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Abstract

A growing number of TYK2 activating alterations have been detected in acute lymphoblastic leukaemia
(ALL) patients, including the MYB-TYKZ fusion gene. MYB-TYKZ2 was identified in a high risk (HR) Ph-
ALL case and is associated with poor outcome. The transforming and leukaemogenic potential of
activating TYK? alterations, including those of MYB-TYKZ, requires clarification in the ALL setting. Tyk2
is @ member of the JAK family of tyrosine kinases and similar to JAK fusions, may result in activation of
JAK/STAT signalling, and potentially be amenable to JAK inhibitor (JAKi) therapy. In depth
characterisation of the underlying mechanisms resulting in leukaemogenesis are warranted and will
inform drug response and targetability potential. Moreover, since the development of clinical resistance
to targeted therapies such as JAKi, broad investigation of effective small molecule inhibitors (SMIs) is
essential. Exploration of the possible modes of drug resistance following long-term treatment and
importantly, how to circumvent resistance development, will provide alternative therapies for JAKi
resistance in TYKZ2-altered patients. Hence, this study aimed to 1) identify and characterise the
mechanisms of oncogenicity and activated downstream signalling pathways in MYB-TYK2 harbouring
cells, 2) assess the efficacy of targeted therapeutics against MYB-TYK2 altered disease and 3) determine
the possible mechanisms of resistance to candidate therapy via in vitro models to inform alternative

therapeutic approaches to overcome possible disease persistence and resistance.

In vitro and in vivo models were used to comprehensively model MYB-TYK2-altered disease. Depending
on the downstream experiments, either cytokine-dependent Ba/F3 pro-B cells, Arf"- pre-B primary mouse
cells or NIH-3T3 cells, were retrovirally transduced with the MYB-TYK2 fusion gene isolated from an ALL
patient. The targetability of the MYB-TYK2 fusion gene was investigated via high throughput screen
(HTS) of 3088 cytotoxic and targeted compounds with further validation of candidates in pre-clinical

models. Resistance modelling of the candidate JAKi cerdulatinib was achieved by gradual exposure of



cells expressing the MYB-TYK2 fusion gene to increasing concentrations of cerdulatinib over several

months.

This study elucidated the transformative ability and functional significance of the MYB-TYK2 fusion gene
to induce B-ALL in vivo. Results demonstrated the constitutive activation of JAK/STAT signalling due to
expression of the MYB-TYK2 fusion gene. HTS identified the HDACI, vorinostat and the HSP90i,
tanespimycin as effective targeted therapeutics against cells harbouring the MYB-TYK2 fusion gene in
vitro. In addition, the sensitivity of the MYB-TYK2 fusion gene was established to the novel JAKI,
cerdulatinib. Both vorinostat and cerdulatinib demonstrated anti-leukaemic effects in pre-clinical in vivo
models of the MYB-TYK?2 altered disease, resulting in a significantly reduced leukaemic burden. Further
investigations into resistance following long-term exposure to cerdulatinib, indicated the likelihood of
resistance to cerdulatinib therapy. Results suggested a persistent JAK/STAT activation despite Tyk2
inhibition via possible heterodimer formation with Jak1 and thus, Myb-Tyk2 trans-phosphorylation. This

persistent signalling, however, was successfully reversed by HDACi treatment.

Overall, the findings presented in this thesis demonstrate, for the first time, the driving potential of TYK2
activating alterations. Through robust modelling and rigorous testing of effective SMIs, this study
identified novel therapeutic strategies using vorinostat and cerdulatinib against MYB-TYK2-altered
disease. These results provide strong evidence for re-purposing of these drugs as an addition to a
chemotherapy backbone for treatment of this highly aggressive subtype of B-ALL. Further insights into
the resistance profile in response to cerdulatinib, as well as incorporation of targeted therapeutics to
overcome this resistance, will assist high-risk patients in a clinical setting. These findings contribute to
precision medicine approaches and will ultimately improve outcome and long-term survival for patients

harbouring activating TYKZ alterations.
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Chapter 1: Introduction

1.1. Acute Lymphoblastic Leukaemia

1.1.1.Clinical features of ALL
Acute lymphoblastic leukaemia (ALL) is the most common cancer in children, with a peak incidence
between the age of 2 to 5 years, but is also an important cause of morbidity and mortality in adults (1, 2).
ALL is divided into two key groups: B-cell (B-ALL; also known as B-cell precursor lymphoblastic leukemia)
and T-cell (T-ALL) lineage, which respectively account for up to 85-75% and 15-25% of cases depending
on the age group (childhood- adult ALL) (3-5). The predominant B-ALL group, in particular, accounts for

approximately 88% and 75% in childhood and adult cases, respectively (6).

Clinical manifestation of ALL can be designated by accumulation of early lymphoid precursors in bone
marrow, peripheral blood and also extramedullary sites due to deregulated transcription and maturation
arrest of lymphoid lineage cells (7). Affected individuals suffer from symptoms related to bone marrow
failure such as anaemia, and other common symptoms including inexplicable bleeding and repeated

infections (7).

The diagnosis is generally determined by presence of lymphoblasts in blood and bone marrow. ALL
patient’s age, white cell count and cytogenetic analyses can be used to determine prognosis (3). These
prognostic factors have been used to predict the risk of treatment failure and hence define standard-risk
and high-risk (HR) ALL subtypes of B-ALL (4). Further evaluation consists of morphological analysis of
malignant lymphocytes, immunophenotyping, treatment response to induction therapy and minimal
residual disease (MRD) and more recently, assessment of genomic abnormalities by next generation
sequencing (3, 4, 6). These analyses are critical for determining optimal risk stratification and treatment
regimen. Involvement of the central nervous system (CNS) is an additional symptom that is associated
with poor outcome and can increase the risk of relapse (8, 9). Several factors have been suggested to

contribute to CNS involvement in ALL such as age, genomic profile (e.g. Philadelphia (Ph) chromosome
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positivity) (10) and differentiation stage of malignant lymphocytes (9). Interestingly, it has recently been
suggested that during the disease development in B-ALL, selection of leukaemic cells with specific
genomic determinants can increase the risk of CNS disease (11). These observations emphasise the

need for correct identification of patients at risk of CNS involvement.

Advances have been made in the treatment of ALL by improvements in haematopoietic stem cell
transplantation (SCT), CNS directed treatment and optimisation of chemotherapy regimens (section 1.5).
Current treatment regimens result in a 5-year event free survival rate of approximately 80% in childhood
ALL cases (12, 13). However, relapsed or refractory ALL still occurs in approximately 20% of childhood
cases, and for these patients, outcomes are very poor (12, 13). Therefore, this disorder remains a leading
cause of non-traumatic death in children. In addition, the outcome for adult patients remains extremely
poor with an overall 5-year survival rate of approximately 40% and of these, nearly 7% experience

subsequent relapse (14-16).

1.1.2. Immunophenotypic classification of ALL
Immunophenotypic analysis of lymphocytes based on cluster of differentiation (CD) markers can classify
ALL into 3 broad groups: B-ALL, mature B-ALL, and T-ALL. In B-ALL, CD24, CD22, CD20, CD19, CD34
and CD79a are the main markers for differential diagnosis while CD10 and cytoplasmic/surface
membrane immunoglobulin M (IgM) are used for further differentiation into immunological groups (6, 17).
Based on the proposed classification by the European Group for the Immunological Characterization of
Leukemias (EGIL), B-ALL can be sub-divided into pro-, common, pre- and mature B-ALL Table 1-1 (17,

18).



Chapter 1: Introduction

Table 1-1.Key differentiating CD antigen markers of B-ALL subtypes. This table was modified based on information

from references (17-19).

Approximate
B-ALL , frequency
subtypes CD antigen markers (based on
GMALL trial)
Pro- B-ALL | TdT+, CD24*, CD19* and/or CD79a*/CD22+/CD34*, CD10-, cytoplasmic 1%
(EGIL B-1) immunoglobulin negative, dim CD45 and CD20
0
Common ALL | TdT*, CD24+, CD19*, CD79a*, CD34+, CD10*, cytoplasmic 49%
(EGIL B-Il) | immunoglobulin negative, increased CD45 and CD20
12%
Pre B-ALL | TdT+, CD22+, CD10*, CD19*, CD79a*, CD34*, CD20*, cytoplasmic IgM*
4%
Mature B-ALL | TdT-, CD34-, CD19*, surface IgM*

Variable positivity in CD20 and CD22 has been reported in literature beyond pro-B-ALL. Main differentiator markers are
underlined in each group. Abbreviations: B-ALL, B-cell acute lymphoblastic leukaemia; CD, cluster of differentiation; IgM,

immunoglobulin M; TdT, terminal deoxynucleotidyl transferase.

1.1.3.Underlying biology of B-ALL
Although the exact cause of B-ALL is unknown, disease usually arises due to repopulation of the bone
marrow with B-lymphoid precursors. This phenomenon is due to the acquisition of initiating lesions,
including gene translocations that confer self-renewal, differentiation arrest and epigenetic
reprogramming of lymphoid progenitors (1). Accumulation of additional secondary mutations and
genomic alterations, affecting multiple cellular pathways, then contribute to the clinical manifestation of
the disease (1, 2). Each ALL patient genome has approximately 10-20 alterations at the time of diagnosis
and are often double this number at relapse (that may or may not contribute to disease pathogenesis and
relapse) (20). Perturbated pathways comprise those governing lymphoid development, cell cycle
regulation, tumour suppression, transcriptional regulation, epigenetic modification, Janus family of

tyrosine kinases (JAK)/ signal transducer and activator of transcription (STAT) signalling,
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phosphatidylinositol 3-kinase (PI3K)/mammalian target of rapamycin (mTOR) and RAS signalling Figure

1-1(1,2,21).

Lymphoid Double negative, early § Leukaemic blasts T-cell
Initiating lesions precursor or late cortical Tcells 5| £ at diagnosis
: of &
e.g. translocation 1 =3
o
omera (@ ® ! @Gg
(e.g. LYL1and N atrelapse
LMO1 Secondary mutations:
) NOTCH signalling (e.g. NOTCH1) .
transcriptional regulators (e.g. MYB, LEF1)
epigenetic factors (e.g. PHF6, EZH2) B-cell
. signalling pathways (e.g. JAK3, NRAS, PTEN)
U - . -
CY() () 1 2 X of o ®
3|3 3l 3|3
af = PAX5 21 =3 ol =
’ IKZF1 ] LEF1 ] S Y
(/ o) - ® ® "o _ o' '@ ‘.
Initiating lesions: BCL11A
translocation (e.g. L nold TCF3 L - J .
Y ymphoi
Hematopoietic ETVE-RUNX1, MLL precursor Pro-Bcell  EBF1 ‘ Pre-B cell Immature B-cell
stem cells rearrangements),
aneuploidy \ r J L blasts
d -di iti at diagnosis
an top::véls::iz;mn Secondary alterations:
mutations (e.g hematopoietic transcription factors (e.g. IKZF1, PAX5, ETV6)
IKZF1 CEBPE-aHd cytokine receptors (e.g. CRLF2, IL7-R)
éDKNZA) tyrosine kinases (e.g. JAK2, TYK2, ABL1)
epigenetic factors (e.g. CREBBP, EZH2, SETD2)

other signalling pathways (e.g. KRAS, PTEN)

Leukaemic blasts
at relapse

Figure 1-1. Predisposition and consequent development of ALL can be due to chronological acquisition of
deleterious genomic alterations. The differentiation of haematopoietic cells into B- and T-lineage (represented in pink and
green respectively) and their maturation is strictly regulated by transcription factors re-enforcing commitment to either fate. T-
ALL initiation is mainly due to rearrangement of oncogenic transcription factors (e.g. LYL1, LMO1) into a position adjacent to
T-cell receptor loci. In the B-ALL setting, changes in chromosome number (aneuploidy); acquisition of chromosomal
rearrangements including translocations of genes that 1. control lymphoid development (e.g ETV6, RUNX1) 2. activate kinase
signalling (e.g. ABL7) or oncogenes (e.g. MYC) 3. control epigenetic regulation (e.g. MLL(KMT2A)); and mutations in B-cell
transcriptional regulator genes (e.g. IKZF1, PAX5, EBF1, CEBPE) and tumour suppressor genes (e.g, CDKN2A/2B) confer
developmental arrest on lymphoid progenitors at various stages based on the altered genes (indicated by red flash).
Subsequently, acquisition of additional co-operating events (as indicated) contribute to development of a genetically polyclonal

disease. Selection or acquisition of further mutations can result in resistance to therapy and relapse. Adapted from (1, 2, 22).
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1.1.4.Genomic profiling and genomic subtypes of B-ALL
ALL is a heterogeneous disorder that is commonly characterised by recurring chromosomal
rearrangements, genetic alterations targeting common cellular pathways and insertion or deletion
mutations (21, 23). Technologies such as gene expression profiling, single nucleotide polymorphism
(SNP) analysis and recent studies utilising next generation sequencing (NGS) have significantly improved
our understanding of the genomic basis of ALL. This led to identification of several main gene fusions,
that may result in formation of chimeric proteins with leukaemogenic activity, and/or activation of cellular
pathways that contribute to leukaemogenesis and disease relapse (24). Several of these alterations result
in cryptic gene fusions that are undetectable with conventional methods such as karyotyping. However,
introduction of cytogenetic analysis and next generation genomic techniques allowed identification of
cryptic rearrangements, further refinement of the genomic classification and definition of HR subgroups,

that may ultimately inform alternative targets for treatment.

Figure 1-2 represent the key subtypes of B- and T-ALL highlighting the risk stratification and frequency

of their occurrence particularly in paediatrics and young adults (25).
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>

25% Hyperdiploidy- low risk

2% Hypodiploidy- high risk
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other

BR00BEOOQDO

12% HOXA- N/A
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other
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Figure 1-2. Key subtypes of childhood ALL. Relative incidence, approximate frequency and the prognosis of (A) B-ALL

and (B) T-ALL subtypes. Adapted from (25, 26). Abbreviations: N/A, no data available.
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B-ALL cases are mostly classified by chromosomal gains and losses within leukaemic cells (hyper- or

hypodiploidy), recurrent chromosomal translocations and cryptic gene fusions (Figure 1-2 A) (25). B-ALL

rearrangements (21) include but are not limited to:

BCR-ABL1 (Breakpoint cluster region protein (BCR)-Abelson Tyrosine-Protein Kinase 1 (ABL1);
also known as Philadelphia (Ph) chromosome)

1(12;21)(p13;q922) ETV6-RUNX1 (ETS variant transcription factor 6-Runt-related transcription
factor 1, also known as TEL-AMLT)

MYC (c-MYC, gene regulator and proto-oncogene), multiple recurrent fusion partners

KMTZ2A (lysine methyltransferase 2A, previously known as MLL (mixed-lineage leukaemia)),
multiple recurrent fusion partners

CRLF2 (cytokine receptor-like factor 2), multiple recurrent fusion partners

1(1;19)(q23;p13) TCF3-PBX1 (transcription factor 3-PBX homeobox 1)

MEF2D (myocyte enhancer factor 2D), multiple recurrent fusion partners

ZNF384 (zinc finger protein 384), multiple recurrent fusion partners

PAXS5 (paired box 5), multiple recurrent fusion partners

Some of these lesions including BCR-ABL1, ETV6-RUNX1 and KMTZ2A rearrangements, have long been

identified in B-ALL cases by conventional methods (27), whereas MEF2D and ZNF384 rearrangements

have more recently been classified as subsets of childhood B-ALL (28). In addition, integration of gene

expression analysis not only demonstrated a specific gene expression signature for these lesions (29,

30), but also resulted in identification of a new subgroup termed BCR-ABL1- or Ph-like ALL (31, 32).

Patients with Ph-like ALL harbour a diverse range of genomic alterations responsible for cytokine receptor

and kinase signalling (section 1.2) but do not have the BCR-ABL1 oncogene (29, 31, 32). Identification

of genomic alterations at diagnosis allows risk stratification and subsequent treatment selection. For

example, high hyperdiploidy and the ETV6-RUNXT fusion gene, are generally associated with a good
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clinical outcome (1, 33). In contrast, patients with alterations such as the BCR-ABL1 fusion gene and

hypodiploidy have less favourable outcomes (24, 34, 35).

