to a mutation that does not confer selective advantage, but is present on the same molecule or in
the same cell as a mutation that is advantageous. As a result, the ‘bystander’ mutation (along with the advantageous mutation)
may dominate in a population, even though it confers no advantage.
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As both the KU812 2uM IM1 and 3uM IM2 cell lines harboured the E459K, E450Q, and E470K
mutations, it was hypothesised that these mutations were present at undetectable levels in the KU812
Naive cell line, and were simply being expanded by imatinib selection. To confirm this, a third imatinib-
resistant KU812 cell line was generated, and named KU812 2uM IM3. However, neither the E459K
mutation nor the E450Q and E470K mutations emerged a third time, but instead the F359C mutation
(Figure 5.34). It was therefore concluded that specific KD mutations were not inevitably destined to

expand in the KU812 cell line, but emerged stochastically.

It is unclear whether the mutations seen in the IM1 and IM2 cell lines are compound mutations (i.e. all
present on the same BCR-ABL molecule) or whether each mutation represents a different clone that is
competing for survival in the population. The latter seems more plausible, as in both the IM1 and IM2
cell lines the E459K mutation appears to dominate, while the other mutations show a declining rate of
growth (or disappearance all together) as the percent of E459K mutation continues to increase
(Figure 5.24 & Figure 5.29 ). If another mutation was on the same BCR-ABL molecule as E459K, then
one would expect that the percentages of them both would be equal, even if the ‘bystander’ mutation
conferred no selective advantage. This question could be definitively answered by clonal studies,
which is the focus of ongoing investigations in the laboratory. It appears that (in the KU812 cell line)
the E450-E470 region of BCR-ABL may be some sort of ‘mutation hot-spot’, due to the clusters of

mutations seen in this region in both the KU812 2uM IM1 and IM2 cell lines.

BCR-ABL overexpression was much more subtle in the KU812 2uM IM3 cell line, as the F359C KD

mutation (previously reported in imatinib-resistant patients******

) emerged early on in resistance
development — after only three escalations in imatinib (Figure 5.34). Therefore, these cells never
needed to resort to excessive BCR-ABL expression as the KU12 2uM IM1 and IM2 cell lines did,
because the KD mutation (and its steadily increasing percentage up to 100%) was sufficient to
promote survival in 300nM-2puM imatinib. Re-escalation studies showed that the clone carrying the
F359C mutation must have been present as early as the 200nM intermediate (Figure 5.37), even

though no KD mutations were detectable in this intermediate (or any prior intermediate, including

KU812 Naive) by conventional sequencing or MassARRAY analysis (see Appendix I.5).
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In several cell lines in this study Bcr-Abl copy number mirrored BCR-ABL transcript expression (K562
200nM DAS, Figure 5.8 & 5.9 ; K562 Dox 200nM DAS1, Figure 5.12 & 5.13 ; KU812 2uM IM1, Figure
5.24 & 5.25 and KU812 3uM IM2, Figure 5.29 & 5.30) suggesting that changes in BCR-ABL
expression were not regulated by the Bcr-Abl promoter. However, DNA PCR and FISH results for key
intermediates of the KU812 2uM IM3 cell line showed that no amplification of the Bcr-Abl gene had
occurred despite a more than 2-fold increase in BCR-ABL expression levels (compare Figure 5.34,
5.35 & 5.36). DNA copy number of Bcr-Abl remained stable throughout imatinib-resistance generation,
even though peak BCR-ABL expression reached 990% (KU812 Naive expression was only 443%)
suggesting altered regulation of the Bcr-Abl promoter in the KU812 200nM IM3 intermediate. It is
interesting to note that the Branford et. al.'®® study identified a >2-fold rise in BCR-ABL mRNA
expression as predictive of BCR-ABL KD mutations. Therefore, an increase in Bcr-Abl copy number
may not be necessary to facilitate BCR-ABL expression levels which promote the emergence of KD

mutations.
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Chapter 6:
TKI cross-resistance and differential resistance
In imatinib- and dasatinib-resistant CML cell

lines
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6.1 Introduction

Multi-drug resistance is a common theme of numerous human cancers, whereby resistance to one
. . . . 61,149,200,242 F
chemotherapeutic drug results in cross-resistance to a variety of agents . Similarly, TKI
cross-resistance has been observed in CML patients. However, differential TKI resistance also occurs,
and is frequently the result of particular kinase domain mutations which may confer resistance to one

TKI but not another.

6.1.1 TKI cross-resistance and differential resista  nce
Imatinib, nilotinib and dasatinib have been rationally designed to effectively bind and inhibit BCR-ABL

kinase activityzo'30

. In order to facilitate this interaction, specific residues in the KD are required to form
hydrogen bonds and maintain the BCR-ABL molecule in the correct conformation®*®. As different
TKils utilise different BCR-ABL residues to bind, various KD mutations may result in differential TKI
resistance. For example, a valine residue at position 299 is critical for dasatinib binding, but not for
imatinib or nilotinib. The V299L mutation therefore confers resistance to dasatinib, but not to imatinib
or nilotinib™°. Furthermore, a phenylalanine residue at position 359 is critical for imatinib and nilotinib
binding, but not for dasatinib. The F359C mutation therefore confers resistance to imatinib and

240,241

nilotinib, but not dasatinib . Only the T315I mutation is reported to confer cross-resistance to all

three TKls, as this residue provides a critical hydrogen bond for all three TKI-BCR-ABL

107,121 124

interactions . The T315I mutation is therefore known as the ‘gatekeeper’ mutation™". Apart from
this mutation, there is no single resistance mechanism that has been reported to cause pan-TKI-

resistance in the clinical setting.

6.1.2 BCR-ABL independent resistance: Src family ki  nases
BCR-ABL kinase activity drives the CML phenotype®, and most TKI-resistance mechanisms involve
BCR-ABL evading inhibition (i.e. by increased TKI efflux, decreased TKI uptake, KD mutation or BCR-

ABL overexpression)'%®

. However, genetic instability results in the accumulation of numerous genetic
lesions and mutations in Ph+ positive cells, which can lead to TKI-resistance mechanisms that are
independent of BCR-ABL kinase activity7'83. One prominent mode of BCR-ABL independent resistance

observed in vitro and in vivo is the overexpression of sarcoma (Src) family kinases, such as
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haemopoietic cell kinase (Hck) and V-yes-1 Yamaguchi sarcoma viral related oncogene homolog

(Lyn)81,156,197,243,244

The human Src family includes nine structurally related non-receptor tyrosine kinases that are
expressed ubiquitously (Src, Fyn, Yes) or are restricted to haematopoietic lineages (BIk, Yrk, Fgr, Hck,
Lck and Lyn)®**. Src family kinase members are composed of four Src Homology (SH) domains, of
which the first (SH1) is the catalytic kinase domain®*>. These proteins play critical roles in regulation of
proliferation, differentiation, migration, adhesion, invasion, angiogenesis, and immune function (Figure

234,246-248

5.2) and are implicated in a variety of human tumours . Through activation of the PI3K and

Ras/Raf pathways, Src family kinases are able to promote survival and proliferation of tumour cells®’,
Additionally, Lyn (through currently unknown mechanisms) increases expression of Bcl-2 which

inhibits apoptosis™>®

. In the context of CML, Hck or Lyn overexpression is therefore considered to be a
BCR-ABL independent resistance mechanism, as Src signalling may be sufficient to promote survival

despite BCR-ABL kinase inhibition™>>%°,

In 2003, Donato et. al."™® noted that an imatinib-resistant K562 cell line had reduced BCR-ABL
expression compared to the parental culture, and did not carry any kinase domain mutations.
However, Lyn kinase was highly overexpressed and imatinib sensitivity could be restored by Src

inhibitors™®. Six imatinib-resistant patients were screened and found to have Lyn (and/or Hck)

156 I 81
L]

expression levels similar to that of the imatinib-resistant K562 cell line™". In a study by Mahon et. a

Lyn overexpression was identified as a resistance mechanism in 2/7 nilotinib resistant patients without

244
al.

kinase domain mutations or BCR-ABL overexpression. Hayette et. found that Lyn

overexpression accounted for 24% of imatinib resistance in a study of 111 TKI-resistant/blast

crisis/faccelerated phase CML patients. Mahon et. al.® and others™**°

have also identified Lyn
overexpression in nilotinib- or imatinib-resistant K562 cell lines. Notably, dasatinib (a dual Src/BCR-
ABL inhibitor3°'33) was as effective at killing cultures of the Lyn-overexpressing imatinib-resistant*>® and
nilotinib-resistant®™ K562 cell lines as it was in killing cultures of the parental K562 cell line. Thus,

although Src kinase overexpression in BCR-ABL positive cells appears to confer resistance to imatinib

and nilotinib, it seems that such cells remain sensitive to dasatinib.
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6.2 Approach

As expected, all of the TKI-resistant cell lines generated in this study were overtly resistant to the TKI
in which they were cultured. In total, eleven cell lines (eight imatinib-resistant and three dasatinib-
resistant) were generated. To investigate whether these cell lines (or their intermediates) displayed

TKI-cross resistance or differential resistance, several techniques were employed.

IC50 assays were conducted on resistant cell lines and intermediates of interest to determine the level
of BCR-ABL kinase inhibition in the presence of a given TKI. It was previously demonstrated (see
Chapter 4) that imatinib resistance in the K562 Dox 2uM IM1, IM2 and IM3 cell lines was due to
ABCB1 overexpression, as PSC833 (a potent ABCB1 inhibitor) was able to reduce the IC50 back to
the same level as the K562 Dox Naive control (Figure 4.9). The same approach was therefore used

when investigating these cell lines’ resistance to nilotinib and dasatinib.

In the case of BCR-ABL-independent resistance, one would expect to see increased viability that is
not accompanied by a rise in IC50. This is because the IC50 assay has a BCR-ABL-dependent
readout (Crkl phosphorylation levels), and should therefore not reflect the actual resistance level in a
BCR-ABL-independent cell line. Therefore, three-day viability experiments were used to confirm or

exclude BCR-ABL-independent resistance.

Finally, when it appeared that BCR-ABL-independent resistance may have been playing a role in

mediating resistance in the K562 2uM IM2 cell line, RQ-PCR was conducted to measure Lyn

expression levels (as a ratio of the GUSB control gene).
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6.3 Results

Of particular note in this study was the observation that all resistant cell lines displayed resistance (at
least to some extent) to all three TKis tested (IM, DAS and NIL) despite previous exposure to only one

TKI.

