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Abstract

The advent of Tyrosine Kinase Inhibitors (TKIs) has significantly improved the survival
outcomes of Philadelphia-positive (Ph+) leukaemias, including Chronic Myeloid
Leukaemia (CML) and Ph+ Acute Lymphoblastic Leukaemia (ALL). However, the
development of TKI resistance remains a major challenge, particularly in cases where
mutations other than in BCR::ABL1 are involved. Cancer-associated gene mutations, such
as those in Protein tyrosine phosphatase non-receptor type-11 (PTPN11), are frequently
found in patients with poor prognosis, but their role in mechanisms of resistance is poorly

understood.

In this study, I investigated the role of two PTP domain PTPN11 mutations (p.A461T and
p.P491H) in cell line models of Ph+ ALL. I modelled these mutations in multiple cell lines
and demonstrated that they directly lead to TKI resistance. I also showed that Ph+ ALL
cell lines with PTPN11 mutations were resistant to venetoclax, a BCL-2 inhibitor. I found
that genetically knocking down PTPN11 could sensitize cells to both TKIs and venetoclax.
Furthermore, I demonstrated a novel mechanism of TKI resistance involving re-
activation of pBCR-Y177 part of BCR::ABL1 and overexpression of pERK1/2 and anti-
apoptotic protein BCL-XL. This study is the first to show BCR::ABL1 dependent

mechanisms of resistance driven by non-BCR::ABL1 mutations.

[ investigated potential therapeutic options and demonstrated that targeting the anti-
apoptotic proteins BCL-2 and MCL-1 could overcome resistance in Ph+ ALL cells with PTP
domain PTPN11 mutations. Inhibition of MCL-1 in these cells could also be achieved by

blocking BCR::ABL1 activation, which also overcame resistance when combined with



venetoclax. This discovery of a new precision medicine approach could be a promising

treatment option for Ph+ ALL patients carrying PTP domain PTPN11 mutations.

[ also investigated targeting MEK, an upstream molecule of ERK in MAPK pathway, with
its inhibitor to overcome resistance, but its clinical translation may be limited due to its
significant side effects. Before testing this combination treatment option for Ph+ ALL

patients in clinical trials, future work should test this treatment option in mouse models.

In conclusion, this study not only provides a promising treatment option for Ph+ ALL
patients carrying PTPN11 mutations, but also adds knowledge in understanding the
function of the poorly understood SHP-2 protein and implications when mutations are
acquired in the PTP domain. The knowledge from this study could also be used in
understanding the mechanisms of poor response and resistance in Ph- leukaemias such
as JMML, AML and MDS where PTPN11 mutations are highly prevalent, and patients have

very limited treatment options.
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The Philadelphia Chromosome

Chronic Myeloid Leukaemia (CML) and a subset of Acute Lymphoblastic Leukaemia (ALL)
share a common pathogenic lesion: a chromosomal translocation that forms the
Philadelphia (Ph) chromosome [1, 2]. The Ph chromosome results from the
t(9;22)(q34;q11) balanced reciprocal translocation between chromosome 9 and 22 [3].
At the gene level this results in the fusion of the Breakpoint Cluster Region (BCR) with
the Abelson1 proto-oncogene (ABL1), generating the BCR::ABL1 fusion gene, which is
sufficient to cause leukaemia [4]. BCR::ABL1 is a potent tyrosine kinase signalling protein
that drives cell proliferation and reduces apoptosis [3, 4]. Depending on the position of
the breakpoints, generally in intronic regions, different BCR::ABL1 protein isoforms are
generated. The most common are the p210 and p190 (Figure 1.1). In ABL1, the breakage
occurs generally upstream of second exon in the intron 1, while in BCR breaks usually
occur in one of three regions termed as: major (M-BCR, p210, with breaks in introns 13
and 14), minor (m-BCR, p190, with breaks in intron 1) and micro-BCR (u-BCR, p230, with
breaks downstream to exon 19) (Figure 1.1) [5, 6]. Genomics breaks in M-BCR and
upstream to ABL1 exon 2 generates the b2a2 (or e13a2) and b3a2 (or e14aZ2) transcripts.
They give rise to a protein of 210 kDa termed p210, which is found in over 90% of CML
patients. Moreover, breaks in m-BCR generates the ela2 transcript, which gives rise to a
190 kDa protein. This protein is rare in CML but found in 90% of children and 50-70% of
adult Ph+ ALL patients [6-8]. Finally, the e19a2 transcript produces a protein of 230 kDa
(p230), which is associated with a rare once so called chronic neutrophilic leukaemia [9].
As ABL1 breakpoint is always invariably constant and BCR breakpoint varies greatly
among diseases, one can deduce that ABL1 part of BCR::ABL1 probably contains
transformative potential and the BCR part may dictate the phenotypes. This notion is

supported by the fact that ABL1 holds its transformative ability even when fused with
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other fusion partners to form fusion proteins such as ETV6-ABL1, ZMIZ1-ABL1, and

EML1-ABL1 in ALL [10].

N I Translocation
Normal orma 1(9:22)
Chr9 Chr 22 .
. Chromosomal
+ i +
Translocation BCR
<— BCR ABL
Ph Chromosome
ABL —>
5 3’ s—ill—a— i, . 3
el e2 b1-b5 e19 1b 1la a2 a3 el9
m-BCR M-BCR n-BCR \ /
ela2 | » 4 pl190BCR-ABLL
b2a2 | » ‘} p210BCR-ABLL
b3a2 | P |
el9a2 | 3 4 p230BCRABLL
BCR ABL1

Figure 1.1: Formation of Philadelphia (Ph) chromosome. Translocation of
chromosome 9 and 22 forms Ph chromosome with BCR-ABL1 oncogene with either of
three breakpoint regions in BCR resulting into p190BCR:ABLL p27(BCR:ABLL gnd
p230BCR=ABLL transcripts. Breakage patterns in ABL1 and BCR genes. In ABL1, breaks
typically occur upstream of the second exon in intron 1. In contrast, BCR breaks can be
categorized into three regions: major (M-BCR, p210, with breaks in introns 13 and 14),
minor (m-BCR, p190, with breaks in intron 1), and micro-BCR (u-BCR, p230, with breaks
downstream of exon 19). These break patterns result in the generation of specific
transcripts, such as b2a2 (or el3a2) and b3a2 (or e14a2), with implications for genomics.

Image adapted from Avelino et al, 2017 [11].
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Tyrosine Kinase Inhibitor Therapy
CML and Ph+ ALL are both treated using Tyrosine Kinase Inhibitors (TKIs), which include
first generation imatinib, second generation nilotinib, bosutinib, dasatinib, and third
generation ponatinib. These TKIs work by inhibiting the kinase activity of BCR::ABL1
[12]. Asciminib, an allosteric inhibitor of BCR::ABL1, has been approved for the treatment
of CML in patients who have been previously treated with multiple TKIs or who have the
T315I mutation [13]. Despite the significant improvement in treatment outcomes with
TKIs, resistance to these drugs remains a significant challenge. Current strategies to
address TKI resistance primarily focus on enhancing the effectiveness and specificity of
drugs targeting BCR::ABL1 [14]. However, this approach may be less effective for CML
patients who develop resistance through mechanisms independent of BCR::ABL1. In a
comprehensive review titled "Mechanism of Resistance and Implications for Treatment
Strategies in Chronic Myeloid Leukaemia," attached herewith, we discuss the current
challenges in the treatment of CML and Ph+ ALL and provide an overview of the key
mechanisms underlying TKI resistance.
A- BCR::ABL1 dependent:

1. ABL1 Kinase domain mutations

2. Mpyristoyl domain mutations

3. BCR::ABL1 overexpression

4. Altered expression of drug transporters
B- BCR::ABL1 independent:

1. Alternative Activation of MAPK Pathway

2. Alternative Activation of JAK/STAT Pathway

3. Alternative Activation of PI3K/AKT Pathway and Dysregulation of Autophagy

4. Activation of Wnt/[-Catenin Signalling
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5. Protein Phosphatase 2A (PP2A) Level

6. Epigenetic Alterations

7. Inflammatory TNF-a and TGF-f3 Pathways

8. Sonic Hedgehog Pathway Activation

9. Dysregulation of Apoptotic Protein Expression
We also investigate various treatment strategies that involve combining tyrosine kinase
inhibitors (TKIs) with inhibitors targeting alternative growth pathways or anti-apoptotic
pathways [14]. This approach aims to overcome resistance in cases where resistance is
not driven by BCR-ABL1-dependent mechanisms, but rather by mutations that activate
alternative survival or apoptotic pathways. By employing these combination strategies,
we can tackle existing challenges in treatment and enhance the effectiveness of therapies

for these diseases.

To illustrate, the combination of TKIs with agents that target alternative survival
signalling may be necessary to achieve better treatment outcomes in patients with
Philadelphia chromosome-positive (Ph+) leukemia [14]. Additionally, utilizing a
combination approach could help eliminate leukemia stem cells, leading to longer periods
of treatment-free remission in chronic myeloid leukemia (CML) and increased sensitivity
to TKIs in non-responders [14]. Therefore, frontline administration of combination
strategies that specifically target CML-leukemia stem cells could be considered, while
CML patients who do not respond to TKIs without exhibiting kinase domain or myristoyl
domain mutations should be screened for alternative resistance mechanisms [14].
Identifying such alternative mechanisms would enable the selection of an appropriate
combination treatment approach. These combination approaches hold promise in

addressing the current unmet treatment needs in CML by eliminating leukemia stem cells
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and enhancing the response of TKI-resistant progenitor cells, ultimately improving

treatment outcomes [14].
In conclusion, it is crucial to comprehend the mechanisms behind TKI resistance and

develop effective combination treatment strategies to enhance the outcomes for patients

with CML and Ph+ acute lymphoblastic leukemia (ALL).

Mechanism of Resistance and Implications for
Treatment Strategies in Chronic Myeloid Leukaemia
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Simple Summary: Chronic myeloid leukaemia (CML) is a type of blood cancer that is currently
well-managed with drugs that target cancer-causing proteins. However, a significant proportion
of CML patients do not respond to those drug treatments or relapse when they stop those drugs
because the cancer cells in those patients stop relying on that protein and instead develop a new way
to survive. Therefore, new treatment strategies may be necessary for those patients. In this review, we
discuss those additional survival pathways and outline combination treatment strategies to increase
responses and clinical outcomes, improving the lives of CML patients.

Abstract: Tyrosine kinase inhibitors (TKIs) have revolutionised the management of chronic myeloid
leukaemia (CML), with the disease now having a five-year survival rate over 80%. The primary
focus in the treatment of CML has been on improving the specificity and potency of TKIs to inhibit
the activation of the BCR::ABL1 kinase and/or overcoming resistance driven by mutations in the
BCR::ABL1 oncogene. However, this approach may be limited in a significant proportion of patients
who develop TKI resistance despite the effective inhibition of BCR::ABL1. These patients may require
novel therapeutic strategies that target both BCR::ABL1-dependent and BCR::ABL1-independent
mechanisms of resistance. The combination treatment strategies that target alternative survival
signalling, which may contribute towards BCR::ABL1-independent resistance, could be a successful
strategy for eradicating residual leukaemic cells and consequently increasing the response rate in
CML patients.

Keywords: chronic myeloid leukaemia; tyrosine kinase inhibitors; therapy resistance; BCR::ABL1-
independent mechanism of TKI resistance; combination treatments

1. Introduction

Chronic myeloid leukaemia (CML) is a malignancy characterized by the clonal prolif-
eration of white blood cells that are mostly originated from the myeloid lineage in the bone
marrow [1]. CML arises from the t(9;22)(q34;q11) balanced reciprocal translocation between
chromosome 9 and 22 that forms the Philadelphia chromosome [2,3]. The translocation
event results in the fusion of the Breakpoint Cluster Region (BCR) gene with the Abelson
proto-oncogene 1 (ABL1) gene, generating the BCR::ABL1 fusion gene [4]. The resulting
chimeric protein, BCR::ABL1, is a potent tyrosine-kinase signalling protein that drives cell
proliferation and reduces apoptosis, which causes leukaemia [4]. Depending on the position
of the BCR breakpoint, different BCR::ABL1 protein isoforms are generated (Figure 1A) [5].
The e13a2/el4a2 alternative transcripts (or b2a2/b3a2), resulting from the juxtaposition
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of BCR exon 13 or 14 with ABL1 exon 2, produce a 210 kDa protein, which is found in
over 90% of CML patients. The ela2 transcript encodes a 190 kDa protein (p190), which
is rare in CML but is relatively common in acute lymphoblastic leukaemia, occurring in
around 70% of cases (Figure 1B) [5,6]. Approximately 95% of CML patients are diagnosed
at the chronic phase, which is relatively indolent but can involve symptoms such as fatigue,
abdominal pain, or weight loss. During this phase, the disease can be effectively managed
with tyrosine kinase inhibitors (TKIs). If untreated, CML could progress to an accelerated
phase (AP), which can last for up to a year, and eventually progress into the terminal blast
phase of the disease, termed the blast crisis (BC). The blast crisis is characterized by the
presence of excess blast cells in the blood or bone marrow [7]. Blast crisis results in dismal
treatment outcomes, and it is often fatal even with intervention [7]. Patients in AP and BC
are generally grouped together as advanced-phase CML patients [8].

Figure 1. (A) Philadelphia (Ph) chromosome is formed from the translocation t(9;22)(q34;q11) of
chromosome 9 and 22. The translocation event leads to the fusion of the breakpoint cluster region
(BCR) gene with the Abelsonl proto-oncogene 1 (ABL1) gene, resulting in a BCR::ABL1 fusion gene.
(B) Different BCR::ABL1 fusion gene transcripts p190BCR=ABLL 551 (BCR=ABLL 3 p230BCREABLL gre
generated, depending on where the break occurs in the BCR gene [5]. Figure created in BioRender.com.

The BCR::ABL1 fusion gene is translated into the BCR::ABL1 protein, which contains
several domains from BCR and ABL1. The BCR region of this protein regulates its enzy-
matic activity and provides sites for its binding partners [9,10]. The coil-coil domain of
the BCR N-terminal part is responsible for the oligomerization and constitutive activation
of BCR::ABL1 activity (Figure 2C) [11]. The ABL1 component of the BCR::ABL1 protein
contains an SRC-homology-2 (SH2) domain, an SH3 domain, and a kinase domain [4].
When not fused with BCR, ABL1 has a myristoylated N-terminal responsible for the auto-
inactivation of ABL1 kinase activity [4]. However, the myristoylated N-terminal is lost
during the BCR::ABL1 fusion process [12]. The BCR:ABL1 kinase domain consists of
key motifs responsible for its activity, including the phosphate binding loop (p-loop), the
contact site (ATP/IM binding site), the catalytic domain, and activation loop (A-loop)
(Figure 2C) [13]. BCR::ABL1 is active when ATP binds to the active site in the ABL1 ki-
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nase domain and transfers its phosphate group to ABL1 substrate. However, tyrosine
kinase inhibitors (TKIs) compete with ATP for binding to the active site, inhibiting the
BCR::ABL1 activation and preventing leukaemia (Figure 2A) [14].

The treatment of CML with TKIs has been paradigm-shifting, increasing the survival
from 20% to over 80% today [14]. There are five available approved TKIs, prescribed based
on disease phase, individual risk assessment, response level, presence of BCR::ABL1 kinase
domain mutations, and response to prior TKI therapy [15,16]. The current available TKIs
include the first-generation TKI imatinib (Glivec, Novartis, Basel, Switzerland ); second-
generation TKIs dasatinib (Sprycel, Bristol-Myers Squibb, New York, USA), nilotinib
(Tasigna, Novartis), and bosutinib (Bosulif, Pfizer, New York, USA); and third-generation
ponatinib (Iclusig, Takeda/Incyte, Tokyo, Japan). Ponatinib is approved as a third-line
treatment, when two or more TKIs are not effective, and for patients harbouring the
T3151 mutation in the BCR::ABL1 kinase domain. In October 2021, the Food and Drug
Administration approved the new allosteric inhibitor of BCR::ABL1, asciminib (Scemblix,
Novartis), for CML patients previously treated with two or more TKIs and for T315I
mutations [17]. Asciminib binds to the myristoyl’s site on BCR::ABL1 and allosterically
inhibits its activation, including that of BCR::ABL1 with T315] mutation, with very high
selectivity, preventing downstream signalling [18]. ABL1 can normally self-regulate its
activity via its engagement with the myristoylated N-terminal; however, in patients with
CML, this ability is lost when ABLI is fused with BCR (Figure 2B) [12]. Therefore, the
binding of asciminib to a myristoyl pocket facilitates the inhibition of BCR::ABL1 activity
by restoring its allosteric inhibition ability (Figure 2B).

The response to TKIs is assessed by measuring the levels of BCR::ABL1 transcript in the
peripheral blood by quantitative real-time PCR (RT-qPCR) and based on the achievement
of molecular milestones over time [20]. BCR::ABL1% is expressed and reported on a log
scale, where 10%, 1%, 0.1%, 0.01%, 0.0032%, and 0.001% corresponds to 1, 2, 3, 4, 4.5, and
5 log reductions, respectively, below the standard baseline used in IRIS study [21]. Both
4-log (MR4) and 4.5-log (MR4.5) reductions are described as deep molecular responses [22].
Optimal molecular response corresponds to achieving specific milestones, which are the
early molecular response of BCR::ABL1 < 10% at 3 months and the major molecular
response (MMR) to BCR::ABL1 < 0.1% at 12 months. The main goal for CML patients is
to achieve a durable remission, known as treatment-free remission, which first requires
maintaining a deep molecular response (DMR) (BCR::ABL1 < 0.01% or undetectable; limit
of detection of 0.001%) [23]. Patients who achieve a deep molecular response (MR4 or
MR4.5) have a better outcome with low risk of disease progression or relapse [22].

Chronic-phase CML patients who achieve an optimal response to treatment can expect
a comparable life expectancy to that of the general population. About 25% of patients
can cease their TKI therapy and maintain treatment-free remission [24-27]. Despite this
enormous success, several challenges remain. The failure to eradicate persistent CML cells
leads to a relapse in about 50% of patients who cease therapy. These patients therefore
need to restart therapy, which can cause considerable emotional stress. Additionally,
about 20% of CML patients respond poorly to frontline therapy, with 5-10% progressing
to blast crisis [28]. This is due to the development of resistance, which represents a
“bottleneck to cure” [29]. While a lot of progress has been made in understanding the
BCR::ABL1-dependent mechanisms of resistance that rely on BCR::ABL1 reactivation, the
mechanisms of BCR::ABL1-independent resistance have remained largely elusive [30].
It is becoming increasingly clear that TKI resistance can be driven by mechanisms that
do not depend on BCR::ABL1 activation [31]. These mechanisms need to be considered
in the curative approach of CML. In this review, we discuss BCR::ABL1-dependent and
BCR::ABL1l-independent mechanisms of TKI resistance in CML, highlighting combination-
treatment strategies for overcoming resistance in a situation where resistance is driven by a
BCR::ABLI-independent mechanism. The combination strategies we explore here could
address current treatment challenges and improve treatment outcomes in CML.
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Figure 2. (A) Mechanism of action of adenosine triphosphate (ATP)-competitive tyrosine kinase
inhibitors (TKIs). ATP binds to the ABL1 kinase domain, and the phosphate group is transferred
to the ABL1 substrate, leading to BCR::ABL1 activation. The TKI competes with ATP for binding
to the ABL1 kinase domain, inhibiting BCR::ABL1 activation and therefore preventing leukaemia
progression. (B) Mechanism of action of asciminib, an allosteric inhibitor of BCR::ABL1. Asciminib
binds to the myristoyl binding site, leading to BCR::ABL1 inactivation via allosteric inhibition of
ABL1 kinase. (C) Schematic diagram of the BCR and ABL1 components of the BCR::ABL1 protein
showing the N-terminal coil-coil domain (containing key tyrosine residue at 177 position, Y177) of
BCR and an SRC-homology-2 (SH2) domain, an SH3 domain, and a kinase domain of ABL1. The
ABLI kinase domain shows the P-loop, ATP/imatinib binding site, catalytic domain, A-loop, and the
most clinically relevant mutations affecting the kinase domain [19]. Figure created in BioRender.com.

2. BCR::ABL1-Dependent Mechanisms of Resistance

BCR::ABL1-dependent mechanisms are the most common and well-studied mecha-
nisms of TKI resistance in CML that reactivate the kinase activity of BCR::ABL1 [32,33].

2.1. Kinase Domain Mutations

The most common and extensively studied mechanism of secondary resistance to
imatinib is due to mutations in the ABL1 kinase domain [34]. The ABL1 kinase domain mu-
tations account for approximately 40-60% of CML patients who experience haematological
relapse on imatinib therapy [29]. The point mutations (more than 50 different mutations) in
the ABL1 kinase domain, including the ATP-binding domain (P-loop), catalytic domain,
the activation loop (A-loop), and in amino acids, in the imatinib binding site, are known
to be responsible for clinical imatinib resistance (Figure 2C) [35]. The most clinically rele-
vant mutations are G250E, Y253F/H, and E255K/V mutations in the P-loop, T315I in the
imatinib binding site, and M351T and F359V/C/I in the catalytic domain (Table 1) [19].
Optimal drug binding requires structural adjustments in BCR::ABL1, which is prevented in
P-loop mutants, while the kinase is stabilized in an active state in A-loop mutants [19]. The
T3151 mutation, also known as “the gatekeeper” mutation, is generated when threonine
is replaced with isoleucine, preventing imatinib from forming a hydrogen bond with the
protein [19].

The second-generation TKIs, nilotinib and dasatinib, have an increased potency and ac-
tivity against most imatinib-resistant mutants but are not effective against a T315I mutation
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(Table 1) [36]. Ponatinib is effective against most kinase domain mutations, including T315I,
but there still remains some compound mutations, which are two or more mutations in the
same allele (e.g., Y253H/T3151 or E255V /T315I) that can confer resistance to ponatinib [37].
The new allosteric inhibitor asciminib was shown to be potent and effective against naive
as well as mutated BCR::ABL1 proteins, including the T315I BCR::ABL1 mutation [16,38].
In 2019, Hughes et al. reported the results of the first large phase I study of asciminib as
a second line of therapy for CML patients who failed or were intolerant to at least two
previous TKIs [16]. Asciminib effectively induced complete haematological responses
in 14/16 (88%) and major molecular responses in 4/17 (24%) CML patients with T315I
mutations [16]. Similarly, Cortes et al. also reported favourable safety and acceptable
clinical efficacy in CML patients with the T315I mutation, showing that around 50% of
these patients achieve a major molecular response with asciminib treatment [39]. Moreover,
Gutiérrez et al. reported that in CML patients who were heavily pretreated with three
or more TKIs prior to asciminib treatment, 48% achieved a complete cytogenic response,
and 33% achieved a major molecular response [40]. Pagani et al. reported the results of
asciminib treatment in a CML patient with an atypical e19a2 BCR::ABL1 transcript, who
had previously developed a T315I kinase domain mutation. The patient had reached a deep
molecular response and maintained it for 4.6 years when the study was published [38]. The
first trial of asciminib as a front-line therapy is now currently ongoing and enrolling newly
diagnosed CML patients (NCT03578367).