In addition to the above-mentioned translocations, further recurrent alterations, including fusion genes
and single nucleotide variants are often observed in B-ALL cases. These alterations frequently perturb

important pathways and genes (Table 1-2) involved in: (21, 23, 32, 36-40).

e regulation of lymphoid development (e.g. PAX5 and IKZF1 (Ikaros family zinc finger 1))

o cytokine receptor signalling (e.g. CRLF2 and IL-7R (interleukin-7 receptor))

o tyrosine kinase signalling (e.g. JAKT (Janus tyrosine kinase 1), JAK2, JAK3, TYKZ2 (tyrosine
kinase 2) and ABL1)

e RAS signalling (e.g. the proto-oncogenes NRAS and KRAS)

e cell division and tumour suppression (e.g. CDKN2A/B (cyclin-dependent kinase Inhibitor 2A and
2B))

e epigenetic regulation and chromatin modifications (e.g. SETD2 (set domain containing 2) and

EZH2 (enhancer of zeste homolog 2))

The prevalence of each mutation and/or alteration differs according to the B-ALL subtype and each may
be a secondary or cryptic event in driving the disease (21). Utilisation of NGS and SNP analysis,
highlighted the frequent occurrence of IKZF1 alterations in Ph-like and Ph-positive B-ALL; IKZF1
alterations are considered an indicator of poor outcome and are a hallmark of HR-ALL. (39). Similarly,
other genomic alterations are observed with differing frequencies depending on the disease subtype and

age group. The alterations most frequently observed in B-ALL are summarised in Table 1-2.
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Chapter 1: Introduction

1.2. Ph-like ALL is a high-risk subtype
Ph-like ALL is a HR subtype of B-ALL which lacks the BCR-ABL1 oncogene but demonstrates a similar
gene expression profile to that of Ph-positive (BCR-ABL1+) ALL (31, 39). The incidence of Ph-like ALL
increases with age, accounting for 15% of paediatric ALL and >20% of young adult and adult ALL (15).
Patients with this HR subtype experience poor chemotherapy response, low survival rate and higher risk

of relapse (56, 57).

Ph-like ALL, unlike several other ALL subtypes (e.g. Ph-positive ALL), is not founded by a single
chromosomal rearrangement but is rather categorised by a diverse range of genomic alterations. The
most prevalent alteration detected in Ph-like ALL is IKZF1 (deletion mutations in approximately 60% of
cases); Ph-like ALL is also characterised by alterations involving genes that are responsible for regulation
of cytokine and kinase pathways (31, 39). These include rearrangements of ABL1 and ABL2, EPOR,
CRLF2, JAKs and mutations that result in constitutive activation of JAK/STAT signalling (24, 37). In
addition, mutations activating RAS signalling pathways (e.g. NRAS, PTPN11 and KRAS), and signalling
of other kinases such as FLT3, are recurrently detected in Ph-like ALL (24, 37). These alterations
ultimately contribute to dysregulated B-cell proliferation, maturation and survival resulting in leukaemia.

Figure 1-3 outlines the key Ph-like ALL subtypes.
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A B
[ 42% CRLF2 rearrangemets [ 54% CRLF2 rearrangemets
3 17% ABL1 rearrangements 0 9% ABL1 rearrangements
[ 5% EPOR rearrangements [ 6% EPOR rearrangements
[ 20% JAK-STAT activating alterations [ 13% JAK-STAT activating alterations
[ 5% RAS activating alterations [ 4% RAS activating alterations
Il other Il other

3 51% CRLF2rearrangemets

[ 9% ABL1 rearrangements

[ 1% EPOR rearrangements

[ 15% JAK-STAT activating alterations
[ 5% RAS activating alterations

Hl other

Figure 1-3. Key subtypes of Ph-like ALL. Approximate frequency of Ph-like ALL subtypes in (A) children, (B) adolescents

and young adults (AYAs) (grouped together), and (C) adults. Adapted from Pui et.al. (2017) (58).

CRLF2 rearrangements (CRLF2-r), characterised by over expression of TSLP (thymic stromal
lymphopoietin) protein (46, 59), are detected in approximately 50% of Ph-like ALL patients with two key
fusion genes: IGH-CRLF2 and P2RY8-CRLF2 (24, 37, 60). CRLF2-rearranged cases can harbour
additional activating mutations in IL-7-JAK/STAT pathway (e.g. JAKT, JAK2, IL-7) and RAS pathway
genes (e.g. NRAS and KRAS) (37, 46, 61, 62) and are proposed to be amenable to treatments with JAK
(JAKi), PI3K/mTOR (PI3K/mTORI) and BCL2 (BCL2i) inhibitors (63, 64). Another approximately 10% of
Ph-like ALL cases harbour ABL-class fusion genes (24, 65). ABL-class fusions lead to aberrant
expression of ABL1, ABL2, CSF1R (colony stimulating factor 1 receptor) or PDGFR/ (platelet-derived
growth factor receptor £ genes and are responsive to ABL inhibitors (ABLi) (Table 1-3) (24, 65). The
other dominant sub-group of Ph-like ALL comprises JAK-class fusion genes (approximately 12% of
children and 15% of adolescents) (24, 65) and these may be amenable to JAKi (Table 1-3) (24, 63).
Additional subsets of genomic alterations that lead to JAK/STAT activation in Ph-like cases include
sequence mutation of SH2B3, IL-7R, JAK1, JAK3 and IL2Rp (Interleukin 2 Receptor Subunit f)

rearrangements (collectively termed JAK/STAT activating lesions in Figure 1-3) (15, 24)

14
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Due to the introduction of NGS approaches, the underlying alterations of Ph-like ALL are now better
understood. In addition, the presence of kinase alterations in Ph-like ALL, highlights the clinical
importance of this subtype. Studies have suggested variable responses to available tyrosine kinase
inhibitors (TKIs) in in vitro and in vivo pre-clinical and case studies (21, 63, 82, 83). However, given the
ongoing discovery of novel alterations, the driving potential of each alteration to induce leukaemia alone
and with co-occurring lesions, requires improved and updated in vitro and in vivo characterisation. This
is also vital for identification of a targeted treatment approach against specific alterations to maximise

patient outcomes.

1.2.1.JAK family rearrangements
JAK-class rearrangements include fusions activating Jak2 and Tyk2 proteins (Figure 1-4) (15, 24). Each
JAK-class fusion gene has a variable 5 partner gene and breakpoints yet retains an in-frame kinase
domain resulting in constitutive activity of the fusion protein (15, 24). Each fusion has an in-frame kinase
domain (also known as JH1) and may or may not contain a disrupted pseudokinase domain (termed
JH2), responsible for auto-inhibition of JAK kinase domain (24, 69, 84). In addition, the fusions lack the
FERM (four-point one, erzrin, radixin, moesin) and SH-like (Src-homology) domains, which are involved
in protein and cytokine receptor binding, respectively (84, 85). Despite the diversity of the 5 partner, they
commonly harbour a DNA binding domain and facilitate the dimerisation and subsequent activation of

JAKSs (24, 69).

Since the identification of JAK-class fusion genes in leukaemic cases, several studies have investigated
the transformative and/or leukaemogenic potential of a number of these fusions via in vitro and/or in vivo
methods including ETV6(TEL)-JAK2, PCM1-JAK2, BCR-JAK2, PAX5-JAK2 and ATF7IP-JAK2 (65, 86-

89). In addition, JAK mediated activation of the Stat5 protein has been documented in many of these
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JAK-class fusion genes (discussed in section 1.4) (24, 65, 75, 89). In vitro sensitivity to ruxolitinib (Jak1/2
inhibitor) has been reported for JAK-class fusion genes such as PAX5-JAK2, ATF7IP-JAK2 and MYH9-
IL2R3 (65). However, the functional role of other JAK rearranged fusion genes in leukaemia
development, for instance those involving TYK2, and their targetability in in vivo and in vitro models is

currently unknown and is the subject of this thesis.

A
JH7-JH5 JH4-JH3 JH2 JHT
FERM
B
Break point TYK2 Break point JAK2
el p HE -
B 5 partner (e.g. MYB) (] &'partner (e.g. ATF7IP)
@ Pseudokinase domain @ Pseudokinase domain
B Kinase domain B Kinase domain

Figure 1-4. Schematic structure of wild type Jak protein, JAK2 and TYK2 alterations in Ph-like ALL. (A) Wild type Jak,
each Jak protein consists of four domains including FERM, SH2, pseudokinase and kinase. (B) TYK2 and JAK? alterations,
JAK-class fusions exhibit an intact kinase domain with either a disrupted or absent (as indicated by crossed dashed lines)

pseudokinase domain fused to variable 5’ partner genes. Abbreviation: JH, Jak homology domain.

1.3. The role of Tyk2 in cancer
Four human JAKs including Jak1, Jak2, Jak3 and Tyk2 have been reported and are associated with
activation of type | and Il cytokines including both interleukin (IL) and interferon (IFN) receptors (84, 90).
Tyk2 was the first member of the Jak family of tyrosine kinases to be described and linked to cytokine
signalling and the downstream JAK/STAT pathway (91, 92). JAK/STAT is one of the most mutated

signalling pathways in cancer; recognised as one of the twelve core cancer pathways (93, 94).
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1.3.1.Can Aberrant Tyk2 levels cause leukaemia?
The involvement of Jak1-3 in inducing cancer have been intensively studied while Tyk2 was mainly
studied in the setting of auto-immune and inflammatory diseases (95, 96). Studies reported impaired type
I IFN and IL signalling due to Tyk2 deficiency in several mouse models (97) and very limited human cases
(98, 99). Subsequent genome wide association analyses linked Tyk2 deficiency with auto-immune and
inflammatory diseases (100). Furthermore, ex vivo analysis on bone marrow cells from wild type and
Tyk2 deficient mice, demonstrated a reduced inhibition of B-cell lymphopoiesis upon IFNa stimulation in
Tyk2 deficient cells (101). IFNa signalling can also inhibit B-cell differentiation and induce apoptosis in a
normal setting (102). In addition, reduced Stat3 signalling and response to IFNB-mediated apoptosis
have been reported in Tyk2 deficient pro-B cells (103). Collectively, these findings highlighted a possible
role for Tyk2 in regulation of B-cell apoptosis that may be related to B-cell leukaemia. Another study
suggested an increased susceptibility of Tyk2 deficient mice to develop of B-cell lymphoid
leukaemia/lymphoma and T-ALL induced by Abelson murine leukemia virus and ETV6-JAK2 fusion gene,
respectively (104). The greater incidence of disease in Tyk2 deficient mice compared to wild type
controls, however, can possibly be explained by the tumour surveillance properties of Tyk2, as Tyk2-
deficient animals also demonstrated reduced cytotoxic activity of T- and natural killer cells (100, 104).
Interestingly, the immunosurveillance properties of Tyk2 are demonstrated to be independent of its
canonical kinase activity since Tyk2 deficient mice expressing kinase inactive Tyk2 protein (harbouring
Tyk2-K923E mutation) exhibited normal development of natural killer cells in bone marrow (105). The
cytotoxic activity of these natural killer cells against a variety of tumour cells was also relatively restored
upon expression of kinase inactive Tyk2 protein (105). These results highlight the potential benefit of
TYK2 inhibitors (TYK2i) to treat cancers exhibiting higher Tyk2 levels and would not cause impairment

of tumour surveillance.
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Tyk2 overexpression and activation has been demonstrated to be associated with oncogenesis in various
cancer cell lines and patient samples (breast, prostate and ovarian cancer) (102, 106-109). For instance,
a study by Ide et al. (2008) demonstrated increased invasiveness of prostate tumour as a result of
increased Tyk2 expression (107). Another study demonstrated invasion of malignant cells into the liver
upon Tyk2 protein expression using in vivo transgenic mouse models of B-cell lymphoma co-expressing
the c-MYC oncogene (107). The significance of increased Tyk2 expression in haematological
malignancies was only recently highlighted in T-ALL and anaplastic large cell lymphoma (ALCL) (110,
111). TYK2 gene knock down by small interfering RNA, resulted in impaired growth and increased cell
apoptosis in more than 60% of patient derived T-ALL cells and cell lines (110). This observation was not
reported in other JAK family genes and seems to be specific to TYK2 (110). In addition, TYK2 deletion
in mouse models of NPM-ALK-induced ALCL and human primary ALCL cells demonstrated prolonged
survival in mouse models and reduced growth/increased apoptosis in primary cells (111). Data from both
studies also demonstrated the dependency of T-ALL and ALCL cell lines and patient samples on Tyk2
activation that leads to upregulation of Stat1/3 and consequently members of anti-apoptotic Bcl2 family

(110, 111).

The importance of Tyk2 in cancer development and progression is complex. Tyk2 not only contributes to
JAK/STAT activation which is the hallmark of many cancers (94, 112), but also depending on the cell
type and context, displays tumour suppressive and oncogenic properties. This may be due to intrinsic
and extrinsic involvement of the Tyk2 protein in multiple cellular functions including proliferation,

apoptosis and invasion.

1.3.2. TYK2 alterations occur in ALL patients
Reports on gain of function or activating TYK2 mutations and alterations in haematological malignancies

have emerged only recently. In 2013, the first activating TYK2 mutations (Table 1-4) were reported in T-
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ALL cell lines and were shown to have transformative ability; affording IL-3 dependent pro-B murine
Ba/F3 cells harbouring these mutations cytokine independent growth (111). A year later, the first case of
a TYK2 fusion gene was reported in Ph-like ALL (24). Furthermore, TYK2 alterations have been reported
in other blood cancers including acute myeloid leukaemia (AML), CD30-positive lymphoproliferative
disorder (LPD) and ALCL (113-116). In vitro analysis of NPM1(Nucleophosmin 1)-TYK2 and
NFKB2(nuclear factor of kappa light polypeptide gene enhancer in B cells 2))-TYK2 fusion genes,
detected only in LPD and ALCL patients respectively, demonstrated constitutive auto- and trans-
phosphorylation of Tyk2 and downstream activation of STAT family proteins (113, 114). However, the
oncogenesis potential of these TYKZ fusion genes in in vivo models is unknown. Table 1-4 highlights the

key TYK2 alterations and the current in vitro functional consequences in ALL.
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Table 1-4. Key TYK2 mutations and rearrangements detected in ALL. Modified from Woss et.al (2019) (117) and St.

Jude PeCan Data portal (118).

activation

TYK2 alterations | Disease Known functional status Domain References
TYK2p.G271S B-ALL nd.* FERM (119)
Pseudokinase
TYK2 p.V678L B-ALL nd.* (119)
(JH2)
increased Tyk2 autophosphorylation/ STATs Pseudokinase
TYK2 p.P760L B-ALL (120)
activation (JH2)
B-ALL Intact kinase
MYB-TYK2 cytokine independent growth (24, 65)
(Ph-like) (JH1)
B-ALL Intact kinase
SMARCA4-TYK2 nd.* (15)
(Ph-like) (JH1)
B-ALL Intact kinase
ZNF340-TYK2 nd.* (15)
(Ph-like) (JH1)
TYK2 p.G36D T-ALL cytokine independent growth FERM (111)
TYK2 p.S47N T-ALL cytokine independent growth FERM (111)
TYK2 p.R425H T-ALL failed cytokine independent growth FERM (111)
Pseudokinase
TYK2 p.V7311 T-ALL cytokine independent growth (111)
(JH2)
increased Tyk2 autophosphorylation/ STATs Pseudokinase
TYK2 p.G761V T-ALL (120)
activation (JH2)
cytokine independent growth / Weak STATs
TYK2 p.E957D T-ALL Kinase (JH1) (111, 120)
activation
TYK2 p.M926V T-ALL no STATSs activation Kinase (JH1) (120)
cytokine independent growth /Weak STATs
TYK2 p.R1027H T-ALL Kinase (JH1) (111)

* These alterations are speculated to be gain of function and activating mutations and rearrangements, since no functional

analyses are available. Abbreviations: n.d.=no data
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As shown in Tables 1-3 and 1-4, three 5’ partners have been identified for TYK2 rearrangements in Ph-
like ALL (MYB, SMARCA4 (SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of
Chromatin, Subfamily A, Member 4), ZNF340 (Zinc-finger protein 340)) (24, 65). Apart from a single in
vitro study that demonstrated the ability of the MYB-TYKZ fusion gene to induce cytokine independent
growth in pro-B murine Ba/F3 cells (65), significance of TYK2 fusion genes as a driver oncogene in
leukaemogenesis is unknown. It is not clear whether TYKZ fusions are secondary events and the result
of genomic instability, co-occurring events promoting the disease or capable of inducing the disease as
a single driving alteration at earlier stages of leukaemogenesis. Likewise, the downstream signalling

activated due to the presence of TYKZ fusion genes in the B-ALL setting is currently not known.