6.3.1 TKI cross-resistance in the K562 200nM DAS ce Il line
The K562 200nM DAS cell line was found to carry the T315I mutation, so it was not unexpected that
this cell line exhibited overt resistance to imatinib and nilotinib despite previous exposure to only
dasatinib (Figure 6.1). The average IC50™ for the K562 Naive and DMSO control cell lines was 6.6uM
and 6.8uM respectively (no significant difference) while the IC50™ for the K562 200nM DAS cell line
was significantly greater than both the controls (>100uM; P<0.00001) (Figure 6.2). Similarly, the
average 1C50"" for the K562 Naive and DMSO control cell lines was 454nM and 427nM respectively
(no significant difference) while the IC50"" for the K562 200nM DAS cell line was significantly greater
than both the control cell lines (>50,000nM; P<0.00001) (Figure 6.2). No IC50 value could be
calculated for the K562 200nM DAS cell line, as p-Crkl could not be ablated even at the highest TKI

concentrations used (Figure 5.4 & 6.1).

6.3.2 Differential TKI resistance and cross-resista  nce in the K562 Dox 200nM DAS1 and
2 cell lines
The K562 Dox 200nM DAS1 cell line carried the V299L KD mutation which reportedly confers

120121 pespite this, the 1IC50™" value

resistance to dasatinib, but is sensitive to nilotinib and imatinib
increased from 750nM in the K562 Dox Naive cell line to 1600nM in the 200nM DASL1 cell line; and the
IC50™ value had increased from 14.3uM in K562 Dox Naive cells to 46uM in the 200nM DAS1 cell line
(Table 6.1). As this V299L-carrying cell line displayed resistance to imatinib and nilotinib, it was
hypothesised that a different resistance mechanism was responsible for the increased imatinib and
nilotinib IC50s. The only other resistance mechanism identified was BCR-ABL overexpression, which
peaked in the 55nM DAS1 intermediate (Figure 5.12). It was reasoned that, if BCR-ABL
overexpression was responsible for conferring imatinib and nilotinib resistance in the K562 Dox 200nM

DASL1 cell line, then the 55nM DASL1 intermediate would have the greatest imatinib and nilotinib IC50

values. This was, in fact, the observed result (Table 6.1). The 55nM DAS1 intermediate (in which
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Figure 6.1
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o m-
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Nilotinib IC50s
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K562 200nM DAS IC50 nilotinib

p-Crki»
crkl - —

1000 2500 5000 25,000 50,000 nM nilotinib

Figure 6.1: The K562 200nM DAS cell line displayed  overt resistance to imatinib
and nilotinib despite previous exposure to dasatini b only

One representative blot is shown for IC50™ (top) and IC50M" (bottom) for the K562
Naive, DMSO control and K562 200nM DAS cell lines. The K562 200nM DAS cell
line carried the T315I mutation (~50%). Note that p-Crkl levels in the DAS-resistant
cell line did not decrease as TKI concentration increased, therefore, no accurate

IC50 value can be determined.
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Figure 6.2
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Figure 6.2: The average IC50 ™ and IC50M" for K562 200nM DAS was significantly greater than  that of the K562
Naive and DMSO control cell lines

Quantification of IC50 Western blots for three cell lines. Note that no exact value can be given for the K562 200nM DAS
cell line, as p-Crkl could not be ablated even in the presence of 100uM IM or 50,000nM NIL (see Figure 6.1). Data are
presented as mean +SEM of data from at least 4 independent experiments. The K562 200nM DAS cell line had
significantly greater IC50s than the K562 Naive and DMSO control cell lines (*P<0.00001).

208



Table 6.1

No mutation i V299L mutation
Naive 55nM DAS1 i 75nM DAS1 200nM DAS1
IC50 DAS (nM) 135 1700 i 4300 6800
|
IC50 NIL (nM) 750 4100 i 1680 1600
IC50 IM (UM) 14.3 115 i 40 46
BCR-ABL expression 186% 850% i 470% 540%

Table 6.1: The K562 Dox 200nM DAS1 cell line has di
IC50 values for DAS, NIL and IM compared with BCR-ABL expression in key intermediate lines of the K562 Dox 200nM
DAS1 cell line. Note the highest BCR-ABL expression levels were accompanied by the highest IC50™ and 1C50M"
values in the 55nM intermediate (pink). However, a significant decrease in BCR-ABL expression and the emergence of
the V299L mutation accompanied a rise in IC50°*° in the 75nM intermediate (purple), while IC50™ and 1C50M" values

fferential resistance to DAS, NIL and IM

decreased. For Western blots, see Appendix I.7, 1.8 and 1.9.
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BCR-ABL expression was 850% and there was no KD mutation) had an IC50"'" of 4100nM, and an
IC50™ of 115uM, while the 1IC50°*° was 1700nM. However, the 75nM DASL1 intermediate (in which
BCR-ABL expression had dropped to 470%, but the V299L mutation had emerged) had a decreased
IC50M" and 1C50™ of 1680nM 40uM respectively, while 1IC50°*° had increased to 4300nM (Table
6.1). It therefore appeared that the V299L mutation in the K562 Dox 200nM DASL1 cell line caused
differential resistance to the three TKIs tested: BCR-ABL overexpression was primarily responsible for
conferring nilotinib and imatinib resistance, while both BCR-ABL overexpression and the V299L
mutation conferred overt resistance to dasatinib. In contrast, the K562 Dox 200nM DAS2 cell line
(found to have BCR-ABL overexpression; see Chapter 5) displayed overt resistance to all three TKis,
despite previous exposure to dasatinib only (Figure 6.3). The IC50°*° had increased greater than
100-fold (from 79nM to >10,000nM), the IC50™ had increased 6-fold (from 10pM to 62uM) and the

IC50™" had increased 6-fold (from 790nM to >5,000nM) compared to the K562 Dox Naive cell line.

6.3.3 ABCB1 overexpression confers TKI cross-resist  ance in the K562 Dox 2uM IM1,

IM2 and IM3 cell lines
When the K562 Dox cell line was exposed to increasing concentrations of imatinib, the only
identifiable resistance mechanism to emerge was a further increase in ABCB1 expression (Figure
4.4). It was found that the three cell lines generated were highly resistant to imatinib, but that blocking
ABCB1 could restore the 1C50™ back to levels of the Naive control (Figure 4.9). IC50 analysis
demonstrated that the K562 Dox 2uM IM-resistant cell lines were also resistant to nilotinib and
dasatinib. The 1C50™" had significantly increased from 697nM in the K562 Dox Naive cell line, to
1120nM, 1152nM and 1023nM in the K562 Dox 2uM IM1, IM2 and IM3 cell lines respectively
(P<0.004) (Figure 6.4). Similarly, the IC50°*° had significantly increased from 112nM in the K562 Dox
Naive cell line, to 627nM, 638nM and 603nM in the K562 Dox 2uM IM1, IM2 and IM3 cell lines
respectively (P<0.001) (Figure 6.4). To determine whether ABCB1 overexpression was responsible
for conferring nilotinib and dasatinib resistance, IC50s were also conducted in the presence of
PSC833 (a potent ABCBL1 inhibitor). It was found that blocking ABCB1 removed the significant
difference in 1IC50"" and IC50™*° values between the K562 Dox IM-resistant cell lines and the K562
Dox Naive cell line. In fact, values were restored back to the same level as the non-ABCBL1 expressing

K562 cell line (Figure 6.4).
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Figure 6.3

Dasatinib IC50s
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p-Crkl—=»

ol -'--..-.-

0 20 5000 nM dasatinib

K562 Dox 200nM DAS2 IC50 dasatinib >10, OOOnM

p- Crkl—>
Crkl

1000 2000 5000 7500 10,000 nM dasatinib

Imatinib IC50s
K562 Dox Naive IC50 imatinib = 10uM

SRS
25 X ¥ T S

100 pM imatinib

K562 Dox 200nM DAS2 IC50 imatinib = 62puM

0 5 10 20 30 50 75 100 200 pM imatinib

Nilotinib IC50s
K562 Dox Naive IC50 nilotinib = 790nM -
P-Crki— — —
Crkl —» ' - - p -4 - - - | —
0 75 150 250 500 750 1000 2000 30,000 nM nilotinib

K562 Dox 200nM DAS2 IC50 nilotinib >5,000nM

p- Crkl—>
Crkl

1000 1500 2000 5000 30,000 nM nilotinib

Figure 6.3: The K562 Dox 200nM DAS2 cell line displ ayed overt resistance to
dasatinib, imatinib and nilotinib despite previous exposure to dasatinib only

One representative blot is shown for IC50°*° (top), 1IC50™ (middle) and 1C50™"-
(bottom) of the K562 Dox Naive, DMSO control and K562 Dox 200nM DAS2 cell
lines. The K562 Dox 200nM DAS2 cell line did not have any KD mutations, but did
have BCR-ABL overexpression. The IC50 value for each blot (determined as the
dose of drug required to reduce levels of p-Crkl by 50%) is indicated above each blot
(and with red arrow).
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Figure 6.4
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Figure 6.4: ABCB1 inhibition ablates NIL and DAS re sistance in the
three IM-resistant K562 Dox cell lines

Blocking ABCB1 with PSC833 (10uM) ablated the difference in (A) IC50M"
and (B) IC50°*° between IM-resistant cell lines and K562 Dox Naive,
indicating ABCB1 overexpression is the primary mode of resistance to
nilotinib and dasatinib in these cell lines. Data are presented as the mean
+SEM from at least 4 independent experiments. For Western blots, see
Appendix 1.10, 1.11, .12, and 1.13.
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6.3.4 BCR-ABL overexpression and KD mutations inth e KU812 2uM IM1, 3uM IM2 and 2puM IM3
cell lines conferred differential or cross-resistan ce to TKls

Three imatinib-resistant KU812 cell lines were generated, and all were found to carry kinase domain
mutations. The KU812 2uM IM1 and 3uM IM2 cell lines harboured several mutations, including the

29 Both of these cell lines

E459K which has been previously implicated in clinical imatinib resistance
had increased IC50 values for the three TKIs tested (Table 6.2). In contrast, the KU812 2uM IM3 cell
line displayed differential resistance (Table 6.3). The 200nM IM3 intermediate (in which BCR-ABL
expression peaked at 990% and there was no KD mutation, see Figure 5.34) had an IC50°*° of
25.3nM, while the IC50™ and IC50™" were 24.2uM and 660nM respectively. However, the 300nM IM3
intermediate (in which BCR-ABL expression had decreased to 633%, but the F359C mutation had
emerged) had a decreased IC50°*® of 16.5nM, while the IC50™ and 1C50™" had increased to 49uM
and >10,000nM respectively (Table 6.3). It therefore appeared that BCR-ABL overexpression was

primarily responsible for conferring dasatinib resistance in the KUu812 2uM IM3 cell line, while the

F359C mutation conferred resistance to imatinib and nilotinib.