Table 1. Clinically important BCR::ABL1 kinase domain mutations and their sensitivity to different
TKIs [30,41].

Kinase Domain Mutations TKI Sensitivity

T3151, Y253F /H, E255K/V, Q252H, M244V, 1.248V, G250E,
F317L, M351T, M355D, F359V, and H396R/P/A

Reduced sensitivity to imatinib

T3151, L.248V, Y253H, E255K /V, and F359V /1/C Reduced sensitivity to nilotinib
T3151/A, V299L, and F317L/V/1/C Reduced sensitivity to dasatinib

T315I, E255V /K, V299L, G250E, E255K/V, and e -
F317L/V/1/C Reduced sensitivity to bosutinib

T315M/L Reduced sensitivity to ponatinib

2.2. Myristoyl Domain Mutations

Despite the promising efficacy of asciminib, especially against the T315I mutation,
some patients acquire mutations in the myristoyl-binding pocket [23]. They include the
A337V, P465S, V468F, 15021, and C464W mutations, which have been shown to confer
asciminib resistance while retaining sensitivity to ATP-competitive kinase inhibitors [42,43].
Combining asciminib (50 or 250 nM) lowered the IC50 of ponatinib by 1.9 to 18.5-fold for
compound mutants involving the T315I mutation and by 3.1 to 6.3-fold for compound
mutants not involving the T315I mutation [43]. Similarly, mutant clones with kinase domain
and myristoyl-binding site mutations conferred resistance to asciminib or ponatinib, but
resistance was largely overcome when the two treatments were combined [43]. This finding
supports the exciting possibility of combining an approved TKI with asciminib for the
treatment of patients displaying resistance.

2.3. BCR::ABL1 Overexpression

BCR::ABL1 overexpression due to Ph chromosome duplication, BCR::ABL1 gene
amplification, or altered transcription of BCR::ABL1 gene can occur in some patients.
However, the role of BCR::ABL's overexpression in the context of TKI resistance is not
as well understood as the role of kinase domain mutations [44]. One hypothesis is that
increased BCR::ABL1 levels may provide cells with sufficient kinase activity for acquiring
kinase domain mutations to induce resistance in TKI-treated cells [33]. Therefore, higher
BCR::ABL1 expression appears to provide a selective advantage for CML cells. This
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increased expression is common in advanced-stage CML, where reduced TKI sensitivity
and development of resistance is often observed [30].

2.4. Altered Expression of Drug Transporters

Another mechanism that potentially prevents complete inhibition of BCR::ABL1 by
TKIs is an increase in drug efflux. Intracellular drug concentration is controlled by ATP-
binding cassette (ABC) transporters such as P-glycoprotein (ABCB1) and a breast cancer-
resistant protein (ABCG2) [45]. Different ABC family transporters were identified to be
resistant to different TKIs. For instance, ABCB1 was implicated in imatinib and nilo-
tinib resistance [46,47]; ABCC6 was implicated in nilotinib and dasatinib resistance; and
ABCG2 was mainly associated with asciminib resistance [48]. Low activity of organic cation
transporter-1 (OCT-1), a cellular influx pump, can reduce the intracellular drug availability,
consequently promoting imatinib resistance [49]. However, OCT-1 does not appear to regu-
late the intracellular uptake of second- and third-generation TKIs [50,51]. The resistance
induced by overexpression of a particular transporter could be treated by using a TKI that
is not susceptible to that transporter or by adding an inhibitor of that transporter [52]. For
instance, Agrawal et al. reported that imatinib-resistant CML patients had high levels of
ABCBI1 expression but still responded to second-line nilotinib treatment [53]. Similarly,
Qiang et al. identified the overexpression of ABCG2 as a major mechanism of resistance
in asciminib-resistant K562 cells and showed that an inhibitor of ABCG2, Ko143 (100 nM),
was able to restore the effectiveness of asciminib against those cells [43].

3. BCR::ABL1-Independent Mechanisms of Resistance/Persistence

Approximately 50% of CML patients with poor responses/disease progression have
kinase domain mutations, suggesting that the remaining patients display alternative mech-
anisms of resistance [54]. This could be due to mechanisms intrinsic to the leukaemic cells
that alternatively activate or create de novo parallel bypass survival pathways [55]. Addi-
tionally, because TKIs target only differentiated and cycling cells [56], certain leukaemic
cells could also “escape” the apoptosis induced by TKIs and become dormant [56]. In
this section, we describe the principal BCR::ABL1-independent mechanisms of resistance,
including the alternative activation of major BCR::ABL1-driven pathways and other path-
ways that support alternative survival mechanisms. We also focus on the development of
targeted therapies against specific deregulated pathways.

3.1. Alternative Activation of MAPK Pathway

The mitogen-activated protein kinase (MAPK) pathway (also known as the RAF/RAS/
MEK/ERK pathway or RAS pathway) is a major BCR::ABL1-downstream signalling
pathway responsible for cell proliferation, cell survival, and prevention of apoptosis
in BCR::ABL1-positive cells (Figure 3) [57]. TKIs can inhibit this pathway by blocking
BCR::ABL1 and inducing apoptosis in CML cells. However, the activation of the RAS
pathway driven by mechanisms independent of BCR::ABL1 signalling, such as mutations
in intermediates of the RAS pathway, can lead to TKI resistance in CML [58,59]. Ma et al.
demonstrated that the increased activation of the RAS pathway as a result of protein kinase
¢ (PKC) overexpression led to BCR::ABL1-independent imatinib resistance in K562 cells,
as well as in patient-derived CML leukaemic stem cells [58]. Likewise, Kuman et al. also
reported that imatinib-resistant CML leukaemic stem cells in contact with stroma had
increased ERK1/2 phosphorylation. The inhibition of ERK1/2 using U0126 (ERK1/2 in-
hibitor) led to imatinib-induced apoptosis in those cells [60].
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Figure 3. BCR:ABLIl-dependent/independent pathways and drugs showing their targets
for their BCR::ABL1-independent expression/activation to be used in combination with TKIs.
Dark arrow indicates activation, dotted line indicates inhibition by inhibitor/s and encircled
p indicates phosphorylation. The mitogen-activated protein kinase (MAPK) pathway (also
known as rat sarcoma virus (RAS)/rapidly accelerated fibrosarcoma (RAF)/mitogen-activated ki-
nase kinases (MEK)/extracellular signal-regulated kinase (ERK)), PhosphatidylInositol-3-Kinase
(PI3K)/ AKT/mammalian target of rapamycin (mTOR) and Janus Tyrosine Kinase (JAK), and signal
transducer and activator of transcription (STAT) pathways are the major BCR::ABL1-downstream
pathways responsible for BCR::ABL1-independent TKI resistance when re-activated by alternate
routes. BCR::ABL1 can mediate the inhibition of the tumour-suppressor protein phosphatase 2A
(PP2A) and activation of 3-catenin to promote leukaemia, but this can also occur independently from
BCR::ABL1. Leukaemic cells can also use JAK1/STAT3, Wnt signalling, the sonic hedgehog pathway,
and the expression of the epigenetic modulator EZH2 to remain quiescent, which could contribute to
resistance and relapse [30]. These pathways could be targeted by using inhibitors/activators that
were developed for other diseases and could be repurposed for a combination treatment with TKIs to
treat Ph+ leukaemias. Figure created in BioRender.com.

3.2. Alternative Activation of JAK/STAT Pathway

JAK/STAT signalling is another major BCR::ABL1-downstream signalling pathway that
regulates proliferation, survival, and drug resistance in CML (Figure 3) [57,61]. JAK/STAT
signalling is mediated by two important effectors, STAT3 and STAT5 [62]. Deininger et al.
observed the activation of STAT3 via phosphorylation of Y705, leading to TKI resistance
in CML CD34+ cells. A subsequent combination treatment with imatinib and a highly
potent and specific STAT3 inhibitor, BP-5-087, reduced the survival of both TKI-resistant
leukaemic stem and progenitor cells [63]. Kuepper et al. also observed similar results when
BCR::ABL1 and JAK1 were co-inhibited. The JAK-specific inhibitors filgotinib and itacitinib
were used to target JAK1 [64]. A significant increase in pSTAT3 Y705 was also identified
by using single-cell mass cytometry in nilotinib-treated CML patients. This finding has
possible prognostic potential [65]. Extrinsically activated JAK1/STAT3 signalling driven by
external stimuli has also been shown to mediate stem cell persistence in CML [64]. Similarly,
a high expression of STAT5 has also been shown to significantly reduce the sensitivity of
CML cells to TKI-induced apoptosis in in vitro and in vivo studies [66].
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3.3. Alternative Activation of PI3K/AKT Pathway and Dysregulation of Autophagy

The activation of the PI3K/AKT/mammalian target of rapamycin (mTOR) signalling
pathway is another major BCR::ABL1-driven pathway that promotes cell growth and
cell proliferation in CML cells (Figure 3) [67]. Burchert et al. showed AKT/mTOR path-
way activation as a BCR::ABL1-independent compensatory pathway in imatinib-treated
BCR::ABL1-positive LAMA cells [68]. BCR::ABL1-independent PI3K/AKT pathway ac-
tivation and imatinib resistance was also observed in primary leukaemia cells and in
imatinib-treated CML patients [68]. Moreover, Wagle et al. revealed imatinib and dasatinib
dual-resistant K562 cells had sustained PI3K/AKT pathways with an elevated forkhead box
O1 (FOXO1) level in the cytoplasm. However, the treatment with a class I PI3K inhibitor,
GDC-0941 (pictilisib), led to the nuclear translocation of FOXO1 and induction of apoptosis
in those cells [69]. Elevated FOXO1 levels were also observed in primary samples from re-
lapsed CML patients who lacked kinase domain mutations [69]. Furthermore, Mitchell et al.
showed an alternative activation of mTOR in BCR::ABL1-independent ponatinib-resistant
CML cells and demonstrated that the inhibition of mTOR induce autophagy and that the
inhibition of autophagy sensitizes those cells to ponatinib treatment [70].

Bellodi et al. demonstrated that BCR::ABL1 suppresses autophagy partly via the
PI3K/AKT/mTOR pathway, leading to the downregulation of key autophagy genes Beclin
1 and Autophagy related 5 (ATG5) [71]. Autophagy is a conserved catabolic process responsi-
ble for protein degradation and the mediation of antigen presentation [72]. Autophagy is an
important process for the maintenance of normal haematopoietic stem cells, and the dysreg-
ulation of autophagy is a common characteristic of leukaemic stem cells [72]. Several studies
have described autophagy as a key process in drug resistance, where autophagy helps
cells tolerate stress and prevents apoptosis induced by anti-cancer drugs [73]. Michell et al.
demonstrated the genetic or pharmacological inhibition of mTOR, and therefore, autophagy
primed BCR::ABL1-independent ponatinib-resistant CML cells to the mTOR inhibitor and
induced apoptosis [70]. Moreover, Karvela et al. also showed that the knockdown of ATG?,
an autophagy protein, sensitized CML progenitor cells to TKI-induced cell death [74]. The
survival of normal cells remained unaffected, suggesting this strategy could be used as a
novel way to target persistent leukaemic cells in CML [74].

3.4. Activation of Wnt/B-Catenin Signalling

The Wnt signalling pathway is necessary for the self-renewal of normal cells, but it
has been implicated in cancer progression [55]. The activation of nuclear B-catenin and
expression of its transcriptional targets leads to leukaemic progression, TKI resistance, and
self-renewal in CML stem cells [55]. The expression of 3-catenin is shown to be regulated by
BCR::ABL1 via the PI3K/AKT pathway and to enhance the leukaemic progression ina CML
murine model (Figure 3) [75]. BCR::ABL1 also led to a reduction in the protein expression
of B-catenin antagonist Chibbyl, which was more prominent in leukaemic stem cells
compared with progenitor cells [76]. However, Eiring et al. demonstrated that leukaemic
cells maintained their cytoplasmic B-catenin expression despite BCR::ABL1's inhibition
by imatinib, suggesting that 3-catenin expression was decoupled from BCR::ABL1 and
contributed to intrinsic TKI resistance in CML cells [55]. In addition, Zhou et al. showed that
the overexpression of -catenin was present in blast crisis CML stem and progenitor cells
and that the pharmacological and genetic inhibition of 3-catenin impaired the self-renewal
of stem and progenitor leukaemic cells [77].

3.5. Protein Phosphatase 2A (PP2A) Level

The tumour-suppressor protein phosphatase 2A (PP2A) gene encodes for a multi-
meric serine/threonine phosphatase and is involved in the regulation of transcription
factor 3-catenin, apoptosis, and the maintenance of G1/S cyclin levels during cell cycle
progression [78,79]. BCR::ABL1 regulates PP2A and inhibits its phosphatase activity via the
expression of an endogenous inhibitor, SET (Figure 3) [57,80]. Neviani et al. showed that
the re-activation of PP2A was associated with growth arrest and apoptosis in BCR::ABL1-
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positive cells [80]. Moreover, BCR::ABL1 protein expression was required for JAK2 ac-
tivation, whereas kinase activity was not; in turn, this activated SET-dependent PP2A
inhibition, leading to the expression of (3-catenin and subsequent self-renewal and survival
signalling in quiescent LSCs [80].

3.6. Epigenetic Alterations

Genetic alteration of epigenetic regulator genes such as Additional sex combs-like 1
(ASXL1), DNA (cytosine-5)-methyltransferase 3A (DNMT3A), runt-related transcription
factor 1 (RUNX1), and Tet methylcytosine dioxygenase 2 (TET2) are frequently found in
a CML blast crisis [81,82]. Somatic mutations in epigenetic regulator genes have been
associated with poor TKI response and progression to the advanced stage of disease in
CML patients when acquired during TKI therapy [83-85]. However, their causal relation-
ship to TKI resistance, disease progression, and relapse is yet to be elucidated. Similarly,
expression of the enhancer of zeste homolog 2 (EZH2), an epigenetic re-programmer, has
been implicated in TKI resistance in CML. EZH2 is a histone methyltransferase and a
catalytic subunit of polycomb repressive complex 2 (PRC2) [86]. In a CML mouse model,
Scott et al. demonstrated that EZH2 was overexpressed in LSCs and that its dysregu-
lation was responsible for TKI resistance and LSCs’ protection [87]. The inactivation of
EZH2 through CRISPR/Cas9-mediated gene editing led to the reduced initiation, mainte-
nance, and survival of LSCs, irrespective of BCR::ABL1 mutations [86]. The dysregulation
of PRC2 has also been demonstrated in CML stem cells, where the re-programming of
EZH2 and H3K27me3 led to apoptosis prevention and LSC survival [87].

3.7. Inflammatory TNF-« and TGF-p Pathways

Single-cell transcriptomic analysis showed the enrichment of inflammation-related
gene expressions such as inflammatory tumour-necrosis factor (TNF)-a and the trans-
forming growth factor (TGF)-p genes in LSCs, compared with normal HSCs [88]. The
increase in the pathway activity of TNF-a and TGF-f3 was associated with increased stem
cell quiescence and thereby TKI resistance in poor responder CML patients (patients not
achieving MMR) [88]. Giustacchini et al. tested the effect of TNF-& and TGF-f3 on normal
HSCs and CML-LSCs in vitro and observed that TNF-o« promoted quiescence in both nor-
mal HSCs and CML-LSCs, while TGF-f promoted higher cell division in CML-LSCs [88].
Targeting TNF-a and TGF-p activity could be effective in reducing stem cell quiescence
and increasing the possibility of eliminating leukaemic stem cells.

3.8. Sonic Hedgehog Pathway Activation

The sonic hedgehog pathway is an evolutionarily conserved signalling pathway that
plays a role in embryogenesis, cell proliferation, and growth [89]. It is a master regulator of
the self-renewal of normal and leukaemic stem cells [90]. Cancer cells with aberrant hedge-
hog signalling undergo self-renewal, invasion, proliferation, and survival [89]. Hedgehog
ligands act on cancer stem cells, both in a paracrine and an autocrine manner, leading
to chemotherapy resistance, cancer cell survival, and relapse [91]. The binding of hedge-
hog ligands activates smoothened (SMO), which in turn activates the transcription factor
GL1 [92]. GL1 modulates the transcription of several target genes in the nucleus, such as
genes involved in cell cycle regulation and apoptosis, and promotes the MDM2-dependent
degradation of p53 (Figure 3) [90]. Studies demonstrated that the treatment of CML-LSCs
with the SMO inhibitor PF-04449913 promoted differentiation and increased their sensitiv-
ity to TKI [93,94]. Similarly, Anusha et al. showed that the sonic hedgehog pathway was
activated in mutation-independent imatinib-resistant CML-LSCs and that treatment with
the inhibitor of this pathway potentiated cells to imatinib treatment [95].

3.9. Dysregulation of Apoptotic Proteins” Expression

The intrinsic apoptotic pathway is regulated by the B-cell lymphoma-2 (Bcl-2) fam-
ily proteins that maintain mitochondrial membrane integrity and regulate the apoptosis
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cascade through processes such as apoptosome formation, cytochrome-c release, caspase
activation, and cleavage of intracellular targets [96]. The Bcl-2 family proteins consists
of pro-apoptotic (e.g., BIM and BAD) and pro-survival/anti-apoptotic (e.g., Bcl-2, Mcl-
1, and Bcl-xL) proteins. The balance of pro- and anti-apoptotic proteins determines the
activation of Bax and Bak. The activation of Bax and Bak leads to cytochrome-c release
and the induction of apoptosis [96]. The dysregulation of anti-apoptotic proteins has been
implicated in leukemogenesis, disease progression, and treatment resistance in myeloid
leukaemia [96]. The overexpression of anti-apoptotic Bcl-2 protein and reduced expression
of BIM have been shown to be involved in TKI resistance in CML [96]. BCR::ABL1 increases
the expression of anti-apoptotic proteins such Bcl-2, Bcl-xL, and Mcl-1, which all play a
role in preventing apoptosis in leukaemic cells [97]. The dysregulation of anti-apoptotic
proteins has been observed in CML [97].

4. Targeted Therapies against BCR::ABL1-Independent Resistant Cells

Given the variety of BCR::ABL1-independent mechanisms of resistance, it is now
important to focus the studies on the development of the most appropriate targeted therapy
for a specific deregulated pathway. This will also involve the development of sensitive
techniques for identifying specific biomarkers using phospho-flow and next-generation
sequencing at diagnosis or at relapse [98]. Mutations in several genes have been identified
in CML patients, such as ASXL1, RUNX1, TET2, BCL6 Corepressor-Like 1 (BCORL1), GATA-
binding factor 2 (GATA2), and others [81]. Kim et al. showed a strong correlation between
the mutations in TP53, Lysine Methyltransferase 2D (KMT2D), and TET2 during TKI therapy
and treatment failure in CML patients [82]. Additionally, IKAROS Family Zinc Finger 1
(IKZF1) exon deletion has been reported to be associated with poorer outcomes in CML
patients [81]. In an interesting study, Chan et al. discovered that mutations converging in
one principal driver pathway were able to promote progression toward leukaemia [99].
Conversely, divergent signalling pathways represented a powerful barrier to transforma-
tions. Mutations in these divergent pathways prevented leukaemia instead of promoting
it [99]. This finding is of principal relevance for the development of new targeted therapies
against deregulated pathways in leukaemia. Chan et al. also demonstrated that targeting
divergent pathways had a counterproductive effect on cancer progression. It is therefore
vital to identify the driver pathway and target it [99]. This supports the possibility of
developing drugs that could target different mediators of a driver pathway, increasing the
possibility of finding the best precision medicine therapeutic approach.

In the context of BCR::ABL1-independent pathways, combination therapies that tar-
get both BCR::ABL1 and alternative survival pathways have the potential to eliminate
leukaemic stem cells and sensitize progenitor cells, improving the treatment of CML.
For instance, using a CML-mouse model, Shan et al. demonstrated that the inhibition
of BCR::ABL1 with TKIs, combined with inhibition of the RAS pathway using trame-
tinib, an FDA-approved MEK inhibitor, synergistically induced cell death in BCR::ABL1-
independent MAPK pathway-driven imatinib-resistant CML stem cells [58]. Similarly,
the JAK/STAT pathway has also been implicated in the survival of quiescent leukaemic
stem cells, and the combination therapy of TKIs and ruxolitinib (JAK2 inhibitor) has been
demonstrated to reduce their number in murine xenografts [100]. In a phase I clinical
trial (NCT01702064), the combination therapy of nilotinib and ruxolitinib resulted in unde-
tectable BCR::ABL1 in 40% of CML patients after 6 months, as measured by RT-qPCR [101].
As a result, this combination treatment was recommended for further investigation in a
phase II clinical trial [101]. Moreover, Yagi et al. reported that the specific activation of
STAT3 in CML and the combined inhibition of JAK1 with tofacitinib and BCR::ABL1 with
imatinib synergistically induced anti-tumour effects in CML cells [102]. Likewise, many
PI3K/AKT/mTOR pathway inhibitors, including those which have received FDA ap-
proval, such as PI3K inhibitors (Idelalisib, Copanlisib, and Duvelisib) and mTOR inhibitors
(Everolimus, Sirolimus, and Temsirolimus), have been studied as potential treatments
against TKI-resistant CML, and active pre-clinical investigation is ongoing (Figure 3 and
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Table 2) [67]. A clinical trial is underway for investigating the safety and efficacy of the
co-treatment of imatinib and everolimus in CML (NCT00093639).