1.4. Cytokine signalling pathways
The JAK/STAT signalling network is complex (Figure 1-5). The Tyk2 protein can induce signalling
redundancy, alternate signalling through other pathways and interact with positive or negative regulatory
components. This interplay delivers multiple therapeutic targets and emphasises the importance of

careful study to find the appropriate inhibitors for each patient and disease context.
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Figure 1-5. Schematic representation of Tyk2-mediated JAK/STAT signalling network. Binding of cytokine to the cytokine
receptor complex results in dimerisation, which consequently phosphorylates JAK proteins as the cytokine receptor itself lacks
intrinsic biological activity. Activated JAKs induce the phosphorylation of STATs which, following dimerisation, translocate into
the nucleus and stimulate gene expression. STATSs bind to the enhancer region of genes and by recruiting epigenetic modifiers
(HDAC and HAT) to modulate the transcription of genes. JAKs activate other downstream signalling cascades including
PISK/mTOR, RAS and NF-kB. Furthermore, Hsp90 and its co-chaperones such as HDAC proteins play an important role in
facilitating signalling and JAK protein stabilisation. Red proteins (e.g Socs1/3) are pathway regulators. Potential inhibitors of
the proteins and pathways are indicated with red T-shaped lines. Abbreviations: AC, acetyl group; BET, Bromodomain and

Extra-Terminal motif; HATS, histone acetyltransferases; HDAC, histone deacetylates; Ub, Ubiquitin; P, phosphorylation

1.4.1.Tyk2 mediates cytokine signalling and activation of JAK/STAT pathway
The cytokine superfamily is a group of glycoproteins that includes interleukins, chemokines and
interferons. They are essential for regulating biological processes such as the development and
maintenance of B and T lymphocytes (85). JAK family kinases mediate the signalling of over 50 cytokines
(121). Binding of cytokines to the cytokine receptors on the cell surface results in dimerisation or

conformational changes of the receptor complex and consequently leads to auto- and trans-
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phosphorylation of JAK family protein dimers (122). Activation of JAKSs results in phosphorylation of STAT
family proteins enabling translocation into the nucleus ((122). STATSs, as classic transcription factors,
bind to DNA regulatory elements and facilitate the expression or modulation of target genes (97, 122).
STAT family proteins consist of seven members: Stat1-4, 5a, 5b and 6 (123). Cytokine signalling is
associated with cross-specificity in activation of overlapping JAKs and STATs (124). Apart from homo-
dimerisation of JAK family proteins, hetero-dimerisation of these proteins can also lead to activation of
the JAK/STAT pathway (121, 125). Tyk2 mediated cytokine signalling has been demonstrated, including
type I, Il and Il IFNs (e.g. IFNa, B and 4) and ILs (e.g IL-6, IL-10, IL-12, IL-22 and IL-23) (117, 121), but
importantly the capability of Tyk2 to activate all STAT proteins has also been defined (117). Various
studies reported Tyk2 signalling in dimerisation with Jak1 and Jak2 in response to cytokines (92, 100,
121, 125-127). In haematological malignancies the association of Tyk2 with Jak1 and/or Jak2 has also
been reported (114, 128-130). Constitutive Tyk2 auto- and trans-phosphorylation due to activating TYK2
genomic alterations predominantly results in activation of Stat1, 3 and 5 in leukaemias (111, 113, 114,
116, 120). Therefore, dependent on the specific cell types, cytokines and also disease, multiple JAK and

STAT family proteins can be activated in response to Tyk2 perturbation.

1.4.2.Tyk2 mediates crosstalk with other oncogenic signalling pathways
JAK signalling and STAT family protein activation can interact and induce activation of several other
signalling pathways such as PI3K/mTOR and RAS (112, 117). RAS (family of small GTPases) and
PI3K/mTOR signalling pathways are responsible for signal transmission from cytokine, B-cell receptors
and tyrosine kinases (131). These signalling pathways are crucial for lineage commitment and proper
development of B-cells in the bone marrow (131, 132). Crosstalk with other oncogenic pathways, has
been demonstrated in the setting of B- and T-cell ALL where the aberrant expression of the ETV6-JAK2
fusion gene resulted in constitutive activation of RAS, PI3K and also NF-kB signalling pathways (133). In

particular, some TYK?2 activating alterations were reported to induce activation of extracellular signal-
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regulated kinase (ERK) signalling in T-ALL, in addition to JAK/STAT activation (111). In other
haematological malignancies activating mutations to the Tyk2 protein, resulted in aberrant signalling
through additional pathways such as PI3K/mTOR, RAS and also PIM (proto-oncogene serine/threonine-
protein kinases) (116, 128). Taken together, these results demonstrate the capability of the Tyk2 protein
in inducing activation of additional oncogenic signalling pathways, depending on the specific cell type,

mode of activation and disease context.

1.4.3.The interplay in regulation and stabilisation of Tyk2 and STAT proteins
The activity of JAK family proteins is negatively regulated by multiple intrinsic and extrinsic factors. The
firstintrinsic inhibitory feature includes the regulatory ability of the pseudokinase domain (JH2,Figure 1-4)
to control the kinase domain activity (134-136). In addition, extrinsic negative regulation of JAK/STAT
pathway relies mainly on the SH2 domain-containing suppressors of cytokine signalling (SOCSs) proteins
and proteases (e.g. protein tyrosine phosphatases Ptpn1, Ptpn6 and Ptpn11) (121, 134). The SOCS
family proteins promote ubiquitination and degradation of JAK family proteins while proteases
dephosphorylate activated JAKs and cytokine receptors; both actions lead to attenuation of JAK/STAT
signalling (134). Apart from the global role of these negative regulators, previous studies demonstrated
that deactivation of Tyk2 signalling and acceleration of Tyk2 protein degradation is mainly due to direct

protein-protein interaction of Socs1/3, Ptpn6 and Ptpn1 with activated Tyk2 (100, 137-140).

JAK and STAT family proteins are clients of heat shock proteins (HSP), in particular Hsp90 (141). The
Hsp90 is a chaperone protein that plays an important role in maturation, stabilisation, folding and function
of JAK and STAT proteins (141-143). Interestingly, Hsp90 is identified as the chaperone for various
oncogenes (144, 145). It promotes the functional stability of malignant cells that would otherwise be
disrupted due to acquired alterations and increases their adaptability to environmental factors such as

treatment (144, 145). This function of Hsp90 is also vital in JAK/STAT dependent haematological
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malignancies and CRLF2-rearranged and JAK2- and JAKT-mutated B-ALL (141, 146-148). In these
cases inhibition of Hsp90 by small molecule inhibitors (SMIs) or RNA interference resulted in attenuation
of STATs phosphorylation and degradation of JAK proteins (146-148). Proteomic analysis further
confirmed the direct interaction of Hsp90 with Tyk2 protein enhancing its stability (117, 149). In addition,
Hsp90 inhibition resulted in Tyk2 degradation and signal reduction in T-ALL cells harbouring wildtype and

mutant TYK2 (150).

Hsp90 functions through association with several proteins and co-chaperones and is subject to multiple
regulatory mechanisms (142, 143). One of these negative regulatory mechanisms involves acetylation of
lysine residues on Hsp90 that subsequently inhibits the binding of client and co-chaperone proteins
leading to JAK proteins aggregation (143, 151). Therefore, histone deacetylases (HDACs) including

Hdac1, 6 and 10 play an important role in facilitating Hsp90 activity (143, 151).

Moreover, STAT proteins interact with epigenetic co-factors such as histone acetyltransferases (HATS)
and HDACs to modulate transcription of target genes (124). Historically, HDACs activity was believed to
regulate transcriptional repression only, however, recent studies revealed that both HDACs and HATs
can act as activators and/or repressors of STAT-mediated transcription (124, 152-154). HDAC mediated
deacetylation of target gene’s transcription activation sites upon Stat1, 2 and 5 binding to DNA, is
essential to recruit the transcription machinery (e.g. RNA polymerase Il) and initiate transcription (152,
155-159). Hence, silencing of HDAC activity through SMIs or small interfering RNAs results in decreased
STATs phosphorylation levels and expression of target genes (152, 155-159). HDACs also play an
important role in modulation of the acetylation balance of STAT proteins in co-operation with HATs that
directly regulate STATSs activity and protein stability (160). These data highlight the positive regulatory
effect of HDACs. Growing evidence also indicates efficacy of HDAC inhibitors (HDACi) in haematological

malignancies and other cancers (153, 161, 162). Of note, apart from direct effect on STATs, HDACi
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display various mechanisms of actions that can include growth arrest, extrinsic or intrinsic apoptosis

pathway, mitotic or ROS facilitated cell death and cell senescence (163).

1.5. Potential therapeutic approaches in ALL

1.5.1.Conventional treatment regimen in ALL
In the ALL setting, therapy is generally selected through a risk stratification process depending on age,
white blood count, and primary genomic and/or karyotypic alterations; all of these factors are important
indicators of prognosis (section 1.1.1) (164). Conventional chemotherapy treatment consists of 3 stages:
induction, intensification (or consolidation) and long-term maintenance (1, 4). First line therapy aims to
eliminate the maximum number of leukaemic cells. This includes the administration of glucocorticoids
such as prednisone or dexamethasone with addition of asparaginase, vincristine and intrathecal
chemotherapy (i.e. hydrocortisone, cytarabine and methotrexate) (4, 165). Following induction therapy,
based on the risk groups to which patients are assigned, they may receive allogeneic SCT (HR and
standard risk) or continue on to consolidation therapy (4, 165). Consolidation and maintenance therapy,
depending on the protocol, can consist of methotrexate (DNA synthesis inhibitor) and other
chemotherapeutics aiming to eradicate and reduce the possibility of disease recurrence (1). These

regimens can also include CNS prophylaxis of intrathecal chemotherapy (4).

It is unlikely that the survival rate of refractory and/or relapsed disease can be sufficiently improved by
intensified chemotherapy regimens, CNS directed treatment and/or SCT (4, 166, 167). Although
combinational high dose chemotherapy has dramatically improved the survival rates, these aggressive
treatment approaches are also associated with severe side effects such as osteonecrosis, pancreatitis,
high infection rate and thrombosis (165, 168, 169). Furthermore, chemotherapy treatment can be
associated with long term toxicity and secondary malignancies even in survivors (167, 170, 171). SCT,

is also associated with substantial morbidity and mortality (172-174). In addition, SCT is limited by
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availability of matched stem cell/bone marrow donors (166, 175). Several studies have demonstrated the
poor outcome of patients with Ph-like ALL in response to conventional chemotherapy regimens (31, 39,
60). For instance, in vitro cytotoxicity assays demonstrated the significantly lower response of Ph-like
ALL patients’ cells to chemotherapeutics such as L-asparaginase and daunorubicin compared with other
B-ALL cases (31). Further investigation using whole genome sequencing followed by complementary
functional studies, demonstrated that mutations in JAKT, IL-7R and NRAS are associated with steroid
resistance (176). JAKT and RAS mutated cases have been suggested to associate with chemoresistance
through activation of AKT and MEK-ERK downstream signalling and demonstrated high risk of relapse
and poor outcome (176, 177). Therefore, there is an unmet need for further targeted therapeutics that

can improve the outcome for these high risk patients.

1.5.2.Use of tyrosine kinase inhibitors and other small molecule inhibitors as targeted therapy
can be of benefit in ALL
The use of ABLi against the Bcr-Abl oncoprotein transformed treatment outcomes for patients with CML
and Ph-positive ALL (178-181). These inhibitors demonstrated efficacy through binding to the ATP-
pocket present in the Abl protein and blocking the downstream signalling (182, 183). In addition,
administration of ABLi demonstrated a reduction of disease burden and reduced blast count in clinical
case reports of Ph-like ALL patients harbouring EBF1-PDGFRB, ATF7IP-PDGFRB and ETV6-ABL1
fusion genes (83, 184, 185). These observations warrant further investigation in larger cohorts and the
efficacy of dasatinib (second generation Src/Abl inhibitor) in addition to chemotherapy is under
investigation (NCT02883049, NCT02143414). The success of ABLi in targeting the oncoprotein and
improving patients’ outcome, highlighted a promising avenue for targeting other kinases such as JAK

family proteins.
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Ruxolitinib was the first JAK1/2i approved for treatment of patients with myeloproliferative disorders such
as myeloproliferative neoplasms (MPN), polycythemia vera (PV) and essential thrombocythemia (ET),
the majority of whom harboured the JAK2 p.V617F mutation (186-189). Ruxolitinib, in comparison with
other available regimens, is associated with reduced side effects (190), significant improvement of
symptoms and reduced splenomegaly (191). In vitro and in vivo sensitivity to ruxolitinib has recently been
demonstrated in several pre-clinical studies using Ph-like models harbouring CRLF2 and JAKZ2
alterations (24, 63, 65, 75). These studies provide a rationale for the use of JAKi in the clinical setting for
Ph-like ALL cases carrying JAK/STAT activating alterations. Nevertheless, testing other potential JAKi is
crucial due to the variable response to ruxolitinib reported in in vivo models and the differing potency of
inhibitors in targeting different alterations (63, 65, 192, 193). For instance, a study by Akahane et.al (2017)
demonstrated the superior in vitro anti-leukaemic and in vivo efficacy of NDI-031301 (Tyk2-specific
inhibitor) compared with baricitinib (Jak1/2 inhibitor with little effect on Jak3 and Tyk2) and tofacitinib
(Jak3/2/1 inhibitor) to induce cell death in human T-ALL lines and decrease tumour burden in mice (194).
However, this could be due to a higher dependency of T-ALL cells on Tyk2 activation (111). Sensitivity
to ruxolitinib has also been investigated via in vivo models of T-ALL with JAK/STAT over expression
which demonstrated potential anti-leukaemic activity and prolonged survival (195, 196). The efficacy of
adding ruxolitinib to conventional chemotherapy treatment is currently being investigated in clinical trials
for HR-ALL CRLF2-rearranged patients with or without JAK2 variants (NCT02420717, NCT02723994,

NCT02723994) as well as newly diagnosed HR Ph-like ALL patients (NCT02420717, NCT02883049).

Furthermore, based on the genomic alterations, alternative signalling pathways such as PI3K/mTOR and
RAS can be activated in Ph-like ALL cases (section 1.2). In addition, the underlying biology and signalling
crosstalk of pathways involving JAK/STAT (section 1.4), provides other possible therapeutic targets.
Table 1-5 summarises the SMls that, thus far, have shown promising in vitro and in vivo efficacy in Ph-

like ALL.
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Table 1-5. Potential Small Molecule Inhibitors (SMis) with demonstrated pre-clinical efficacy against Ph-like ALL.

modified from Kotb et.al (2018) (197)

Genomic alteration/ activated

Current trials in

SMis Class Clinical Status Reference
pathways ALL
in vitro and in vivo
dual CRLF2 rearrangements, JAK2, alone orin
gedatolisib - (198)
PI3K/mTORI ABL1 and PDGFRB fusions combination with
ruxolitinib
In trial for
relapsed
CRLF2 rearrangements, JAK2 ALL/lymphoma
rapamycin mTORi in vitro and in vivo (63)
fusions and IL7-R mutations (NCT00874562
and
NCT01162551)
in vitro and in vivo
(in combination In trial for ALL
selumetinib MEK1/2i CRLF2 rearrangements (192)
with AZD1480 (NCT03705507)
(Jak2 inhibitor))
in vitro and in vivo
(superior efficacy
givinostat HDACiI CRLF2 rearrangements - (199).
in comparison with
ruxolitinib)
Previously in trial
for relapsed
Reh (pre-B cell line) and primary
panobinostat HDACi in vitro ALL/AML (200)
Ph-like ALL cells
(NCT00723203
terminated)
JQ1 BETi CRLF2 rearrangements in vitro and in vivo - (201)
luminespib HSP90i CRLF2 rearrangements in vitro and in vivo - (146)
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Abbreviations: i, inhibitor.

Taken together, these findings highlight the potential benefit of therapies targeted to specific genomic
alterations that may improve the response to treatment and outcomes in patients. Currently there is an
unmet need to widely investigate the efficacy of SMIs on other Ph-like ALL subtypes including JAK family
fusion genes. In the era of precision medicine, it is essential to understand the activated pathways due
to each underlying genomic alteration in patients. In addition, it is then crucial to identify therapeutics that
specifically target activated pathways through robust pre-clinical models to test novel therapies and allow

more alteration-specific clinical trials.