6.3.5 BCR-ABL and Lyn overexpression in the K562 2u M IM1 and IM2 cell lines
conferred differential or cross-resistance to TKls
The two IM-resistant K562 cell lines both had increased BCR-ABL expression which was thought to be
the sole resistance mechanism (Figure 3.11). IC50 assays were used to determine whether these cell

lines were also resistant to nilotinib and dasatinib. The IC50™"

had significantly increased in both cell
lines from 454nM in the K562 Naive control to 2713nM and 2995nM in the K562 2uM IM1 and IM2 cell
lines respectively (Figure 6.5). Furthermore, three-day viability experiments (both trypan blue cell
counts and flow cytometry analysis) confirmed that in the presence of 250nM nilotinib, the IM-resistant
cell lines had significantly increased survival above that of the Naive cell line (P<0.00002 and P<0.02
by trypan blue count and flow cytometry respectively) (Figure 6.5). Interestingly, the K562 2uM IM2

cell line was significantly more resistant than the IM1 cell line (P<0.03 and P<0.009 by trypan blue

count and flow cytometry respectively) (Figure 6.5).
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Table 6.2

KU812 Naive KU8|1M212“M KU8|1M223“M
IC50 IM (UM) 6.1 58 50
IC50 NIL (nM) 300 3500 4550
IC50 DAS (nM) 13.8 54 119

Table 6.2: The 1C50™, 1IC50M" and IC50°*° of the KU812 2uM IM1 and

2uM IM2 cell lines compared to the KU812 Naive cell
Both the KU812 2uM IM1 and 3uM IM2 cell lines have increased 1C50s for all
three TKls compared to the Naive control. IC50 assays determine the
concentration of TKI required to reduce levels of p-Crkl (a BCR-ABL adapter

line

protein) by 50%. For Western blots, see Appendix 1.14, 1.15 and 1.16.
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Table 6.3

No mutation i F359C mutation
Naive 200nM IM3 i 300nM IM3 2uM IM3
IC50 IM (uM) 6.1 24.2 i 49 >100
1
IC50 NIL (nM) 300 660 i >10,000 >10,000
IC50 DAS (nM) 12.3 25.3 i 16.5 16
BCR-ABL expression 443% 990% i 633% 733%

Table 6.3: The KU812 2uM IM3 cell line exhibits dif
IC50 values for IM, NIL and DAS compared with BCR-ABL expression in key intermediate lines of the KU812 2uM IM3
cell line. Note the highest BCR-ABL expression levels were accompanied by the highest IC50°*° in the 200nM
intermediate (pink). However, a significant decrease in BCR-ABL expression and the emergence of the F359C mutation
accompanied a rise in imatinib and nilotinib IC50 in the 300nM intermediate (purple), while dasatinib IC50 decreased.
For Western blots, see Appendix 1.17, 1.18 and 1.19.

ferential resistance to IM, NIL and DAS
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Figure 6.5: Nilotinib IC50 and viability of the K56 2 2uM IM1 and IM2
cell lines

The K562 2uM IM1 and IM2 cell lines are both significantly more resistant
to nilotinib than the K562 Naive control, and the IM2 cell line is significantly
more resistant than the IM1 cell line.

(A) Average IC50 of the K562 Naive and K562 2uM IM1 and IM2 cell
lines. Data are presented as mean +SEM of data from at least 4
independent experiments. The IC50™ for both K562 2uM IM1 and IM2
were significantly greater than the Naive control (*P<0.00001). By IC50,
the IM1 and IM2 cell lines were not significantly different, but a significant
difference was seen in viability experiments.

(B) Nilotinib viability assay by trypan blue analysis. Cells were cultured in
the presence of various nilotinib concentrations for three days before
trypan blue cell counts were performed. Counts were normalised to viable
cells in OnM drug control well (100%). Data are presented as mean =SD of
at least 3 independent experiments. (*P<0.00002; **P<0.03)

(C) Nilotinib viability by annexin V and 7AAD staining. Cells were treated
as in part (B). Dying and apoptotic cells were stained with both annexin V
and 7AAD, before being analysed by flow. Live cells were defined as
those negative for both annexin V and 7AAD staining. Counts were
normalised to live cells in the OnM drug control (100%). Data are
presented as mean £SD of at least 3 independent experiments (*P<0.02;
**P<0.009). For Western blots, see Appendix 1.20.
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Figure 6.5
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The 1C50°*° had significantly increased in both cell lines from 11.7nM in the K562 Naive control to
34.8nM and 16.7nM in the K562 2uM IM1 and IM2 cell lines respectively (Figure 6.6 ). However, this
time, the K562 2uM IM1 cell line had a significantly greater IC50°*° than the IM2 cell line (P<0.0005).
Three-day viability experiments (both trypan blue cell counts and flow cytometry) confirmed that in the
presence of 2-3nM dasatinib, the IM-resistant cell lines had significantly increased survival above that
of the Naive cell line (P<0.00001 by trypan blue count and flow cytometry) (Figure 6.6 ). However, in
concordance with the IC50 results, the K562 2uM IM1 cell line was significantly more resistant than
the IM2 cell line (P<0.00013 and P<0.000004 by trypan blue count and flow cytometry respectively)

(Figure 6.6).

The K562 2uM IM2 cell line only had a third of the BCR-ABL expression evident in the K562 2uM IM1
cell line (Figure 3.11) and seemed to be more resistant to imatinib and nilotinib than the K562 2uM
IM1 cell line (Figure 3.4, 3.8 & 6.5 ), but less resistant to dasatinib (Figure 6.6). The sensitivity of the
K562 2uM IM2 cell line to dasatinib suggested a role for Src kinase overexpression in this cell line,
even though the hypothesis of a BCR-ABL independent mechanism does not predict an increased
imatinib or nilotinib IC50. Nevertheless, RQ-PCR was conducted on the K562 2uM IM2 cell line and all
its intermediates to confirm or exclude Lyn involvement in mediating resistance. Interestingly, Lyn
mMRNA was found to be expressed at levels approximately 5-fold higher in the K562 2uM IM2 cell line
than in the K562 Naive control (P<0.0005), while the K562 2uM IM1 cell line exhibited no increased
expression in Lyn mRNA (Figure 6.7). Lyn expression was already significantly increased in the
1.4uM IM2 intermediate (P<0.00003), and appeared to have an increasing trend in the earlier 600nM-

800nM IM2 intermediates (Figure 6.7 ).
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Figure 6.6: Dasatinib IC50 and viability of the K56 2 2uM IM1 and IM2
cell lines

The K562 2uM IM1 and IM2 cell lines are both significantly more resistant
to dasatinib than the K562 Naive control, and the IM1 cell line is
significantly more resistant than the IM2 cell line.

(A) Average IC50 of the K562 Naive and K562 2uM IM1 and IM2 cell
lines. Data are presented as mean +SEM of data from at least 4
independent experiments. The IC50™ for both K562 2uM IM1 and IM2
were significantly greater than the Naive control. *P<0.01.

(B) Dasatinib viability assay by trypan blue analysis. Cells were cultured in
the presence of various dasatinib concentrations for three days before
trypan blue cell counts were performed. Counts were normalised to viable
cells in OnM drug control well (100%). Data are presented as mean =SD of
at least 3 independent experiments. (*P<0.00001; **P<0.0002).

(C) Dasatinib viability by annexin V and 7AAD staining. Cells were treated
as in part (B). Dying and apoptotic cells were stained with both annexin V
and 7AAD, before being analysed by flow. Live cells were defined as
those negative for both annexin V and 7AAD staining. Counts were
normalised to live cells in the OnM drug control (100%). Data are
presented as mean +SD of at least 3 independent experiments
(*P<0.00001). For Western blots, see Appendix 1.20.
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Figure 6.6
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Figure 6.7
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Figure 6.7: Lyn kinase expression was significantly increased in the
K562 2uM IM2 cell line

Lyn expression was significantly greater in the K562 1.4uM IM2
intermediate and the 2uM IM2 cell line compared to the K562 Naive
control (*P<0.00003; **P<0.0005). Samples were taken at intermediate
stages of resistance development, and cDNA was synthesised using the
RNA extracted from 1x10’ cells. RQ-PCR was conducted using cDNA as
the template, and Lyn mRNA expression was determined as a ratio of
GUSB mRNA expression. Data are presented as mean +SEM from 3
independent experiments.
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6.4 Discussion

In this study, eight imatinib- and three dasatinib-resistant cell lines were generated using the K562,
K562 Dox and KU812 cell lines. While it was expected that each cell line would be resistant to the TKI
in which it was cultured, it was not known whether these cell lines would also display resistance to
other TKIs, and to what extent. In order to investigate TKI-cross resistance, IC50 analysis and viability

studies were conducted, with interesting results.

6.4.1 TKI-cross resistance
Cell-lines displaying overt cross resistance to the three TKI's tested included the K562 200nM DAS
cell line (harbouring the T315l mutation), K562 2uM IM1 and K562 Dox 200nM DAS2 (BCR-ABL
overexpression), K562 Dox 2uM IM1, IM2 and IM3 (ABCB1 overexpression) and KU812 2uM IM1 and
3uM IM2 (BCR-ABL overexpression and kinase domain mutations) (Table 6.4). Thus, different cell
lines exposed to different TKIs (imatinib or dasatinib) utilised various BCR-ABL-dependent resistance
mechanisms that resulted in TKI-cross resistance. Of particular note was that both BCR-ABL
overexpression and ABCB1 appeared to be sufficient to mediate resistance to all three drugs, even
though ABCB1 has never been reported as a sole resistance mechanism in the clinical setting, nor
has BCR-ABL overexpression been shown to be responsible for dasatinib or nilotinib resistance in

patients.