There are multiple clinical trials assessing the inhibitors of the WNT/3-catenin path-
way in various haematological malignancies, including CML [32]. The results from phase
I'and II clinical trials are currently being evaluated for the safety and efficacy of PRI-724,
an inhibitor of WNT/ 3-catenin pathway, in pancreatic cancer and leukaemia patients [32].
More recently, a combination treatment with dasatinib and okadaic acid (an inhibitor
of PP2A) has also been shown to induce cell cycle arrest and apoptosis in the K562 cell
line [103]. However, conflicting reports of the pro- and anti-survival role of PP2A war-
rants further investigation to understand the situations where such a dual role of PP2A
exists [104]. Consistent with the previously reported tumour-suppressor role of PP2A, its
activating drugs, such as FTY720 and OP449, have been shown to re-sensitize TKI-resistant
LSCs to BCR::ABL1 inhibition by targeting the JAK2/PP2A /3-catenin pathway (Figure 3
and Table 2) [105]. Therefore, the combination of TKI and an FDA-approved PP2A activator
FTY720 or OP449 has been actively investigated in preclinical studies [105].

Due to the ability of EZH2 to reprogram and prevent apoptosis in CML-leukaemic stem
cells, the combination of TKI treatment and an FDA-approved inhibitor of EZH2, Tazeme-
tostat, has also been actively investigated in pre-clinical trials [87]. Similarly, Stobo et al.
demonstrated that the first-generation autophagy inhibitor hydroxychloroquine potentiated
TKI-induced cell death in CML-leukaemic stem cells, but their recent clinical trial combining
hydroxychloroquine with imatinib showed that clinically achievable doses of hydroxy-
chloroquine were not sufficient to accomplish the efficient inhibition of autophagy [106].
Autophagy genes were found to be highly expressed in CML-patient-derived leukaemic
stem cells compared with progenitor cells, and the genetic or pharmacological inhibition of
autophagy with the second-generation autophagy inhibitor Lys05 resulted in decreased
leukaemic cell viability and improved sensitivity to chemotherapy [107]. Therefore, the
second-generation FDA-approved autophagy inhibitors Lys05 and PIK-III were combined
with TKIs to investigate their effects in preclinical trials (Figure 3) [107].

There are ongoing clinical trials investigating the combination of TKIs and IFN-o to
eliminate leukaemic stem cells, since IFN-& can augment immune responses while TKIs
inhibit BCR::ABL1 to exert combined effects [108]. Palandri et al. revealed higher complete
cytogenetic responses in the imatinib and IFN-« group compared with the imatinib-only
group (60% vs. 42%, p = 0.003) at 6 months, with a more rapid response rate seen with the
combination treatment [85]. However, there was no difference in the complete cytogenetic
response rate at 48 months (88% vs. 88%). Another phase II study by the Nordic group
showed higher major molecular response rates (82% vs. 54%) with an imatinib and IFN-«
combination treatment compared with an imatinib-only treatment [109]. Another clinical
trial investigating the combination of bosutinib with interferon is also underway, and
results are yet to be published (NCT03831776) [110]. The combination therapy of TKIs
and the hedgehog inhibitor trial was discontinued at a very early stage due to toxicity
being observed [30]. If the drug could be further refined to minimize toxicity, there may be
potential for using this combination treatment in CML.

Carter et al. first discovered that the anti-apoptotic protein Bcl-2 plays a key role in the
survival of CML stem cells and progenitor cells, making it an attractive CML target [111].
The combined inhibition of Bcl-2 with venetoclax and TKI provided rationale for the
potential curative treatment of CML (Figure 3 and Table 2) [111]. The phase II clinical trial
(NCT02689440) combining TKI (dasatinib) and venetoclax in heavily pretreated blast-phase
CML showed encouraging results, with a 75% overall response rate [112]. Another phase II
clinical trial combining ponatinib, venetoclax, and decitabine in blast-phase CML is also
underway, investigating the overall patient response rate (NCT04188405) [112].
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Table 2. This table shows the BCR::ABL1-independent pathways and their inhibitors that could be
used in combination with TKIs, and the stage of their current development for diseases listed that
could be repurposed in the treatment of Ph+ leukaemias.

e Stage of .
Target Pathway Inhibitor/s Development Approved/Treated Disease Ref.
RAF inhibitor: Vemurafenib
and Dabrafenib FDA approved
RAS/RAF/MEK/ERK MEK inhibitors: Trametinib and BRAF(V600E) melanoma 13
Cobimetinib (in combination FDA approved (sl
with vemurafenib)
JAK1 inhibitor: Rinvoq X .
(upadacitinib) and Cibinqo FDA approved 1. Myelofibrosis and
(abrocitinib) ovarian cancer
JAK/STAT ] . 2. Refractory moderate to [114,115]
JAK2 inhibitor: Ruxolitinib FDA approved severe atopic dermatitis
JAK1/2 inhibitor: Baricitinib FDA approved 3. Rheumatoid arthritis
PI3K delta inhibitor: Idelalisib FDA approved 1. Leukaemia and lymphoma
PI3K/AKT/mTOR PI3K alpha/delta FDA approved 2. Relapsed follicular [116,117]
inhibitor: Copanlisib lymphoma
mTOR inhibitor: Sirolimus FDA approved 3. Lymphangioleiomyomatosis
. . _—. Phase 2 Clinical Trial Acute myeloid leukaemia and o
Wnt/ B-catenin CBP/ B-catenin antagonist: PRI-724 (NCTO01606579) chronic myeloid leukaemia [118]
Tumour suppressor: . . . Multiple myeloma and mantle
PP2A SET: FTY720 (Fingolimod) FDA Approved cell lymphoma [119,120]
Epigenetic modulator: Advanced or metastatic
EZH2 Tazemetostat FDA Approved epithelioid sarcoma [121]
Hairy cell leukaemia, CML,
follicular non-Hodgkin lymphoma, )
Immune system TFN-o FDA Approved melanoma, and AIDS-related [34]
Kaposi’s sarcoma
Vismodegib (GDC-0449) and Basal cell carcinoma and
Hedgehog pathway Sonidegib (LDE225) FDA Approved acute myeloid leukaemia 22
- . Chronic lymphocytic
Intrinsic apoptotic Venetoclax FDA Approved leukaemia and [123]

pathway

acute myeloid leukaemia

5. Conclusions

Despite significant improvements in the treatment of CML with the clinical develop-
ment of TKIs, some patients develop TKI resistance, some progress to blast crisis, and most
remain dependent on TKI therapy for long-term disease control. The current strategies for
addressing TKI resistance have mainly focused on improving the potency and specificity of
the drugs that target BCR::ABL1 and/or on overcoming the resistance driven by mutations
in the BCR::ABL1 oncogene. However, this approach may be less effective in many CML
patients, who develop resistance despite the effective inhibition of BCR::ABL1 with TKIs,
i.e., with BCR::ABL1-independent resistance mechanisms. Novel treatment strategies, such
as combining TKIs with other agents that target alternative survival signalling, may be
necessary to improve treatment outcomes in those patients. A combination-treatment
approach could eradicate leukaemic stem cells to maximize treatment-free remission in
CML and improve sensitivity to TKIs in non-responsive CML patients. Therefore, some
combination strategies that target CML-leukaemic stem cells could be administered as a
front-line treatment, while other CML patients who fail TKIs without evidence of any ki-
nase domain/myristoyl domain mutations should be screened for alternative mechanisms
of resistance, such as mutations, that can activate an alternative survival pathway to decide
an appropriate combination-treatment approach. These combination approaches could
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address the current unmet treatment needs in CML by eliminating leukaemic stem cells
and sensitizing TKI-resistant progenitor cells, therefore improving treatment outcomes.
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Philadelphia positive Acute Lymphoblastic Leukaemia
ALL is a type of cancer characterized by overproduction of immature progenitors of B cell
or T cell origin that invade the bone marrow [15]. ALL is the most common paediatric
cancer and the leading cause of non-traumatic death in children in developed countries
[16]. The incidence of ALL is higher in children aged 1-4 years, than in adult. However,
the overall survival reaches 90% in children, versus only 30-40% in adults older than 40
years [16]. Ph+ ALL is also characterized by the presence of the BCR::ABL1 fusion gene,
which is rare in children, but it is the most frequent cytogenetic abnormality found in
adult patients with ALL [17]. Ph+ ALL accounts for about 50% of patients older than the
age of 60 years [18-20]. Ph+ ALL is associated with aggressive disease and historically
dismal outcome [21, 22]. Despite shift in classification of ALL from age, white blood count
and chemotherapy response to more precise genetic aberrations with more specific
treatment options, the backbone of therapy remains multi-agent chemotherapy [15, 23].
The initial approach for treating acute lymphoblastic leukemia (ALL) typically involves
four stages: achieving remission, intensifying therapy, maintaining long-term health, and
targeting the prevention of central nervous system relapse [15]. To combat ALL, patients
are administered various drug combinations, which may include glucocorticoids,
vincristine (a type of vinca alkaloid), doxorubicin (an anthracycline), cytarabine and
methotrexate (antimetabolites), cyclophosphamide (an alkylating agent), and L-
asparaginase [23]. Elderly patients carry a poor prognosis because they are often unable
to tolerate such high chemotherapeutic regimen [23]. Ph+ ALL patients have greatly
benefited from the addition of TKIs into chemotherapy regimens [24]. In Ph+ ALL, the
addition of TKIs to the intensive chemotherapy regimen for younger patients and non-
intensive chemotherapy regimen for older patients, has resulted in improved remission

and long-term survival rates to about 40-50% [25]. Frontline induction chemotherapy
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induces rates of complete remission up to 90%, but about 40-50% of adult patients
relapse, with survival rates of only 10% with second salvage [26]. Despite significant
advancement in the treatment of ALL, the disease recurs in about 15-20% of paediatric
and in 40-75% of adult patients [27]. The acquisition of additional mutations including
the T315I in the kinase domain of BCR::ABL1, may lead to resistance/relapse in Ph+ ALL
associated with high mortality rate [12]. Most Ph+ ALL relapse due to the acquisition of
kinase domain mutations in ABL1 gene. However, many patients relapse/develop
resistance to TKIs due to mechanisms which are still poorly understood likely
independent of BCR::ABL1 such as acquisition of cancer associated (non-BCR::ABL1) gene

mutations [28, 29].

Genomic mechanisms influencing outcome in Ph+
Leukaemias

Mutations in non-BCR::ABL1 cancer-related genes, such as Additional Sex Combs-Like 1
(ASXL1), IKAROS Family Zinc Finger 1 (IKZF1), Runt-Related Transcription factor 1
(RUNX1), Protein phosphatase non-receptor type 11 (PTPN11), and many more are
frequently found in poor responder CML patients (Figure 1.2) [30, 31]. In Ph+ ALL
patients, genetic instability occurs similar to that of blast crisis-CML patients which
fosters the acquisition of further mutations that may reduce the effectiveness of TKIs
[32]. In Ph+ ALL, IKZF1 mono or biallelic deletion, ASXL1, RUNX1, Tumour Protein P53
(TP53), cyclin-dependent kinase inhibitor 2A/B (CDKN2A/B), Paired Box 5(PAX5), B-Cell
Translocation Gene 1 (BTG1), and PTPN11 mutations have been associated with poor
prognosis [33, 34]. Highly sensitive mutation screening technologies, such as Next-
Generation sequencing, could be used to screen for potential mutations that may

influence TKI sensitivity and disease prognosis in Ph+ ALL [35, 36]. By studying the
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significance of these mutations in TKI sensitivity, novel treatment strategies could be
employed to improve outcomes in Ph+ ALL. For example, mutations in PTPN11 cause
leukemia and are responsible for therapy resistance in leukemia, including CML and ALL
patients [34]. Therefore, investigating PTPN11 mutations could also help identify

mechanisms of TKI resistance in Ph+ ALL.
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Figure 1.2: Graph illustrating the frequency of mutated cancer genes in patients
with chronic myeloid leukemia (CML) at the time of diagnosis. Red bars indicate the
frequency of observed gene mutations during the initial diagnosis, while blue bars
represent mutations observed in the accelerated phase (AP) or blast crisis (BC) of the
disease. This figure, adapted from a study by [37] with permission, offers crucial insights

into the genetic changes linked to disease progression in CML patients.
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In CML, PTPN11 mutations have been found in approximately 5-10% of patients with
advanced-stage disease and have been associated with poor response to imatinib
therapy, the first line TKI used for treating CML [38-40]. PTPN11 mutations can activate
the RAS/MAPK pathway, promoting cell survival and inhibiting apoptosis, thereby

conferring resistance to imatinib [41, 42].

In Ph+ ALL, PTPN11 mutations have been reported in about 4% paediatric and 5% adult
Ph+ ALL patients [43-45]. PTPN11 mutations in Ph+ ALL have been associated with poor
prognosis and resistance to not only TKIs, but also to chemotherapeutic agents commonly
used in the treatment of ALL [46]. Similar to CML, PTPN11 mutations in Ph+ ALL can

activate the RAS/MAPK pathway and promote cell survival [43].

Non-BCR::ABL1 mutational mechanisms of resistance continue to pose treatment
challenge also in Ph+ ALL [28]. Recent studies have explored the potential of targeting
PTPN11 mutations in the treatment of CML and Ph+ ALL. One study found that a SHP2
inhibitor, which targets the SHP-2 protein encoded by the PTPN11 gene, was able to
overcome imatinib resistance in CML cells with PTPN11 mutations [47]. Another study
showed that a combination of a MEK inhibitor and a BCL-2 inhibitor could overcome

resistance in Ph+ ALL cells with PTPN11 mutations [48].

Src homology 2 (SH2) domain-containing protein tyrosine phosphatase-2 (SHP-2)
PTPN11 gene encodes for Src homology 2 (SH2Z) domain-containing protein tyrosine
phosphatase-2 (SHP-2). SHP-2 is a cytosolic protein ubiquitously expressed in various
tissues and cell types [49]. PTPN11 is located on chromosome 12924 [50] and SHP-2 is

an oncogenic tyrosine phosphatase associated with many important signalling cascades
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including RAS/MAPK, JAK/STAT, PI3K/AKT, PD-1/PD-L1, mTOR and Hippo pathways
[51-53]. SHP-2 is required for full and sustained activation of RAS/MAPK pathway [54].
SHP-2 is involved in several cellular processes including survival, proliferation,
differentiation and migration [55]. SHP-2 is critical for the survival of the receptor
tyrosine kinase (RTK) driven cancers, and it is also a central node in intrinsic and
acquired resistance to targeted cancer therapy [56, 57]. SHP-2 is required for BCR::ABL1

induced myeloid (CML) and lymphoid (Ph+ ALL) neoplasia [58].

Structure and function of SHP-2 protein

SHP-2, an allosteric enzyme that acts as an intramolecular switch, transitioning between
its N-terminus SH2 (N-SH2) and protein tyrosine phosphatase (PTP) domains [58]. SHP-
2 is a protein containing 527 amino acids which is highly homologous and has similar
structure to the hematopoietic cell specific phosphatase, SHP-1 [59-61]. While both SHP-
1 and SHP-2 act downstream of receptor tyrosine kinase to propagate signalling cascades,
their functions are specific to their phosphatase domains [62, 63]. At the N-terminus,
SHP-2 has two tandem SH2 domains (N-SH2 and C-SH2) and one protein tyrosine
phosphatase (PTP) domain at the C-terminus (Figure 1.3). PTP domain has phosphate
binding site, the cysteine residue at 459 position, which is responsible for the catalytic
activity of SHP-2 [64]. In its basal state, the N-SH2 domain of SHP-2 is connected to the
PTP domain through flexible polypeptide linkers, which results in auto-inhibition of SHP-
2 by obstructing the catalytic site. Binding of SHP-2 to phosphorylated tyrosine residues
in the target protein is mediated via N-SH2 domain which leads to the confirmational
change that exposes catalytic site to the substrates (Figure 1.3) [61, 65-67]. C-SH2
domain provides binding energy and facilitate confirmational change during the

activation process [61, 68]. SHP-2 also has two tyrosine phosphorylation sites (Tyr542
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and Tyr580) at the c-terminus which are reported of being involved in the recruitment of

SHP-2 to the receptor [61, 69-73].

Upon extracellular stimulation, SHP2 can undergo phosphorylation at specific sites in its
C-terminal tail, such as Tyr542 and Tyr580. In its inactive state, SHP-2 adopts a self-
inhibited conformation, where the interaction between its N-SH2 domain and PTP
domain limits its catalytic activity (Figure 1.3) [74]. However, the binding of growth
factors or cytokines disrupts this self-inhibition, leading to the activation of SHP-2
(Figure 1.3) [74]. Therefore, maintaining the self-inhibited state could serve as a
potential strategy to inhibit SHP-2 activity, offering a novel approach for the design of

SHP2 inhibitors.
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Figure 1.3: The schematic representation of the SHP-2 protein, highlighting its
structural domains. The SHP-2 protein is composed of two consecutive SH2 domains,
designated as N-SH2 and C-SH2, along with a PTP domain. The N-SH2Z domain and the

PTP domain are linked by flexible polypeptide connectors, resulting in a closed
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conformation of the SHP-2 protein. Activation of the protein induces a conformational
change, transitioning it to an open state. Within the PTP domain, residues 459 to 465 play
a pivotal role in catalysis, serving as essential components for the enzymatic activity of
SHP-2. These residues are critical for the proper functioning of the catalytic site within

the PTP domain. Figure created using BioRender.com.

SHP-2 has been implicated in numerous signalling pathways including those that are
initiated by the growth factors such as Epidermal growth factor, Platelet-Derived Growth
Factor, and Insulin-like growth factor 1; insulin, interferons and cytokines such as IL-3,
Erythropoietin (EPO), and Granulocyte-macrophage colony-stimulating factor [75, 76].
SHP-2, a protein, is engaged with receptor tyrosine kinases either directly or indirectly.
This engagement occurs through the involvement of docking proteins such as insulin
receptor substrate-1 (IRS-1) and GRB2-associated binding protein 1 or 2 (GAB1/2) [55,
77,78]. SHP-2 plays arole in a signalling cascade that includes GRB2 and Son of Sevenless
(SOS) [77,79-82]. Within this cascade, SOS facilitates the activation of the MAPK pathway
by promoting the conversion of GDP bound to RAS to GTP [56, 83-85]. Therefore, SHP-2
is critical for activation of MAPK pathway downstream of growth factor receptors [86].
Activation of SHP-2 activates numerous downstream pathways including RAS/ERK1/2,
PI3K/AKT, JAK/STAT, FLT3, and NF- kB; overexpression of anti-apoptotic proteins MCL-

1, BCL-2 and BCL-XL and PD-1 mediated immune invasion [87-90].

In Philadelphia positive cells, BCR::ABL1 induced transformation requires Grb2 which is
recruited by phosphorylated Y177, an autophosphorylation site of BCR::ABL1, which in
turn recruits SHP-2 and Gab2 [91]. Gab2Z is a critical mediator of PI3K/AKT and

RAS/RAF/MEK/ERK pathways in BCR::ABL1 positive cells [92]. Furthermore, Gu et al.
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also showed that SHP-2 is required for RAS/RAF/MEK/ERK pathway activation as it
dephosphorylates inhibitors of this pathway in BCR::ABL1 positive cells. Gu et al. used
genetic loss of function approach and bone marrow transplantation model to
demonstrate that BCR::ABL1 mediated myeloid and lymphoid neoplasia needed SHP-2
for the initiation and maintenance of CML and induction of Ph+ ALL cells [58]. This
highlights the important of intact SHP-2 in BCR::ABL1 positive cells and possible

implications when PTPN11 gene is mutated.

PTPN11 gene mutations can result in gain or loss of function of the encoded protein SHP2
[93]. Gain-of-function mutations enhance SHP-2 activity, leading to aberrant signalling
and contributing to diseases like cancer [94]. Loss-of-function mutations reduce SHP2
activity, disrupting signalling and causing developmental disorders like Noonan and
LEOPARD syndromes [94]. The effects of PTPN11 mutations depend on their specific
location and nature, as well as the cellular context [95]. These mutations provide insights
into the importance of SHP-2 in cellular signalling pathways and highlight its role in

various diseases, making it a potential therapeutic target for intervention [95].

PTPN11 mutations in genetic disorders

Germline mutations in PTPN11 genes lead to developmental disorders such as Noonan
(autosomal dominant) and LEOPARD (rare, autosomal dominant) syndromes
characterized by growth defects, craniofacial abnormalities, cardiac malformations, and
mental retardation in some cases [96] [97, 98]. Infants with Noonan syndrome (NS) with

PTPN11 mutations also have the increased risk of developing leukaemias [99, 100].
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More than 50% of patients with Noonan syndrome carry PTPN11 mutations, frequently
in the N-SH2 domain and the PTP domain contact site, leading to gain-of-function effects
and increased SHP-2 activity [97]. In contrast, mutations in PTPN11 causing LEOPARD
syndrome are commonly found in the PTP domain and result in catalytic defects [101].
Notably, Y279C, A461T, and G464A mutations are frequently observed in LEOPARD
syndrome, while D61G, D61Y, E76D, and E76K are the most frequent mutations in

Noonan syndrome (Figure 1.4) [97, 102-104].

JMML: G60R/V; D61Y/V/N; Y62D; E69K, A72T/V,
T73I, E76K/V/A/Q

ALL: N58Y; D61Y/V; E69K; A72V/T/D; E76G/Q/K

AML: G60A; D61Y/R/N/H; F71K; E69V; A72V/T,
T731; E76G/K/V/Q

JMML: G503A/R; Q506P
ALL: P491S/L/H; S502P; Q510K

MDS: G60V; D61V; E69K; F71L; A72V; E76A AML: R289G; TS07K; G503V, A461T
T JMML: E139D . T .
1T 117 ’ 219 593
L J
1 459-465 Key residues
NS: N58K/D/H; D61G/Y; A72S/G/P; E76D/K; . for catalysis ;
Y63C, Y62D, Q79R/P 1

NS: N308D/S; A461T; P491T/S/H/L; R501K; S502T/
A/L; G503R/E/V/A

LS: Y279C; A461T/S; G464A, TA68M/P; R498W/L,
Q510R/E/P/H

Figure 1.4: PTPN11 mutations in genetic disorders and haematological
malignancies. This schematic illustrates the three domains of the SHP-2 protein: the N-
terminus SH2 (N-SH2), C-terminus SH2 (C-SH2), and the Phosphotyrosine Phosphatase
(PTP) domain, which includes key catalytic residues from 459 to 465. The figure also
highlights common mutations found in various disorders, including Juvenile
Myelomonocytic Leukemia (JMML), Acute Lymphoid Leukemia (ALL), Acute Myeloid

Leukemia (AML), Myelodysplastic Syndromes (MDS), Noonan Syndrome (NS), and
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LEOPARD Syndrome (LS), indicating their respective locations within different domains

of the SHP-2 protein. Figure created using BioRender.com.