1.6. Development of TKI resistance, specifically to JAKi, occurs via reactivation of the
JAK/STAT signalling pathway

1.6.1.Mechanism of resistance to ABLI

Unfortunately, despite the encouraging success of Abl TKIs in treatment of CML and Ph-positive ALL, a
considerable number of patients develop resistance to therapy. The mechanisms of TKI resistance is well

documented and, in brief, is usually a result of:

1) mutations in the kinase domain (commonly p.T315I) that result in inhibition of drug binding (202, 203),

2) increased expression of the BCR-ABL 1 oncogene that results in titration of available intracellular TKIls

(204, 205),

3) alterations in expression and activity of drug transporter membrane proteins: increase in drug efflux
transporters (e.g. members of the ATP-binding cassette (ABC) transporter superfamily) and decrease in
drug influx transporters (e.g. organic cation transporter, member 1, Oct-1 (in the case of imatinib

resistance) (206-208)
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Resistance to imatinib (first generation Abl inhibitor) was considered as the most common cause of
relapse and therapy resistance in Ph-positive ALL cases (181). Following this, second generation of ABLI
(dasatinib and nilotinib), that bind to the active form of the Abl protein, were developed to overcome
imatinib resistance and increase drug potency (181, 209-211). Dasatinib demonstrated initial activity
against imatinib-resistant cases however, resistance to therapy and treatment failure occurred in Ph-
positive ALL cases (181, 209, 210). Recently, the T315] mutation has also been reported by our
laboratory in a relapsed Ph-like ALL patient harbouring an ABL1 fusion gene after initial sensitivity to
dasatinib (184). In cases of dasatinib failure, third generation TKI ponatinib or the novel allosteric ABLI,
asciminib (that may soon become a frontline therapy; NCT03595917), will be administered for these
patients (4, 212, 213). Of note, unlike for ALL, Abl TKls have been used as monotherapy in the CML
setting but failed to consistently result in treatment free remission in patients mainly due to intolerance or
resistance (214). Development of resistance highlights the importance of ongoing inhibitor testing and
the need for more effective therapeutic regimens; possibly through administration of a combination of
inhibitors to prevent the outgrowth of resistant leukaemic clones due to single agent treatment. Efficacy

of this combinational strategy was demonstrated in in vitro and pre-clinical models of CML (214).

1.6.2.Mechanisms of resistance to JAKi

In contrast to ABLI, the mechanisms of resistance to JAKi is not as well understood. Although, ruxolitinib
treatment resulted in improved quality of life in MPN patients, the reduction in allelic burden by ruxolitinib
in JAK2 mutant MPN patients appears to be limited (191). In recent trials for myelofibrosis patients, long-
term exposure to ruxolitinib led to loss of response in 50% of cases after 3 years of treatment (215, 216).
The evidence of resistance mechanisms to JAKi are predominantly from in vitro studies on MPN and
include:

1) acquisition of secondary kinase domain mutations that results in conformational changes in drug

binding to the JAK protein (146, 217, 218),
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2) persistent JAK/STAT signalling due to heterodimerisation and transactivation of JAK family proteins

(219-221)

Although the presence of secondary kinase domain mutations have been reported to confer resistance
to ATP competitive JAKi in vitro (146, 217, 218), these mutations have not been detected in any of the
MPN patients that developed resistance to ruxolitinib (222). Conversely, reactivation of the JAK/STAT
signalling upon long term exposure to ruxolitinib treatment has recently been reported in MPN patients
(223). This effect thought to be due to transactivation of Jak2 with Jak1 and Tyk2 proteins (219, 220,
223). Ruxolitinib and other type | JAKi bind to the ATP binding site of JAK proteins to supress the
JAK/STAT signalling, however, they also lead to stabilisation of JAK proteins and increased
phosphorylation of the activation loop (224). Therefore, this may indicate that the lack of resistance-
related JAK mutations in MPN patients is due to the likelihood of this persistence mechanism through

increased JAK heterodimer development and reactivation of the JAK/STAT pathway.

The possibility of resistance development in Ph-like ALL patients harbouring CRLF2 and JAK family
alterations remains unclear as the addition of ruxolitinib to treatment regimens is recent and still under
investigation. However, given the commonality of developing TKI resistance in CML, Ph-positive ALL and
recently MPN patients, it is plausible that same resistance mechanisms will be a common route of therapy
failure in Ph-like ALL cases. Thus, it is essential to employ pre-clinical models to anticipate and prevent
the emergence of TKl-resistance and/or inform alternative treatments to overcome lack of response in

ALL patients. This will ultimately ensure long term remission and potentially avert relapse.
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1.7. Concluding remarks
The current use of NGS technology enabled the better understanding and identification of high risk
subtypes of B-ALL such as Ph-like ALL that are of clinical importance due to potential targetability by
TKIs. Yet, new lesions are reported frequently in studies investigating genome wide profiling of ALL (28,
60) that warrant further characterisation using laboratory models. Studies into large cohorts of Ph-like
ALL cases demonstrated the presence of TYKZ alterations such as MYB-TYK2 as a high risk subtype
(15, 65). Although, TYK2 activating mutations and rearrangements have been reported in other
haematological malignancies such as T-ALL, anaplastic large cell ymphoma (ALCL) and CD30-positive
lymphoproliferative disorder patients (111, 113-116), to date there is no available literature providing a
clear functional significance for these alterations in driving leukaemia pathogenesis. Given the recent
report identifying MYB-TYK2 as a novel alteration in HR Ph-like ALL, it is crucial to investigate the

biological consequences of aberrant kinase expression as a result of this fusion gene.

Several studies highlighted the important role of the Tyk2 protein in activation of JAK/STAT signalling. In
addition, based on the biological context, Tyk2 can mediate crosstalk to other oncogenic pathways and
interact with regulatory complexes (100, 117). Therefore, this paradigm provides an avenue for
discovering possible SMIs against TYK2 altered disease. Considering that JAK/STAT signalling is
expected to be the predominant signalling pathway activated by Tyk2 fusion proteins, Jak/Tyk2 inhibitors

may be among the most promising candidate therapeutics against fusions involving these genes.

Although, incorporation of TKIs such as ABLi and ruxolitinib (JAKi) into Ph-positive ALL and
myeloproliferative neoplasms (MPN) patients’ respective treatment regimens appears promising, there
is still cause for concern as relapse due to TKI resistance can occur (181, 209, 210, 215, 216). In addition,
the mode of resistance varies depending on the TKI and possibly genomic alterations. Hence, it is

important to identify the resistance mechanism that may arise due to long term exposure to specific TKls
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in the setting of TYK2 alterations. This approach will identify alternate treatment strategies in order to

overcome and avert treatment failure and relapse in patients.

1.8. Summary and project aims
In the B-ALL setting, the novel HR Ph-like MYB-TYKZ fusion gene may be a potent driver lesion that
remains to be fully characterised. Current literature does not convey a clear picture of the transforming
and leukaemogenic potential of activating TYK? alterations in the ALL setting. Owing to the growing
number of TYKZ alterations detected in ALL patient samples, it is necessary to understand the underlying
biology of this fusion with respect to changes in leukaemogenesis and activated signalling pathways.
Moreover, there is an unmet need to inform drug response and targeted therapeutics against this fusion.
Information from these studies combined with explorations of the possible modes of treatment resistance,

and how to circumvent resistance development, will ultimately improve outcome in patients.

Hypothesis:
The MYB-TYK?2 alteration is a driver oncogene of B-ALL. The poor prognosis of MYB-TYKZ rearranged
ALL cases could be greatly improved via development of new targeted therapies based on a greater

understanding of this lesion with respect to drug response and possible modes of therapy resistance.

Aims:
1. Generate in vitro and in vivo models of MYB-TYK2 altered disease to identify and characterise
the mechanisms of oncogenicity and activated downstream signalling pathways
2. Inform and assess the efficacy of targeted therapeutics against MYB-TYK? altered disease using

in vitro and in vivo models
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3. Determine the possible mechanisms of resistance to candidate therapy in in vitro models and
inform alternative therapeutic approaches to overcome possible disease persistence and

resistance

Results from this thesis elucidated the functional significance of the MYB-TYK2 fusion gene in inducing
leukaemia. Additionally, the downstream signalling pathways of the MYB-TYKZ2 fusion gene were
identified and targeted therapeutics against MYB-TYK2 altered disease were investigated. Due to the
likelihood of TKl-resistance development, this study also generated therapy-resistant cell lines in order
to evaluate and predict possible resistance mechanisms that may occur as a result of long term treatment
in patients. Understanding the driving potential of the MYB-TYK2 fusion gene and drug response by
establishing robust models of disease, like those described here, in order to rigorously test and narrow
down effective SMIs will improve outcome for patients harbouring activating TYK2 alterations. The
approach presented here has the potential to be used against other genomic alterations and will assist
in tailoring precision medicine for individual patients in order to improve long-term survival of HR ALL

patients.
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Abstract:

TYK2-rearrangements have recently been identified in high-risk acute lymphoblastic leukemia (HR-ALL)
cases and are associated with poor outcome. Current understanding of the leukemogenic potential and
therapeutic targetability of activating TYKZ2 alterations in the ALL setting is unclear, thus further
investigations are warranted. Consequently, we developed in vitro, and for the first time, in vivo models
of B-cell ALL from a patient harboring the MYB-TYK2 fusion gene. These models revealed JAK/STAT
signaling activation and the oncogenic potential of the MYB-TYKZ2 fusion gene in isolation. High
throughput screening identified the HDAC inhibitor, vorinostat and the HSP90 inhibitor, tanespimycin plus
the JAK inhibitor, cerdulatinib as the most effective agents against cells expressing the MYB-TYK2
alteration. Evaluation of vorinostat and cerdulatinib in pre-clinical models of MYB-TYK2-rearranged ALL
demonstrated that both drugs exhibited anti-leukemic effects and reduced the disease burden in treated
mice. Importantly, these findings indicate that activating TYK2 alterations can function as driver
oncogenes rather than passenger or secondary events in disease development. In addition, our data
provide evidence for use of vorinostat and cerdulatinib in the treatment regimens of patients with this rare

yet aggressive type of high-risk ALL that warrants further investigation in the clinical setting.

Introduction:

Despite advances in treatment and management of acute lymphoblastic leukemia (ALL), High-Risk (HR-
ALL) is still associated with increased risk of relapse and leukemia associated death (1, 2). As genomic
drivers of the disease are progressively elucidated, incorporating precision therapeutics with specificity
against these druggable targets may be the optimal approach to improve outcome. For instance, JAK

activating mutations and rearrangements signal through the JAK/STAT signaling pathway and/or other
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pathways due to the possible cross talk induced by JAK signaling (1, 3-5); to enhance cellular proliferation
and survival, leading to a group of HR-ALL within cases classified as Ph-like ALL. These lesions may be
amenable to therapeutic inhibition through small molecule inhibitors (SMs). The efficacy of a number of

such SMIs has been demonstrated in in vitro and pre-clinical in vivo models and case studies (6-12).

Following the recognition of the oncogenic driving potential of TYK2, gain of function mutations and
rearrangements are reported with increasing frequency in different ALL subtypes (1, 13-15). These
include high risk Ph-like ALL where TYK2 rearrangements were identified in 1.5% of patients in a cohort
of 194 Ph-like ALL cases (1). A full list of TYK2 germline and somatic activating mutations and
rearrangements identified in ALL has been reported recently by our group (16). Similar to other JAK
family kinases, TYK2 facilitates cytokine signaling and the downstream JAK/STAT activation. However,
little is known about its oncogenic potential, and its susceptibility to drug inhibition (17, 18). While the role
of JAK1-3 in cancer has been intensively studied, TYK2 has mainly been studied in relation to auto-
immune and inflammatory diseases (18, 19). In 2014, the first case of a TYK2 fusion gene was reported
in a HR B-ALL patient; subsequently, three 5’ partner genes have been identified in association with
TYK2 fusions (MYB, SMARCA4, ZNF340) with similar breakpoints at exon 19 and 18 (12, 20). While the
transforming ability of the MYB-TYK2 fusion gene has previously been demonstrated in Ba/F3 cells (12),
further characterization of TYK2 fusion genes as drivers of leukemogenesis has not been described.
Furthermore, TYK2 alterations have been reported in other blood cancers including acute myeloid
leukemia and lymphomas (21-24) demonstrating constitutive auto- and trans-phosphorylation of TYK2
and downstream activation of STAT family proteins (21, 22). Yet, it is not clear whether these fusions are
secondary events, or the primary drivers of leukemogenesis. Furthermore, the potential for such lesions
to affect downstream signaling in B-ALL, and its susceptibility to therapeutic intervention had been largely

unexplored. This study examines the potential of MYB-TYK?2 as a leukemic driver, testing the hypotheses
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that 1) this is achieved through constitutive JAK/STAT signaling; and 2) this interaction is susceptible to

SMI inhibition.

Material and method

Retroviral constructs. The MYB-TYK2 fusion gene, isolated from an ALL patient, was obtained from St.
Jude Children’s Research Hospital (Memphis, Tennessee, USA) in a pCR-Blunt II-TOPO® vector. The
fusion gene was excised and ligated into the multiple cloning site of the Green Fluorescent Protein (GFP)-
tagged p-Ruf-iG2 retroviral vector by a non-directional cloning using digest with EcoR1 restriction
enzyme. The correct orientation and sequence of the fusion gene was verified by enzyme digestion and
Sanger sequencing. Retroviral particles were used to generate Ba/F3-MYB-TYK2, Arf~-MYB-TYK2 and

NIH-3T3-MYB-TYK2 lines as detailed in supplementary methods.

In vivo mouse transplantation. Retrovirally transduced Arf-MYB-TYK2 cells (0.9-1x108 cells/mouse)
and the EV counterpart (1.4-2x108 cells /mouse) were transplanted via tail vein injection into 6 week old
sublethally irradiated (300 cGy) non-obese diabetic/severe combined immunodeficient NOD.Cg-Prkdcseid
112rgm1Wi[SzJ (NSG) mice. Blood samples were collected fortnightly by tail vein bleed to assess the
engraftment levels (GFP positive leukaemic cells). The mice were fed a standard rodent diet and water
supplemented with 0.3 mg/mL Baytril ad libitum. Animals were monitored daily for clinical signs of
leukemia (weight loss, hunching, ruffled fur, reluctance to move) and were humanly killed when moribund
(20% weight loss and/or body score of 4). All experiments were performed according to institutional

animal ethics.

Supplementary methods

Detailed methods undertaken for this study are provided in the supplemental appendices.
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Results:

Expression of the MYB-TYK2 fusion gene results in cytokine independence and activation of the
JAK/STAT signaling pathway

The MYB-TYK2 fusion gene was transduced into IL-3 dependent Ba/F3 pro-B cells, IL-7 dependent Arf
- pre-B cells and NIH-3T3 fibroblasts (Figure 1A). MYB-TYK2 mRNA expression was confirmed by RT-
PCR (Supplementary Figure 1). The MYB-TYK2 fusion gene consists of the 5’ MYB retaining the DNA
binding domain that facilitates dimerisation (20, 25), and the 3’ TYKZ2 kinase gene that has an in-frame
kinase domain and disrupted pseudo kinase domain, responsible for kinase auto-inhibition (Figure 1A).
Expression of the MYB-TYK2 fusion gene facilitated both IL-3 dependent Ba/F3 and IL-7 dependent Arf
- cells to proliferate in a cytokine independent manner offering a significant proliferative advantage
(Figure 1B&C). Conversely the empty vector (EV) counterparts did not demonstrate cytokine independent
growth. Immunofluorescence (IF) analysis for MYB and TYK2 in the NIH-3T3-MYB-TYK2 cells
demonstrated altered localization of both proteins compared with the locations of these proteins when
endogenously expressed (nucleus and cytoplasm, respectively (26, 27); instead, ubiquitous expression
of MYB-TYK2 was observed (Figure 1D&E and Supplementary Figure 2). This is while Tyk2 as a non-
receptor tyrosine kinase and intracellular signal transducer can be mainly found in cytoplasm and
membrane (27). Western blot analyses revealed constitutive activation of the intact TYK2 catalytic kinase
domain in Ba/F3-MYB-TYK2 cells (Supplementary Figure 3, panel A); MYB and total TYK2 analyses
further confirmed the expression of the MYB-TYK2 fusion protein in these cells (Supplementary Figure
3, panel B and C). Phosphoflow cytometric analyses on Ba/F3 MYB-TYKZ cells, in the absence of IL-3,
support the oncogenic role of this fusion gene. MYB-TYK2 protein expression led to constitutive activation
of JAK/STAT signaling via phosphorylation (p) of STAT3 and STATS in Ba/F3 MYB-TYK2 cells compared
with EV controls (MFI=833 vs 104, p=0.04 and 641 vs 427, p>0.05; Figure 1F). An increase in pERK

45



Chapter 2: Exploring the oncogenic and therapeutic target potential of the MYB-TYK2 fusion gene in B-cell acute

lymphoblastic leukemia

(MFI=166 vs 82, p=0.005; Figure 1G) and decrease in S6 phosphorylation (ribosomal protein which is an
indicator of mTOR activity (28)) (MFI=4805 vs 8539, p=0.007; Figure 1G) was also observed in cells
expressing the MYB-TYK2 fusion protein compared with EV control. There was no activation of STAT1
(Figure 1F) or other signaling pathways explored (Supplementary Figure 4A). Of note, expression of the
MYB-TYKZ fusion gene in Ba/F3 cells resulted in accumulation of histone acetylation when compared
with EV controls, indicated by elevated levels of histone 3 lysine 9 acetylation (H3K9ac) (MFI=0.7 vs 0.3,
p=0.003). No change in the level of H3 lysine 27 tri-methylation (H3K27me3) was detected

(Supplementary Figure 4B).