One reason that BCR-ABL overexpression has not been observed to cause dasatinib or nilotinib
resistance in vivo, may be that these drugs have only recently begun to be trialled as first line
therapies. Hitherto, the second generation TKIs have predominantly been used in cases of imatinib
therapy failure, where KD mutations have often already developed. It has been suggested that
sequential TKI therapy merely selects for compound mutations®®’, or that the presence of an imatinib-
resistant KD mutations indicates a propensity to develop further mutations (as NIL and DAS resistant
mutations were detectable at very low levels in 43/210 patients at the time of imatinib therapy
failure251). Thus, when a patient is switched to dasatinib or nilotinib the ‘preferred’ resistance

mechanism appears to be KD mutations rather than BCR-ABL overexpression. Due to the greater

potency of nilotinib and dasatinib (compared to imatinib) BCR-ABL overexpression in imatinib-relapse
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Table 6.4

KU812 K562 Dox K562
Cell line IM1 IM2 IM3 IM1 IM2 IM3 DAS1 DAS2 IM1 IM2 DAS
Overt resistance to IM,
NIL and DAS
KD Mutation X X X X X X
Increased ABCBL1 cell-
surface expression X X X X X X X X
Increased BCR-ABL
expression X X X
BCR-ABL
‘independent’ X X X X X X X X X X
resistance
Table 6.4: Summary of resistance mechanisms detecte  d in the eleven imatinib- or dasatinib-resistant ce Il lines

generated in this study
See Table 5.1 for results of the imatinib- nilotinib- and dasatinib-resistant ‘Re-escalated’ cultures. v= yes; x = no.
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patients may be overcome in the first instance, as it may be below the threshold of expression

required to confer NIL or DAS resistance.

It is unclear why ABCB1 overexpression is not observed more frequently in the clinical setting as a
major resistance mechanism causing TKI-cross resistance. Intracellular uptake and retention of TKls
is influenced by various factors, including plasma protein binding'®* and OCT-1 activity in the case of

imatinib>. As yet unidentified efflux transporters may also play a role.

6.4.2 Differential resistance
Differential resistance occurs when the resistance mechanism(s) that have emerged in response to
one TKI do not confer resistance to the same extent in the presence of another TKI. In the context of
CML, this is predominantly the result of specific KD mutations and is frequently observed in
patients®**?**?! Here, the V299L mutation was identified in the K562 Dox 200nM DASL1 cell line — a
mutation which is thought to confer resistance to dasatinib, yet is sensitive to nilotinib and
120,121

imatinib . Additionally, the KU812 2uM IM3 cell line was found to carry the F359C mutation which

confers resistance to imatinib and nilotinib, yet is sensitive to dasatinib*?%*4%%,

The marginal dasatinib resistance displayed by the KU812 2uM IM3 cell line (IC50°*° had increased
from 12.3nM in the Naive control, to 16nM) was likely due to the increase in BCR-ABL expression
alone (from 443% in the KU812 Naive cell line to 733% in the 2uM IM3 cell line; Table 6.3) rather than
the F359C mutation. This hypothesis was supported by the finding that the 200nM IM3 intermediate

DAS

(in which BCR-ABL expression peaked) displayed the highest IC50™" of all intermediates. Similarly,

the K562 Dox 200nM DASL cell line displayed modest increases in 1IC50™" and 1C50™ (2.1 and 3.2-

fold increases respectively) compared with the large increase in 1C50°°

(approximately 50-fold
increase over the K562 Dox Naive control). Again, the resistance to nilotinib and imatinib was likely
the result of BCR-ABL overexpression (from 186% in K562 Dox Naive cells, to 540% in the K562 Dox
200nM DAS1 cell line) as IC50 values for these TKIs peaked in the 55nM DAS1 intermediate in which
BCR-ABL expression levels peaked at 850% (Table 6.1). The most intriguing case of differential

resistance in this study was found in the K562 2uM IM2 cell line.



6.4.3 Lyn overexpression in the K562 2uM IM2 cell | ine: Is it really a BCR-ABL-

independent resistance mechanism?
The IC50 assay measures the level of BCR-ABL kinase inhibition through the surrogate marker, p-
Crkl. In cases of BCR-ABL independent resistance, one would expect that BCR-ABL may be efficiently
inhibited by a TKI (i.e. low IC50 values, which normally indicate sensitivity) despite increased viability
in that TKI. However, in the case of the K562 2uM IM2 cell line, it appeared that the IC50 results
correlated with the viability experiment results. At first, this finding seemed counterintuitive, as a BCR-
ABL independent resistant mechanism such as Lyn kinase overexpression was not expected to give a
BCR-ABL dependent readout (i.e. an increased IC50 value). How, then, was Lyn kinase

overexpression mediating an increased Ic50™ and 1C50M"-?

In 2000, Schindler et. al.?? found that Hck phosphorylates the kinase domain of Abl, and in 2003

Donato et. al.**®

suggested that Lyn may also mediate phosphorylation of BCR-ABL itself, as it is
closely related to Hck. Some groups have demonstrated a role for Hck and Lyn phosphorylation of the
BCR-ABL Y177 residue in regulating BCR-ABL transforming potential®®?°%. In 2006 Meyn et. al.>®
demonstrated that Fyn, Hck and Lyn strongly phosphorylate the SH3-SH2 region of BCR-ABL. Lyn
predominantly phosphorylates the Y89 residue, and to a lesser extent, the Y191 and Y158 residues of
c-Abl, all of which lie along the interface between the SH3-SH2 region and the Abl kinase domain.
Thus, it was postulated that phosphorylation of residues along this interface could influence BCR-ABL
kinase activity by stabilising it in the active conformation®®. Indeed, it was more recently shown that
Y89 phosphorylation by Src family kinases prevents the Abl SH3 domain from interacting with the
SH2-kinase linker (i.e. prevents adoption of the inactive conformation), leading to enhanced Abl kinase
activity and cellular signalling®*. As imatinib and nilotinib can only bind BCR-ABL in the inactive
conformation®>, it appears that Lyn phosphorylation of Y89 may be mediating BCR-ABL-dependent
resistance. Thus, through direct phosphorylation and activation of BCR-ABL, Lyn overexpression
mediated increased IC50 values (specifically for imatinib and nilotinib) as BCR-ABL was able to
continue to phosphorylate Crkl at higher TKI concentrations. Therefore, it appears that Src kinase
overexpression may not be a truly BCR-ABL-independent resistance mechanism. The K562 2uM IM2

cell line’s sensitivity to dasatinib (as demonstrated with IC50 and viability experiments) was expected,

as dasatinib is able to inhibit both BCR-ABL and Lyn molecules.
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Chapter 7:

Discussion
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7.1 Introduction

Chronic myeloid leukaemia is characterised by the presence of the Philadelphia chromosome in cells

of haematopoietic lineage®*®

. The Philadelphia chromosome results from the reciprocal translocation
between chromosomes 9 and 22, and harbours the Bcr-Abl fusion gene6. The BCR-ABL protein is a
constitutively active tyrosine kinase that activates signalling pathways promoting proliferation and
inhibiting apoptosiss. Imatinib mesylate is a rationally designed tyrosine kinase inhibitor (TKI) that is

able to bind and inhibit BCR-ABL and its introduction has revolutionised CML therapy and patient

outcome?’.

Despite excellent overall responses, however, many patients develop resistance to imatinib treatment
— approximately 10% of chronic phase patients, 40-50% of patients in accelerated phase and 80% of
patients in blast crisis’. This led to the development of second generation TKiIs, nilotinib and dasatinib.
Although these drugs have proven effective in many cases of imatinib-resistance, resistance to

120,237

nilotinib and dasatinib has also been noted in patients . In particular, the T315l mutation in the

BCR-ABL kinase domain (KD) is known to prevent all three TKIs binding to BCR-ABL, leading to overt

TKI cross-resistance™®" %1

7.2 TKI resistance mechanisms

Primary resistance, where the patient fails to achieve any recovery benchmarks after starting imatinib
therapy, is typically mediated by factors that are intrinsic to the patient. For example, gastrointestinal
absorption of imatinib®’, polymorphisms in CYP3A4 (responsible for hepatic metabolism of
imatinib258), protein plasma bindingzsg, and the expression and activity of the imatinib influx protein,
OCT-1%%%*% and efflux transporters, ABCB1 and ABCG2™"in haematopoietic cells may all contribute

to primary resistance®”’.

After two years of imatinib therapy, approximately 10% of patients in chronic phase, 40-50% of
patients in accelerated phase and 80% of patients in blast crisis will exhibit secondary resistance’.
Secondary resistance is defined as the loss of response milestones or disease progression while on
treatment. This is most commonly the result of mutations in the BCR-ABL KD BCR-ABL

amplification (e.g. through duplication of the Philadelphia chromosome, homogeneously staining
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138,139,142

regions or double minutes) , or the emergence of other genetic abnormalities that result in

81,83,244

BCR-ABL independent oncogenicity . These mechanisms are not mutually exclusive, and when
combined with patient intrinsic factors (e.g. primary resistance mechanisms) may result in a disease
that is refractory to TKI therapy. In such cases, allogeneic stem cell transplant may be the only

treatment alternative, however, not all patients will be eligible.

7.3 Studying the kinetics of TKI resistance mechani  sm emergence

In order to identify patients who are at risk of developing overt TKI resistance, it is important to
understand the kinetics of resistance mechanism emergence (e.g. whether some mechanisms tend to
arise first and/or predispose the emergence of other mechanisms). This study focuses on secondary
resistance mechanism emergence. Previously, several groups have generated imatinib-resistance in
vitro however these studies either did not investigate the kinetics of resistance mechanism

139,127

emergence , or used murine cell lines transfected with Bcr-Abl*®*

. In the present study, three
human, CML cell lines (KU812, K562 and its derivative K562 Dox) were exposed to gradually
increasing concentrations of imatinib or dasatinib up to pharmacologically relevant concentrations
(2uM and 200nM respectively). Critically, cultures were sampled at each intermediate stage of
resistance generation to identify any resistance mechanisms that may have emerged and ultimately
identify trends in resistance development. Furthermore, this study documents the first instance of
imatinib resistance in the KU812 cell line, and the first time dasatinib-resistance has been generated in
any human CML cell line. Thus, the kinetics of in vitro resistance mechanism emergence for both

imatinib and dasatinib could be compared and contrasted for the first time.