PTPN11 mutations in haematological malignancies

Somatic mutations in the PTPN11 gene can be classified into gain of function and loss of
function mutations, each contributing to different aspects of disease development and
progression [105]. Gain of function mutations in PTPN11 are observed in various
hematological malignancies, including Juvenile Myelomonocytic Leukemia (JMML),
Myelodysplastic Syndromes (MDS), Acute Lymphoblastic Leukemia (ALL), and Acute
Myeloid Leukemia (AML), where they contribute to both disease occurrence and therapy
resistance [106-110]. Patients with PTPN11 mutations, particularly those over 60 years
of age and with secondary AML, tend to have poor overall survival and rapid disease
progression [111, 112]. The co-occurrence of PTPN11 mutations with other genetic
abnormalities, such as MLL-AF10 translocation, further exacerbates disease severity
[113, 114]. Moreover, PTPN11 gain of function mutations are associated with resistance
to anti-apoptotic protein inhibitors and tyrosine kinase inhibitors (TKIs) in chronic
myeloid leukemia (CML) [31, 115]. Targeted treatment approaches are needed to address
the high-risk subtype of myeloid malignancies associated with PTPN11 mutations [111].
On the other hand, loss of function mutations in PTPN11 are less common and have been
observed in specific residues within the protein structure, affecting its phosphatase
activity [116]. For example, mutations at cysteine 459 completely abolish the enzymatic

activity of SHP-2, acting as dominant negatives against the wild-type protein [86].

Activating mutations, such as D61V /G/Y and E76K, are frequently found in hematological

malignancies and show increased phosphatase activity [70, 117, 118]. Mutations in the
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N-SH2 domains and PTP domain, including T73I, Y63C, Q79R, N308D, and S502T, also
exhibit enhanced phosphatase activity [68, 117, 122]. Notably, the E76K mutation has
been reported of being able to significantly activate the RAS/RAF/MEK/ERK pathway,
promoting IL-3 independent growth and survival [53, 119, 120]. Similarly, Y279C and
T468M mutations contribute to the activation of the RAS/RAF/MEK/ERK pathway [124].
These findings underscore the pivotal role of PTPN11 mutations in cancer development

and progression.

The SHP-2 protein consists of N-SH2, PTP, and C-SH2 domains, with the N-SH2 domain
connected to the PTP domain by flexible polypeptide linkers, leading to auto-inhibition
of SHP-2 through blocking the catalytic site [121]. Binding of SHP-2 to phosphorylated
tyrosine residues in target proteins is mediated via the N-SH2Z domain, inducing a
conformational change that exposes the catalytic site to substrates [61, 65-67]. The PTP
domain of SHP-2 contains a phosphate binding site, with a critical cysteine residue at
position 459 responsible for the catalytic activity of SHP-2 [64]. Residues 459-465,

including p.A461T, are key residues for catalysis [116].

The p.P491H mutation does not contribute to either N-SH2/PTP interaction or the
catalytic function of SHP-2 [122]. Interestingly, mutations in the p.P491 position are
frequently found in JMML and ALL patients [123-125]. Previous studies have suggested
that PTPN11 mutations at the p.P491 position may occur as a late event in ALL patients,

providing a proliferative advantage in a leukemia subclone [123-125].

The p.A461T mutation is common in Noonan Syndrome and has been shown to reduce

the phosphatase activity of SHP-2 by 930-fold compared to the wild type. This mutation

49



alters the active site pocket and destabilizes the first transition state of the substrate
during the catalysis process [126]. X-ray crystallography has also demonstrated that SHP-
2 protein with the p.A461T mutation adopts the autoinhibited closed conformation,
similar to that of the wild type [126]. However, the effects of the combination of p.A461T

and p.P491H mutations have not been previously investigated.
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Figure 1.5: Schematic diagram of SHP-2 protein and different conformations. This
figure illustrates various conformational states of the SHP-2 protein. First, it adopts a
native autoinhibited conformation, followed by an open and active state in response to
cytokine or growth factor signalling. Additionally, activating mutations at the contact site
between N-SH2 and the PTP domain, such as A72S or E76K, lead to an open and
constitutively active conformation. Conversely, mutations in the PTP domain, like A461T
or Q510R, induce a closed conformation with impaired catalytic activity. This
representation provides insights into the dynamic behaviour of SHP-2 in response to

different regulatory cues and genetic alterations. Figure created using BioRender.com.
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Treatment strategies for leukaemia with PTPN11 mutations

PTPN11 mutations are present in approximately 7% of patients with ALL [53, 127].
Currently, there are no targeted treatment options available for PTPN11 mutations in the
clinic, although efforts have been made to directly target the SHP-2 protein and other

intermediate molecules of the RAS pathway signalling, with limited benefits for patients.

SHP-2 inhibitor

The SHP-2 protein is challenging to target due to its structural similarity with other
phosphatases, particularly SHP-1, which has almost identical catalytic sites except for
four proximal regions [53, 70]. SHP-1 is a classical tumour suppressor encoded by the
PTPN6 gene [128]. It has been shown to be involved in the regulation of SHP-2 and
imatinib resistance in CML cell lines [129]. First-generation SHP-2 inhibitors are non-
allosteric and bind to the PTP catalytic pocket [51]. However, the first-generation
inhibitors were not specific to SHP-2 and led to severe side effects, as they had low cell
permeability and were unable to sufficiently inhibit SHP-2 activity [52]. Furthermore,
activating mutations in PTPN11 further reduce the ability of SHP-2 specific inhibitors to
bind to SHP-2, leading to an increase in phosphatase activity [130]. Therefore, developing
more specific and effective inhibitors that can overcome these challenges is crucial for

the development of targeted therapies for PTPN11-mutated cancers.

Recent research has shown that the first generation non-allosteric SHP-2 inhibitors were
not effective due to their low specificity and severe side effects [131]. As a result, second
generation allosteric SHP-2 inhibitors have been developed to address these issues.
These allosteric inhibitors have been found to be more efficient and have four distinct

binding sites on SHP-2 [132]. One such inhibitor is SHP099, which is a selective, potent,
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and orally available allosteric inhibitor of SHP-2 that was developed by NOVARTIS
researchers [56]. Unlike first-generation inhibitors, SHP099 binds to SHP-2 at a tunnel-
like pocket between N-SH2, C-SH2, and PTP domains, and does not bind to SHP-1. SHP099
prevents receptor tyrosine kinase-driven cell proliferation by inhibiting the RAS/ERK
pathway [133]. In preclinical studies, treatment of MV4-11 AML cells with SHP099 led to
reduced cell proliferation with a marked reduction in pERK1/2, BCL-XL, and cleaved
PARP [134]. However, it is important to note that SHP099 is prone to resistance due to
activating mutations such as D61 and A72 positions in PTPN11, and it inhibits the activity
of PTPN11 E69K and E76K mutants only at higher concentrations [134, 135]. Further
studies are needed to fully understand the potential of allosteric inhibitors of SHP-2 in

the treatment of PTPN11-mutant malignancies.

[I-B08, a salicylic acid-based SHP-2 specific inhibitor, inhibited RAS/ERK and PI3K/AKT
pathway and led to reduction in GM-CSF mediated bone marrow cells growth with
PTPN11 D61Y and E76K mutations [136]. II-B08 exhibited limited efficacy or unintended
consequences in fibroblast cells, as reported in reference [71]. Researchers are currently
investigating the potential of various allosteric SHP-2 inhibitors, including JAB-3068,
RMC4630, TNO155, and JAB3312, for their therapeutic effectiveness in treating cancer.
TNO155 is developed by Novartis which blocks SHP-2 in its inactive confirmation [51].
TNO155 has been tested against PTPN11 mutations in this study as the PTPN11

mutations identified contributes to closed, inactive confirmation.

PROTAC Inhibitor of SHP-2
Proteolysis-targeting chimera (PROTAC) inhibitors are novel class of SHP-2 inhibitors,

known as SHP-2 degraders, which use the degradation mechanism of the ubiquitin
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proteasome system to break down SHP-2 [137]. SHP-2-D26, a degrader, has shown to be
30 times more effective at reducing cell proliferation and pERK levels than SHP099 [138].
However, these inhibitors are still in the early stages of clinical development, and it may

take some time before they can be used in the clinic [139].

MEK inhibitors

The MAPK pathway plays a critical role in regulating various cellular processes such as
proliferation, differentiation, survival, and motility [140]. Mutations in genes encoding
activators of this pathway, such as receptor tyrosine kinase, PTPN11, NF1, RAS, or RAF,
can lead to constitutive activation of the pathway and promote oncogenesis [141]. SHP-2
is a positive regulator of the MAPK pathway, acting between receptor tyrosine kinase and
RAS [142, 143]. Inhibitors of the RAS/RAF/MEK/ERK signalling pathway, such as MEK
inhibitors, have the potential to be used as treatment options for leukemia driven by
activating mutations in the PTPN11 gene [144]. Trametinib (GSK1120212), an allosteric
non-ATP competitive inhibitor of MEK1 and MEK2, was the first MEK inhibitor approved
by the FDA in 2013 for the treatment of melanoma with BRAF V600E or V600K mutations
[145]. A study by Farnault et al. showed that Trametinib induced a good response in
histiocytosis with an activating PTPN11 mutation [146]. The second MEK inhibitor
approved by the FDA was cobimetinib (GDC-0973, XL518) for melanoma with BRAF
V600E mutation, which also showed efficacy against KRAS-mutated cell lines in xenograft
models [147, 148]. There are many MEK inhibitors under clinical or pre-clinical
development that have been reviewed elsewhere [149]. In a study conducted by Esposit
in 2019, it was demonstrated that the presence of clonal mutations in RAS and PTPN11
genes was linked to the development of resistance to chemotherapy in acute

lymphoblastic leukemia (ALL) [150]. Moreover, the study revealed that the
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administration of MEK inhibitors enhanced the effectiveness of prednisolone in the
treatment of ALL, by increasing its sensitivity [150]. Mirdametinib (PD0325901) is a MEK
inhibitor that is currently in Phase II clinical trial for the treatment of symptomatic
inoperable neurofibromatosis type-1 (NF1)-associated plexiform neurofibromas (PNs)
[151]. In addition, this inhibitor is being tested in this thesis against imatinib-resistant
Ph+ ALL cells with sustained pERK1/2 expression. Although MEK inhibitors show
potential in treating leukemias caused by PTPN11 mutations, their use may be restricted

due to their high off-target effects [152].

Summary

Although there is evidence suggesting that PTPN11 is associated with TKI resistance and
poor prognosis in Ph+ leukemia, a direct causal relationship between PTPN11 and TKI
resistance has not yet been firmly established. This study aims to address this gap by
utilizing multiple cell line models. The study also investigates potential treatment options
targeting the RAS/ERK pathway, including SHP-2 and MEK inhibitors, as well as exploring
strategies targeting anti-apoptotic proteins to overcome TKI resistance in Ph+ ALL cells

with PTPN11 mutations.

Project Rationale, Hypothesis and Aims

Philadelphia positive Acute Lymphoblastic Leukemia (Ph+ ALL) ALL is an aggressive
subtype of ALL driven by the BCR::ABL1 fusion oncoprotein [153, 154]. While progress
has been made in understanding the biology of Ph+ ALL, there is a need for improved
treatment options [23]. Adding Tyrosine Kinase Inhibitors (TKIs) to the chemotherapy

regimen has improved remission rates, with imatinib combination showing a 70%
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disease-free survival rate at 5 years [154]. However, overall survival remains below 50%
[155]. BCR::ABL1 kinase domain mutations, are predominant driver of TKI resistance.
However, in approximately 30% of Ph+ ALL patients the mechanisms of TKI resistance

are not well known [28].

The role of non-BCR::ABL1 somatic mutations in TKI sensitivity needs further
investigation. These mutations are frequently acquired in Ph+ leukemic cells and
associated with poor outcomes. Understanding their impact on TKI response can

optimize treatment approaches.

Phosphotyrosine phosphatase non-receptor type-11 (PTPN11) mutations, frequently
observed in haematological malignancies, have been implicated in the development of
resistance to TKIs and venetoclax, an inhibitor of the anti-apoptotic protein BCL-2, in Ph+
ALL. Venetoclax is currently being studied in clinical trials for its efficacy in treating Ph+
ALL. By examining the impact of PTPN11 mutations on the sensitivity of TKIs and
venetoclax, as well as identifying disrupted pathways, it becomes possible to guide the
creation of novel targeted therapies that effectively counter resistance mechanisms.

The aims of this thesis are to:

1. Investigate BCR::ABL1-dependent resistance mechanisms in TKI-resistant Ph+

ALL cells, including BCR::ABL1 activation, kinase domain mutations, drug

transporter expression, and BCR::ABL1 mRNA expression.
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2. Model PTPN11 mutations in BaF3 cells and BaF3 cells expressing BCR::ABL1
p190. Additionally, genetically inhibit PTPN11 in resistant SUP-B15 cells to

determine if this re-sensitizes them to imatinib treatment.

3. Utilize a precision medicine approach to explore the RAS/ERK pathways
influenced by PTPN11 mutations, aiming to identify potential targets within these
pathways and beyond. This investigation aims to overcome resistance and

develop effective strategies.
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2.1. Common reagents used in experiments

Table 2.1 Common reagents used in experiments

Category | Reagent Supplier Catalogue
Number
General DC™ Protein Assay Kit Bio-Rad #5000112
Chemicals | Dulbecco's phosphate-buffered Gibco #14200-075
saline (DPBS) (10X), no calcium,
no magnesium
Ethanol Merck Millipore | #6-10107-2511
Glycerol Univar #242 - 500 mL
Hydrochloric acid (HCI, 32%) ACI LABSCAN #RP1104-P2.5L
[sopropanol Chem-Supply #PA013-2.5LP
Methanol Chem-Supply #MAO004-2.5L-P
Tris (hydroxymethyl) Sigma-Aldrich #252859 - 500
aminomethane g
-mercaptoethanol Aldrich M6250 - 100 mL
Sodium chloride Univar #465 - 2.5 kg
Cell Fetal bovine serum (FBS) Sigma/SAFC #12003C
Culture Dimethyl sulfoxide Sigma-Aldrich #1.02952.2500
Reagents | Dulbecco’s Modified Eagle’s Sigma-Aldrich #D6046
Medium (DMEM)-Low Glucose
Iscove’s Modified Dulbecco’s Sigma-Aldrich #13390

Medium (IMDM)
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Roswell Park Memorial Institute | Gibco #21870-076

(RPMI) 1640 Medium- No

Glutamine

L-glutamine 200 mM Sigma-Aldrich #G7513

Lymphoprep Axis Shield. Oslo | #1114547
Norway

Newborn Calf Serum (NCS) Sigma-Aldrich #13023C

Penicillin/Streptomycin

Sigma-Aldrich

#P4333-100 mL

Flow
Cytometry

Assay

Trypan blue 0.4% Sigma-Aldrich #T8154-100 mL
16% Paraformaldehyde, EM Electron #15710
grade Microscopy

Sciences
Fixable Viability Stain 780 BD Bioscience #565388
Annexin-V-PE BD Bioscience #556421

Calcium Chloride

Sigma-Aldrich

#C1016-500g

Hanks' Balanced Salt solution Sigma-Aldrich #H9394

(HBSS)

HEPES solution, 1 M, pH 7.0-7.6 Sigma-Aldrich #H0887

Mcl-1 inhibitor S63845 Medchem # HY-100741
Express

Trametinib (GSK1120212) Selleck # 52673
Chemicals
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Bcl-xL Inhibitor (A-1155463) Selleck #S7800
Chemicals
Venetoclax (ABT-199) Selleck #58048
Chemicals
MEK Inhibitor (PD0325901) Stem Cell #72182
Technologies
Navitoclax (ABT-263) Selleck #51001
Chemicals
SDS-PAGE | 4-15% CriterionTM TGXTM Bio-Rad #5671084
/ Western | Precast Midi Protein Gel, 18 well,
Blotting 30 pl
Bovine Serum Albumin (BSA) Sigma-Aldrich A9418
Precision Plus Protein | M Bio-Rad #161-0375
Kaleidoscope
cOmpleteTM Mini EDTA-Free Roche #04693159001
Protease Inhibitor Cocktail
Tablets
Leupeptin Protease Inhibitor Sigma-Aldrich #L0649-5 mg
Sodium fluoride Sigma-Aldrich #S7920
Sodium (ortho) Vanadate Sigma-Aldrich #S6508
(Na3vo04)
B-Glycerol Phosphate Sigma-Aldrich #G9422
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Sodium Pyrophosphate

Sigma-Aldrich

#P8010-500 mg

Aprotinin Protease Inhibitor

Sigma-Aldrich

#9087-70-1

PMSF Sigma-Aldrich #P7628-250 g
Glycerol Sigma-Aldrich #G5516-1L
Ponceau S Sigma-Aldrich #P3504-10 g
SDS (Sodium Dodecyl Sulphate) Sigma-Aldrich #L4509
Trans-Blot Turbo 5 x Transfer Bio-Rad #10026938
Buffer
Trans-Blot® TurboTM RTA Midi | Bio-Rad #1704275
LF PVDF Transfer Kit
Li-Core (Millennium) Intercept Millennium #927-70003
(Odyssey) Blocking Buffer (PBS) | Science
Tween-20 Sigma-Aldrich #P2287 - 500
mL
Western blot recycling stripping | Alpha #90101
buffer (10x) Diagnostic
International
100bp DNA Ladder New England #N3231s
Biolabs
1kb DNA ladder New England #N3232S
Biolabs
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Sample Buffer, LaemmLi 2x

Sigma-Aldrich

#S3401-10VL

Genomics

Concentrate

Gel Loading Dye, Purple (6X) New England # B7024S
Biolabs

Agarose Sigma-Aldrich #A6013-500 g

AmpliTaq Gold DNA Polymerase | Thermo Fisher | #N8080241
Scientific

Chloroform Merck Millipore | #100776B

Deoxynucleotide Set, 100 mM

Sigma-Aldrich

#DNTP100-1KT

DNA hydration solution Qiagen #158914

EDTA Disodium Salt Univar #AJA180-100 g

ExoSAP-IT TheroFisher #78201.1.ML
Scientific

Gel Loading Dye, Purple (6x),no | New England #B7025S

SDS Biolabs

GelRed ™™ Nucleic Acid Stain Biotium #41002

Glycogen for molecular biology Roche #10901 393

001

Nuclease-free water (NF-H20) Qiagen #129117

Paraformaldehyde powder, 95% | Fluka #76240

Phusion High-fidelity DNA New England MO0530L

Polymerase Biolabs

Proteinase K Roche #03115887001
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Superscript I Reverse Invitrogen #1904427
Transcriptase
RNAse A Qiagen #205313
RT2 SYBR® Green qPCR Qiagen #19101
Mastermix
TRIzol® reagent Life #330503
Technologies
Ultrapure ' M Buffer Saturated Invitrogen #15515-039
Phenol
UltraPure 'M Phenol: Invitrogen #15593-031
Chloroform:Isoamyl alcohol
(25:24:1,v/v)
Ampicillin Sigma-Aldrich #A5354
DNA Polymerase |, Large New England #M0210S
(Klenow) Fragment Biolabs
Kanamycin Sulfate Gibco #15160-054
Polybrene® Santa Cruz #sc-134220
Biotechnology
Molecular | Select Agar™ Invitrogen #30391-023
Cloning Bacterial Peptone Oxoid #LP0037

Yeast Extract

Sigma-Aldrich

#Y1625-250 g

SOC Medium

ThermoFisher

Scientific

# 15544034
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Shrimp Alkaline Phosphatase New England #MO0371S

(rSAP) Biolabs

One Shot MAX Efficiency DH5a- Life Tech #12297-016

T1 Competent Cells

T4 DNA Ligase New England #M0202
Biolabs

EcoRI-HF New England #R3101
BioLabs

NotI-HF New England #R3189L
Biolabs

BigDye Xterminator Purification | ThermoFisher #4376486

Kit Scientific

Phusion High-Fidelity DNA New England #MO530L

Polymerase Biolabs

Q5 High-Fidelity DNA Polymerase | New England #MO0491S
Biolabs

T4 DNA Polymerase New England #M0203S
Biolabs

BigDye™ Terminator v3.1 Cycle ThermoFisher #4337455

Sequencing Kit Scientific

Q5 Site-Directed Mutagenesis Kit | New England #E0554S
Biolabs

Lipofectamine™ 2000 Thermo Fisher | #11668027

Transfection Reagent

scientific
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SH-PTP2 shRNA (h) Lentiviral Santa Cruz #sc-36488-V
Particles
copGFP Control Lentiviral Santa Cruz #sc-108084
Particles
Control shRNA Lentiviral Santa Cruz #sc-108080
Particles-A
Puromycin Santa Cruz #sc-108071
dihydrochloride (CAS 58-58-2)
Opti-MEM I + Glutamax Gibco #51985-034
pLVX-EF1a-IRES-ZsGreen1 Gift from Daniel
Expression Vector Thomas
psPAX2 Plasmid Adgene #12260
pMD2.G Plasmid A Gift from
Daniel Thomas
Table 2.2 - List of Western blotting antibodies
Target Antibody Molecular Species Supplier Catalogue
Weight and Conc. Number
(kDa) of Used
Target
Protein
BCR::ABL1 | CRKL (c-20) 39 Rabbit Santa #sc-319
Signalling (1:2000) | Cruz
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Phospho-Bcr 160 (Bcr), Rabbit Cell #3901
(Tyr177) 190 (1:1000) | Signalling
(BCR::ABL1)
& 210
(BCR::ABL1)
c-Abl Monoclonal | 135 (c-Abl), | Mouse Thermo #41-2900
Antibody (ZC015) | 190 (1:2000) | Fisher
(BCR::ABL1) Scientific
& 210
(BCR::ABL1)
phospho-Abl 190 Rabbit Cell #2868
(Tyr245) (7E35) | (BCR::ABL1) | (1:1000) | Signalling
& 210
(BCR::ABL1)
SHP1/SHP- | SHP-2 Antibody 72 Rabbit Cell #3752
2 Signalling (1:1000) | Signalling
SHP-1 (C14H6) 68 Rabbit Cell #3759
(1:1000) | Signalling
MAPK Phospho-p44/42 | 44 and 42 Rabbit Cell #9101
Signalling | MAPK (Erk1/2) (1:1000) | Signalling
(Thr202/Tyr204)
p44/42 MAPK 44 and 42 Mouse Cell #4696
(Erk1/2) (1:2000) | Signalling
(L34F12)
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mTOR mTOR (L27D4) 289 Mouse Cell #4517
signalling (1:2000) | Signalling
Phospho-mTOR 289 Rabbit Cell #2971
(Ser2448) (1:1000) | Signalling
JAK/STAT | Phospho-Stat5 90 Rabbit Cell #9359
Signalling | (Y694) (1:1000) | Signalling
Stat5 90 Rabbit Cell #9363
(1:1000) | Signalling
Apoptotic PARP/ Cleaved 116 and 89 | Rabbit Cell #9542
Signalling | PARP (1:1000) | Signalling
Bcl-xL (54H6) 30 Rabbit Cell #2764
(1:1000) | Signalling
Bcl-2 (D17C4) 26 Rabbit Cell #3498
(1:1000) | Signalling
Bim (C34C5) 23,15 and Rabbit Cell #2933
12 (1:1000) | Signalling
Mcl-1 40 Rabbit Cell #4572
(1:1000) | Signalling
Loading B-actin (13E5) 45 Rabbit Cell #4970
Control (1:2000) | Signalling
GAPDH (14C10) 37 Rabbit Cell #2118
(1:2000) | Signalling
B-Tubulin (9F3) 50 Rabbit Cell #2128
(1:2000) | Signalling
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Secondary | Donkey-anti- NA Donkey Li-COR #926-
Antibodies | rabbit-IRDye®- (1:10000) 68023
680LT
Donkey-anti- NA Donkey Li-COR #925-
rabbit-IRDye®- (1:10000) 32213
800CW
Donkey-anti- NA Donkey Li-COR #925-
mouse-IRDye® (1:10000) 68022
800CW
Donkey-anti- NA Donkey Li-COR #926-
mouse-IRDye®- (1:10000) 32212
680LT

Table 2.3 - List of phospho-flow antibodies

Antibody Clone and Isotype Catalogue | Supplier
conc. used no.
PE anti-human CD338 5D3 IgG2b, #332007 | BD Phosflow
(ABCGZ2) Antibody (1:20)
PE mouse anti-Stat5 47 /Stat5(pY6 | IgG1, x # 612567 | BD Phosflow
(pY694) 94)
(1:5)
PE Mouse anti-Akt M89-61 IgG1, #561671 BD Phosflow
(pS473) (1:20)
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PE Mouse Anti-ERK1/2 | 20A IgG1, x # 612566 | BD Phosflow
(pT202/pY204) (1:5)

PE Mouse IgG1 k MOPC-21 IgG1, x #555749 | BD

I[sotype Control (1:50) Pharmingen
Isoptype Reagent IgG2b | - IgG2b, #X0951 Dako Denmark
k Isotype Control (1:20)

2.2. Cell Culture Media & Solutions

Cell culture media were stored at 4°C and preheated to 37°C (unless otherwise stated)

in a water bath prior to use.