The MYB-TYK2 fusion gene induces B-cell ALL in in vivo models

NSG mice were transplanted with either Arf-MYB-TYK2 or Arf/-EV cells via tail vein injection (n=5 per
cohort). Expression of the MYB-TYK2 fusion gene led to development of leukemia with a median latency
of 84 days post-transplantation compared with EV mice which were culled at 133 days post-
transplantation with no signs of leukemia (p=0.002; n=5 vs n=5, respectively, Figure 2A). One of the
MYB-TYK2 mice was culled due to irradiation complications at day 12 and was censored from survival
analysis. At end-stage disease, MYB-TYK2 mice demonstrated splenomegaly (n=4, 269+42 mg; p=0.01)
and a significant increase in liver weight (n=4, 1667+101 mg; p=0.03) compared with EV control mice
(n=5, 86x13 and 1319473 mg, respectively; Figure 2B). The presence of the MYB-TYKZ fusion gene
was confirmed in cells isolated from organs of MYB-TYK2 mice by RT-PCR (Supplementary Figure 5
A&B). All MYB-TYK2 mice demonstrated an average of 63% (+x13%), 46% (x15%), 53% (£17%), 62%
(£30%) infiltration of GFP positive leukemic Arf~-MYB-TYK2 cells in bone marrow, spleen, liver and
peripheral blood, respectively, by flow cytometric analyses (Supplementary Figure 6). Bone marrow,
spleen and liver sections stained with hematoxylin and eosin (H&E) and GFP antibody further confirmed

the leukemic infiltration in the peripheral organs of MYB-TYK2 mice (Figure 2C and Supplementary Figure
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7). In addition, peripheral blood smears from MYB-TYK2 mice stained with Giemsa-Wright Stain
demonstrated the presence of blast cells (Figure 2D). At study end point, control mice exhibited
engraftment of Arf~-EV cells in the bone marrow, spleen, liver and peripheral blood with no onset of
leukemia (average GFP expression, 7-11%; data not shown). This observation is in line with previous
studies demonstrating the CDKN2A mutation alone is insufficient to cause robust engraftment and
leukemia development (12, 29-31). GFP positive (MYB-TYK2 positive) cells isolated from bone marrow,
spleen and liver demonstrated a pro/pre-B cell immunophenotype (CD45R/B220*, CD43*, CD19*,
CD24+, BP1*- and IgM-; Figure 2E; (32)), and were negative for myeloid and erythroid markers (GR1,
MAC1, TER119 and THY1). Collectively, these data demonstrate, for the first time, the leukemogenic
potential of the MYB-TYK2 fusion gene via in vivo models and highlight MYB-TYKZ as a putative driver

gene.

High throughput screen (HTS) identified HDAC inhibitors as potential targeted therapeutic
candidates against MYB-TYK2
A primary HTS using two libraries consisting of 3088 cytotoxic agents and targeted inhibitors were
assessed for their impact on Ba/F3-MYB-TYK2 cell viability. Two replicate assays were performed with
both passing quality assurance assessments (Supplementary Tables 3-4, Supplementary Figure 8-10).
In the primary HTS, 162 compounds were identified as hits in both replicates (Supplementary Table 5),
and a panel of compounds was selected for further assessment in a secondary dose-response HTS
screen. This panel consisted of:
1) the top 30 compounds leading to <1% viability compared with DMSO control (unbiased selection)
2) 26 compounds selected based on preclinical and clinical literature, all leading to 1-15% viability

in treated cells compared with DMSO control (Supplementary Table 6)
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The Ba/F3-MYB-TYK?2 cells were exposed to different concentration ranges (10 nM-10 uM) of these 56
compounds and the estimated 1Csq of each drug was calculated. From this panel, 6 compounds were
identified as pan-assay interference compounds and were excluded from further analysis. From the
remaining compounds, 34 had known bioavailability from human studies, and/or in vivo models; while
the I1Cso of 20 of these compounds were deemed clinically relevant (Figure 3, Supplementary Table 6).
Of the 56 compounds present in the secondary HTS, sensitivity of Ba/F3-MYB-TYK2 cells within a
clinically achievable range was observed for 83% (clinically relevant vs total, 10 vs 12) of the HDACiI
(Supplementary Table 6). Other active compounds of note included inhibitors of HSP90 and BCL-2. With
the exclusion of pacritinib, none of the kinase inhibitors showed efficacy against Ba/F3-MYB-TYKZ cells
within clinically acceptable ranges. However, pacritinib indicated 10,000x less potency in targeting TYK2
compared with JAK2 (e.g. PAX5-JAK?2) as reported previously (12), and thus was excluded from further
analysis. Bioavailability and pharmacokinetics for the JAKi TG101209 are not yet known, however,
evaluated ICsp for Ba/F3-MYB-TYKZ cells was higher than the ICs range reported for JAK-rearranged
ALL lines (33, 34). Considering the results from the second dose-response HTS, 7 candidates were
selected for further in vitro experiments:

1) HDACI: belinostat, vorinostat, panobinostat (FDA approved) and CUDC-907 (selected due to the
clinical status for treatment of B-cell lymphoma (35, 36) and pre-clinical status in treatment of
hematological malignancies (37)).

2) HSP90i: geldanamycin and its analogue, tanespimycin was also included given its current status
in clinical trials for various cancers (38)

3) Cepharanthine (multi-action inhibitor with demonstrated ability in inhibition of BCL2 in cancer

cells (39))
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Vorinostat and tanespimycin demonstrate in vitro activity against Ba/F3-MYB-TYK2 cells,
resulting in proliferation and JAK/STAT signaling inhibition

Selected compounds were further assessed with regards to TYK2 selectivity and JAK/STAT inhibition,
using Ba/F3 cell lines harboring PAX5-JAK2 and ATF7IP-JAK2 as controls (12). Ba/F3-MYB-TYK2 cells
achieved ICsp within the clinically relevant range for all drugs (Supplementary Table 7). The variable
responses to available tyrosine kinase inhibitors (TKIs) observed in previous in vitro and in vivo pre-
clinical experiments and case studies (6, 7, 40, 41), highlight potential implications for the successful use
of SMIs as a part of a targeted treatment approach in clinic. Thus, we selected inhibitors with a greater
or similar efficacy against TYK2 versus JAK2 for further investigation. The drugs exhibited greater or
similar selectivity against the MYB-TYK2 harboring cells in comparison with JAK2-rearranged lines: 1)
vorinostat (Ba/F3-MYB-TYK2 vs -PAX5-JAK2 or -ATF7IP-JAKZ; 1C50=535 vs 637 nM, p=0.04 or 465 nM,
p>0.05; Figure 4A), 2) tanespimycin (202 vs 90, p=0.03 or 134 nM, p>0.05; Figure 4B), 3) belinostat (148
vs 90 nM, p>0.05 or 124 nM; p>0.05; Supplementary Figure 11). Conversely, significantly decreased
selectivity compared with Ba/F3-PAX5-JAK2 was observed for cepharanthine (1549 vs 1116 nM, p=0.03;
Supplementary Figure 11). Panobinostat, geldanamycin and CUCD-907 had significantly lower selectivity
towards TYK2-mediated growth and were excluded from further analysis. Interestingly, vorinostat
treatment of Ba/F3-MYB-TYK2 cells resulted in a significant attenuation of JAK/STAT signaling —detected
by a decrease in pSTATS levels at 60 and 120 mins, (DMSO vs vorinostat treated, 888 vs 662, p=0.01
and 783, p=0.01, respectively; Figure 4C), and pSTAT3 at 120 mins when compared with vehicle control
(MFI=652 vs 627, p=0.03; Figure 4C). A similar trend was observed in Ba/F3-MYB-TYK2 cells treated
with tanespimycin (Figure 4D); a significant decrease in: 1) STATS activation after 60 and 120 mins
treatment (DMSO vs tanespimycin, MFI= 888 vs 285, p=0.01 and 125, p=0.001, respectively) and 2)
STAT3 activation upon 120 mins treatment (MFI=652 vs 99, p=0.01) compared with vehicle control. No

significant decrease in the pSTATS or pSTATS3 levels was detected in response to other drug treatments
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(Supplementary Figure 12). Vorinostat selectively inhibited Ba/F3-MYB-TYK2 cells but not Ba/F3-
RCSD1-ABL1 cells with a three-fold difference in ICso (IC50=1738 vs 535 nM, p=0.006; Supplementary
Figure 13A). Conversely, a differential sensitivity was not observed with tanespimycin treatment
(ICs0=274 vs 202 nM, p>0.05; Supplementary Figure 13B), though its activity against Ba/F3-RCSD1-

ABL1 has previously been reported. (42, 43).

Cerdulatinib treatment inhibits proliferation and attenuates the activation of JAK/STAT associated
proteins in Ba/F3-MYB-TYK2 cells

Given the central role of the JAK/STAT pathway in the MYB-TYK2 fusion protein signaling, it was
important to screen inhibitors that are specific for, or able to strongly target, the TYK2 protein. Recent
studies demonstrated the potency of cerdulatinib to inhibit TYK2 via kinase assays (44, 45). The current
status of cerdulatinib in clinical trial development for Chronic Lymphocytic Leukemia (NCT01994382) (46,
47), prompted further investigation into its efficacy against the MYB-TYK2 fusion. Cerdulatinib inhibited
growth of our Ba/F3-MYB-TYK2 cells with an ICso of 799 nM; this is within the clinically achievable range
(1-2 uM plasma concentration with 40-65 mg daily dosing (47); Figure 5A). Sensitivity of Ba/F3-PAX5-
JAK2 cells to cerdulatinib was also observed (IC5=602 nM; Figure 5A), demonstrating the ability of
cerdulatinib to inhibit other JAKs (44, 45). In contrast, cerdulatinib had no effect on the proliferation of
NALM-19 cells (ICso >10 uM; Figure 5A), a human B-ALL line that is not dependent on JAK/STAT
signaling for growth. Treatment with 1 uM cerdulatinib for 1 h resulted in significant inhibition of STATS
and STAT3 activity in Ba/F3-MYB-TK2 cells compared with vehicle (DMSO) control (cerdulatinib treated
vs DMSO; MFI=104 vs 655, p=0.003 and 146 vs 615, p=0.0004, respectively; Figure 5B). A time
dependent decrease in STATS and STAT3 activation was detected after only 5 min cerdulatinib treatment
in Ba/F3-MYB-TYK2 cells in comparison with vehicle treated cells (MFI=994 vs 494, p=0.001 and 1186

vs 522, p=0.01, pSTAT5 and pSTATS3, respectively; Supplementary Figure 14). As Ba/F3-MYB-TYK2
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cells are insensitive to ruxolitinib (12), ruxolitinib treatment was used as a negative control with results as

expected.

While previous experiments demonstrated the effect of vorinostat and cerdulatinib on inhibition of
proliferation and JAK/STAT signaling, the ability of these inhibitors to induce apoptosis in Ba/F3-MYB-
TYK2 cells was unknown. Ba/F3-MYB-TYKZ cells displayed an increase in Caspase 3/7 levels (required
for the final execution of apoptosis (48, 49)) upon 24 and 48 h treatment with increasing concentrations
of cerdulatinib or vorinostat compared with vehicle (DMSO treated) controls (Figure 5C). This escalation
was most significant when cells were treated with 1 uM of cerdulatinib for 48 h (DMSO vs cerdulatinib
treated, RLU=3026 vs 25967, p<0.0001; Figure 5C). Likewise, 1 uM vorinostat treatment significantly
induced Caspased/7 activation after 48 h treatment (DMSO vs vorinostat treated, RLU=2880 vs 31813,

p=0.04; Figure 5C).

Cerdulatinib and vorinostat treatment effectively decreases the leukemic burden in in vivo models
of MYB-TYK2 B-ALL

To assess the potential of cerdulatinib and vorinostat in preclinical models of MYB-TYK2 B-ALL,
secondary recipient NSG mice were transplanted with mononuclear cells derived from the MYB-TYK2
primagrafts. A robust secondary engraftment and faster repopulation of MYB-TYK2 GFP positive
leukemic cells (~40%) in peripheral blood was achieved by 3 weeks compared with ~1% primary
engraftment of cells in week 4 (Supplementary Figure 15). Mice were randomized to receive vorinostat
(70 mgl/kg/day, i.p; n=10), cerdulatinib (35 mg/kg/day, oral gavage; n=10) and vehicle (n=5), 12-16 days
post-transplantation with an average peripheral blood engraftment of 44% GFP positive cells (range=21-
77%). Mice were treated for up to 12 days. At harvest, cerdulatinib treated mice demonstrated decreased

spleen (n=10, 12314 mg, p=0.0007) and liver (n=10, 11994143, p=0.0008) weight compared with mice
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receiving the vehicle (n=5, 21526 mg and 1550+191 mg, respectively; Figure 6A). Vorinostat treatment
resulted in a similar trend: a significant decrease in spleen weight of treated mice (n=10, 166+25,
p=0.009) was observed in comparison to vehicle control animals (n=5, 215+26; Figure 6A). Cerdulatinib
treated MYB-TYK2 mice demonstrated a significantly lower infiltration of GFP positive leukemic cells in
bone marrow (GFP (%) = 37 vs 75, p=0.0005) and spleen (GFP (%) = 39 vs 59, p=0.01) versus vehicle
treated animals (Figure 6B and Supplementary Figure 16) measured by flow cytometry. Similar results
were observed in vorinostat treated mice (Figure 6B and Supplementary Figure 16). Flow cytometric
analysis also demonstrated a significant decrease of GFP positive leukemic cells in the peripheral blood
of mice receiving either cerdulatinib or vorinostat in comparison with vehicle (GFP (%) = 46 and 23 vs

41, p=0.02 and p=0.01, respectively; Figure 6B).

Bone marrow and spleen sections stained with H&E and GFP antibody further confirmed the reduced
leukemic infiltration in the peripheral organs of drug treated MYB-TYK2 mice (Figure 6C). While the level
of GFP positive leukemic cells in the liver indicated only a minor reduction between drug treated and
vehicle MYB-TYK2 mice (cerdulatinib and vorinostat treated vs vehicle, GFP (%) = 69 and 63 vs 82,
p>0.05 for both), liver sections indicated reduced formation of tumor islands within the tissue (Figure 6C).
Furthermore, all MYB-TYK2 mice demonstrated a fully penetrant leukemia with infiliration of leukemic
cells into the spine and/or spinal cord, however, no significant difference was observed in the level of
GFP positive cells in spine/spinal cord tissue sections between the drug treated and vehicle control mice
after 12 days of treatment (Supplementary Figure 17). In addition, cells isolated from the bone marrow
and peripheral blood of mice from each treatment cohort, were stained with the selected panel markers
(as Figure 2E) to inspect any immunophenotypic changes in the MYB-TYK2 expressing leukemic cells in
secondary transplant animals and/or due to drug treatment. No difference was observed between the

treatment cohorts, with GFP positive leukemic cells displaying a pro/pre-B cell immunophenotype
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(CD45R/B220+, CD43+, CD19+, CD24+, BP1+/- and IgM-; Supplementary Figure 18); (32)). Cells were
negative for myeloid and erythroid markers (GR1, MAC1, TER119 and THY1). Collectively, these data
demonstrate, for the first time, that MYB-TYK2 B-ALL can be effectively targeted by either the JAKI,

cerdulatinib or the HDACI, vorinostat, in in vivo pre-clinical models.

Addition of vorinostat or dexamethasone enhanced the efficacy of cerdulatinib treatment in
BalF3-MYB-TYK2 cells

To inform the efficacy of combination therapy with cerdulatinib and vorinostat or each agent with
conventional chemotherapy, the synergistic effect of selected agents was evaluated in Ba/F3-MYB-TYK2
cells treated with a range of dose combinations- Notably, sequential dose combinations of cerdulatinib
and vorinostat exhibited synergy (ZIP score=2.07+1.44, Figure 7A). A higher degree of synergy was
achieved at lower concentrations of vorinostat (ZIP score of the most synergistic area=11.4) with
proliferation inhibition significantly greater than cerdulatinib as a single agent even in the presence
vorinostat concentrations as low as 200 nM (IC50=992 nM vs 473 nM, p=0.006, Figure 7B). A synergistic
effect was also observed between cerdulatinib and the chemotherapy agent, dexamethasone
(ZIP=6.4+1.2; Figure 7C). Interestingly, while Ba/F3-MYB-TYK2 cells demonstrate minimal sensitivity to
dexamethasone as a single agent used at low concentrations (Supplementary Figure 19A), treatment
with dexamethasone in combination with vorinostat resulted in significantly enhanced vorinostat
sensitivity (ZIP score of the most synergistic area=19.6). A significantly reduced vorinostat IC50 was
observed in the presence of 80 and 100 nM dexamethasone compared with vorinostat as a single agent
(1C50=304 nM, p=0.04 and 30 nM, p=0.04 respectively vs 902 nM). The interaction between vorinostat
and dexamethasone was most likely additive (ZIP score=-2.24+1.39; Supplementary Figure 19B).