There are inherent limitations in the use of cell lines for such a study. The CML cell lines used here
originated from patients in blast crisis, and may have contained chromosomal abnormalities not
usually present in patients with early chronic phase CML. Other genetic changes may also occur when
primary patient cells are immortalised to make cell lines. It is therefore acknowledged that the findings
of this study may more closely resemble the kinetics of resistance development observed in the more
advanced stages of the disease. Regardless, the resulting imatinib- and dasatinib-resistant cell lines
generated in this study displayed resistance mechanisms similar to those observed in TKI-resistant

patients who may still be classified as chronic phase" %%,
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7.4 Major findings of this study

Eleven TKI-resistant cell lines were generated displaying various levels of resistance to different TKIs,
and various resistance mechanisms (Table 6.4). Eight imatinib-resistant cell lines, one imatinib-

‘

resistant ‘re-escalated’ cell line, three dasatinib-resistant cell lines, three dasatinib-resistant ‘re-
escalated’ cell lines, and two nilotinib-resistant ‘re-escalated’ cell lines (Table 5.1) were established,

for a total of 17 TKI resistant cell lines.

7.4.1 Kinase domain mutations arise in the setting of BCR-ABL overexpression
Of the original eleven TKI-resistant cell lines generated, five developed KD mutations as a mode of
resistance. Of these, all five displayed BCR-ABL overexpression prior to the detection of the mutation.
Furthermore, the re-escalated K562 Dox 500nM NIL1 RES55 cell line also exhibited gradually
increasing BCR-ABL expression levels before the emergence of the G250E mutation (Table 6.4). The
K562 2uM IM1 and IM2, K562 Dox 500nM NIL2 and K562 Dox 200nM DAS2 cell lines were the only
exceptions, where BCR-ABL overexpression was not followed by a KD mutation (Table 6.4).
However, if escalation was continued, as was the case in the KU812 3uM IM2 cell line, KD mutations
may have eventually emerged. These results suggest that BCR-ABL overexpression may not always
give rise to KD mutations, but that the emergence of KD mutations may require BCR-ABL

overexpression.

Another interesting observation was that, upon the emergence of a KD mutation, BCR-ABL
overexpression became redundant and diminished. These kinetics of resistance emergence may be
explained by one of two clonal mechanisms. Firstly, it may be that early in TKI escalation, two different
clones may have mutated such that one acquired a KD mutation only, while the other developed BCR-
ABL overexpression only. At low TKI concentrations, both clones may have been equally viable and
continued to grow. However, as TKI concentration was escalated, the mutation-carrying clone was
able to survive and expanded, while BCR-ABL overexpression in the latter clone was not sufficient in
higher TKI concentrations, causing this clone to decline. The sudden, significant decrease in BCR-
ABL expression levels upon the emergence of the KD mutation may reflect a threshold concentration
of TKI at which BCR-ABL overexpression (which must itself be just below levels that are toxic to the
cell) becomes insufficient to allow survival in the presence of TKI. Therefore, this clone is rapidly lost,

while the second clone is able to rapidly increase. The second possibility is that double minutes, some
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carrying wild-type and some carrying mutant Bcr-Abl, are present in a single clone which populates
the culture. As TKI concentration is increased, daughter cells that happen to contain higher numbers
of mutant Ber-Abl, but not necessarily higher numbers of total Ber-Abl, are selected and thrive. Again,
the sudden and significant decrease in BCR-ABL expression in KD-carrying cell lines may be due to
reaching a threshold TKI concentration at which daughter cells with more total Bcr-Abl (but fewer
mutant Becr-Abl-carrying dmin) are no longer viable, leaving only those cells with lower total Ber-Abl but
carrying high percentages of mutant Bcr-Abl. Both explanations provide plausible theories to explain
the results for the six cell lines in this study that developed BCR-ABL overexpression, followed by the
emergence of a KD mutation(s) and a subsequent significant decrease in BCR-ABL expression levels
(the K562 200nM DAS, K562 Dox 200nM DAS1, K562 Dox 500nM NIL1 RE55, KU812 2uM IM1, 3uM

IM2 and 2uM IM3 cell lines) (see Chapter 5).

These findings are in agreement with clinical studies that have a found a 2-2.6 fold rise in BCR-ABL

expression correlates with the emergence of KD mutations'®*'%3

. However, after acquiring a KD
mutation, a subsequent decrease in BCR-ABL overexpression has not been noted in patients. This
may be because the leukaemic burden is increasing in such cases (as the patient is relapsing), and a

decrease in BCR-ABL expression per cell may be masked by an increase in the number of circulating

leukaemic cells.

7.4.2 Resistance mechanism emergence is stochastic
Of particular note, was that different mutations and even different resistance mechanisms emerged in
the same cell line each time it was cultured in a given TKI. For example, although all three IM-resistant
KU812 cell lines developed KD mutations, these mutations were different for each cell line. In the
KU812 2uM IM1 and 3uM IM2 cell lines the E459K mutation (along with several bystander mutations,
different for each cell line) emerged, while in the KU812 2uM IM3 cell line the F359C mutation
developed. Furthermore, the V299L mutation was detected in the K562 Dox 200nM DAS1 cell line, but
no mutation at all was found in the K562 Dox 200nM DAS?2 cell line. Additionally, the K562 Dox 500nM
NIL1 RE55 cell line developed the G250E mutation, while the NIL2 cell line only displayed a further
increase in BCR-ABL expression. Finally, the K562 2uM IM1 cell line had BCR-ABL overexpression as
the only detectable resistance mechanism, while the K562 2uM IM2 cell line developed Lyn

overexpression. Thus, the particular KD mutation and/or resistance mechanism to emerge was
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different each time, even though the same cell line and TKI was used. These differences were likely
due to the fact that drug escalation was not performed identically for each cell line — i.e. slightly
different intermediate drug concentrations and/or different time periods between drug escalations.
Thus, something as subtle as the confluency or temperature of a culture, or the rate at which TKI
concentration was increased could have affected which mutations emerged and also which mutant
clones thrived. The repeated emergence of the V299L mutation in re-escalation of K562 Dox 200nM
DASL1 intermediates (and the F359C mutation upon re-escalation of the KU812 200nM IM3 culture)
was likely due to the fact that clones carrying these mutations were already present at undetectable

levels, and were merely yet to be expanded under the right selective pressure.

Some cell lines appeared to be predisposed to certain resistance mechanisms, for example when
imatinib-resistant cultures of the K562 Dox cell line were generated (2uM IM1, IM2 and IM3) all
uniformly displayed a further increase in ABCB1 expression. Thus, while resistance-mechanism
emergence appears to be stochastic, there are cases where cells are predisposed to a particular
mechanism due to prior selection. In fact, this result may be paralleled with the results of the re-
escalation studies, where the emergence of the V299L or F359C mutations were predisposed due to
the presence of unexpanded clones. Similarly, the K562 Dox cell line had been previously selected in
doxorubicin, resulting in the emergence and expansion of an ABCB1-overexpressing clone. Further
culture in a drug that is transported by ABCB1 would be expected to continue the selection process
that had already been started. If dasatinib is also transported by ABCB1, why then did dasatinib

cultures of K562 Dox not result in the same phenotype?

7.4.3 Different TKlIs may foster different resistanc e mechanisms
In this study it was also noted that different TKIs resulted in the emergence of different resistant
mechanisms even when using the same cell line. For example, when K562 Dox cells were exposed to
imatinib on three separate occasions, further ABCB1 overexpression occurred. However, when the
same cell line was exposed to dasatinib, BCR-ABL overexpression and KD mutations emerged, while
ABCB1 expression did not change or decreased. This was a surprising observation, considering that
dasatinib is transported by ABCB1, but may be explained by the potency of dasatinib compared to
imatinib. Dasatinib is 300x more potent than imatinib, meaning that efflux of dasatinib may never

reduce dasatinib IUR to levels low enough to allow survival. Thus, ABCB1 overexpression did not
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become the dominant resistance mechanism when this cell line was exposed to dasatinib. A
deficiency in this study was the failure to monitor ABCB1/ABCG2 expression at all intermediate time
points in all cell lines. If it had been interrogated, it may have been found that ABCB1 expression
initially increased in both DAS-resistant K562 Dox cell lines, but was superseded by BCR-ABL
overexpression and KD mutations. Thus, by the time the final 200nM DAS resistant cell lines were
characterised, ABCB1 overexpression was no longer the dominating mode of resistance and had
declined. In order to test this, early intermediate cultures of the K562 Dox 200nM DAS1 and DAS2 cell

lines could be thawed out, expanded, and analysed by flow cytometry for ABCB1 expression levels.

The K562 cell line also displayed different resistance mechanisms depending on which TKI it was
exposed to. In the case of dasatinib exposure, the T315] mutation emerged, but in the case of imatinib
exposure, BCR-ABL overexpression and/or Lyn overexpression was sufficient to promote survival.
Again, these results may reflect the difference in potency of these two drugs — as the presence of
imatinib could be overcome by simply increasing the number of targets (BCR-ABL overexpression in
the K562 2uM IM1 cell line) while in the presence of the dasatinib (~300 times more potent) BCR-ABL
expression levels had to peak much higher (and at an earlier intermediate) and even then was
insufficient and eventually superseded. Thus, it is likely that a difference in TKI potency and dosage
was responsible for the observation that different TKls fostered the emergence of different resistance

mechanisms in vitro.

7.4.4 Different cell lines responded differently to a given TKI
In this study, a variety of resistance mechanisms emerged in response to long-term imatinib exposure.
The KU812 cell line developed kinase domain mutations, the K562 Dox cell line exhibited further
ABCBL1 overexpression, while BCR-ABL overexpression and Lyn overexpression were observed in the
K562 cell line. The upregulation of ABCBL1 in the K562 Dox cell line, as stated previously, is likely due
to prior selection by doxorubicin already promoting this mechanism. This explains why imatinib-
resistance in the parental K562 cell line would not necessarily follow the same path to resistance. As
the KU812 and K562 cell lines were both established from two different patients, it was expected that
these cell lines would have intrinsic differences which may contribute to the resistance mechanisms
that emerged. For example, anecdotal evidence suggests the KU812 cell line is inherently the most

127,164

TKI-sensitive cell line used in this study . With different karyotypes present in every population,
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and differences in OCT-1 activity, plasma protein binding etc. it is no surprise that different patients
(and therefore different cell lines) respond differently to a given TKI. Despite the differences in
imatinib-resistance mechanisms, both dasatinib and imatinib were able to induce BCR-ABL

overexpression and KD mutations across all three cell lines.