SUP-B15 Ph+ ALL cell culture media

Iscove’s Modified Dulbecco’s Medium (IMDM)
4 mM L-glutamine

50 units/mL Penicillin

50 pg/mL Streptomycin

20% FBS

0.05 mM b-mercaptoethanol

BaF3 parental wildtype cell culture media

RPMI-1640 medium

2 mM L-glutamine
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50 units/mL Penicillin
50 pg/mL Streptomycin
10% Foetal bovine serum (FBS)

5% WEHI-3B complete media (source of IL-3)

BaF3 BCR::ABL1 p190 (IL-3 independent) cell culture media

RPMI-1640 medium

2 mM L-glutamine

50 units/mL Penicillin
50 pg/mL Streptomycin

10% FBS

HEK-293T cell culture media

Dulbecco’s Modified Eagle’s Medium (DMEM)
2 mM L-glutamine

50 units/mL Penicillin

50 pg/mL Streptomycin

10% FBS

WEHI-3B cell culture media

RPMI-1640 medium
2 mM L-glutamine
50 units/mL Penicillin

50 pg/mL Streptomycin
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10% FBS

CRKL IC50 and other western blot media

90% Cell culture media

10% Newborn calf serum (NCS)

Cryopreservation media

70% Cell culture media
20% FBS

10% Dimethyl sulfoxide (DMSO)

2.3. Inhibitors

2.3.1. Imatinib (STI-571)

MW: 589.71

Imatinib mesylate (Novartis, Australia) was dissolved in sterile Milli-Q® water at a
concentration of 10 mM. The solution was then filtered through a sterile filter and kept
at a temperature of -80°C for storage. Prior to use in an experiment, the imatinib mesylate

solution was diluted in sterile Milli-Q® water using serial dilutions.

2.3.2. Dasatinib (BMS-354825)

MW: 488.01
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Dasatinib (Bristol-Myers Squibb, USA) was dissolved in DMSO to 10 mM and stored at

4°C. Serial dilutions were made in sterile DMSO before using in an experiment.

2.3.3. Nilotinib (AMN107)

MW: 529.5

Nilotinib (Novartis, Australia) stock solutions was prepared at 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.4. Ponatinib (AP24534)

MW: 532.56

Ponatinib (ARIAD Pharmaceuticals, USA) stock solutions was prepared at 10 mM in
DMSO and stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.5. Asciminib (ABL001)

Asciminib (Novartis, Australia) stock solutions was prepared at 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.6. Venetoclax (ABT-199)

MW: 868.44
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Venetoclax (Selleck Chemicals, Houston TX, USA) was dissolved to 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.7.Mcl-1 inhibitor (S63845)

MW: 829.26

S63845 (Medchem Express, USA) was dissolved to 10 mM in DMSO and stored at- 20°C.

Serial dilutions were made in sterile DMSO before using in an experiment.

2.3.8. Bcl-xL Inhibitor (A-1155463)

MW: 669.79

A-1155463 (Selleck Chemicals, Houston TX, USA) was dissolved to 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.9. Trametinib (GSK1120212)

MW: 615.39

Trametinib (Selleck Chemicals, Houston TX, USA) was dissolved to 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.10. MEK Inhibitor (PD0325901)

MW: 482.19
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PD0325901 (Stem Cell Technologies, Australia) was dissolved to 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.11. Navitoclax (ABT-263)

MW: 974.61

Navitoclax (Selleck Chemicals, Houston TX, USA) was dissolved to 10 mM in DMSO and
stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.3.12. Batoprotafib (TNO155)

MW: 421.95

Batoprotafib (Selleck Chemicals, Houston TX, USA) was dissolved to 10 mM in DMSO

and stored at -20°C. Serial dilutions were made in sterile DMSO before using in an

experiment.

2.4. Buffers & Solutions used in Protein Assays

2.4.1. 1x Phosphate-buffered saline (1x PBS)

10 x PBS stock (Gibco #14200-075) was diluted 1:10 in sterile Milli-Q® ultra-purified

water.

Solution was prepared, autoclaved for sterilization when needed and stored at 4°C or at

RT as required.
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2.4.2. 1x Tris-buffered saline (1x TBS)

20 mM Tris-HCL (pH 7.5)
150 mM NacCl
RO water

Solution was prepared and stored at room temperature (RT).

2.4.3. 1x Tris-buffered saline + 0.1% Tween-20 (1x TBST)

20 mM Tris-HCL (pH 7.5)
150 mM NacCl

0.1% Tween20

RO water

Solution was prepared and stored at room temperature (RT).

2.4.4. 1x SDS-PAGE gel running buffer

25 mM Tris

192 mM Glycine
0.1% SDS

RO water

Solution was prepared and stored at RT.

2.4.5. NP-40 Lysis Buffer Reagents

10 mM Tris-HCL pH 7.4
137 mM NacCl

10% Glycerol
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1% NP-40 (Igepal™)

Stock for 10 mL NP-40 buffer with above listed reagents was prepared and stored at
40C. The below listed reagents were freshly added each time before using it for creating

cell lysates.

10 mM -glycerol phosphate

2 mM Sodium Vanadate

2 mM Sodium Fluoride

2 mM PMSF

10 mM Sodium Pyrophosphate
1 pg/mL Leupeptin

5 pg/mL Aprotinin

1x Complete, mini EDTA-free protease inhibitors Cocktail tablet (Roche)

2.4.6. Ponceau S staining solution

0.5% w/v Ponceau S
5% acetic acid
Milli-Q® dH20

Solution was prepared and stored at RT.

2.5. Buffers & Solutions for Flow Cytometry Analysis
2.5.1. 1x Binding buffer for ‘Annexin-V / Fixable Viability Stain 780’

assay
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Hanks Balance Salt Solution
10 mM HEPES

5 mM CaCl2

Solution was freshly prepared and kept on ice.

2.5.2. 1x Binding buffer for phospho-flow assay

1x PBS
1% BSA

Solution was freshly prepared and kept on ice.
2.5.3. Methanol permeabilization solution for phospho-flow assay

80% analytical grade methanol
20% Milli-Q® dH20

Solution was stored at -20°C and used ice-cold for each application.
2.5.4. Flow cytometry fixative (FACS fix)

1x PBS

1% Formaldehyde
111 mM D-glucose
0.02% sodium-azide

Solution was prepared at RT and stored at 4°C.

2.6. Molecular Biology Reagents

2.6.1. dANTP set (N=A, T, C, G)
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25 mM: 40 pL of each dNTP
5 mM: 1:5 dilution of 25 mM stock in 80 uL. DEPC water

Solution was prepared and stored at -20°C.

2.6.2. LB Broth

10 g Luria broth base
To 400 mL with Milli-Q® water
Solution was sterilised (autoclaved) and stored at RT. A suitable antibiotic was added to

the LB broth prior to setting up a bacterial culture as a selection reagent.

2.6.3. LB Agar

10 g Luria broth base
6 g Select Agar™

To 400 mL with Milli-Q® water

The Agar solution underwent sterilization through autoclaving and was subsequently
stored at room temperature (RT). The solidified LB agar stock was heated in a microwave
oven until the agar had completely melted. It was then cooled to 37°C before the
antibiotics (100 pg/uL ampicillin or 50 pg/pL kanamycin) were added. Following the
addition of antibiotics, the LB agar solution was promptly and aseptically transferred into
sterile petri dishes, where it was allowed to solidify at room temperature (RT). The LB

agar plates were carefully sealed using Parafilm M® (Bermis Inc., USA) and stored at 4°C.
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2.6.4. 1x Tris-acetate EDTA (1x TAE) buffer

40 mM Tris (pH 7.6)
20 mM acetic acid
1 mM EDTA

Milli-Q® water

Stored at RT.

2.6.5. Agarose (1%) gel for DNA electrophoresis

1% agarose powder
0.01% GelRed™ nucleic acid stain
1x TAE buffer

Solution was freshly made prior to gel-electrophoresis.

2.7. General Cell Culture Techniques

2.7.1. Subculturing of cell lines

To analyse cell viability and density, Trypan blue exclusion (1:1 dilution) was employed.
A haemocytometer (Marienfeld Superior GMBH & Co. KG, Germany) was utilized for this
purpose. The assessment of percentage viability and density was conducted using an
Olympus CX41 microscope (Olympus Corporation, USA) with a 10x objective. Cell sub-
culturing took place in a biosafety class II cabinet (Esco Global, Singapore). The process
involved transferring cells into T25, T75, or T150 culture flasks (Corning Inc., USA). The

recommended cell densities for sub-culturing were determined based on the desired final
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volume (Table 2.5). The sub-culturing was carried out with warm media at 37°C, as

described in section 2.2 of the 'Cell Culture Media & Solutions' reference.

Table 2.4 - Cell culture seeding densities

Cell line Cell type Species Recommended Live Cell
Seeding Density

SUP-B15 Ph+ ALL B lymphoblasts | Human 5x10° /mL

BaF3 Parental Pro-B Cell Mouse 1x10° /mL

BaF3 IL-3 Independent Pro-B Cell Mouse 5104 /mL

(BaF3 BCR::ABL1 p190)

HEK-293T Embryonic Human 1x10% /cmz

Kidney Cells

2.7.2. Cryopreservation of cell lines

The cell lines were preserved for future use by cryopreservation. To achieve this,
approximately 1 x 107 cells per sample were centrifuged at 1400 rpm for 5 minutes at
room temperature (RT) in a 50 mL centrifuge tube. After discarding the supernatant, the
pelleted cells were suspended in 1 mL of cryoprotectant freezing solution, which was

added slowly with gentle agitation (refer to '2.2 Cryopreservation solution').

Immediately, the cell suspension was transferred into 1.5 mL Cryo-vials (ThermoFisher
Scientific, USA) and placed in a pre-chilled Mr. Frosty freezing container (ThermoFisher

Scientific, USA). The container was then cooled overnight at a rate of -1°C per minute in a
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-80°C ultracool freezer. Following that, the ampoules were transferred to long-term

storage in liquid nitrogen (-196°C) and retrieved as needed.
2.7.3. Cell washout protocol for TKI resistant cells

Cells resistant to TKI (tyrosine kinase inhibitor) were cultured with TKI and then
collected by centrifugation at 1,400 rpm for 5 minutes in a 50 mL centrifuge tube. The
liquid portion was subsequently discarded, and the cells were suspended again in
preheated (37°C) media that did not contain TKI. This process was repeated twice to

ensure complete removal of the drug.

For thorough elimination of the TKI, the TKI-resistant cells were placed in a humidified
incubator at 37°C, without the presence of TKI, and incubated overnight. This approach
aimed to minimize the impact of different TKIs, as their effective washout times might
vary. The next day, approximately 12 hours later, the cells were centrifuged at 1,400 rpm
for 5 minutes in a 50 mL centrifuge tube, and once again resuspended in preheated (37°C)

media without TKI, ready to be used in the experiment.

It's worth highlighting that the SUP-B15 cells, which have developed resistance to
imatinib, require a constant presence of 5 uM imatinib in their growth medium to support
long-term proliferation. Interestingly, during the initial 84 hours following the removal
of imatinib (comprising a 12-hour washout period followed by a subsequent 72-hour

assay period), no discernible impact on their viability was observed.

2.8. Annexin-V-PE/ Fixable Viability Stain 780 Assay

2.8.1. Drug treatment of cells for Annexin-V-PE/Fixable Viability Stain

780 cell-death assay
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The analysis of cell viability and density was performed using Trypan blue exclusion.
Afterwards, the cell density was adjusted to a final concentration of 5 x 104 cells/mL for
BaF3 cells or 5 x 105 cells/mL for SUP-B15 cells. Various concentrations of TKI stocks
were freshly prepared through serial dilutions using appropriate solvents. For TKIs that
required DMSO as a solvent, the stocks were prepared in a way that ensured the final
concentration of DMSO did not exceed 0.1% in the cell culture. Depending on the specific
experimental design, cells were exposed to different concentrations of TKI (in 1 mL
media) in technical duplicates within a 24-well plate. Subsequently, the cell culture plates
were incubated at 37°C in a humidified chamber with 5% CO: for a period of 72 hours

before cell harvesting for subsequent analysis of cell death.

2.8.2. Annexin-V-PE/ Fixable Viability Stain 780 staining protocol

After a 72-hour drug exposure, the cell culture was mixed by pipetting up and down.
Then, 250 pL of the cell culture was transferred to a 96-well U-bottom plate. The cells
were pelleted, and the media was removed by centrifugation at 1400 rpm for 5 minutes
at room temperature (RT). Subsequently, the cells were washed with 200 pL of 1x PBS,
and the PBS was removed by centrifugation at 1400 rpm for 5 minutes. The washed cells
were then incubated in 20 pL of Fixable Viability Stain 780 (diluted 1:1000 with 1x PBS)
for 10 minutes at RT in the dark. After incubation, the Fixable Viability Stain 780 was
washed with 200 pL of 1x PBS, and the PBS was removed by centrifugation at 1400 rpm
for 5 minutes. The cells were further incubated in 20 pL of Annexin-V-PE stain (diluted
1:50 with 1x binding buffer) for 20 minutes on ice, in the dark. Finally, 1x binding buffer

(HBSS + 1% HEPES + 5 mM CaClz) was added to each well.
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To establish reference parameters for forward and side-scatter measurements, control
samples were employed. These samples comprised unstained cells, cells stained solely
with Fixable Viability Stain 780, and cells stained exclusively with Annexin-V-PE Stain. In
addition, baseline fluorescence intensity gates were established by utilizing the
fluorescence characteristics of Fixable Viability Stain 780 (maximum excitation at 759
nm and maximum emission at 780 nm) and Annexin-V-PE (maximum excitation at 496
nm and maximum emission at 578 nm). The dual-stained samples were acquired using
the FACS Canto II-Flow Cytometer with applied compensation, and the data was exported
as FCS files. Batch analysis of the data was performed using Flow]Jo® software (Flow]o,

LLC, USA).

2.9. Phospho-flow Assay

2.9.1. Drug treatment of cells for Phospho-flow assay

After overnight incubation of TKI-resistant cells in TKI-free media (as described in
section '2.7.3 - Cell Washout protocol for TKI-resistant cells'), the cells were adjusted to
a final concentration of 1 x 10° cells/mL using viability /density analysis through Trypan
blue exclusion. Subsequently, the cells were resuspended in warm IMDM /1%BSA media
and allowed to rest in a 37°C humidified incubator (5% CO2) for 1 hour before the
addition of drugs. Freshly prepared TKI stocks at different concentrations were obtained
through serial dilutions using appropriate solvents. The cells were treated with TKIs,
specifically 5 pM imatinib, in 6 mL of IMDM/1%BSA for 4 hours at 37°C in a humidified

incubator (5% CO3).
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2.9.2. Preparation of TKI treated cells for Phospho-flow assay

The cells treated with the drug were fixed with 100 pL of 16% paraformaldehyde (PFA)
per mL of cell suspension and incubated at 37°C in a humidified incubator (5% CO3).
Afterward, the cells were centrifuged at 1400 rpm for 5 minutes and washed with 1x PBS
at room temperature. The pellet was then resuspended in ice-cold 80% methanol, added
dropwise while gently vortexing the sample at 600 rpm to facilitate cell permeabilization.
The cells were stored at -20°C overnight, and antibody staining was conducted the

following day.

The fixed and permeabilized cells were pelleted and resuspended in (50 pL) 1x phospho-
flow buffer (1x PBS + 1% BSA). Antibodies were prepared in the phospho-flow buffer as
outlined in Table 2.7. The respective antibodies (50 pL) were added to the corresponding
samples and incubated for 1 hour at room temperature in the dark. Subsequently, the
cells were washed with 1 mL of 1x PBS, pelleted, and resuspended in 150 pL of ice-cold

1x PBS before analysis on the FACS Canto II-Flow Cytometer.

Table 2.5- Quantity of Antibodies for Phospho-flow Staining

Antibody Clone | Company Cat # Vol./ | Iso-type
test

IgG1-PE isotype control BD Pharmingen | 555749 | 2ul

pY694 STAT5-PE 47 BD Phosflow 612567 | 20ul | IgG1

pT202/pY204 ERK1/2- | 20A | BD Phosflow 612566 | 20ul | IgG1

PE

pS473 Akt-PE BD Phosflow 561671 | 5ul IgG1
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2.9.3. Phospho-flow assay for ABCG2 transporter protein

The naive and imatinib (5 pM) resistant SUP-B15 cells were adjusted to a final
concentration of 1 x 10° cells/mL using viability/density analysis by Trypan blue
exclusion. The cells were washed three times with 1 x PBS, pelleted, and resuspended in
1 x phospho-flow buffer (1x PBS+1% BSA). Antibodies against ABCG2 and isotype control
IgG2b were prepared in phospho-flow buffer according to the table 2.8 below. The
antibodies were added (50 pL) to the respective samples and incubated for 1 hour at RT
in the dark. Cells were then washed with 1 mL of 1 x PBS, pelleted, and resuspended in

150 pL of ice-cold 1 x PBS before analysing on FACS Canto II- Flow Cytometer.

Table 2.6 Quantity of Antibodies for Phospho-flow Staining

Antibody Clone | Company Cat# Vol./100 pL | Isotype
[gG2b-PE isotype - Dako X0951 5uLof 100 | IgG2b, k
control Denmark png/mL stock

PE anti-human CD338 | 5D3 BD Phosflow | #332007 | 5 uL of 100 | IgG2b,

(ABCG2) Antibody pg/mL stock

2.10. Gel Electrophoresis of Cellular Proteins

2.10.1. Drug treatment of cells

After allowing TKI resistant cells to incubate overnight in a TKI-free medium, the viability
and density of the cells were assessed using Trypan blue exclusion, following the '2.7.3
Cell Washout protocol for TKI resistant cells'. The cell density was subsequently adjusted

to achieve a final concentration of 1.2 x 105 cells/mL for BaF3 cells or 1.5 x 10> cells/mL
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for SUP-B15 cells. To prepare the treatment drug stocks, various concentrations were
freshly made through serial dilutions using appropriate solvents. In the case of drugs that
required DMSO as a solvent, the stocks were prepared to ensure that the final
concentration of DMSO did not exceed 0.1% in the cell culture. The cells were then
exposed to the drugs in 15 mL tubes for a duration of 4 hours at 37°C in a humidified

incubator with a 5% COz atmosphere.

2.10.2. Preparation of protein lysates

TKI resistance cells were incubated in TKI-free media overnight as required depending
on the downstream experiment. The cells were washed in iced-cold 1 x PBS, pelleted by
centrifuging at 6800 rpm for 5 min at 4 °C then 6 x 10> BaF3 cells or 7.5 x 10° SUP-B15
cells were resuspended in 30 pL freshly made ice-cold NP40 lysis buffer (Refer to ‘2.4.5.
NP-40 Lysis Buffer Reagents’). The lysates were then incubated on ice for 10 minutes
and centrifuged at 13000 rpm for 10 minutes to remove cell debris. Five microlitres of
supernatant was kept aside for protein quantitation assay. The rest of the supernatant
was mixed with 4 x Laemmli’s loading buffer (final 1 x) before denaturing at 100 °C for 5

minutes then stored at -20°C.