However, a low degree of synergy was detected at vorinostat concentrations less than 200 nM (ZIP score
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of the most synergistic area=2.9) with an associated significant reduction in IC50 of Ba/F3-MYB-TYK2

cells treated with 200 nM dexamethasone (IC50=654 nM vs 400 nM, p=0.03; Supplementary Figure 19C).

Discussion:

The TYK2 protein and its role in immunity, immunosurveillance and inflammation, has been studied over
the last two decades, but its oncogenic potential has remained controversial owing to the lack of functional
studies (17). Recent genomic studies in B-ALL, particularly with respect to whole transcriptomic analysis,
revealed an increasing number cases putatively driven by TYK2 rearrangements and mutations (1, 13-
15, 20). Importantly, other reported TYK2 rearrangements exhibit similar breakpoints at exon 19 or 18 of
the TYKZ2 gene, that result in an intact kinase domain and a disrupted pseudokinase domain. Since
depending on the inhibitors class, compounds affect either TYK2 or downstreatm JAK/STAT signalling
proteins. It is plausible that all rearrangements and activating mutations that leave the kinase domain
unaffected or mutations that disrupt pseudokinase domain display similar oncogenic potential and drug
responsiveness. Identifying the underlying biological and pathological consequences of these alterations
in B-ALL is a pre-requisite for defining effective treatment approaches for TYK2-rearranged B-ALL

patients.

We demonstrated the functional and leukemogenic significance of TYK2 fusion genes in B-ALL, by
comprehensive modelling of the MYB-TYK2 fusion gene, isolated from a HR Ph-like ALL patient. The
MYB-TYK2 fusion gene conferred cytokine independent growth in Ba/F3 and Arf” cells, consistent with
a previous report (12). Kinase alterations in JAK family fusion genes constitutively activate signaling
pathways via aberrant kinase activation that are otherwise strictly regulated in normal hemopoiesis, to
promote growth and oncogenicity regardless of the presence of cytokines (5, 12, 20, 34, 50). The

detected levels of pTYK2 in Ba/F3-MYB-TYK2 cells here indicated that the fusion governs a similar
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mechanism of oncogenicity via aberrant TYK2 activation. Supporting this hypothesis, we observed
constitutive JAK/STAT signaling due to activation of TYK2 kinase leading to phosphorylation of the
downstream effectors, STAT3 and STATS. Activation of JAK family proteins can induce activation of other
downstream oncogenic pathways (5, 18). Crosstalk with other signaling pathways such as PI3K/mTOR,
RAS/ERK and PIM due to overexpression or activation of TYK2 has been previously demonstrated in
other hematological malignancies, such as acute myeloid leukemia and lymphomas, and is independent
of de novo JAK/STAT activation (14, 24, 51). Thus, depending on the disease context, activating
alterations and cell type, TYK2 may co-operate with proteins in other oncogenic signaling pathways and
induce their activation. In this model, constitutive phosphorylation of the MYB-TYK2 fusion protein also

mediated crosstalk, inducing activation of the ERK signaling pathway evidenced by high levels of pERK.

Investigation of the sub-cellular localization of MYB-TYK2 revealed both cytoplasmic and nuclear
distribution. MYB is a nuclear transcription activator (26), and TYK2, as a non-receptor tyrosine kinase
and intracellular signal transducer mainly observed in the cytoplasm and cell membrane (27). It has been
suggested that nuclear localization of TYK2 is achievable, involves the presence of a motif region in the
FERM domain and correlates with sustained interferon mediated signaling (52). Immunoprecipitation of
nuclear JAK demonstrated its interaction with STAT3 upon stimulation with growth factors (53). The
association of nuclear JAK family proteins with STAT proteins such as STAT3, may be a contributing
factor to the downstream activation of these proteins in cells expressing TYKZ2 activating alterations (14,
15, 22). However, this noncanonical function of JAK proteins remains to be fully elucidated. Previous IF
analysis of the NFKB2-TYKZ2 fusion gene similarly demonstrated both cytoplasmic and nuclear
distribution of the fusion protein while NPM1-TYK2 localized to the cytoplasm only (both fusions detected
in lymphoma cases) (21, 22). These discrepancies, however, may be due to the variable 5’ partner genes

or the TYK2 breakpoints and further investigations are required.
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The results of this study, and another by Roberts et al, (2017) (12), confirmed the oncogenic properties
of the MYB-TYK2 fusion gene in vitro. We extended previous experimentation to answer the question of
whether TYK2 activation is a driver or a passenger alteration in ALL patients, and demonstrated TYK2
oncogenicity in a pre-B Arf~ cell murine model. This model recapitulates features of human B-ALL,
including frequent mutations in CDKN2A/B that are reported in more than 50% of Ph-like ALL cases
particularly in combination with kinase alterations (1). The transplantation of MYB-TYK2-expressing Arf -
- cells into NSG mice, induced development of B-ALL with an immunophenotype consistent with arrest
at the pro/pre-B cell differentiation stage (32) and invasion of leukemic cells to niche locations (bone
marrow and central nervous system). Successful development of this animal model allowed for testing of
small molecular inhibitor candidates that we identified through HTS. Elevated levels of histone acetylation
due to expression of the MYB-TYK2 oncogene suggested a potential epigenetic target for treatment with
HDACI. This was further supported by identification of HDACi as the most effective class of inhibitors
against Ba/F3-MYB-TYK2 cells in our high throughput drug screening. HDACi display various
mechanisms of action including growth arrest, induction of extrinsic or intrinsic apoptosis pathways,
mitotic or ROS-facilitated cell death, cell senescence and interaction with proteins responsible for
activation of transcription and signaling pathways (54). We demonstrated the ability of HDACI, including
vorinostat, to inhibit the growth of Ba/F3-MYB-TYKZ cells. The attenuation of JAK/STAT signaling we
observed upon vorinostat treatment is in line with a previous T-cell ymphoma model indicating vorinostat
treatment decreased activation of proteins involved in JAK/STAT and Pi3K signaling (55). Moreover,
increasing evidence suggests that HDACs act as activators of STAT-mediated transcription (56-58). It
has been proposed that deacetylation of transcription activation sites upon binding of STATSs (i.e. STAT1,
2 and 5) to target genes is required for recruitment of transcription machinery (e.g. RNA polymerase |l)

and thus inhibition of HDAC activity results in decreased STAT-mediated transcription and reduced
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expression of their target genes (57, 59-61). HDACs also play an important role in modulation of the
acetylation balance of STATs proteins in co-operation with histone acetyltransferases that directly
regulate STATs activity and protein stability (62). Of note, the effect of acetylation/deacetylation on
transcription can be cell type or condition specific. For instance, activation of STAT3 mediated
transcription is associated with either acetylation in response to type | interferon stimulation in a normal
setting (63, 64) or deacetylation in B-cell lymphomas (65). Importantly, this may explain the lack of
reduction in JAK/STAT signaling in Ba/F3-EV cells upon treatment with vorinostat (Supplementary Figure
20) and great efficacy of vorinostat toward cells expressing the MYB-TYK2 fusion gene. Vorinostat
effectively depleted the bone marrow and spleen of MYB-TYK2 leukemic cells in mice, and is in
agreement with the growing evidence of HDACi efficacy in hematological malignancies (58, 66), in

particular, in CRLF2-rearranged ALL) (10).

Among the HTS candidate panel, tanespimycin (HSP90i) also demonstrated efficacy against Ba/F3-
MYB-TYK2 cells. The co-operation and vital role of the HSP90 protein in scaffolding JAK and STAT
proteins is well documented (18, 67, 68). Thus, the sensitivity of cells expressing the MYB-TYK2 fusion
protein to tanespimycin highlights the potential role of HSP90 in MYB-TYK2 fusion protein stabilization
and subsequently JAK/STAT signaling. Efficacy of HSP90i has been previously reported in in vitro and
in vivo models of hematological malignancies including TYK2- and JAK2-mutated leukemias (67, 69-71).
Findings in this study support the in vitro efficacy of HSP90i against the MYB-TYKZ fusion protein.

However, this remains to be confirmed in additional pre-clinical models of TYK2-rearranged B-ALL.

Our HTS did not identify any JAKi that may have activity against the MYB-TYK2 fusion gene, consistent
with previous reports (12). Although, due to high levels of homology in the kinase (JH1) domain of JAK

family proteins, ATP competitive JAKi are not specific for a single JAK family protein (72, 73). Yet, JAKi
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demonstrate different potency and efficacy towards each JAK protein (72, 73). Therefore, the lack of
sensitivity observed here may be due to the lower potency of the JAKi included in our HTS towards TYK2.
Considering the number of ATP competitive JAKi currently progressing in the clinic, relatively few of these
inhibitors show selectivity in TYK2 targeting (72, 73). The dual SYK/JAK inhibitor, cerdulatinib, however,
is among the few inhibitors documented to display promising in vitro results in targeting the TYK2 protein
(44, 45). Importantly, Ba/F3-MYB-TYKZ cells demonstrated sensitivity to cerdulatinib within the clinically
achievable range. Cerdulatinib treatment of Ba/F3-MYB-TYK2 cells resulted in significant attenuation of
JAK/STAT signaling and induction of apoptosis in vitro as well as significantly reduced leukemic burden
in our MYB-TYK2 mouse model. Of note, the synergistic effect of cerdulatinib in combination with
vorinostat or dexamethasone in MYB-TYK2 expressing cells, indicates the translational potential of this
inhibitor as an addition to a chemotherapy backbone. Together, these results highlight, for the first time,

the efficacy of the JAKI, cerdulatinib against TYK2 activating alterations.

Although this study utilized a short drug administration cycle, significant anti-leukemic effects as a result
of both cerdulatinib and vorinostat treatments were observed. Infiltration of disease into the central
nervous system (CNS) prevented more robust disease eradication as it is known that SMIs do not
penetrate the CNS when used as a single agents (12, 74). However, the results presented here provide
compelling evidence for use of these SMIs in combination with chemotherapy and further in vivo studies
are warranted. Additionally, the pharmacological experiments undertaken in this study were limited to
mouse leukemia cells due to unavailability of patient material and further validation in patient cells and/or

patient-derived xenograft models would be beneficial.

In conclusion, our findings characterize the downstream signaling activation due to expression of the

MYB-TYKZ fusion gene. These data demonstrate the leukemogenic potential of MYB-TYKZ to induce B-
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ALL in in vitro and in vivo models. Importantly, this is the first mouse model of TYK2-rearranged disease
which provides evidence that activating TYK2 alterations are driver oncogenes rather than passengers
in the disease development. Furthermore, this study revealed the in vitro and in vivo efficacy of
cerdulatinib and vorinostat against MYB-TYK2-rearranged B-ALL, as well as a synergistic effect of
cerdulatinib in combination with vorinostat and dexamethasone in vitro. These novel findings identify
potential therapeutics against this rare yet aggressive type of high-risk ALL and contribute significantly to
the current literature on TYK2-altered disease. Incorporation of these two targeted inhibitors into
treatment regimens may be of benefit against other TYK2 fusions reported in HR Ph-like ALL such as
SMARCA4-TYK2 and ZNF340-TYKZ2 (12). The pre-clinical data presented here, and the established
safety profile of these inhibitors, warrants further evaluation of these inhibitors in combination with a
chemotherapy backbone in order to achieve improved treatment outcomes in patients with high-risk

TYK2-rearranged leukemia.
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Figure 1. The MYB-TYK2 fusion gene demonstrated transformative potential in in vitro models.
(A) Schematic summary of experimental approach used to investigate transformative and leukemogenic
potential of the MYB-TYK2 fusion gene created by BioRender.com. (B) Ba/F3-MYB-TYK2 and Arf*-MYB-
TYK2 cells plus their empty vector (EV) controls were cultured in the absence of cytokines. Cell growth
was monitored for the indicated period at two day intervals by trypan blue exclusion assay. (C) Ba/F3-
MYB-TYK2 and EV cells were cultured in starved (IL-3 free) and media supplemented with IL-3,
respectively. Cell growth was monitored in two day intervals by CellTiter Glo assay. ATP-based
luminescence readout is proportional to the number of viable cells. Background values at day 0 were
measured and deducted from each day’s corresponding readout values. (D) Immunofluorescence
analysis of NIH-3T3-MYB-TYK2 and NIH-3T3-EV cells. Cells were stained with TYK2 (yellow signal),
MYB (red signal) antibodies, counter-stained with DAPI (blue signal) for nuclei visualization. (E) single
plane of z-stacked image from NIH-3T3-MYB-TYK2 cells. Images captured at 40X and 63X magnification
as indicated by Confocal Microscopy and processed by NIS Elements Viewer software. (F&G)
Representative histograms of phosphoflow cytometric analyses. Ba/F3 cells transduced with EV, MYB-
TYK2 and ATF7IP-JAK2 fusion gene vectors, were stained for pSTAT1, 3 and 5 that are the main
activated signaling proteins in response to TYK2 kinase activity (17), and their respective 1gG isotype
controls. Ba/F3-ATF7IP-JAK2 cells were used as a positive control for STATs activation. Ba/F3-MYB-
TYK2 and EV cells were also assessed for phosphorylation of S6 and ERK. Jurkat and SET2 cells were
used as positive controls as indicated. Three biological replicates were screened per condition for
phosphoflow analysis. Negative MFI normalised to the IgG control values were considered as zero for
statistical analysis. All interactions were measured by un-paired student’s t-test. Error bars represent
mean +SD of three biological replicates. Abbreviations: IF, immunofluorescence. MFI, mean

fluorescence intensity. RLU, relative luminescence units. *p<0.05, *** p<0.001, **** p<0.0001.
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Figure 2. Mice transplanted with cells expressing the MYB-TYK2 fusion gene developed leukemia
with a median latency of 84 days. (A) Kaplan-Meier curves of Arf*-MYB-TYK2 mice (n=4) compared
with control (empty vector) mice (n=5), p=0.003; interaction as measured by log-rank test. (B) Spleen
and liver weight of Arf~-MYB-TYK2 (n=4) and empty vector control mice (n=5). (C) H&E (top) and GFP
(bottom) staining of bone marrow, spleen and liver sections of a representative MYB-TYK2 mouse (n=3).
(D) Peripheral blood smear of a single MYB-TYK2 mouse. The blood film was stained with Giemsa and
Wright Stain. Scale bars represent 50 um and 20 um at 20X and 40X magnification, respectively. (E)
Flow cytometric analyses of Arf*-MYB-TYK2 leukemic cells isolated from bone marrow, spleen and liver
of a MYB-TYK2 mouse demonstrated an immunophenotype consistent with maturation arrest at pro/pre-
B cell stage. The plots represent Arf-MYB-TYK2 GFP positive cells (live cells only as determined by
DAPI staining) expressing indicated CD or lineage markers. Quadrant gates were applied and
compensated based on the fluorescence minus one (FMO) technique and unstained controls.
Interactions were measured by un-paired student’s t-test. All indicated error bars represent mean +£SD.