7.4.5 TKls share the same broad resistance suscepti  bilities
In this study it was found that cross-resistance to imatinib, nilotinib and dasatinib was shared by 8/11
cell lines (Table 6.4). The remaining 3 cell lines that did not display cross-resistance either harboured
KD mutations that are known to cause differential resistance, or Lyn kinase expression that is known
to be sensitive to dasatinib treatment. These results suggest that the three TKis tested share common
resistance mechanisms and are broadly susceptible to BCR-ABL overexpression, ABCB1/ABCG2
expression, and the T315| mutation, even though these mechanisms may not be selected for by a

particular TKI.

In the clinical setting of imatinib resistance, switching to a second-line drug only results in a 40-50%
rate of complete cytogenetic remission (CCR), even when detectable KD mutations are predicted to

be sensitive to the second-line drug*®

. This is consistent with the findings of this study — that multiple
resistance mechanisms are usually present in a TKI-resistant population and contribute to overt TKI
resistance, and that different mechanisms in the one population may confer resistance to different

TKIs.

7.4.6 Src kinase overexpression may not be a BCR-AB L independent resistance
mechanism
Src kinase overexpression has previously been suggested to be a BCR-ABL independent resistance
mechanism, as resistance is thought to be mediated through the survival signalling of other kinases

155,125

(e.g. Lyn or Hck) regardless of BCR-ABL activity . In the present study, it was shown that Lyn
overexpression resulted in an increased imatinib and nilotinib IC50 in the K562 2uM IM2 cell line —
unexpected if there is no involvement of BCR-ABL in Lyn’s mode of activity. It has been suggested

253,254

that Lyn actually phosphorylates BCR-ABL, maintaining BCR-ABL in the active conformation ,

thereby resulting in overt imatinib and nilotinib resistance (as these TKls can only bind BCR-ABL in
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the inactive conformationzss).

Notably, Wu et. al suggest that “Lyn regulates BCR-
ABL...phosphorylation” and that “Lyn exists as a component of the BCR-ABL signalling complex”.
Therefore Lyn overexpression may not be acting independently of BCR-ABL, but rather, enhancing

and conserving BCR-ABL kinase activity in the presence of TKis.

7.5 Future directions

As a result of the findings of this study, other avenues of investigation have become apparent, and are
being undertaken in our laboratory.

e Clonal studies of key intermediate cultures in the development of resistance to give an insight
into the make-up of heterogeneous cell populations and the nature of the clones which may be
competing for dominance.

« Lyn knockdown/inhibition in cells overexpressing this kinase. By measuring BCR-ABL
phosphorylation and p-Crkl IC50 values it will be determined whether Lyn is acting directly on
BCR-ABL as hypothesised.

e Screening CML patients for Lyn expression, and correlating these results with treatment
outcome.

e The third generation TKI ‘ponatinib’ has recently become available. This drug has been
rationally designed to inhibit both wild-type and T315] mutated BCR-ABL, and a study of

resistance-mechanism generation using ponatinib has already been commenced.

7.6 Summary & Conclusion

This study has generated a total of 17 TKI-resistant human, CML cell lines in order to investigate
resistance pathways and the kinetics of resistance mechanism emergence for both imatinib and

dasatinib.

Of these 17 cell lines, six were re-escalated cultures of key intermediate stages of imatinib and
dasatinib resistance in the KU812 and K562 Dox cell lines. This work demonstrated that clones
carrying clinically relevant KD mutations may be present below the threshold of detection of even the
most sensitive sequencing methods available. Of the remaining 11 cell lines, five developed KD

mutations which only emerged in the setting of BCR-ABL overexpression. This finding highlights the
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importance of routine monitoring of BCR-ABL expression levels in TKI-treated CML patients, as even
modest increases in BCR-ABL expression may indicate the presence or imminent emergence of KD
mutations. ABCB1 or BCR-ABL overexpression alone appeared to be responsible for resistance in
another five cell lines, and were notably able to cause cross-resistance to the three TKils tested in this
study. Lastly, one cell line utilised a combination of BCR-ABL and Lyn overexpression which resulted
in overt imatinib and nilotinib resistance. IC50 results suggested that Lyn activity (in the context of

CML TKIl-resistance) may operate in a BCR-ABL dependent manner.

Importantly, these studies suggest that KD mutation emergence is a stochastic event (in the absence
of pre-selected clones) but may be stimulated by increased BCR-ABL expression levels. Notably,
different TKis elicited different resistant mechanisms, but all appeared to be (at least to some extent)
BCR-ABL dependent. Furthermore, many resistant cell lines showed cross-resistance to imatinib,
nilotinib and dasatinib, suggesting that currently available TKls share the same broad susceptibilities

to drug resistance.
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Al.1 Quantitative DNA PCR setup sheet
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Al.2 RQ-PCR for BCR-ABL quantitation setup sheet
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Al.3 BCR-ABL mRNA quantitation setup sheet
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Al.4 DNA sequence of the Abl gene

Yellow highlighted section shows position of the kinase domain of Abl. Pink highlights indicate the
forward and reverse primers used to sequence the kinase domain.

1 aaaatgttgg agatctgcct gaagcetggtg ggctgcaaat ccaagaaggg getgtcctcg

61 tcctccagct gttatctgga agaagccctt cagcggcecag tagcatctga ctttgagect

121 cagggtctga gtgaagccgc tcgttggaac tccaaggaaa accttctcge tggacccagt

181 gaaaatgacc ccaacctttt cgttgcactg tatgattttg tggccagtgg agataacact

241 ctaagcataa ctaaaggtga aaagctccgg gtcttaggct ataatcacaa tggggaatgg

301 tgtgaagccc aaaccaaaaa tggccaaggce tgggtcccaa gcaactacat cacgccagtc
361 aacagtctgg agaaacactc ctggtaccat gggcctgtgt cccgcaatge cgctgagtat

421 ctgctgagca gcgggatcaa tggcagcttc ttggtgecgtg agagtgagag cagtcctgge

481 cagaggtcca tctcgctgag atacgaaggg agggtgtacc attacaggat caacactgct
541 tctgatggca agctctacgt ctcctccgag agecgctica acaccctgge cgagttggtt

601 catcatcatt caacggtggc cgacgggctc atcaccacgc tccattatcc agccccaaag

661 ﬂa tggtgtgtce cccaactacg acaagtggga gatggaacgc
721 acggacatca ccatgaagca caagctgggc gggggcecagt acggggaggt gtacgagggce
781 gtgtggaaga aatacagcct gacggtggcce gtgaagacct tgaaggagga caccatggag
841 gtggaagagt tcttgaaaga agctgcagtc atgaaagaga tcaaacaccc taacctggtg
901 cagctccttg gggtctgcac ccgggagcecce ccgttctata tcatcactga gttcatgacc

961 tacgggaacc tcctggacta cctgagggag tgcaaccggc aggaggtgaa cgccgtggtg
1021 ctgctgtaca tggccactca gatctcgtca gecatggagt acctggagaa gaaaaacttc
1081 atccacagag atcttgctgc ccgaaactgc ctggtagggg agaaccactt ggtgaaggta
1141 gctgattttg gcctgagcag gttgatgaca ggggacacct acacagccca tgctggagec
1201 aagttcccca tcaaatggac tgcacccgag agcctggect acaacaagtt ctccatcaag
1261 tccgacgtct gggcatttgg agtattgctt tgggaaattg ctacctatgg catgtcccct
1321 tacccgggaa ttgacctgtc ccaggtgtat gagctgctag agaaggacta ccgcatggag
1381 cgcccagaag getgcccaga gaaggtctat gaactcatge gagcatgttg gcagtggaat
1441 ccctctgacc ggccctectt tgctgaaatc caccaagcct ttgaaacaat gttc
1501 &gt ggaaaaggag ctggggaaac aaggcgteeg tggggctaty
1561 agtaccttgc tgcaggccce agagctgece accaagacga ggacctccag gagagctgea
1621 gagcacagag acaccactga cgtgcctgag atgcctcact ccaagggcca gggagagagce
1681 gatcctctgg accatgagcc tgecgtgtct ccattgctce ctcgaaaaga gcgaggtcce
1741 ccggagggcg gectgaatga agatgagcgc cttctcccca aagacaaaaa gaccaacttg
1801 ttcagcgcect tgatcaagaa gaagaagaag acagccccaa cccctcccaa acgcagcage
1861 tccttccggg agatggacgg ccagccggag cgcagagggg ccggcgagga agagggecga
1921 gacatcagca acggggcact ggctttcacc cccttggaca cagctgaccc agccaagtce
1981 ccaaagccca gcaatggggc tggggtccece aatggagecc tccgggagtic cgggggctca
2041 ggcttcecggt ctceccacct gtggaagaag tccagcacgc tgaccagcag ccgectagec
2101 accggcgagg aggagggcegg tggcagctcec agcaagcegct teetgegctc ttgetcecgec
2161 tcctgegttc cccatggggce caaggacacg gagtggaggt cagtcacgct gectcgggac
2221 ttgcagtcca cgggaagaca gtttgactcg tccacatttg gagggcacaa aagtgagaag
2281 ccggctctge ctcggaagag ggcaggggag aacaggtctg accaggtgac ccgaggcaca
2341 gtaacgcctc cccccaggct ggtgaaaaag aatgaggaag ctgctgatga ggtcttcaaa
2401 gacatcatgg agtccagccc gggctccage ccgeccaacc tgactccaaa acccctccgg
2461 cggcaggtca ccgtggeccce tgectcggge ctcccccaca aggaagaagce tggaaagggce
2521 agtgccttag ggacccctge tgcagetgag ccagtgacce ccaccagcaa agcaggctca
2581 ggtgcaccag ggggcaccag caagggccce gccgaggagt ccagagtgag gaggcacaag
2641 cactcctctg agtcgccagg gagggacaag gggaaattgt ccaggctcaa acctgecccg
2701 ccgececccac cagcagccte tgcagggaag getggaggaa agcecctcgca gagcccgage
2761 caggaggcgg ccggggaggce agtcectggge gcaaagacaa aagcecacgag tetggttgat
2821 gctgtgaaca gtgacgctgc caagcccage cagccgggag agggcectcaa aaageccgtg
2881 ctceecggceca ctccaaagec acagtccgec aagecgtcgg ggacccccat cageccagee
2941 cccgttcect ccacgttgece atcagcatce tcggecctgg caggggacca gecgtettce
3001 accgccttca tcectctcat atcaacccga gtgtctcttc ggaaaacccg ccagectcca
3061 gagcggatcg ccageggcegce catcaccaag ggegtggtee tggacagcac cgaggegctg
3121 tgcctegceca tetctaggaa ctccgageag atggccagec acagegeagt getggaggec
3181 ggcaaaaacc tctacacgtt ctgcgtgagc tatgtggatt ccatccagca aatgaggaac
3241 aagtttgcct tccgagaggce catcaacaaa ctggagaata atctccggga gcettcagatc
3301 tgccecggega cagcaggcag tggtccageg gecactcagg acttcagcaa getcctcagt
3361 tcggtgaagg aaatcagtga catagtgcag aggtagcagc agtcaggggt caggtgtcag
3421 gceegtegga getgectgca gecacatgcgg getcgeccat accecgtgaca gtggctgaca
3481 agggactagt gagtcagcac cttggcccag gagctctgeg ccaggcagag ctgagggcecc
3541 tgtggagtcc agctctacta cctacgtttg caccgectgce cctcececgeac cttectecte
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3601 cccgctecgt ctetgtecte gaattttate tgtggagttc ctgctccgtg gactgcagtc