2.10.3. Protein quantitation assay

Protein concentration of each lysate was estimated by using Bio-Rad DC assay kit using
manufacturer’s recommended procedure. Briefly, 1:3 dilutions of each lysate (5 puL) were
made in water (15 pL). Protein standards were prepared by using serial dilutions (0, 0.2,

0.4,0.8,1.2, 1.6 and 2 pg/pL) of 2 pg/uL BSA as per the standard curve chart below.
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Standard Curve Chart

Std curve (pg/pL) 0 02 |04 |08 [12 [16 [2.0
H20 (uL) 12 108 |96 |72 |48 |24 o
2 pg/uL BSA (pL) 0 12 |24 |48 [72 |96 |12

The measurements and examples (5 pL each) were divided equally into a 96-well plate
for duplication. To create Reagent A', Reagent S was combined with Reagent A at a ratio
of 20 uL per mL. Each well received 25 pL of Reagent A' and 200 pL of Reagent B, followed
by gentle mixing. The samples were then incubated in darkness at room temperature for
15 minutes, and their absorbance was measured at a wavelength of 595 nm using the

PerkinElmer 2030 multilabel Reader.

To establish a standard curve, the optical density readings (y) were plotted against the
concentration of BSA (x) in pg/pL. The curve was generated using the formula (y = mx +
c), where m represents the gradient obtained from the formula, and c is a constant term.
The aim was to achieve an R2 value as close to 1 as possible. Based on this standard curve,

the protein concentration in the samples was estimated using the formula.

2.10.4. SDS-PAGE protein electrophoresis

Following the Bio-Rad Criterion precast gel system instructions, 4-15% Criterion™ TGX
stain-free gel was set up in the Criterion gel tank with sufficient 1x SDS-PAGE Running
Buffer. The first lane of the gel received a 5-pl volume of Bio-Rad® Kaleidoscope protein
ladder. For the remaining lanes, the lysates containing 40 pg of protein each were thawed
on ice, heated to 100°C for 3 minutes, pulse centrifuged, and then pipetted into their

respective wells. An electrical current of 100V was applied for 20 minutes to initially
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stack the proteins. The voltage was then increased to 200V and allowed to run until the
green marker (37 kDa) was approximately 1.5 cm from the end. This separation process
was carried out for IC50 assays, taking around 60-65 minutes, and for non-IC50 Western,
taking approximately 30-35 minutes. This setup allowed for the separation of CRKL and

p-CRKL proteins.

2.10.5. Western blotting of proteins

The resolved proteins were transferred onto a midi LF-PVDF membrane from the Bio-
Rad RTA TransBlot Turbo Transfer kit using SDS-PAGE electrophoresis. The transfer
assembly was prepared according to the instructions of the Bio-Rad TransBlot™ Turbo®
System. The PVDF membrane was pre-wetted in 100% methanol and then soaked in 1x
TransBlot Turbo Transfer Buffer in a Bio-Rad tray. Two transfer pads from the RTA kit
were also soaked in 1x TransBlot Turbo Transfer Buffer in a separate Bio-Rad tray. The
gel, PVDF membrane, and transfer pads were assembled by placing one soaked pad on
the cassette, followed by the PVDF membrane, and then another soaked pad on top,
creating a complete sandwich. The gel was removed from the criterion gel cassette and
placed onto the PVDF membrane. The assembly was transferred using the Trans-Blot®
Turbo™ semi-dry western apparatus with the settings: 1.3 A / 25 V for 7 minutes. The
efficacy of protein transfer was assessed by Ponceau S staining. Depending on the size of
the proteins of interest, the membrane was cut into separate fragments to allow
simultaneous incubation with multiple antibody solutions. The membrane was dried for
1 hour, re-wetted in 100% methanol, and then incubated in Li-Cor (Millennium)
Intercept-Odyssey Blocking Buffer (OBB) on a rocking platform (Ratek Instruments Pty
Ltd., Australia) with gentle agitation for 1 hour at room temperature. Subsequently, the

membranes were incubated overnight at 4°C with gentle shaking in primary antibody
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solutions prepared in OBB buffer, following the manufacturer's recommended
concentration (refer to Table 2.2 - List of Western blotting antibodies). The
membranes were washed four times with 1x TBST for 5 minutes each. Respective
secondary antibodies were added to the membranes and incubated for 2 hours at room
temperature with shaking. The blots were then washed three times with 1x TBST and
three times with 1x TBS before being analysed on the Odyssey® DLx Imaging System.
The anti-pAbl (Y245) antibody was detected by using a goat-anti-rabbit-IgG-HRP-
conjugated secondary antibody and scanning on the ChemiDoc imaging system (Bio-Rad,

California, USA).

2.10.6. PVDF membranes stripping for re-probing other proteins

The recycling stripping buffer for Western blot (10x concentration) was mixed with
Milli-Q water at a 1:10 dilution. The PVDF membranes were then immersed in the
diluted stripping buffer and gently agitated for 15 minutes at room temperature. This
process was repeated as necessary until the desired level of stripping was attained. The
blots were washed with 1 x PBS then blocked by incubating in RT OBB blocking buffer
for 30 minutes. The membranes were re-proved with new antibodies by incubating in
new antibody solutions at 4°C overnight. The membrane was processed and analysed as

described in 2.10.5. Western blotting of proteins.

2.10.7. Densitometry analysis of proteins

The data collected from Odyssey® DLx Imaging System were analysed in Image Studio
Lite (Millennium Science). Each band was analysed for the intensity of their fluorescence

and the corresponding background signals were subtracted for net signal. The intensities
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of housekeeping proteins such as GAPDH, 3-actin or -tubulin were used to normalize
any other proteins of interest. The phosphorylated proteins were further normalized to
their total counterparts. The difference in protein expression or phosphorylation were
presented in a graph either as the percentage of the negative control or as their

normalized intensity measured.

2.11 BCR::ABL1 Analysis

2.11.1 IC50 Assay using CRKL as the surrogate for BCR::ABL1 Kinase

activity

The data form western blot was analysed by using Image Studio Lite software. The gel
was run long enough to allow enough separation between CRKL and pCRKL (size between
37-39 kDa) to detect both bands with CRKL antibody. Densitometry analysis of upper
band pCRKL and lower band CRKL were used to calculate the percentage of pCRKL
compared to total CRKL (pCRKL+ CRKL). A curve was generated by using the percentage
of pCRKL in response to increasing concentration of TKIs, which is then normalized
against the maximum and minimum test concentrations to calculate the TKI
concentration required to reduce pCRKL by 50%, which is defined as IC50. IC50 value for

TKI also represents the concentration required to inhibit BCR::ABL11 activation by 50%.

2.11.2 BCR::ABL1 RQ-PCR

2.11.2.1 cDNA synthesis

The RNA was extracted from SUP-B15 cell pellets lysed in Trizol via the standard
chloroform/isopropanol RNA extraction method (Refer to 2.13.1 RNA Extraction).

cDNA was synthesized from SUP-B15 cell-lines harbouring the p190 (ela2) via the
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SuperScript I RT-PCR method. Briefly, 1000 ng of RNA samples were added to 1 pL of
Hexamer primers (250 ng/uL) and incubated at 70°C for 10 min followed by briefly
chilling at 4°C. The samples were then mixed with 9 pL of Master mix for SuperScript Il
RT-PCR (Refer to Table 2.7) then incubated in thermocycler at 25°C for 10 min, 42°C for

50 min and 70°C for 10 minutes.

Table 2.7 Master mix for SuperScript I RT-PCR

Reagents Volume (pnL)
5 x First strand buffer 4
0.1 m DTT 2
5 mM dNTPs 2
Superscript 1

Controls: High and Low copy number controls were prepared simultaneously with the
cDNA synthesis of samples of interest by using pDNAs of known concentrations (Refer to

2.11.2.2 Preparation of p190 working plasmid standards).

2.11.2.2 Preparation of p190 working plasmid standards
Plasmid standards (p190) were obtained from Haley Altamura, Leukaemia Research
Unit, Molecular Pathology, SA Pathology, Frome Rd Adelaide. A dilution series of the

plasmid was prepared using standard diluent (brought to room temperature).

The original Plasmid standards (p190) was diluted 1 in 100.

1.10 pL plasmid + 990 pL standard diluent =108

2.200 pL of 1. + 1800 pL standard diluent =107
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3.200 pL of 2. + 1800 pL standard diluent =10°

4.200 pL of 3. + 1800 pL of standard diluent = 10>
5.200 pL of 4. + 1800 pL of standard diluent = 104
6.200 pL of 5. + 1800 pL of standard diluent = 103
7.200 pL of 6. + 1800 pL of standard diluent = 102

8.200 pL of 7. + 1800 pL of standard diluent = 10

Each 2 mL standard was dispensed into 200 ul aliquots for storage of a stock solution. A
200 pl aliquot was further dispensed into 20 pl aliquots for routine use. All standard

aliquots were stored at -802C.

2.11.2.3 Preparation of BCR working standards
Using 7 x 107 aliquots, tubes were mixed and pooled to final volume of 420 pL and the

dilutions were prepared as follows:

Add 400 uL of 107 standard to 3600 puL of standard diluent = 10 standard
Add 400 uL of 10° standard to 3600 pL of standard diluent = 105 standard
Add 400 uL of 105 standard to 3600 uL of standard diluent = 104 standard
Add 400 uL of 104 standard to 3600 pL of standard diluent = 103 standard

2.11.2.4 Primers and Probes for QR-PCR of BCR::ABL11 mRNA

The following primers and probes were used for QR-PCR of BCR::ABL11 mRNA
Primers:

BCR_FB8 5 CCTTCGACGTCAATAACAAGGAT3’

BCR_RB9 5 CCT GCGATG GCG TTCAC3

p190 Forward: 5 CGA GGG CGC CTT CCAT 3’

p190 Reverse: 5’ CTG AGG CTC AAA GTCAGATGC TACT 3’
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Probes:
p190 = 5’-(6-Fam)-ACG CAG GAA CCC TTC AGC GGC (Tamra)-3’

BCR = 5’-6FAM-TCC ATC TCG CTC ATCATCACCGACA 3

2.11.2.5 Experimental procedure of RQ-PCR

The QR-PCR reaction conditions for each transcript were run in the same 96 well reaction.
The BCR control gene was run for every cDNA sample. Each sample and control were
amplified in duplicate, each PCR was performed three times for n=3. The master mix was

prepared as follows based on template set-up prepared in Microsoft excel spreadsheet.

Table 2.8 Reagents for RQ-PCR master mix

Reagents Final Concentration
DEPC or NF H;0 to 22.5 uL
Universal Master Mix (4°C) 1x 12.5 pL
Forward Primer 0.4 uM
Reverse Primer 0.4 uM
TagMan Probe 0.25 uM

The 96 well plate containing sample solution was run and read on QuantStudio 7
(ThermoFisher Scientific) using experimental properties as Fast 96 well, Standard Curve
(relative), TagMan Reagents and Standard for standard master mix. The samples,
controls and standards were run on thermal cycler conditions 50°C for 2 minutes, 95°C
for 10 minutes 43 cycles of 95°C for 15 seconds and 56°C for 1 minute. The data was

analysed and exported into Excel and BCR::ABL1% Q-PCR was calculated in Excel.
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2.11.3 Kinase Domain Mutations Analysis

The long PCR primers designed to isolate the BCR::ABL1 allele Long p190_BCR_F:
CTCGCAACAGTCCTTCGACA and Long p190_ABL1_R: CCTGCAGCAAGGTACTCACA were
used as previously described [1]. The master mix for PCR reaction was prepared as

follows.

Table 2.9 Reagents for master mix for long PCR

Component Volume for 1 Sample (uL) | Final Concentration
25mM dNTP 0.375 0.75mM
MB grade H20 5.16 -
Forward Primer* (50uM) 0.075 0.3uM
Reverse Primer* (50uM) 0.075 0.3uM
10xBuffer 3** 1.25 1x
25mM MgCl, 0.375 3.5mM
MB grade H20 4or3.5pul -
Expand Enzyme Mix 0.188 2.5U

The samples were then run on the thermal cycler under following conditions.
94°C 2Zmin

94°C 10sec, 60°C 30sec, 68°C 2min: 10 cycles

94°C 10sec, 60°C 30sec, 68°C 2min - increase by 20sec every cycle: 30 cycles
68°C 7min

12°C
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The PCR products (3.5 pL each) were run on 1 % agarose gel to visualize the size and

amount of DNA. The PCR products were purified by using ExoSAP-IT protocol.

2.11.3.1 PCR product purification using ExoSAP-IT
Ratio of 5 pL of a post PCR product with 2 pL of ExoSAP-IT were mixed for a combined 7

uL reaction volume. The samples were run on thermocycler with the following steps.

37°C for 15 minutes to degrade remaining primers and nucleotides.
80°C for 15 minutes to inactivate ExoSAP-IT.

Hold at 4°C.

The PCR product was diluted 1:10 before using it in sequencing reaction.

2.11.3.2 Sanger Sequencing reaction

The purified PCR products were sequenced by using BigDye Terminator v3.1 Cycle
Sequencing Kit (ThermoFisher Scientific) following manufacturer’s instructions. Briefly,

clean PCR DNA samples were mixed with BigDye XTerminator reaction mix as follows.

Table 2.10 Master mix for BigDye XTerminator Sequencing reaction

Reagents Volume (pL) for 1 sample

H20 13.175
Bid Dye Seq Buffer 3.5
Sequencing Primers 0.325
Big Dye Terminator reaction mix 1
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Following sequencing primers were used for sequencing ABL1 kinase domain of

BCR::ABL1.

E4 F: 5' GCCGAGTTGGTTCATCATCATTCAAC 3'

E5F: 5' AGAAGCTGCAGTCATGAAAGAGATCA 3'

E6 F: 5' GGTGCTGCTGTACATGGCC 3'

E10 R: 5' AGGCACGTCAGTGGTGTCTCT 3'

E11 R: 5' CAATGGAGACACGGCAGGCT 3'

Separate master mixes were prepared for each sequencing primers. Two micro litres (20-
40 ng) of PCR DNA sample were added to the master mix and run-on thermocycler under

following conditions at ramp up rate of 1°C/second.

96°C 1 min

96°C 10 sec

50°C 5 sec 25
60°C 4min | Cycles
4°C Infinite hold

The samples were then purified by sequencing reactions with BigDye XTerminator before

using them on capillary electrophoresis.

2.11.3.3 Purification of sequencing reactions with BigDye XTerminator

BigDye XTerminator beads (20 uL each) were used in purification process by vortexing
them for 8-10 seconds before mixing with the SAM solution (90 pL). The SAM/BigDye

XTerminator bead working solution (110 pL) was added to each sequencing samples then
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vortexed at 1800 rpm for 30 minutes. The beads were pelleted by centrifuging the
solution at 1000 x g for 2 minutes. The samples were then analysed on SeqStudio Genetic
Analyzer (ThermoFisher Scientific). The data were further visualized and aligned with a

reference ABL1 sequences on Benchling (Biology Software).

2.12 Real-Time PCR of Drug Transporters

Master mixes were prepared for individual gene using following reagents.

Table 2.11 Master mix for RT-PCR reaction

Reagent x 1 (uL) x 48 + 5% (uL)
SYBR Green 5 252

Primer Forward (10 uM) 0.8 40.3

Primer Reverse (10 pM) 0.8 40.3

Water 1.4 70.8

Total: 8 403.6

The following primers were used for RT-PCR reaction for ABCB1, ABCG2 and GUSB (Gene

control).

ABCB1 F: 5" AGA CAT GAC CAG GTATGCCTAT 3’

ABCB1 R: 5’ AGC CTA TCT CCT GTC GCATTA 3’

ABCGZ F: 5’ CACCTT ATT GGCCTCAGG AA

ABCGZ R: 5’ CCT GCT TGG AAG GCT CTATG 3

GUSBF:5 CTG AACAGT CACCGACGAGA 3

GUSBR: 5 GAA CGCTGCACT TTTTGGTT 3’
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According to the PCR set-up sheet prepared in excel spreadsheet, 2 pL of unknown/cell
line control (VBL100 and K562 were used for ABCB1 and ABCG2 respectively) cDNA
samples and NF water for no template control were added to 8 puL of master mix. RQ-PCR
was performed on the Bio-Rad® CFX Connect™ real-time PCR detection system under

following conditions.

Cycle Cycle point

Hold 1 @ 50 C, 2 min

Hold 2 @ 95, 15 min

Cycling (40 repeats) Step 1 @ 95°C, hold 15 secs
Step 2 @ 60°C, hold 26 secs

Step 3 @ 72°C, hold 10 secs, Capture data

The data was examined using the Bio-Rad® CFX Manager™ software and then exported
to Microsoft Excel. To determine the fold change of genes between sensitive and resistant
samples, I employed the comparative Ct (2-AACt) method. Graphs were created, and

statistical analysis was performed using GraphPad Prism.

2.13 Transcriptomic Sequencing (mRNA-seq)

2.13.1 RNA Extraction

For RNA extraction, 5 x 10°¢ cells were pelleted by centrifugation at 1400 rpm for 5
minutes and washed with ice cold 1 x PBS then collected in 2 mL microcentrifuge tube.
The cells were re-suspended in 1 mL TRIzol® solution, allowing it to make homogeneous
solution by 5 minutes incubation at RT and stored in -80°C. Samples were thawed on ice

before adding 200 pl of chloroform then tubes were vigorously shaken until homogenous
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solution was achieved. These steps were done in a fume hood. The specimens were placed
at room temperature (RT) for a duration of 2-3 minutes, after which they were subjected
to centrifugation at a force of 1200 times the acceleration due to gravity (x g) for 15
minutes at a temperature of 4 degrees Celsius. The upper liquid phase, containing the
desired substance, was carefully extracted without disturbing any intervening layers and
transferred to pre-labelled 1.7 mL microcentrifuge tubes. To these tubes, 500 pL of
isopropanol (analytical grade, 100%) and 1 pg of glycogen (molecular grade) were
introduced. The tubes were vigorously shaken and then left at RT for 10 minutes.
Subsequently, the samples were centrifuged at a force of 12,000 x g for 10 minutes at 4°C.
The resulting supernatants were discarded, and the solid residues (pellets) were rinsed
with 1 mL of freshly prepared 75% ethanol. Once again, the samples were subjected to
centrifugation, this time at a force of 7,500 x g for 5 minutes at 4°C. After removing
supernatant, pellets were briefly centrifuged to remove excess ethanol. The pellets were
air dried before adding 30-50 pul NF-water and incubating at 55°C for 10 min to rehydrate
the RNA. The samples were immediately transferred on to ice and analysed for quality
and quantity by Nanodrop™ 8000 spectrophotometer. The samples were used for cDNA

synthesis/mRNA-seq or stored at -80°C for long-term storage.

2.13.2 RNA preparation for mRNA-seq

To conduct RNA-seq analysis, three sets of RNA were extracted from SUP-B15 parental
and imatinib resistant cells. Each RNA sample was prepared at a concentration of 10
ng/pL in a 50 pL volume. The concentration of each sample was determined using the
Qubit® RNA high-sensitivity assay kit (ThermoFisher Scientific, USA). However, the initial
RNA concentrations were too high to be directly used with the Qubit® system. Therefore,

each sample was diluted by a factor of 1:30 in HF-water, and then further diluted by a
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factor of 1:200 in the Qubit® working solution. After briefly vortexing the diluted samples,
they were incubated for 2 minutes at room temperature and subsequently analysed using
the Qubit® 2.0 Fluorometer (ThermoFisher Scientific, USA). The RNA samples were sent
to South Australian Genomic Centre (SAGC) at 10 ng/uL in 50 pL volume for further
quality check, library preparation and RNA sequencing. Mutational analysis of
sequencing results was courtesy of Jacqueline Rehn. The differential expression,
hierarchical clustering, heatmap and volcano plots, pathway and network analysis were

performed by SAGC’s Standardised Analysis Pipelines.

2.13.3 RNAseq Analysis of SUP-B15 cells

RNA (500 ng) was prepared in 50 pl H20 for parental and imatinib-resistant SUP-B15
cells in biological triplicates. The conversion of total RNA to strand-specific [llumina-
compatible sequencing libraries was performed using the Nugen Universal Plus Total
RNA-Seq library kit from Tecan (Mannedorf, Switzerland), following the manufacturer's
instructions (M01485 v4). The final libraries underwent 12 cycles of PCR amplification.
Sequencing of the library pool was carried out on the Illumina Nextseq 500 platform

using a high output kit, generating 2x75 bp paired end reads.

To align the raw reads to the GRCh37 human reference genome, STAR-aligner v2.7.3a was
employed in two-pass mode [2]. Raw gene counts were obtained from the resulting BAM
files using featureCounts [3]. Variant calling was performed with GATK HaplotypeCaller
v4.0.1.2, following the GATK best practice for RNA-seq variant discovery. The called
variants were then annotated using Annovar [4]. For sequence variant calling, a minimum

of 5 reads supporting the alternate allele and a variant allele frequency of > 0.1 were
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required. Prioritized variants either had previous reports in COSMIC or had a population

frequency < 0.1 (Exome Aggregation Consortium - Non-Finnish European).

Gene fusions were identified using a combination of SOAPfuse v1.26 [5], JAFFA v1.09 [6],
and fusionCatcher (fusioncatcher.py 0.99.7c beta) [7]. Only fusions detected by multiple
callers were considered as likely candidates. Gene fusions and sequence variants

reported in the manuscript were detected in at least 2 biological replicates.

2.14 ShRNA Knockdown of PTPN11 in SUP-B15 cells

shRNA lentiviral particles: control shRNA and SH-PTP2 shRNA (human) were purchased
from Santa Cruz Biotechnology Inc. (Dallas, USA). Gene Silencers generally consist of
pools of three to five target-specific 19-25 nucleotide sequences in length. Lentiviral
transduction was performed in SUP-B15 cells following manufacturer’s instructions.
Briefly, 50 pl viral supernatant was added to 1x10”5 cells in 200 pL. media with polybrene
(8 ug/ml) in 24 wells plate. The plate was spun at 1800 RPM for 2 hours at 37°C and 500
uL fresh media was added to the reaction after the spin then incubated overnight. After 3
passages, the cells were examined under microscope for GFP positive cells. Stable shRNA
expressing (GFP+) cells were selected via puromycin dihydrochloride selection (3
pg/ml). Western blot was used to confirm knockdown of PTPN11 by measuring SHP-2

protein level.

2.15 Generation of BaF3 and BaF3 BCR::ABL1 p190
cells with PTPN11 mutations

2.15.1 PCR Amplification of wild type and mutated PTPN11 genes

The wild type and mutated PTPN11 genes were PCR amplified from cDNA generated from

mRNAs extracted from parental and resistant (to 5 pM imatinib) SUP-B15 cell line by
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using forward primer PTPN11_PCR_F: 5' GAGGGCGGGAGGAACATGACATC 3' and reverse

primer PTPN11_PCR_R: 5' GGGAGAGGGTGAAAGTCCACATC 3'.