*5<0.05.
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Figure 3. Heat map representation of potential ICso of selected compounds in the secondary HTS.
ICs0 was estimated relative to DMSO control (n=1). The estimation of maximum plasma concentration for
each drug was calculated based on the Crmax, AUCo-24 or AUCo.-- of the maximum tolerated dose (MTD)
or the recommended dose as per references in Supplementary Table 6. Color bar indicates the
concentration of compounds within the range of 0-10000 nM. Gray boxes indicate values higher than
10000 nM. Blank boxes indicate compound with no known bioavailability in human trials and/or animal

models.
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Figure 4. BalF3 cells expressing the MYB-TYK2 fusion gene demonstrated sensitivity to
vorinostat and tanespimycin. (A&B) Proliferation analysis of Ba/F3-MYB-TYK2, -PAX5-JAK2 and -
ATF7IP-JAK2 cells cultured in the presence of increasing concentrations of vorinostat and tanespimycin
for 48 h. ATP-based luminescence readout is proportional to the number of viable cells. The percentage
of proliferation was calculated relative to DMSO control of each line. Dotted line indicates the 50%
inhibition of proliferation. ICs values were estimated by nonlinear regression analysis using GraphPad
Prism and are indicated in the panel below. Representative histograms of Ba/F3-MYB-TYK2 cells’ flow
cytometric analyses (n=3) for pSTATS and pSTAT3 when treated with DMSO (vehicle), (C) 1 uM
vorinostat and (D) 0.5 uM tanespimycin for the indicated period. Statistical analyses were measured by
paired student’s t-test for flow cytometry and un-paired student’s t-test for proliferation assay analyses

with error bars representing mean £SD of 3 biological replicates. *p<0.05, **p<0.01.
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Figure 5. Cerdulatinib demonstrated efficacy against Ba/lF3 MYB-TYK2 cells. (A) Dose-response
curve of Ba/F3-MYB-TYK2, Ba/F3-PAX5-JAK2 and NALM-19 cells treated with increasing concentrations
of cerdulatinib for a duration of 48 h. Percent proliferation was estimated relative to DMSO vehicle control
via CellTiter Glo assay. Dotted line indicates the 50% inhibition of proliferation. ICso values were
estimated by nonlinear regression analysis using GraphPad Prism and are indicated in the right panel.
(B) Phosphoflow analysis of STATS and STAT3. Ba/F3-MYB-TYKZ2 cells were treated with vehicle
(DMSO) or 1 uM cerdulatinib for a duration of 1 h. Ruxolitinib treatment was used as a negative control
(n=2). Cells were then stained for pPSTATS and isotype control; p-values as measured by paired student’s
t-test. (C) Ba/F3-MYB-TYK2 cells were incubated in the presence of different concentrations of
cerdulatinib or vorinostat. Caspase 3/7 activation was measured by Caspase-Glo 3/7 assay at 24 and 48
h. Luminesce readout is proportional to the amount of Caspase 3 and 7 activity. Background values at
day 0 were measured and deducted from each day’s corresponding readout values. All statistical
analyses were measured by un-paired student’s t-test unless otherwise indicated. All indicated error bars
represent mean +SD of at least 3 separate experiments unless otherwise specified. Abbreviation: RLU,

relative luminescence unit. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Figure 6. The MYB-TYK2 mice treated with cerdulatinib and vorinostat exhibit reduced B-ALL
burden. (A) Spleen and liver weight of cerdulatinib (n=10) and vorinostat (n=10) vs vehicle treated (n=>5)
Arf~-MYB-TYK2 mice. (B) Levels of Arf-MYB-TYK2 leukemic cells in bone marrow, spleen, liver and
peripheral blood of mice in cohorts receiving cerdulatinib, vorinostat or vehicle, measured by GFP
positivity of cells derived from mouse tissues via flow cytometric analysis. (C) H&E (top) and GFP
(bottom) staining of tissue sections of representative mice from each cohort (n=3). Scale bars represent
50 um at 20X magnification. All interactions were measured by un-paired student’s t-test. All indicated

error bars represent mean £SD. *p<0.05, **p<0.01, ***p < 0.001.
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Figure 7. Cerdulatinib demonstrated synergy when used in combination with vorinostat or
dexamethasone. (A) Heatmap representation of sequential dose combinations of cerdulatinib and
vorinostat. (B) Dose-response curve of Ba/F3-MYB-TYK2 cells cultured in the presence of increasing
concentrations of cerdulatinib in combination with 0, 200, 400, 800 nM dexamethasone. IC50 values as
indicated in the panel below. (C) Heat map representation of sequential dose combinations of cerdulatinib
and dexamethasone. (D) Dose-response curve of Ba/F3-MYB-TYK2 cells cultured in the presence of
increasing concentrations of cerdulatinib in combination with 0, 60, 80 and 100 nM dexamethasone. IC50
values as indicated in the panel below. Synergy is calculated based on ZIP method and is representative
of three biological replicates. The black box indicates the most synergistic area as determined by the
SynergyFinder 2.0 software. The proliferation (%) was calculated relative to DMSO vehicle control of
each line after 48 h incubation with drugs and the IC50 is denoted by a horizontal dotted line. All
interactions were measured by un-paired student’s t-test. Error bars represent mean +SD of 3 biological

replicates. *p<0.05, **p<0.01, ns=not significant.
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Material and methods:

Arf” cells generation. Arf” cells are Pre-B-cells derived from bone marrow progenitors and were
generated as described by Randle et.al (2001) (73). In brief, bone marrow cells were harvested from 5-
7 week old Arf” donor mice (Jackson Laboratory, Maine, United States). Red cells were lysed, and the
remainder of cells resuspended and fed with RPMI supplemented with 5% fetal bovine serum (Hyclone
FBS, Fisher-Scientific, CAT# SH3007003), 4 mM L-Glutamine (Sigma-Aldrich, CAT#G7513), 1% (v/v)
penicillin/streptomycin (Sigma-Aldrich, CAT#P4333) and 55 uM 2-Mercaptoethanol (Gibco, CAT#21985-
023). Bone marrow derived pre-B cells were established on irradiated NIH-3T3 stromal cells (30 Gy) in
the presence of saturating levels of IL-7 (50 ng/mL; Peprotech, CAT#217-17). Clusters of cells released
into the media were transferred to liquid culture at day 6-7 post culture on stromal cells and then at 3-4
day intervals. More than 90% of cells transferred to liquid culture exhibited double B220/CD45R and
CD24 positivity indicative of “common lymphoid progenitor cells” (74). The established pre-B Arf” cell

line was maintained in similar culture media, with the addition of 10% FBS and 10 ng/mL IL-7.

Cell line generation, transduction and cell culture. Retroviral particles of p-Ruf-iG2-MYB-TYK2-GFP
were packaged into HEK-293T (obtained fron ATCC, Virginia, USA) cells using Lipofectamine™ 2000
(Thermo Fisher Scientific, CAT# 11668-019) and the packaging vector pEQ-Eco. The harvested
supernatant was used to infect IL-3 dependent parental Ba/F3 pro-B cells (ATCC, Virginia, USA), IL-7
dependent Arf~ cells and NIH-3T3 cells. For Arf” cells, viral supernatant was centrifuged onto
RetroNectin coated plates (30 ng per well, TakaRa, CAT#T202) for 1.5 h at 2000 rpm. Supernatant was
then removed, replaced with 3x105 cells/mL, followed by spinfection of cells for 1 h at 1600 rpm. Ba/F3
target cells were resuspended in viral supernatant and spinfected at 1800 rpm for 1 h using polybrene (4

ug/mL, Sigma-Aldrich, CAT#TR-1003). Viral supernatant harvest and spinfection was carried out at 24
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and 48 h post-transfection of HEK-293T cells. Cells harboring the MYB-TYK2 fusion gene were GFP
selected using fluorescence activated cell sorting (FACS) 72 h post-transduction to generate stable cell
lines. Expression of the MYB-TYK2 fusion was confirmed by RT-PCR. Cell lines harbouring the p-Ruf-
iG2-GFP empty vector (EV) were similarly generated as experimental controls. Ba/F3 cells were
maintained in RPMI1640 medium (Sigma-Aldrich, CAT#R0883) supplemented with 10% Fetal Calf
Serum (FCS CellSera, BATCH#F21701), 2 mM L-glutamine, 0.6% (v/v) penicillin/streptomycin plus 5%
WEHI-3B (source of IL-3) for Ba/F3-EV and parental cells or 10 ng/mL IL-7 for Arf~-EV cells. Parental
cell lines were tested negative for mycoplasma according to MycoAlert™ Mycoplasma Detection Kit
(Lonza, Basel, Switzerland) and PCR test (performed at COMPATH, Gilles Plains, South Australia)
before transfection/transduction procedure. NIH-3T3 cells were cultured in cytokine-free Dulbecco’s
Modified Eagle’s Medium (DMEM, Sigma-Aldrich, CAT#D6046) with above-mentioned supplements. For
cytokine independent growth, Ba/F3-MYB-TYK2 and Arf~-MYB-TYK2 cells were washed (x3) via

centrifugation and resuspension in cytokine-free media and then cultured in the absence of cytokines.

RT-PCR. For total RNA extraction, 1-2x108 primary cells and 5x108 cell lines were collected, pelleted and
resuspended in 1 mL TRIzol® solution (Life Technologies, CAT#15596-018). Upon attaining a
homogenous mixture, chloroform was added to each tube prior to centrifugation at 1200x g for 15 min.
Total RNA was then pelleted by addition of isopropanol and 1 ug glycogen (Roche, CAT#10901393001)
and washed with 75% ethanol prior to rehydration in NF-H20. The RNA quality was measured using a
Nanodrop™ 8000 spectrophotometer. cDNA was synthesized using Quantitect Reverse Transcription Kit
(Qiagen, CAT#205313). RT-PCR was performed with RT? SYBR Green ROX gPCR Mastermix (Qiagen,
CAT#330523) with the following primers designed to amplify over the MYB-TYK2 fusion gene break point
region and housekeeping control: human MYB, 5-CTACAGCTCAACTCCCTGCC-3' (forward) and

human  TYK2, 5-CGGTGCTGCCTCTGGTAG-3'  (reverse), mouse  Beta-actin, 5-
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TTGCTGACAGGATGCAGAAG-3' (forward) and 5-AAGGGTGTAAAACGCAGCTC-3' (reverse).
Amplification was performed on the QuantStudio™ 7 Flex system (ThermoFisher) with the
annealing/extention temperature at 60°C x 40 cycles. Data were quantified by Ct values and presented

as 28t fold change normalized to Beta-actin expression.

Compounds. Cerdulatinib (CAT# S7634), vorinostat (CAT#S1047), panobinostat (CAT# S1030), CUDC-
907 (CAT# S2759), belinostat (CAT# S1085), cepharanthine (CAT#S4238), geldanamycin (CAT# S2713)
and tanespimycin (17-AAG, CAT#S1141) were purchased from Selleckchem. For in vitro use, 10 mM
inhibitor stocks were diluted in DMSO prior to use. Dilutions were prepared so that the final concentration
of DMSO was 0.2% in culture media and assays. For in vivo use, the required volume of inhibitors
according to the animals’ weights, were prepared daily. Cerdulatinib, was dissolved in 0.5% Methyl
Cellulose 400 Solution (CAT#131-17811, Wako Pure Chemical Industries) complemented with 2%
DMSO and administered orally (oral gavage) at 35 mg/kg/day. Vorinostat was reconstituted in a solvent
consisting of Mill-Q, 30% PEG300 (CAT# 91462, Sigma-Aldrich), 5% Tween 80 (CAT# S6702,
SelleckChem) and 2%DMSO and administered via peritoneal injection (i.p.) at 70 mg/kg/day. The drug

dose and route of administrations were selected based on previous studies (75-77).

In vitro proliferation, apoptosis and inhibitor assays. For growth analysis, cells were plated at 1x104
cells per mL in 24 well-plates in triplicates. At each indicated time point, 25 uL of cells was transferred to
black 384-well ViewPlates (PerkinElmer, CAT#6007460) and viability was assessed via luminescence-
based CellTiter Glo® 2.0 Assay (Promega, CAT# G9242) as per manufacturer protocol. Results were
normalized to day 0 readout. A media only control was used to ensure minimal assay interaction with
medium and to evaluate the background luminesence. For dose-response curves, cells were washed,

plated in duplicate at 3000 cells/well in black 384-well ViewPlates in the presence of increasing drug
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concentrations for 48 h prior to addition of CellTiter Glo reagent. For synergy analysis the SynergyFinder
2.0: visual analytics of multi-drug combination synergies software was used (78). Synery was calculated
based on the Zero Interaction Potency (ZIP) model (79). A ZIP synergy value has been calculated for
each combination considering all doses in addition to a ZIP score of the most synergistic area based on
the percentage of viable cells after treatment normalized to DMSO control. Values greater than 10
indicate synergy between two drugs; values between 10 and -10 indicate an additive interaction; values
less than -10 indicate antagonistic interactions. For apoptosis analysis, 1.2x10 cells/well were seeded in
a 96-well plate in triplicate. At day O or after 24 and/or 48 h incubation in the presence of increasing
concentrations of drug, 25 uL of cells was transferred to black 384-well ViewPlates and apoptosis was
assessed via luminescence Caspase-Glo® 3/7 assay (Promega, CAT#G091) according to the
manufacturer protocol. Luminescence levels were assessed via VICTOR™ X Multilabel Plate Reader

(PerkinElmer, Inc).

Phosphoflow analyses. Cells were washed (x1) via centrifugation and resuspension in RPMI1640
media with cell concentration adjusted to 5x10° cells per tube. For evaluation of the effect of drug
treatments, cells were resuspended in media supplemented with inhibitors at the indicated concentrations
or DMSO for 1 h. Cells were then fixed with 100 uL of 16% paraformaldehyde per 1 mL of sample,
incubated for 10 min at room temperature and washed via centrifugation once in 1xPBS. Permeabilization
was carried out by dropwise addition of ice-cold 80% methanol to cell pellet while vortexing at low speed
(600 rpm) to allow resuspension. Samples were stored at -20°C overnight and washed with phosphoflow
buffer (1xPBS/1% BSA) prior to staining with antibodies for pSTATS (pY694, #CAT612567), pSTAT3
(pY705, #CAT562072), pERK1/2 (pT202/pY204, CAT#612566), pAKT (pS473, CAT#560378), pSYK
(pY348, CAT#558529), pS6 (CAT# 14733, Cell Signaling Technology (CST)) or the isotype controls 1gG1

(CAT#555749) and IgG. (CAT#559319) at concentrations recommended by the manufacturer. All
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antibodies were purchased from BD Biosciences unless otherwise indicated. For global histone
methylation and acetylation analysis, cells were stained with antibodies H3 (CAT#12230), H3K27me3
(CAT#12158) and H3K9ac (CAT#66070) purchased from CST. Cells were stained with each antibody for
1 hin the dark at room temperature. Cells were analyzed on a BD FACSCanto Il (BD Bioscience) except

were indicated.

Western blotting. For total lysates, 1x108 cells per cell line were lysed in NP-40 buffer containing 10 mM
Tris-HCI (pH 7.4), 137 mM NaCl, 10% Glycerol and 1% NP-40 (lgepal™, Thermo Fisher Scientific,
CAT#85124) supplemented with phosphatase and protease inhibitors (Complete mini EDTA-free
protease inhibitors Cocktail, Roche, CAT# 04693132001). Lysates were pelleted, a sample of
supernatant taken for protein quantification and to the remainder, addition of 1/3 volume of 4x loading
buffer (0.25 M Tris-HCI (pH 6.8), 8% (w/v) SDS, 40% (v/v) glycerol, 20% (v/v) 2-merchaptoehtanol and
0.05% (w/v) bromophenol blue) prior to boiling at 100°C for 10 min. Protein quantification was determined
by the DC Protein Assay (Bio-Rad, CAT#500-0116) based on the manufacturer’s protocol. Total protein
(70 ng) was separated by SDS-PAGE electrophoresis on Criterion™ TGX Precast gels (Bio-Rad, CAT#
5678084) with the Precision Plus Protein Kaleidoscope Standard (Bio-Rad, CAT#161-0375) used to
determine protein size. The protein was transferred to LF-PVDF membrane (Bio-Rad, CAT#170-4275)
via the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories Inc., California, USA) using the midi blot
and high molecular weight manufacturer settings. The membrane was then incubated with Intercept
Blocking Buffer (LI-COR, CAT#927-70001) for 1 h at room temperature, prior to staining with primary
antibody. Primary antibodies against TYK2 (CAT#14193), pTYK2 (CAT#68790), MYB (CAT#12319) and
GAPDH (CAT#2118) were purchased from CST. Membranes were probed overnight at 4°C with primary
antibodies diluted at 1:1000 in Intercept Blocking Buffer, washed 5x in TBST and stained with donkey-

anti-rabbit IRDye 800CW (1:10000; Li-Core, CAT#925-32213) secondary antibody for 1 h at room
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temperature. Membranes were washed 5x times and analysed on the Li-Cor Odyssey CLx Imaging
System (LI-COR Biosciences, Nebraska, USA). Immunoblot image analysis was performed using

ImageStudio software version 5.2.5.

Immunofluorescent analysis. Immunofluorescent imaging was carried out as previously described with
slight modifications (80). Briefly, 1x105 NIH-3T3-MYB-TYK2 cells and their EV counterparts were seeded
on coverslips overnight, fixed with 4% paraformaldehyde in PBS and permeabilized in 0.1% Triton X-100
prior to 1 h incubation in blocking buffer (10% FCS in PBS) in a humidified chamber. Cells were then
stained with MYB (Origene, CAT# AP31223PU-N) and TYK2 (Santa Cruz Biotechnology, CAT# sc-5271)
antibodies at 1:100 dilution in blocking buffer overnight. Cells were then washed and stained with
secondary goat anti-rabbit Alexa Fluor 568 (ThermoFisher Scientific, CAT# A11036) and goat anti-mouse
Alexa Fluor 647 (ThermoFisher Scientific, CAT# A21235) diluted at 1:200 in TBST, incubated at 37°C
for 1.5 h and counter stained with DAPI (0.4 ng/mL). Cells were rinsed in 4xSSC and sealed on to slides
after treatment with antifade mounting medium (ThermoFisher, CAT# P36930). Images were captured

by Nikon A1 confocal microscope and processed by NIS Elements Viewer (v4.1).