3661 ggcatgccag gacccgcecag cccegeteee acctagtgee ccagactgag ctctccagge
3721 caggtgggaa cggctgatgt ggactgtctt tttcattttt ttctctctgg agcccctect

3781 ccceeggetg ggcctccttce ttccacttct ccaagaatgg aagectgaac tgaggcecttg
3841 tgtgtcaggc cctctgectg cactccctgg cettgeccegt cgtgtgetga agacatgtit

3901 caagaaccgc atttcgggaa gggcatgcac gggcatgcac acggctggtc actctgecct
3961 ctgctgctge ccggggtggg gtgcactcgce catttcctca cgtgcaggac agetcttgat
4021 ttgggtggaa aacagggtgc taaagccaac cagcctttgg gtcctgggca ggtgggagct
4081 gaaaaggatc gaggcatggg gcatgtcctt tccatctgtc cacatcccca gagcccagct
4141 cttgctctct tgtgacgtgce actgtgaatc ctggcaagaa agcttgagtc tcaagggtgg
4201 caggtcactg tcactgccga catccctcce ccagcagaat ggaggcaggg gacaagggag
4261 gcagtggcta gtggggtgaa cagctggtgc caaatagccc cagactggge ccaggcaggt
4321 ctgcaagggc ccagagtgaa ccgtcctttc acacatctgg gtgccctgaa agggcccttc
4381 cccteccecca ctectctaag acaaagtaga ticttacaag gecctttcct ttggaacaag
4441 acagccttca ctttictgag ttcttgaagc atttcaaagc cctgectctg tgtagccgec

4501 ctgagagaga atagagctgc cactgggcac ctgcgcacag gtgggaggaa agggcectgge
4561 cagtcctggt cctggctgcea ctettgaact gggcgaatgt cttatttaat taccgtgagt

4621 gacatagcct catgttctgt gggggtcatc agggagggtt aggaaaacca caaacggagc
4681 ccctgaaagc ctcacgtatt tcacagagca cgcctgccat cttctccccg aggetgeccce
4741 aggccggagce ccagatacgg gggctgtgac tctgggcagg gacccggggt ctcctggacce
4801 ttgacagagc agctaactcc gagagcagtg ggcaggtggce cgcccctgag gettcacgec
4861 gggagaagcc accttcccac cccttcatac cgectcgtge cagcagcctc gcacaggcece
4921 tagctttacg ctcatcacct aaacttgtac tttatttttc tgatagaaat ggtttcctct

4981 ggatcgtttt atgcggttct tacagcacat cacctctttg cccccgacgg ctgtgacgca

5041 gccggaggga ggcactagtc accgacagcg gecttgaaga cagagcaaag cgeccaccca
5101 ggtcccccga ctgectgtet ccatgaggta ctggtecctt ccttttgtta acgtgatgtg

5161 ccactatatt ttacacgtat ctcttggtat gcatctttta tagacgctct tttctaagtg

5221 gcgtgtgcat agcgtcctge cetgececct cgggggcectg tggtggcetee cectetgett
5281 ctcggggtce agtgcatttt gtttctgtat atgattctct gtggtttttt ttgaatccaa

5341 atctgtcctc tgtagtattt titaaataaa tcagtgttta catt
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Al.5 Kinase domain mutations included in the MassAR RAY sequencing screen

FR = fully resistant; PR = patrtially resistant; FS = fully sensitive; U = unknown

Mutation Nucleotide substitution Ima_t |_n|_b Das"?‘t_"?'b N|Io_t|_n|_b
sensitivity sensitivity sensitivity

1 M244V 730A>G ATG>GTG PR FS FS
2 L248V 742C>G CTG>GTG FR U FS
3 G250E 749G>A GGG>GAG FR FS PR
4 Q252H 756G>C CAG>CAC FR PR PR
5 Q252H 756G>T CAG>CAT FR PR PR
6 Y253H 757T>C TAC>CAC FR FS PR
7 Y253F 758A>T TAC>TTC FR FS PR
8 E255K 763G>A GAG>AAG FR PR PR
9 E255V 764A>T GAG>GTG FR PR PR
10 D276G 827A>G GAC>GGC FR U FS
11 E279K 835G>A GAG>AAG PR U )
12 V299L 895G>C GTG>CTG FS PR FS
13 V299L 895G>T GTG>TTG FS PR FS
14 T315A 943A>G ACT>GCT FS FR FS
15 T315I 944C>T ACT>ATT FR FR FR
16 F317I 949T>A TTC>ATC FS PR FS
17 F317L 949T>C TTC>CTC PR PR FS
18 F317L 951C>G TTC>TTG PR PR FS
19 F317L 951C>A TTC>TTA PR PR FS
20 F317C 950T>G TTC>TGC U PR FS
21 F317V 949T>G TTC>GTC FS PR FS
22 M351T 1052T7>C ATG>ACG PR FS FS
23 E355G 1064A>G GAG>GGG PR FS FS
24 E355A 1064A>C GAG>GAC PR FS FS
25 F359I 1075T>A TTC>ATC PR U U
26 F359V 1075T>G TTC>GTC PR FS FR
27 F359C 1076T>G TTC>TGC PR FS PR
28 H396R 1187A>G CAT>CGT PR FS FS
29 H396P 1187A>C CAT>CCT PR FS FS
30 E459K 1375G>A GAG>AAG PR U )
31 FA86S 1457T>C TTT>TCT PR FS FS

While conventional sequencing is inclusive, MassARRAY sequencing is exclusive, as the KD
mutations being sought must be selected (and specific primers designed) before the method is
performed. This table catalogues the 31 BCR-ABL kinase domain mutations that were chosen for
inclusion in this study i.e. each time MassARRAY sequencing was performed in this study, all of the
listed mutations were screened for. The mutations chosen for inclusion include all mutations reported
to confer clinical resistance to nilotinib and dasatinib (including the rarely observed DAS-resistant
F317V/C mutations), plus the most common imatinib-resistant mutations. Even the E355A and H396P
mutations, which are extremely rare imatinib-resistant mutations (detected in less than 1% of patients
with mutations analysed at our institution) are included. TKI sensitivity status was compiled from
various studies.



Al.6 Lyn quantitation setup sheet

RT-PCR #
tube sample oligo
A1 H20 (MTC) RAMKL
A2 HZ0 (NTC) Lyn
A3 H20 (MWTEC GUSB F3 -
F4 K52 BOOM (M2
F5

A KEEZ Lab Lyn

K562 BO0K W2

BS
BY
C3
C5

01
02 K62 200nh [M2 Lyn

(55 KEEZ 1. 4ubd W2 Lyn

H5
HE KEBZ 2uM M2 Lyn
H7

D5 k562 3000 12 Lyn

g ulL mix per tube
Z2ul cOMNA,

KEE2 4500 W2 Lyn

RANKEL Lyn GUsE

1 sample 5 33 33
5 SYBR Green Mix 25 165 165
0.4 Fwid Primer ] 16.5 16.5
0.5 Rev Primer 2.5 16.5 16.5

2 Water 10 66 66
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Al.7 Western blots for Table 6.1: Dasatinib IC50s f or the K562 Dox 200nM DAS1

cell line and intermediates

K562 Dox Naive IC50 dasatinib = 135nM
T e s - —

0 35 60 75 100 150 200 300 5000 nM dasatinib

p-Crkl—>
Crkl —»

K562 Dox 55nM DAS1 IC50 dasatinib = 1700nM

—eeoaEns e

0 500 700 1000 1500 2500 6000 30,000nM dasatinib

p-Crkl—»
Crkl —»

K562 Dox 75nM DAS1 IC50 dasatinib = 4300nM

Crkl

1000 1500 2500 6000  30,000nM dasatinib

K562 Dox 200nM DAS1 IC50 dasatinib = 6800nM

p-Crkl
Crkl —»
0 500 1000 3000 5000 6600 7000 8000 10,000 nM dasatinib

The 1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. Greyed
concentrations indicated excluded lanes. One representative blot is shown
for each cell line.
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Al.8 Western blots for Table 6.1: Nilotinib IC50s f or the K562 Dox 200nM DAS1

cell line and intermediates

K562 Dox Naive IC50 nilotinib = 750nM

p-cw“_
o == = - -

1000 2000 30,000 nM nilotinib

K562 Dox 55nM DAS1 IC50 nilotinib = 4100nM
p- Crkl—>

1000 1250 1500 2000 30,000 nM nilotinib

K562 Dox 75nM DAS1 IC50 nilotinib = 1680nM

p-Crkl—»
Crkl —»

0 250 500 750 1000 1250 1500 2000 30,000 nM nilotinib

K562 DOX 200nM DAS1 IC50 nilotinib = 1600nM

1000 1500 2000 2500 5000 30,000 nM nilotinib

p-Crkl
Crkl

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.9 Western blots for Table 6.1: Imatinib IC50s fo r the K562 Dox 200nM DAS1

cell line and intermediates

K562 Dox Naive IC50 imatinib = 12uM
p-Crkl

v

0 2.5 5 7.5 10 20 30 40

100 pM imatinib

K562 Dox 55nM DASL1 IC50 imatinib = 115uM

0 5 10 20 30 40 50 100 200 puM imatinib

K562 Dox 75nM DASL1 IC50 imatinib = 40uM

p-Crkl—»
Crkl —

0 5 10 20 30 40 50 100

200 pM imatinib

K562 Dox 200nM DAS1 IC50 imatinib = 46puM

p-Crkl—»>
Crkl —

0 5 10 35 50 70 80 100 200 pM imatinib

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red

arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.10 Western blots for Figure 6.4: Nilotinib 1C50s for the K562 Dox 2uM IM1,

IM2 and IM3 cell lines and Naive controls

K562 Naive IC50 nilotinib = 490nM

s LB L Lk h- -
Crkl

1000 30,000 nM nilotinib

K562 Dox Naive IC50 nilotinib = 790nM
p-Crkl—»

v
e S - T T .