Master mix was prepared without cDNA templates by using following reagents and kept

on ice throughout the procedure.

Table 2.12 Reagents for PCR master mix

Component 20 pL Reaction 3 X Samples | Final

(nL) Concentration

Nuclease-free water 11.8 35.4

5 x Phusion HF or GC Buffer 4 12 1x
10 mM dNTPs 0.4 1.2 200 uM
10 uM PTPN11 PCR_F primer 1 3 0.5 uM
10 uM PTPN11 PCR_R primer 1 3 0.5 uM
DMSO 0.6 1.8 3%
Phusion HF DNA Polymerase 0.2 0.6 1 unit/ 50 uL. PCR

About 250 ng of cDNA was added to the master mix in DNA/RNA free hood and transfer

into thermocycler with the following conditions.

STEP TEMPERATURE TIME

Initial Denaturation 98°C 30 Seconds

35 Cycles 98°C 10 seconds
68°C 30 Seconds
72°C 1 Minutes
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Final Extension 72°C 10 Minutes

Hold 4°C Infinite

The PCR products were enzymatically cleaned by using ExoSAP-IT™ PCR Product Cleanup
Reagent (ThermoFisher Scientific) to remove excess primers and unincorporated
nucleotides (refer to 2.11.3.1 PCR product purification using ExoSAP-IT). The cleaned PCR
products were analysed for purity by gel electrophoresis prior to using them in

sequencing reaction.

2.15.2 Gel Electrophoresis of PCR product for purity check

One percentage agarose gel was prepared by using 1:100 gm/mL of agarose and 1 x TAE
buffer respectively (Refer to 2.6.5. Agarose (1%) gel for DNA electrophoresis). The
agarose and TAE buffer mixture was microwaved until agarose is fully dissolved. GelRed™

nucleic acid stain was added to the dissolved gel before pouring into a gel holder with an
appropriate comb and allowing it to set for 20 minutes. The gel was transferred into a tank and
covered with 1 x TAE buffer. The gel was positioned in a way to make sure DNA runs from
negative to positive terminal. The DNA samples (5 pL) were mixed with 6 x purple loading buffer
(1.5 pL) before loading into the gel. Appropriate DNA ladder was used to estimate the size of each
DNA fragment separated by electrophoresis according to their size. The gel was run at 100 V for

60 minutes and analysed by Molecular Imager® Gel Doc™ XR System (Bio-Rad).

2.15.3 Gel Purification of PCR product

The remaining PCR products were electrophoresed, and gel purified by using The
QIAquick Gel Extraction Kit (QIAGEN, Germany) following manufacturer’s
recommendations. Briefly, gel was analysed under low UV settings and the correct size

band was exercised by using a clean sharp scalpel. The gel fragment was dissolved in 3
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volumes of Buffer QG to 1 volume of gel (i.e., 300 pL of Buffer QG for 100 mg of gel) by
incubating at 50°C for 10 minutes or until the gel was fully dissolved. One gel volume of
isopropanol was added and mixed to the sample. The sample was then added to a
QIAquick spin column with 2 mL collection tube and centrifuged at 17,900 x g for 1
minute. The flow through was discarded and 500 pL of Buffer QG was added to QIAquick
spin column and centrifuged at 17,900 x g for 1 minute. Flow through was discarded and
750 pL of Buffer PE (Ethanol added) to QIAquick spin column letting the column stand
for 5 minutes before centrifuging at 17,900 x g for 1 minute and removing the
flowthrough. The QIAquick spin column was transferred into a 1.5 mL microcentrifuge
tube and the DNA was eluted by adding 30-50 uL Buffer EB (10 mM Tris-Cl, pH 8.5)
centrifuging 17,900 x g for 2 minutes after allowing Buffer EB to stand in QIAquick spin
column for 3-5 minutes. The purified DNA was further assessed for purity by gel

electrophoresis (2.15.2 Gel Electrophoresis of PCR product for purity check).

2.15.4 Sanger Sequencing of Purified PCR products

The following primers were used to sequence PCR amplified wild type and mutated

PTPN11 cDNA (refer to 2.11.3.2 Sanger Sequencing reaction).

1. PTP11 _PCR_F:5' GAGGGCGGGAGGAACATGACATC 3'

2. PTPN11_E3_Seq_F: 5' GGAGCTGTCACCCACATCAAGA 3’

3. PTPN11_E4 _Seq_R:5' GTCCATGAAACCACCTTTCAGAGG 3’
4. PTPN11_E4 Seq_F:5' GTACGAGAGAGCCAGAGCCAC 3’

5. PTPN11_E5_Seq_F: 5' CAGTACTACAACTCAAGCAGCCCC 3’
6. PPTN11_E8_Seq_F: 5' CCAGGGTTGTCCTACACGATGGTG 3’

7. PTPN11_E11_F: 5 GGCAATACCACTTTCGGACCTGGC 3’
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8. PTPN11_E13_R:5' GCTCTTCTTCAATCCTGCGCTGTAGTG 3’

9. PTP11 _PCR_R: 5' GGGAGAGGGTGAAAGTCCACATC 3’

2.15.5 Insertion of PCR products into pCR-Blunt II-TOPO vector

The purified wild type and mutated PTPN11 PCR products were inserted into pCR-Blunt
II-TOPO (pTOPO) vector by using 4 pL of purified DNA, 1 pL of pTOPO vector and 1 mL of
salt solution (Refer to Figure 2.1). A negative empty vector control was also used by

replacing PCR product with water. The samples were incubated at 4°C overnight.
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Figure 2.1 The pCR-Blunt II-TOPO (pTOPO) vector for blunt end PTPN11 PCR product

ligation.

2.15.6 Transformation of pCR-Blunt II-TOPO (pTOPO) vector into 5DHa E. coli

The pTOPO vector containing PTPN11 genes and empty vector control were transformed
into NEB® 5-alpha Competent E. coli (High Efficiency) containing kanamycin antibiotic
selection. This was done by adding 5-10 pL of pTOPO ligation reaction mix with 50 pL of
5DHa E. coli then incubating on ice for 30 minutes, applying heat shock at 42°C for 2
minutes, incubating on ice for another 5 minutes before adding 450 pL of RT SOC media
(ThermoFisher Scientific). The culture was incubated shaking at 37°C for 1 hour and
centrifuged at 400 x g for 5 minutes. The E. coli was resuspended into 50 pL. SOC media
and spread into warm kanamycin agar plates at 37°C overnight. Next day number of
colonies were counted on each plate and 6-10 colonies were screened for insertion using
miniprep kits (QIAGEN, Germany). The selected colonies were further grown in 2 mL LB
Broth containing 10 mg/mL kanamycin overnight shaking at 37°C overnight. The plasmid

DNA was extracted from each colony by using miniprep protocol.

2.15.7 Miniprep protocol for plasmid DNA extraction and screening from E. coli

The plasmid DNA from selected colonies were extracted and purified by using QIAprep®
Spin Miniprep Kit (QIAGEN, Germany) following manufacturer’s instructions. Briefly, 1.5
mL bacterial overnight culture was pelleted by centrifugation at 6800 x g for 3 minutes
at RT and resuspended in 250 pL of Buffer P1 (50 pg/mL RNase added). The bacterial
suspension was lysed by adding 250 uL Buffer P2 (Lysis Buffer) and inverting the tube 4-
6 times. The lysate was neutralized by adding 350 pL Buffer N3 and mixing by inversion

4-6 times. The sample was then centrifuged at 17900 x g for 10 minutes. The supernatant
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was transferred into the QIAprep 2.0 spin column by adding 800 pL each time,
centrifuging at 17900 x g for 30 seconds and discarding flowthrough until all finished.
The QIAprep 2.0 spin column was washed with 500 pL of Buffer PB then with 750 pL of
Buffer PE. The QIAprep 2.0 spin column was centrifuged 17900 x g for 1 minute to remove
washing buffers then transferred into a clean 1.7 mL microcentrifuge tube. To elude
plasmid DNA, 30-50 pL of Buffer EB (10 mM TrisCl, pH 8.5) was added to the QIAprep 2.0
spin column. After allowing QIAprep 2.0 spin column to stand for 3-5 minutes in Buffer

EB, pDNA was eluted by centrifuging at 17900 x g for 2 minutes.

Restriction digestion reaction was performed on extracted pDNA by incubating 7.5 pL of
MQ water, 1 pL of cutsmart buffer (10 x), 0.5 pL restriction enzyme (EcoRI) and 1 pL

pDNA at 37°C for 2 hours.

The restriction digestion products were analysed by gel electrophoresis (Refer to 2.15.2
Gel Electrophoresis of PCR product for purity check) to screen for the presence of
insert into pTOPO vector. Once the presence of right size insert was confirmed, the insert
in the pDNA was then sequenced by using M13 forward (M13 F: 5' GTAAAACGACGGCCAG
3') and reverse (M13 R: 5' CAGGAAACAGCTATGAC 3') primers for further confirmation
of the insert (Refer to 2.11.3.2 Sanger Sequencing reaction) and using the primers
listed above for PTPN11 gene (Refer to 2.15.4 Sanger Sequencing of Purified PCR
products) for confirming the right sequences. Streak plates were created by spreading
selected bacteria colony (containing right insert) onto a kanamycin agar plate following
the aseptic techniques to allow selection of a single colony after incubating at 37°C

overnight.
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2.15.8 Miraprep protocol for plasmid DNA extraction from E. coli

Single E. coli bacteria colony from streak plate containing pDNA with correct insert was
further expanded and pDNA was extracted by using previously described Miraprep
protocol [8]. Briefly, 50 mL bacterial culture was incubated in kanamycin selection media
shaking at 37°C overnight. The next day the culture was centrifuged at 4000 x g at 4°C for
10 minutes. The supernatant was discarded, and the pellet was resuspended into 2 mL
Buffer P1 (50 pg/mL RNase added). The bacterial suspension was lysed by adding 2 mL
Buffer P2 (Lysis Buffer) and inverting the tube 4-6 times. The lysate was neutralized by
adding 2 mL Buffer N3 and mixing by inversion 4-6 times. The bacterial lysates were
transferred into 4 x 1.7 mL centrifuge tubes by pouring then centrifuged at 17900 x g for
10 minutes. The supernatants were pooled into a 15 mL tube and mixed with same
volume (~5 mL) of 96% ethanol. The solution was mixed thoroughly for 5 seconds then
transferred into 5 x QIAprep 2.0 spin column by adding 700 pL in three sequential
aliquots by centrifuging at 17900 x g for 30 seconds and discarding flowthrough until all
finished. The QIAprep 2.0 spin column was washed with 500 L of Buffer PB then with
750 pL of Buffer PE. The QIAprep 2.0 spin column was centrifuged 17900 x g for 1 minute
to remove washing buffers then transferred into a clean 1.7 mL microcentrifuge tube. To
elude plasmid DNA, 50 pL of Buffer EB (10 mM TrisCl, pH 8.5) was added to each QIAprep
2.0 spin column. After allowing QIAprep 2.0 spin column to stand for 3-5 minutes in
Buffer EB, pDNA was eluted by centrifuging at 17900 x g for 2 minutes. The eluted pDNA
from all 5 columns was pooled into one tube and DNA concentration was measured by
NanoDrop™ 2000/2000c Spectrophotometer (ThermoFisher Scientific). The product

was further confirmed by sanger sequencing before using it in downstream experiments.
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2.15.9 Site Directed mutagenesis of PTPN11 mutations

The Q5® High-Fidelity DNA Polymerase protocol (New England Biolabs) was used to
generate site specific mutations on double stranded plasmid DNA. The pTOPO vector
containing PTPN11 wild type insert was used to generate p.A461T (G1381A) and

p.P491H (C1472A) mutations using the

NEBaseChanger™ tool (New England Biolabs).

PTPN11 _A461T_F: GCACTGCAGTACTGGAATTGGCCGG

PTPN11 _A461T_R: ACCACGACCGGCCCTGCA

PTPN11 _P491H_F: ATTGACGTTCACAAAACCATC

PTPN11 _P491H_R: ATCGCAGTCAACACCTTTC

The master mix for PCR amplification of mutagenesis product was prepared by using

following reagents.

following primers

Table 2.13 Master mix reagents for site directed mutagenesis reaction

Component 25 pL Reaction | Final Concentration
5X Q5 Reaction Buffer 5 uL 1X

10 mM dNTPs 0.5 pL 200 uM

10 uM Forward Primer 1.25 L 0.5 uM

10 uM Reverse Primer 1.25 L 0.5 uM

Q5 High-Fidelity DNA Polymerase 0.25 pL 0.02 U/pL

5X Q5 High GC Enhancer (optional) (5uL) (1X)

Nuclease-Free Water to 25 L
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Plasmid DNA (pTOPO) containing wild type PTPN11 gene was added to each reaction and

the reaction was proceeded on thermocycler under the following conditions.

TEP TEMP

Initial 98°C

Denaturation

25-35 Cycles 98°C
*50-72°C
72°C

Final Extension 72°C

Hold 4°C

TIME

30 seconds

5-10 seconds
10-30 seconds
20-30 seconds/kb

2 minutes

The amplified site directed mutagenesis product was gel purified (Refer to 2.15.3 Gel

Purification of PCR product). The purified DNA product was then treated with the

following KLD reagents and incubated at RT for 5 minutes.

Table 2.14 Reagents for KLD treatment reaction

Reagents

PCR Product

2X KLD Reaction Buffer
10X KLD Enzyme Mix

Nuclease-free Water

VOLUME (pL)

1

5

Following KLD treatment the pDNA was transformed into chemically competent E. Coli

(Refer to 2.15.6 Transformation of pCR-Blunt II-TOPO (pTOPO) vector into 5DHa E.

coli) and screened colonies for right product following procedure described in 2.15.7
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Miniprep protocol for plasmid DNA extraction and screening from E. coli and 2.15.8

Miraprep protocol for plasmid DNA extraction from E. coli.

2.15.10. Long-term storage of transformed bacterial cells

Once bacterial culture was confirmed of having plasmid DNA with desired correct insert,
250 pL of confluent cell culture was mixed with 250 pL of 80% glycerol for final volume

of 500 pL in to 2 mL screw-capped vials and stored at -80°C.

2.15.11. Molecular cloning of PTPN11 gene

PTPN11 gene in pTOPO construct needed to be sub-cloned into a mammalian compatible
lentiviral vector to allow efficient expression of this gene in mammalian cells. The wild
type and mutated PTPN11 cDNAs were sub-cloned into pLVX-EF1a-IRES-ZsGreenl, a
mammalian expressing lentiviral vector courtesy of Associate Professor Daniel Thomas.
Wild type PTPN11 and PTPN11 cDNA insert with p.A461T, p.P491H and both (p.A461T
and p.P491H) mutations were removed from pTOPO by EcoRI restriction digestion
enzyme and ligated into pLVX-EF1a-IRES-ZsGreenl recipient vector, which was also
digested with EcoRI restriction enzyme to create steaky ends. The ligation reaction was
performed by using T4 DNA ligase (New England Biolabs). The orientation of insert into
pLVX-EF1a-IRES-ZsGreenl was confirmed by wusing IRES reverse primer (5'

ACACCGGCCTTATTCCAAG 3").

120



(8569) SgrDI
(8452) Sspl \

BssHII (711)
" Nrul* (833)

gl —3'L7R
V40 poly(A) sign,, 3
£ 7 [2)

. oter
@ prom A, ;
w

(8018) Pwvul .
(7870) Fspl

KfII - PpuMI (1934)

(6863) DrdI
pLVX-EF1a-IRES-ZsGreenl BspDI - ClaI (2180)
8889 bp
SphI (2331)
Agel (2415)
(6372) BmtI
(6368) Nhel

BstXI (2648)

(5578) Bsu36I1

EcORI (3535)
Spel (3547)
Xbal (3553)
’ | NotI (3560)
(5266) Neol | BamHI (3567)
(5131) Pfol AN AvrII (3726)
(4845) Miul / \ 1\ Aarl (3914)
(4699) BsrGI \ Bell* (4231)
(4383) PfIFI - Tth111l SgrAl (4236)

Figure 2.2 pLVX-EF1a-IRES-ZsGreen1 Mammalian expression (Recipient) vector

The restriction digestion reaction was done for both recipient pLVX-EF1a-IRES-ZsGreen1

vector and donor pTOPO vector with PTPN11 inserts using following reagents.

15 uL. H20
2 uL pDNA (>2 pg)
2 uL cutsmart buffer

1 uL EcoRI-HF enzyme (Restriction enzyme)

The solution was incubated at 37°C for 1 hour. The recipient vector pLVX-EF1a-IRES-
ZsGreenl was dephosphorylated at its 5’ end by adding Shrimp Alkaline Phosphatase

(rSAP) into restriction digest reaction at 30 minutes time and allowing it to proceed for

121



30 minutes. The rSAP enzyme was heat inactivated by incubating at 65°C for 5 minutes
at the completion of restriction digestion reaction. The EcoRI restriction digest products
pLVX-EF1a-IRES-ZsGreen1 vector and PTPN11 inserts were gel purified (Refer to 2.15.3
Gel Purification of PCR product) and quantitated by using NanoDrop™ 2000/2000c

Spectrophotometer.

The PTPN11 cDNA with p.E76K mutation was purchased from Integrated DNA
Technologies Pte. Ltd. (Coralville, USA) as a gBlocks Gene Fragments 1751-2000 bp. The
DNA fragment was directly ligated into pLVX-EF1la-IRES-ZsGreenl vector by using
restriction enzyme and T4 DNA ligase. The ligation reaction between recipient vector
pLVX-EF1a-IRES-ZsGreenl and PTPN11 inserts was carried out using reagents listed in
Table 2.17. NEBioCalcularor (NEB Biolegends) tool was used to calculate molar ratios of

vector and insert.

Table 2.15 Reagents for DNA ligation reaction

COMPONENT 20 uL REACTION
T4 DNA Ligase Buffer (10X)* 2 uL

Vector DNA (8.89 kb) (pLVX) 50 ng

Insert DNA (1.86 kb) 30.5 ng
Nuclease-free water to 20 uL

T4 DNA Ligase 1uL

The reaction was gently mixed by pipetting up and down then incubated at 16°C
overnight. The next day T4 Ligase was heat inactivated by incubating reaction at 65°C for
10 minutes. The ligation product was chilled on ice and 5 pL of ligation product was

transformed into 50 pL competent E. coli cells (Refer to 2.15.6 Transformation of pCR-
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Blunt II-TOPO (pTOPO) vector into 5DHa E. coli). The colonies were counted and
screened for right product, sequenced for right orientation and the presence of desired
mutations as described above (Refer to 2.15.7 Miniprep protocol for plasmid DNA
extraction and screening from E. coli). The pLVX-EFla-IRES-ZsGreenl vector
containing right PTPN11 constructs was expanded in E. coli, extracted from E. coli, gel and

sequence verified before using them for generating lentiviral particles.

2.15.12. Generation of lentiviral particles via transfection of HEK-

293T cells

Human embryonic kidney 293 (HEK-293T) cells were seeded into a T25 flask at a density
of 8 x 105 cells. The cells were allowed to rest overnight in a humidified incubator at 37°C
overnight. The next day, media was changed when HEK293T cells were about 80%
confluent. The pLVX-EF1a-IRES-ZsGreenl vector containing PTPN11 gene constructs
were co-transfected along with its packaging vector psPAX2 (Adgene, USA) and envelope
vector pMD2.G (courtesy of Aso/Prof Daniel Thomas) in the presence of Lipofectamine™
2000 (Thermo Fisher Scientific, USA). This was done by preparing DNA solution by
mixing 500 pL OPTI-MEM (Gibco, USA) and 4.5 pg of expression vector (pLVX), pLVX +
PTPN11 WT, pLVX + PTPN11 A461T Mut, pLVX + PTPN11 P491H Mut and pLVX +
PTPN11 A461T + P491H Mut along with 3 pg of psPAX2 packaging vector and 1.5 ug of
pMD2.G envelope vector. Lipofectamine solution was prepared separately by adding 500
uL OPTI-MEM and 20 pL of Lipofectamine™ 2000 per sample. The DNA solution and the
lipofectamine solution were incubated at RT for 5 minutes before mixing and further
incubated at RT for 30 minutes. The mixture was added dropwise to HEK293T cells and

incubated in humidified incubator at 37°C (5% CO:2) overnight. Next day (after 12-16
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hours), the HEK293T media was replaced with 5 mL target cell media and incubated in
humidified incubator at 37°C for 48 hours. On the subsequent day, the viral supernatant
was acquired by recovering the culture medium of transfected HEK293T cells. To
accomplish this, a 10 mL syringe (Terumo® Medical Corporation, USA) was employed to
collect the medium, which was subsequently filtered through a sterile filter with a pore

size of 0.45 uM.

2.15.13. Lentiviral transduction of BaF3 and BaF3 BCR::ABL1 p190

cells

In a Biosafety class II cabinet, viral supernatant (2.5 mL) and fresh media (2.5 mL) was
added to BaF3 or BaF3 BCR::ABL1 p190 cells using 1 x 10° cells per well in 6-well plate.
Final concentration of 4 pg/mL of polybrene was added to each well and the plate was
centrifuged with brake off for 2 hours at 1800 rpm at 37°C. The culture dish was placed
in a temperature-controlled incubator with humidity at 37°C and 5% CO: for an extended
period. Following three rounds of cell division, the cells expressing GFP (a marker
indicating successful gene transfer) were isolated using the BD FACSAriaTM Fusion flow

cytometer, while the cells lacking GFP were removed from the analysis.

2.15.14. Confirmation of successful transduction and expression of

SHP-2 protein in BaF3 and BaF3 BCR::ABL1 p190 cells

Transduced BaF3 and BaF3 BCR::ABL1 p190 cells were analysed for the presence of
PTPN11 gene constructs in gDNA by PCR amplification of PTPN11 gene and sequencing
for correct sequences. The expression of SHP-2 (protein encoded by PTPN11 gene) was

confirmed by western blot analysis.
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2.15.15 DNA Extraction by Phenol-chloroform

To perform the extraction of genomic DNA, a total of 5 x 10 cells were gathered by
centrifugation at 1400 rpm for 5 minutes. Following this, the cells were washed using 1 x
PBS and then collected in 1.7 mL microcentrifuge tubes. The resulting pellet was stored
at -80°C and later thawed on ice. Subsequently, the pellet was resuspended in 480 pL of
DNA lysis buffer. For each tube, 12.5 pL of 20% SDS and 10 pL of Proteinase K (Roche

Molecular Systems, Inc.) were added. The samples were then incubated overnightat 37°C.

On the following day, 5 pL of RNase A (Qiagen, Hilden, Germany) was added to each tube.
The tubes were inverted around 50 times and further incubated at 37°C for 10 minutes.
Ten microliters of 5 M NaCl and 1 pL of glycogen carrier (Roche Molecular Systems, Inc.)
were subsequently included in each tube. With caution taken in a fume hood, 500 pL of
buffer-saturated phenol was added, and the tubes were vigorously shaken until achieving
a uniform milky solution. The samples were then centrifuged at 16,000 x g for 5 minutes.
Carefully, the aqueous upper layer was collected without disturbing the interface
between the aqueous and organic layers, and it was dispensed into new 1.7 mL tubes

labeled accordingly.

Next, 500 pL of Phenol:Chloroform:Isoamyl alcohol (PCI; 25:24:1, v/v) was added to the
tubes. The tubes were vigorously shaken and then subjected to centrifugation at 16,000
x g for 3 minutes. Once again, the aqueous upper layer was carefully collected and
transferred into new 1.5 mL microcentrifuge tubes. To precipitate the DNA, 1 mL of ice-
cold 80% ethanol was added. The tubes were then centrifuged at 20,000 x g for 10

minutes, and the supernatant was discarded. The DNA pellet was washed with 800 pL of
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70% ethanol and briefly air-dried. Finally, the pellet was resuspended in 200 pL of DNA

hydration solution (Qiagen, Hilden, Germany).

2.16 Statistical Analysis

GraphPad Prism 9 (GraphPad Software Inc., San Diego, USA) was used to generate figures
and perform statistics. Graphs illustrate the average value, accompanied by error bars
that indicate the variability measured as standard deviation (SD). Normality tests were
performed on each data set using the D’Agostino & Pearson omnibus normality test.
Statistical analysis was performed using a 2-tailed Student’s t-test, One-way ANOVA,
Two-way ANNOVA or Mann-Whitney test where appropriate and differences were
statistically significant when the probability value (p-value) was less than 0.05. The
synergism of combination treatment with two inhibitors were analysed by CalcuSyn
software (Biosoft, United Kingdom) and combination index (CI) was reported as CI score,

less than one being significantly synergistic combination.
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CHAPTER 3: Phospho-BCR-Y177 of
BCR::ABL1 mediates phospho-ERK1/2
activation and TKI resistance
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Chapter 3 summary

Over the last decade, there has been remarkable progress in understanding the disease
pathology and treatment options for Ph+ Acute Lymphoblastic Leukaemia (Ph+ ALL) [1].
Tyrosine Kinase Inhibitors (TKIs) are added to the chemotherapy regimen in Ph+ ALL,
which has significantly improved remission and survival rates. Combination of imatinib
into conventional chemotherapy improved disease free survival rate to 70% in Ph+ ALL
patients at 5 years [2]. However, 5 year overall survival does not exceed 50%, therefore
novel treatment options are urgently needed [3]. While BCR::ABL1 kinase domain
mutations are the predominant driver of TKI resistance, in approximately 30% of Ph+

ALL patients the mechanisms of TKI resistance are not well known [4].

In this chapter, I investigated the mechanisms of non-BCR::ABL1 kinase domain
mutational resistance in a model of Ph+ ALL imatinib resistant cell line (SUP-B15 IR). The
SUP-B15 IR cell line was generated by another student in my supervisor’s laboratory by
incremental dose escalation of imatinib to 5 pM using a well-established long-term dose
escalation protocol. These cells had a novel BCR::ABL1 dependent mechanism of
resistance with re-activation of pBCR::ABL1 (Y177) leading to sustained pERK1/2 and
higher anti-apoptotic protein MCL-1 expression. Interestingly, TKI target of BCR::ABL1
protein, pBCR::ABL1(Y245) and its downstream signalling molecules pCRKL and pSTAT5
were inhibited with 5 pM imatinib. However, these cells had BCR::ABL1 independent
overexpression of anti-apoptotic protein BCL-XL, a possible BCR::ABL1 independent

survival mechanism.
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Introduction

Ph+ ALL patients have immensely benefited from incorporation of TKIs into
chemotherapy, but still face the challenges of TKI resistance [5, 6]. TKIs such as imatinib
included into a chemotherapy backbone have resulted in increased remission rates and
improved survival in Ph+ ALL patients [7]. However, resistance to imatinib is frequently
observed in those patients [7, 8]. Second generation TKIs nilotinib and dasatinib and third
generation TKI ponatinib have been developed to address resistance and intolerance [9].
As a result, complete response is achieved in over 90% of newly diagnosed Ph+ ALL
patients when TKI is incorporated into chemotherapy [10-12]. However, relapse is
frequent after initial response impairing overall the survival rate [13]. Imatinib resulted
in only 43% 5-year disease free survival and overall survival when combined with
intensive chemotherapy [14]. Dasatinib improved both 3 year event-free survival and
overall survival to 55% and 69%, respectively [15] when combined with intensive
chemotherapy. Ponatinib when combined with intensive chemotherapy improved 5-year

overall survival to 72% in Ph+ ALL patients [16].

Despite the development of second and third generation TKIs, several mechanisms of TKI
resistance including ABL1 kinase domain mutations are identified. Nevertheless, for
many Ph+ ALL patients who relapse, their mechanisms of resistance are largely elusive
[17]. Continuous exposure to TKI selects for resistant clones with resistance attributed
to either BCR::ABL1 point mutations or a non-BCR::ABL1 mutational mechanism that
pose a clinical challenge [18]. Ph+ ALL patients without BCR::ABL1 mutations
unresponsive to multiple TKI treatment have very limited treatment options [4]. For
instance, major molecular response was achieved in only 27% of poor responder patients

treated with ponatinib in the PACE trial, a phase 2, uncontrolled, open-label trial of oral
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ponatinib in patients with chronic myeloid leukemia (CML) and Ph+ ALL who were
resistant or intolerant to nilotinib and dasatinib [19]. Results from the PACE trial
highlight the treatment challenges faced by Ph+ leukaemia patients treated with even
later generation TKIs. This further suggest that novel treatment approaches are urgently

needed for relapsed Ph+ ALL patients [19].

TKI resistance can occur via mechanisms that enable reactivation of kinase activity of
BCR::ABL1, such as kinase domain mutations, overexpression of BCR:ABL1 or
dysregulation of drug transporters that reduce intracellular concentrations of TKIs [20].
These mechanisms are BCR::ABL1 dependent while other mechanisms that do not rely
on re-activation of BCR::ABL1 such as activation of alternative survival/anti-apoptotic
pathways or mutations in cancer associated genes are BCR::ABL1 independent
mechanisms [20]. Constitutively active BCR::ABL1 and its downstream signalling such
Rat Sarcoma (RAS)-Extracellular Signal-Regulated Kinase (ERK), Janus Kinase (JAK)-

Signal Transducer and Activator of Transcription (STAT), Phosphatidylinositol 3-Kinase
(PI3K)-Protein Kinase B (PKB, also known as AKT) are responsible for development and

progression of leukaemia [20, 21]. BCR::ABL1 activation and downstream signalling is
mediated by several phosphorylation sites including two important tyrosine sites, one on
ABL1 at 245 (pABL1 Y245) and another on BCR at 177 (pBCR Y177) [22, 23]. While
pBCR::ABL1(Y245) is responsible for kinase activity (activity marker) of BCR::ABL1,
pBCR::ABL1(Y177) acts as a docking site for adaptor protein growth factor receptor
protein 2 (GRB2) responsible for activation of RAS/ERK and PI3K/AKT pathways [23-
26]. TKIs competes with ATP binding to the ABL1 active site and results in inhibition of
pBCR::ABL1 (Y245) which inhibits pBCR::ABL1 (Y177). Together, inhibition of those two

phosphorylation sites acts as a marker for inhibition of BCR::ABL1 activity and
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downstream signalling. The RAS/ERK pathway is one of the most commonly
mutated/dysregulated pathways associated with therapy resistance and poor prognosis
in multiple cancer types [27]. The RAS/ERK pathway have been previously shown to
drive BCR::ABL1 independent imatinib resistance in Ph+ ALL cell line [28]. Unrestricted
RAS/ERK signalling upregulates the anti-apoptotic molecules myeloid cell leukaemia-1

(MCL-1) [29, 30].

The mitochondrial apoptosis pathway is regulated by BCL-2 family proteins by modifying
the integrity of outer mitochondrial membrane [31]. When death signals are triggered in
the cells, the pro-apoptotic (BH3-only) proteins such as BIM, BID and PUMA dissociates
from anti-apoptotic proteins such as BCL-2, BCL-XL and MCL-1 [31]. The free BH3-only
proteins activate death effectors BAK and BAX which then oligomerize and form pores in
the outer mitochondrial membrane. Permeabilization of mitochondrial membrane
releases cytochrome c into the cytosol which activates the caspase cascade that commits
cells to apoptosis [31]. Overexpression of anti-apoptotic proteins can sequester pro-
apoptotic BH3-only proteins released from a death signal allowing cells to resist
apoptosis [32]. Multiple studies have shown that overexpression of one or more anti-

apoptotic protein can lead to TKI resistance in Ph+ leukaemia [30, 33-35].

In this chapter, I investigated non-BCR::ABL1 mutations driven resistance in a cell line
model of Ph+ ALL and employed a targeted treatment strategy to overcome resistance. A
novel mechanism of BCR::ABL1 dependent resistance was identified in imatinib resistant
SUP-B15 IR cells with re-activation of pBCR::ABL1(Y177) of BCR::ABL1 protein leading
to pERK1/2 and anti-apoptotic protein MCL-1 expression. There was an effective

inhibition of pBCR::ABL1(Y245), the target of TKIs and its downstream signalling. In
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addition to the BCR::ABL1 dependent mechanisms of resistance, imatinib resistant cells
also had BCR::ABL1 independent overexpression of anti-apoptotic protein BCL-XL, a
possible BCR::ABL1 independent mechanism of survival. Inhibition of the RAS/ERK
pathway was tested as a targeted treatment option using MEK inhibitor which showed

greater sensitivity in resistant cells than parental control.

Results

Imatinib resistant SUP-B15 cells were resistant to all ATP-competitive TKIs and to
the allosteric ABL1 inhibitor asciminib

Imatinib resistant (to 5 pM) SUP-B15 (SUP-B15 IR) cells, which require imatinib for their
long-term growth, were exposed to increasing concentrations of imatinib, nilotinib,
dasatinib, ponatinib and asciminib for 72 hours and the concentration of drug required
to induce apoptosis in 50% of cells (Lethal Dose, LD50) was calculated. As expected, SUP-
B15 IR cells had higher LD50 for imatinib treatment compared to the parental cell line
(>20 uM vs 6.3%£0.71 pM respectively) (Figure 3.1A). Interestingly, SUP-B15 IR cells had
higher LD50s for second generation TKIs: nilotinib and dasatinib treatment compared to
parental cells (0.28+0.07 uM vs 0.04£0.01 uM dasatinib, p=0.0046, and >5 uM vs 2.6+0.33
UM nilotinib respectively) (Figure 3.1B and C). Similarly, LD50 was higher for third
generation TKI: ponatinib and asciminib treatment compared to parental cells (>2.5 uM
and 0.45+0.25 pM ponatinib, and >20 pM and 11.3+4.5 uM asciminib respectively)
(Figure 3.1D and E). In all TKI treatments and concentrations assessed, SUP-B15 IR cells
displayed significant resistance (p<0.05) when compared to the parental control (Figure
3.1A-E). The exception to this trend was observed only with dasatinib treatment at 1 pM.
Notably, SUP-B15 IR cells necessitate the presence of 5 uM imatinib in their medium for

optimal long-term growth. However, their viability did not exhibit significant change after
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72 hours in the presence of 5 pM imatinib compared to the TKI-free control (p=0.327)
(Figure 3.1A). This contrasts with the observed response in similarly generated and
previously characterized imatinib-dependent K562 cells (see Appendix 1), where the
removal of imatinib led to a substantial impact (increase, p= 0.0002) on viability during

this 72-hour period.
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Figure 3.1: Imatinib resistant (to 5 uM) SUP-B15 cells were resistant to second and
third generation TKIs as well as to asciminib. (A-E) SUP-B15 P and IR cells were
subjected to increasing concentrations of imatinib, nilotinib, dasatinib, ponatinib, and
asciminib over a 72-hour period. SUP-B15 IR cells underwent overnight washout
procedure as described in 2.7.3. Cell washout protocol for TKI resistant cells of Chapter
2: Methods and Materials’. Viability was assessed using Annexin-V-PE and Fixable
Viability Stain 780, measured via flow cytometry. The Y-axis represents the percentage
of viable cells, determined by normalizing Annexin-V-PE low and Fixable Viability Stain

low values to untreated/DMSO-only controls. LD50, the concentration inducing
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apoptosis in 50% of cells, was calculated with GraphPad Prism 9 using nonlinear fitting
of inhibitor response curves. For TKIs unable to achieve 50% cell death at the maximum
concentration used, LD50 is denoted as greater than the maximum concentration. Data
is derived from three independent experiments (n=3). Statistical significance was
determined using unpaired t-tests. Ns, *, ** *** and **** represent p-values of >0.05,
<0.05, <0.01, <0.001 and <0.0001, respectively. Error bars indicate standard deviation

(SD).

Reduced sensitivity to more potent higher generation TKIs warranted investigation into
effectiveness of those TKIs to inhibit pBCR::ABL1 by using widely used pCRKL IC50 assay
[36]. IC50 represents a TKI concentration required to inhibit 50% of pCRKL (IC50), a
surrogate for pBCR::ABL1 kinase activity. The key readout of this assay is BCR::ABL1
kinase inhibition achieved after a 2-hour incubation. A significant increase in IC50 values
indicates on-target BCR::ABL1 dependent resistance [36]. SUP-B15 IR cells showed
higher IC50 for imatinib (2.1£0.06 uM vs 0.93+0.06 uM for parental, p<0.0001) (Figure
3.2A-C). SUP-B15 IR cells were further assessed for resistance to nilotinib, dasatinib and
ponatinib, and again demonstrated higher IC50s compared to the parental cell line (198.3
+7.64 nM vs. 117.6229.26 nM nilotinib, p=0.009; 10+1.34 nM vs 6.6+0.53 nM dasatinib,
p=0.0156; 8.4+1.22 nM vs 6.3+0.74 nM ponatinib, p=0.0449, for resistant and parental
respectively) (Figure 3.2C and Appendix 2). Asciminib alone did not exhibit an
inhibitory effect on pCRKL in both CML and Ph+ ALL cells within a 2-hour timeframe
(data not shown); consequently, IC50 assays were not conducted with asciminib in SUP-
B15 cells. This suggests that asciminib may not sufficiently inhibit BCR::ABL1 kinase
activity to directly impact pCRKL within this short time frame. Asciminib functions as an

allosteric inhibitor of BCR::ABL1, and as pCRKL is not its direct target, the effects on
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pCRKL were likely not immediately evident within the 2-hour window. The moderately
higher IC50s observed with all TKIs tested suggest that resistant SUP-B15 cells have
BCR::ABL1-dependent mechanisms of resistance, but this alone does not fully explain the

extent of resistance (LD50s) observed in response to those TKIs [37].
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Figure 3.2: SUP-B15 IR cells have higher imatinib pCRKL IC50 compared to SUP-
B15 P cells. (A and B) SUP-B15 P and IR cells were exposed to increasing concentrations
of imatinib (0 to 100 uM) for 2 hours at 37°C/5% CO2. SUP-B15 IR cells underwent
overnight washout procedure as described in ‘2.7.3. Cell washout protocol for TKI
resistant cells of Chapter 2: Methods and Materials’. Densitometry analysis of pCRKL and
CRKL was performed using Image Studio Lite. The concentration of imatinib required to
inhibit pCRKL by 50% in 2 hours (IC50) was calculated, and graphs were generated in
Microsoft Excel. The Western blots shown represent data from three independent
experiments (n=3), with the red triangle indicating the approximate IC50 concentration.

(C) A summary table of IC50 values for SUP-B15 cells treated with imatinib, nilotinib,
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dasatinib, and ponatinib. Data represents mean IC50 values from three independent
experiments. Statistical significance was determined using unpaired t-tests. *, **, and ***

represent p-values of <0.05, <0.01, and <0.001 respectively.

ABL1 kinase domain mutations and drug transporters are not likely major driver
of resistance in SUP-B15 IR cells

Common mechanisms that lead to BCR::ABL1 dependent TKI resistance are kinase
domain mutations, overexpression of BCR::ABL1 and dysregulation of drug transporters
[37]. In order to investigate the mechanisms of resistance, [ screened the ABL1 kinase
domain by using long PCR coupled with Sanger sequencing as described in 2.11.3 Kinase
Domain Mutations Analysis of Materials and Methods chapter [38]. I found no evidence

of any relevant ABL1 kinase domain mutations in SUP-B15 IR cells (Figure 3.3).
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Figure 3.3: SUP-B15 IR cells do not have ABL1 kinase domain mutations. Sanger
sequencing of the ABL1 kinase domain of BCR::ABL1 in SUP-B15 IR cells was conducted
using a long PCR protocol described in ‘2.11.3 Kinase Domain Mutations Analysis of
Chapter 2: Materials and Methods’. The ABL1 kinase domain was PCR-amplified with a
forward primer located on BCR exon 1 (p190 FW: 5’-CTCGCAACAGTCCTTCGACA-3’) and
areverse primer located on ABL1 exon 10 (REV: 5’-CCTGCAGCAAGGTACTCACA-3’). Gel-
purified PCR products were sequenced bidirectionally using the following primers: FRD:

5’-GCCGAGTTGGTTCATCATCATTCAAC-3’, 5’-GGTGCTGCTGTACATGGCC-3" and REV: 5’-
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CAATGGAGACACGGCAGGCT-3’, 5'-AGGCACGTCAGTGGTGTCTCT-3’. ABL1-002 serves as
the reference sequence, and the sequences aligned below ABL1-002 represent the

number of Sanger sequencing reads for SUP-B15 IR cells.

In the absence of kinase domain mutations, higher IC50s could be explained by increased
levels of TKI efflux transporters leading to reduced intracellular concentrations of TKIs
[37]. Intracellular drug concentration is controlled by ATP-binding cassette (ABC)
transporters including P-glycoprotein (ABCB1) and breast cancer resistance protein
(ABCG2) [39]. Overexpression of ABC family transporters ABCB1, ABCC6 and ABCG2
have been implicated in imatinib/nilotinib, nilotinib/dasatinib and asciminib resistance
respectively [40-42]. Downregulation of organic cation transporter-1 (OCT-1) have been
implicated in imatinib resistance in Ph+ leukemias [43]. In imatinib culture, SUP-B15 IR
cells had decreased levels of ABCB1 (p<0.0001) and ABCG6 (p=0.0084) expression but
had one-fold increase of ABCGZ2 (p=0.0185), and 4-fold increase of OCT-1 (p=0.0426)
expression (Figure 3.4A-D). Assessment of ABCG2 protein expression via phospho-flow
analysis (refer to Appendix 3) revealed no significant difference between parental and

resistant SUP-B15 cells (p=0.171).

Drug resistance often stems from the activity of drug transporters, which can sometimes
be overcome by employing various tyrosine kinase inhibitors (TKIs) that utilize distinct
cellular transport mechanisms [36, 44]. However, the observation of pan-resistance to all
tested TKIs in SUP-B15 IR cells suggests that drug transporters may not play a major role

in TKI resistance in these cells.
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It's important to acknowledge certain limitations in my analysis of drug transporters: this
study does not comprehensively investigate all potential transporters, nor does it explore
whether these transporters undergo changes in response to other TKI treatments or in

the absence of TKIs.
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Figure 3.4: SUP-B15 IR cells have higher ABCG2 and OCT-1 and lower ABCB1 and
ABCC6 mRNA expression. (A-D) Real-time PCR analysis of mRNA expression levels for
ABCB1, ABCGZ2, OCT-1, and ABCC6 in SUP-B15 P and SUP-B15 IR cells cultured in
continuous 5 pM IM. Expression levels for each transporter were normalized to the
housekeeping gene GUSB. Expression levels are presented as 2-22¢t (Fold Change) and
represent a minimum of three independent samples (n=3). Statistical analysis was

conducted using an unpaired t-test. Error bars indicate the 95% confidence interval

140



based on three independent experiments. Ns (non-significant), *, *, and *** denote p-

values of >0.05, <0.05, <0.01, and <0.001, respectively.

SUP-B15 IR cells had similar BCR::ABL1 mRNA expression with higher pBCR::ABL1
(Y177) in imatinib culture

BCR::ABL1 amplification is a well-characterized mechanism of imatinib resistance in in-
vitro studies, though its clinical relevance may be limited [45, 46]. To investigate this, I
initially examined BCR::ABL1 expression (please refer to 2.11.2 BCR::ABL1 RQ-PCR of
Chapter 2: Materials and Methods for more details on protocol) in SUP-B15 IR cells
cultured continuously in imatinib, as they require 5 puM imatinib for optimal growth.
Subsequently, I conducted overnight washout experiments to remove imatinib and

restore kinase activity.

In continuous imatinib culture conditions, a comparison of basal levels of BCR::ABL1
mRNA expression between SUP-B15 IR cells and the parental control revealed no
significant difference (p=0.1667), as depicted in Figure 3.5A. However, at the protein
level, there was a noteworthy approximately two-fold increase in total BCR::ABL1
(p=0.0028), as illustrated in Figure 3.5B and C. This observed increase in BCR::ABL1
protein abundance, despite the absence of a significant change in BCR::ABL1 transcripts,
suggests a potential mechanism involving enhanced BCR::ABL1 protein stability in the

presence of imatinib, rather than simple overexpression.

BCR::ABL1 protein undergoes phosphorylation at specific tyrosine residues, where
pABL1-Y245 contributes to BCR::ABL1 kinase activity, while p-BCR-Y177 plays a pivotal

role in modulating BCR::ABL1 activity by acting as a docking site for the Grb2 adaptor
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protein, thereby linking to the RAS/ERK pathway [47]. Intriguingly, when examining
SUP-B15 IR cells cultured continuously in the presence of 5 pM imatinib, Western blot
analysis revealed an approximately two-fold 