0 75 150 250 500 750 1000 2000 30,000 nM nilotinib

K562 Dox 2uM IM1 IC50 nilotinib = 1290nM

p—CrkI—>
Crkl

1000 1200 1400 2000 30,000 nM nilotinib

K562 Dox 2uM IM2 1C50 nilotinib = 1360nM

p—CrkI
Crkl

1000 1200 1400 2000 30,000 nM nilotinib

K562 Dox 2uM IM3 IC50 nilotinib = 1100nM

b+ 31T

1000 1200 1400 2000 30,000 nM nilotinib

p-Crkl
Crkl

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.11 Western blots for Figure 6.4: Nilotinib 1C50s with PSC833 for the K562

Dox 2uM IM1, IM2 and IM3 cell lines and Naive contr ols

K562 Naive IC50 nilotinib + PSC833 = 390nM

- IR S - .- -
Crkl

30,000 nM nilotinib

K562 Dox Naive IC50 nilotinib + PSC833 = 360nM

p-Crkl—
Crkl —»

0 75 150 200 250 350 500 750 30,000 nM nilotinib

K562 Dox 2uM IM1 IC50 nilotinib + PSC833 = 340nM

750 30,000 nM nilotinib

p-CrkI
Crkl

K562 Dox 2uM IM2 I1C50 nilotinib + PSC833 = 250nM

dike il & 1 N e

30,000 nM nilotinib

K562 Dox 2uM IM3 IC50 nilotinib + PSC833 210nM

750 30,000 nM nilotinib

p- Crkl—>
Crkl

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each of the five cell lines.
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Al.12 Western blots for Figure 6.4: Dasatinib IC50s  for the K562 Dox 2uM IM1,

IM2 and IM3 cell lines and Naive controls

K562 Naive IC50 dasatinib = 11nM

pCrkI—»-
. -- .- .--

5000 nM dasatinib

K562 Dox Naive IC50 dasatinib = 156nM

p- CrkI—>
Crkl

5000 nM dasatinib

K562 Dox 2uM IM1 IC50 dasatinib = 560nM

p- Crkl—>
Crkl

1000 1200 2000 3000 10,000 nM dasatinib

K562 Dox 2uM IM2 IC50 dasatinib = 550nM

p- Crkl—»-

1000 1200 2000 3000 10,000 nM dasatinib

K562 Dox Naive ICSO dasatinib = 600nM

p-CrkI—>
Crkl

1000 1200 2000 3000 10,000 nM dasatinib

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.13 Western blots for Figure 6.4: Dasatinib IC50s  with PSC833 for the K562

Dox 2uM IM1, IM2 and IM3 cell lines and Naive contr ols

0 5 7.5 10 12 15 20 50 5000 nM dasatinib

K562 Dox Naive IC50 dasatinib + PSC833 = 8nM

I -

0 5 7.5 10 12 15 20 50 5000 nM dasatinib

p-Crkl
Crkl

K562 Dox 2uM IM1 IC50 dasatinib + PSC833 = 9.2nM

\ 4
S o
Crkl —»
7.5 10 12 15

0 5 20 50 5000 nM dasatinib

K562 Dox 2puM IM2 IC50 dasatinib + PSC833 = 9.6nM

p-Crkl !
Crkl —»

0 5 7.5 10 12 15 20 50 5000 nM dasatinib

K562 Dox 2uM IM3 IC50 dasatinib + PSC833 = 8.2nM

L - ¥
0 5 7.5 10 12

p-Crkl
Crkl

15 20 50 5000 nM dasatinib

The I1C50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each of the five cell lines.
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Al.14 Western blots for Table 6.2: Imatinib IC50s f or the KU812 2uM IM1 and

3uM IM2 cell lines and KU812 Naive control

KU812 Naive IC50 imatinib = 6.1uM

\4
DO —
po b2 R F 3 Peuen
0 1 2 3 4 6 8 15

100 pM imatinib

KU812 2uM IM1 IC50 imatinib = 58uM

v
P - — e et R
Crkl — ;
0 6 8 15 30 50

60 80 100 pM imatinib

KU812 3uM IM2 IC50 imatinib = 50uM

p-Crkl—> S J— -
Crkl —» 3

0 6 8 15 30 50 60 75 100 pM imatinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. Greyed
concentrations indicate excluded lanes. One representative blot is shown
for each cell line.
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Al.15 Western blots for Table 6.2: Nilotinib IC50s  for the KU812 2uM IM1 and

3uM IM2 cell lines and KU812 Naive control

KU812 Naive IC50 nilotinib = 300nM
p-Crkl—»

E “ - ...--

1000 30,000 nM nilotinib

KU812 2uM IM1 IC50 nilotinib = 3500nM

E}i{k'i’ ’- A B s e

1000 2000 4000 6000 8000 10,000 50,000 nM nilotinib

KU812 3uM IM2 IC50 nilotinib = 4550nM

T R .

1000 2000 4000 5000 6000 8000 10,000 50,000 nM nilotinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.16 Western blots for Table 6.2: Dasatinib IC50s  for the KU812 2uM IM1 and

3uM IM2 cell lines and KU812 Naive control

KU812 Naive IC50 dasatinib = 13. 8nM

p-CrkI—V_-
el - = m — —

0 5 10 50 5000 nM dasatinib

KU812 2uM IM1 IC50 dasatinib = 54nM

p-Cri—» M
Crkl —» i - - --) -“

1000 2000 5000 nM dasatinib

KU812 3uM IM2 IC50 dasatinib = 119nM

p-CrkI—> - - “
Kkl
C - —> . —— -

0 1000 2000 5000 nM dasatinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.17 Western blots for Table 6.3: Imatinib IC50s f  or the KU812 2uM IM3 cell line

and intermediates

KU812 Naive IC50 imatinib = 6.1uM

p-CrkI—" v
e PR I IS e
0 1 2 3 4 6 8 15 100 pM imatinib

KU812 200nM IM3 IC50 dasatinib = 24.2uM

p-Crkl—
Crkl — |

0 4 6 8 15 25 35 50 100 pM imatinib

KU812 300nM IM3 IC50 imatinib = 49uM v
p-Crkl— -’* :
G- e 2 A

4 6 8 15 25 35 50

100 pM imatinib

KU812 2uM IM3 IC50 imatinib = 71uM

Crkl —»

0 6 8 15 30 50 60 75 100 pM imatinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.18 Western blots for Table 6.3: Nilotinib 1C50s for the KU812 2uM IM3 cell

line and intermediates

KU812 Naive IC50 nilotinib = 300nM
p-Crkl—»

SR & -..--.

1000 30,000 nM nilotinib

KU812 200nM IM3 IC50 nilotinib = 660nM

] — —
&i{k':q'- - - 3’

350 600 1000 30,000 nM nilotinib

KU812 300nM IM3 IC50 nilotinib >10,000nM v
p-Crkl—»
PO - — —— -

0 200 300 350 400 500 600 1000 30,000 nM nilotinib

KU812 2uM IM3 IC50 nilotinib >10,000nM

v
pCri—> - o S = -

0 1000 2000 4000 5000 6000 8000 10,000 50,000 nM nilotinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. One
representative blot is shown for each cell line.
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Al.19 Western blots for Table 6.3: Dasatinib IC50s  for the KU812 2uM IM3 cell

line and intermediates

KU812 Naive IC50 dasatinib = 13. 8nM

2 ka'*,‘
i --

5000 nM dasatinib

KU812 200nM IM3 IC50 dasatinib = 25 3nM

p-CrkI
Crkl

5000 nM dasatinib

KU812 300nM IM3 IC50 dasatinib = 16.5nM

p-Crkl . & :
25t P

35 50 100 500 5000 nM dasatinib

KU812 2uM IM3 IC50 dasatinib = 16nM

0 7.5 10 15 35 50 100 500 5000 nM dasatinib

The IC50 value for each blot (determined as the dose of drug required to
reduce levels of p-Crkl by 50%) is indicated above each blot (and with red
arrow). IC50 assays were performed at least three times. Greyed
concentrations indicate excluded lanes. One representative blot is shown
for each cell line.
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Al.20 Western blots for Figure 6.5 & 6.6: Nilotinib and dasatinib 1C50s for the

K562 2uM IM1 and IM2 cell lines

K562 Naive IC50 nilotinib = 490nM

.- -
Crkl

1000 30,000 nM nilotinib

K562 2uM IM1 IC50 nilotinib = 2900nM

e - = -
Crkl

1000 1500 2000 2500 3000 5000 30,000 nM nilotinib

K562 2puM IM2 IC50 nilotinib = 3630nM

p- Crkl—>
Crkl

1000 1500 2000 2500 3000 5000 30,000 nM nilotinib

K562 Naive IC50 dasatinib = 11nM

?:rﬂkH-- -- -- -—-

5000 nM dasatinib

K562 2uM IM1 IC50 dasatinib = 38.2nM

p- Crkl—>
Crkl

5000 nM dasatinib

K562 2uM IM2 IC50 dasatinib = 14.5nM

25{“*..““.‘

5000 nM dasatinib

One representative blot is shown for IC50™°"® (top) and 1C50%2™® (hottom) for the
K562 Naive, K562 2uM IM1 and IM2 cell lines. The IC50 value for each blot
(determined as the dose of drug required to reduce levels of p-Crkl by 50%) is
indicated above each blot (and with red arrow). IC50 assays were performed at least
three times.
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