Ex vivo GFP positivity and immunophenotyping analysis via flow cytometry. At experimental
endpoint, mice were culled and bone marrow, spleen, liver and brain harvested. Organs were transferred
to a 70 uM filter and cells isolated in ice cold PBS supplemented with 2% FCS. Reb blood cells were
lysed in buffer containing 0.1 M NH4CI and NH4sHCO; in MilliQ water. For GFP positivity analysis, cells
were washed by centrifugation and resuspended in FACS fix (1% formaldehyde, 111 mM D-glucose,
0.02%Sodium Azide in 1x PBS). Liver cells were blocked in buffer containing 0.5% BSA, 2% FCS and

PBS for 15 min and stained with LIVE/DEAD™ Fixable Blue Dead Cell Stain Kit (ThermoFisher,
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CAT#L23105) for 30 min prior to fixation. For immunophenotyping, cells were blocked as previously and
stained with CD45R/B220 (CAT# 553090), CD43 (CAT#553271), CD19 (CAT#563235), CD24
(CAT#562349), CD3 (CAT#565643), IgM (CAT#552867), BP1 (CAT#740485), MAC1 (CAT#553311),
GR1 (CAT# 561083), THY1 (CAT#561409), TER119 (CAT#561071) purchased from BD Biosciences,
for 1hin the dark. Cells were then washed in 0.5% BSA/PBS and fixed. In addition to an unstained control,
anti-mouse Ig,k compensation beads (BD Biosciences, CAT#5528843) were used to optimize
compensation settings for the flow cytometric analysis. For differentiation between live and dead cells in
bone marrow, spleen and peripheral blood samples, cells were stained with DAPI (0.4 pg/mL) prior to

analysis on a BD FACSCanto Il or BD LSRFortessa X-20 (BD Biosciences).

Immunohistochemistry. Mouse tissues were fixed in formalin at least 24 h prior to paraffin embedding.
Tissue processing, embedding, sectioning of tissues at 5 um and hematoxylin and eosin (H&E) staining
was performed by the Histology Service at the University of Adelaide, Australia. For
immunohistochemistry, tissue sections were heated and rehydrated in xylene treatment followed by brief
ethanol treatment. Antigen retrieval occured through heat induced epitope retrieval using citrate buffer at
pH 6 at 110°C in a pressurised decloaking chamber (Biocare Medical). Slides were then washed in
1xPBS and exposed to 0.3% H202 (30% w/v) in methanol for 10 min and washed prior to 1 h blocking
with 5% goat serum in PBST (0.5% Tween). Tissue slides were stained with GFP antibody (CST,
CAT#2956) diluted at 1:200 in 5% goat serum/PBST overnight in a humidified chamber. The next day,
slides were washed and stained with goat anti-rabbit I9gG H&L (HRP) (Abcam, CAT#ab205718) at
1:10000 prior to DAB exposure using SignalStain® DAB Substrate Kit (CST, CAT#8059) according to
manufacturer’s protocol. Tissues were counter stained with Mayer’'s hematoxylin and dehydrated prior to

scanning and analysis with Slide Scanner (Pannoramic, 3DHistech) and CaseViewer (3DHistech, v2.6).
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In vivo treatment studies. Cells isolated from organs of MYB-TYK2 primagrafts (approximately 2x10°
cells per mouse) were transplanted into sublethally irradiated (200 cGy) secondary NSG recipients via
tail vein injection. Engraftment was monitored by assessment of GFP in the peripheral blood from two
weeks post-transplant. Treatment commenced based on engraftment levels (%GFP positive leukemic
cells) and mice were randomized to receive either cerdulatinib (35mg/kg/day; n=10), vorinostat
(70mg/kg/day; n=10) or vehicle (0.5% methylicellulose+2% DMSO (n=2) and Milli-Q+30% PEG300+5%
Tween 80+2% DMSO (n=3). Treatment was continued for up to 12 days. Body weight was measured
daily. Animals were monitored daily for clinical signs of leukemia and were humanely killed when
moribund. Bone marrow, spleen, liver and spine were harvested and cardiac puncture performed at

experimental endpoint.

High Throughput Screen (HTS). The two libraries, Microsource Spectrum FDA-approved drugs library
and SelleckChem Epigenetics library, were purchased and plated at Compound Australia (Griffith
University, QLD, Australia) at 50 nL/well in black 384-well plates (View Plate, Perkin EImer Cat#6007460).
Controls were similarly plated, with the positive control being 1uM daunorubicin, @ DNA synthesis
inhibitor that is regularly used in ALL patients’ chemotherapy regimen (81)). DMSO was used as a
negative control (at final concentration of 0.2%). The HTS was performed at Cell Screen SA (Center for
Innovation in Cancer, Flinders University, SA, Australia). Ba/F3-MYB-TYK2 cells were seeded in a HEPA-
filtered air environment, at 5000 cells/25 uL per well using a BioTek 406 washer/dispenser (achieving
final concentration of 10 uM per compound). Plates were centrifuged for 3 sec and incubated for 24 h at
37°C/5% CO.. CellTiter-Glo reagent was added at 25 ulL/well via a plate:handler workstation (Perkin

Elmer), using the BioTek406 after the plates were equilibrated to RT (Liconic room temperature plate
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hotel). After 45 min incubation in the presence of CellTiter-Glo reagent, luminescence was measured on
the EnSight™ Multimode Plate Reader (Perkin Elmer). Files containing plate layouts (Compounds
Australia) and data from luminescence readings were imported independently into Spotfire data tables
(TIBCO® Spotfire® Analyst 7.6.1.17). The data from all wells was cross-matched to drug codes, negative
and positive controls, according to well coordinates. The median and median absolute deviation (MAD)
from negative and positive control wells on each plate were used to calculate the robust z-prime values.
Data for every compound treated well were normalized against the overall compound median and MAD
on a per plate basis using the robust z-scores. The percentage of every compound value relative to the
negative control on the plate was also calculated. Compounds were considered hits when corresponding
data showed z-scores <-5 or <-2 (for the MicroSource Spectrum and Selleckchem libraries, respectively)
and at least 50% reduction of the median of DMSO treated well (negative control). Control wells were
used to estimate the coefficient of variation and consistency of the screening. Results were visualized in
relevant graphics and final output data tables were exported to Excel files (Supplementary Tables 3-5).
A standard method to identify outliers was used according to the distribution of the data in which first and
third quartile, interquartile range (IQR), upper and lower outlier boundaries values were calculated for
removal of outliers. Outliers were then identified as any data value that fell over Upper Inner Fence (UIF)
and Lower Inner Fence (LIF). For secondary dose-response screen, selected compounds
(Supplementary Table 5 and 6, Figure 3) were plated at Compound Australia at 50 nL/well in black 384-
well plates backfilled to achieve the final concentration of 0.01 to 10 uM. Cells were seeded at 5000
cells/25 uL per well and incubated in the presence of drug for 48 h. Plates were equilibrated, incubated
with CellTiter-Glo reagent and luminescence measured as previously. Percentage viability normalized to
DMSO control was calculated for each concentration of compound and used to calculate IC50 value per
compound using non-linear regression analysis. DMSO was maintained at a final concentration of 0.2%

for all wells. PAINS (pan assay interference compounds) were excluded from the compound list. A
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SMILES file (simplified molecular-input line-entry system) describing the Microsource drug library from
Compounds Australia was analyzed with Match_PAINS_v12 script, in Vortex (Dotmatics Software). This

script identifies PAINS based on descriptions previously described (82-85).

Statistical Analysis. All statistical analyses were performed in GraphPad Prism v8 (GraphPad Software,
Inc). Paired and un-paired student’s t-tests were performed for collected data as indicated and p<0.05
was considered statistically significant. The ICso values were calculated by non-linear regression. All flow

cytometry analyzes were analyzed using FlowJo analysis software™ v10 (FlowJo, LLC).

Supplementary Figures and Table
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Supplementary Figure 1. RT-PCR validation of the MYB-TYK2 fusion gene expression in transduced cell lines. RNA
expression levels of the MYB-TYK2 fusion gene in transduced Ba/F3, Arf~ and NIH-3T3 cells compared with their
corresponding empty vector controls. Primers were designed to amplify over the MYB-TYK2 breakpoint region. Data are
presented as fold change normalized to the Beta-actin expression. Three biological replicates were screened per line in

duplicate. All indicated error bars represent mean +SD. * p<0.05, ** p<0.01. EV=empty vector
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Supplementary Figure 2. No primary antibody control of NIH-3T3-MYB-TYK2 and NIH-3T3-EV cells. Cells were stained with

NIH-3T3-MYB-TYK2

NIH-3T3-EV

secondary anti-rabbit Alexa Fluor 568 (Alexa 568R) and anti-mouse Alexa Fluor 647 (Alexa 647M) alone and counter-stained
with DAPI (blue signal) for nuclei visualization. Images captured at 40X and 63X magnification as indicated by Confocal

Microscopy and processed by ImageJ software.
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Supplementary Figure 3. The truncated TYK2 protein partner present in Ba/F3-MYB-TYK2 cells demonstrates kinase
activity. Immunoblots were stained for pTYK2 (A), total TYK2 (B) and total MYB (C). GAPDH(D) was used as loading control.
The presence of the fusion protein in Ba/F3-MYB-TYK2 cells is indicated by the expression of both 5’ and 3’ partners (panels
B and C). The Jurkat cell line was used as positive control for both MYB and TYK2 expression. Molecular weight of MYB-
TYK2 (66 kDa) was estimated based on the sequence length of the fusion gene (1860 bp). EV cells (plus or minus IL-3) were
used as negative controls to account for any effect of the vector backbone or presence of IL-3 on phosphorylation of TYK2.
No endogenous TYK2 expression (134 kDa) or phosphorylation was detected in Ba/F3 cells (-MYB-TYK2 and -EV (plus and
minus IL-3)) (panels A and C), as expected. It should be noted that while non-specific bands were detected in all samples
when staining with pTYK2 (due to inherent binding selectivity/specificity issues of the antibody), the intensity of these bands

is lower than the fusion-specific band. The western blot shown is representative of 3 separate experiments.
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Supplementary Figure 4. The MYB-TYK2 fusion protein does not induce activation of the PI3K/mTOR signaling pathway or
B-cell receptor signaling. (A) Representative histograms of phosphoflow cytometric analyses. Ba/F3-MYB-TYK2 and EV cells
were stained and assessed for phosphorylation of SYK (mediator of B-cell receptor signaling) and AKT (PI3K/mTOR pathway
protein). LnCap cells were used as positive controls for pAKT as indicated. In order to trigger SYK phosphorylation, Jurkat
cells were stimulated with 5 mM H202 for 15 min. Three biological replicates were screened per condition. (B) Fold change in
H3K9ac and H3K27me3 levels in Ba/F3-MYB-TYK2 and EV control cells as measured by flow cytometric analysis. All MF|
values were normalized to the total H3 of each cell line. Indicated error bars represent mean +SD of 3 separate experiments.

**p<0.01.
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Supplementary Figure 5. RT-PCR confirmed expression of the MYB-TYK2 fusion gene in cells isolated from Arf~-MYB-TYK2
mice. (A) RNA expression levels of MYB-TYK2 fusion gene in cells isolated from MYB-TYK2 mice (n=4). Horizontal lines
indicate median (B) A representative DNA agarose gel of amplified PCR product over the breakpoint region of the MYB-TYK2

fusion gene with expected size of 109 bp. Cells were isolated from the organs of MYB-TYK2 mice (n=4). All indicated error

bars represent mean £SD.
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Supplementary Figure 6. Mice transplanted with Arf--MYB-TYK2 cells demonstrated infiltration of GFP positive

leukemic cells in peripheral blood, bone marrow, spleen and liver. A representative flow cytometric analysis,

demonstrating the percentage of GFP positive cells isolated from blood, bone marrow, spleen and liver of MYB-TYK2 mice

(n=4). Left and middle plots display the gating hierarchy of the GFP positive cell population. Abbreviations: pos, positive.
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20x Bone marrow 20x Spleen 40x Liver
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Supplementary Figure 7. Mice transplanted with Arf~-EV cells demonstrated normal bone marrow, spleen and liver structure
and no evidence of leukemia infiltration. H&E (top) and GFP (bottom) staining of bone marrow, spleen and liver sections of
representative EV mice (n=3). Lower bottom panel demonstrates negative GFP staining from a representative MYB-TYK2

mouse stained with secondary anti-rabbit IgG H&L (HRP) only. Scale bars represent 50 um and 20 pm at 20X and 40X

magnifications, respectively.
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Supplementary Figure 8. Data distribution determined the threshold for defining the total hits based on robust z-
score and percentage viability to DMSO values for every compound. A representative scatterplot of (A) the MicroSource
Spectrum and (B) Selleckchem screened libraries. Robust z-score and percentage viability were determined for each
compound. Scatterplots of screened compounds displayed adequate separation based on robust z-score and percentage
viability compared to DMSO. The bold line represents the median and the dotted lines 3 times +/-MAD. Based on these
graphics, total hits were defined as those compounds with 1) robust z-score of <-5 and <-2 for the MicroSource Spectrum and
Selleckchem libraries, respectively (denoted by green circles) and 2) percentage viability (to DMSO) <50%. Abbreviations:

MAD, median absolute deviation; rZ-score, robust z-score.
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Supplementary Figure 9. Compiled replicate plate maps displayed distribution of hits across all screened plates. Heat

map representation of hits detected in HTS assay with orange signal indicating hits in both replicates (coincident hits), green

representing hits in only replicate 1 and yellow representing hits in replicate 2. This heat map representation demonstrated

that total hits were spread across all plates indicating that no systematic errors occurred. Plate maps were the same for both

plates. Abbreviations: REP, replicate.
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Supplementary Figure 10. Z-score comparisons of replicate 1 and 2 demonstrated adequate distribution of
compounds. Comparison of z-score values from compounds in replicates 1 and 2 demonstrated well correlated data (r-
squared (r2) = 0.83). Green signal demonstrates the (True) hits defined by robust z-score of <-5 (and <-2 for SelleckChem
library) and <50% viability compared with DMSO. The data linearity was measured by r-squared coefficient of variation.

Abbreviations: REP, replicate; rZ-score, robust z-score, REP, replicate.

105



Proliferation (%)
ATP luminescence

Proliferation (%)
ATP luminescence

Proliferation (%)

ATP luminescence ATP luminescence

Proliferation (%)

Proliferation (%)

ATP luminescence

Chapter 2: Exploring the oncogenic and therapeutic target potential of the MYB-TYK2 fusion gene in B-cell acute

=== BaF3-MYB-TYK2

125
—— BalF3-PAX5-JAK2
=~ BaF3-ATF7IP-JAK2
100
=~ ATF7IP-JAK2
754
50
25
°
belinostat (nM)
1254
100+
*
4 )
754 AN\
® .
25
°
S & & S LS LSS S
cepharanthin (nM)
125
o
100+
75
) M
° & & & & & S
panobinostat (nM)
1259
100+
754
L4 .
25 .
.
L] v . E
° ® ® ) ® &
CUDC-907 (nM)
1254
100+

50

251

geldanamycin

1C50 ntd

1IC50nM

€50 '

1C50 nt

1C50 nM

lymphoblastic leukemia

3 3
@«4# &S
Q&"! Q&'!Q’ ,S,V
&
4000
3000

106



Chapter 2: Exploring the oncogenic and therapeutic target potential of the MYB-TYK2 fusion gene in B-cell acute
lymphoblastic leukemia

Supplementary Figure 11. Growth inhibitory activity of HTS candidates against Ba/F3-MYB-TYK2 cells and other
JAK/STAT signaling driven BalF3 cell lines. Ba/F3-MYB-TYK2, -PAX5-JAK2 and -ATF7IP-JAK2 cells cultured in the
presence of increasing concentrations of each HTS candidate for 48 h for proliferation analysis. ATP-based luminescence
readout is proportional to the number of viable cells. The percentage of proliferation was calculated relative to DMSO control
of each line. Dotted line indicates the 50% inhibition of proliferation. IC50 values were estimated by nonlinear regression
analysis using GraphPad Prism and are indicated in the right panel. All interactions were measured by un-paired student’s t-

test with error bars representing mean £SD of 3 biological replicates. *p<0.05.
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Supplementary Figure 12. Belinostat and cepharanthine did attenuate JAK/STAT signaling in Ba/F3-MYB-TYK2 cells.
Representative histograms of phosphoflow cytometric analyses for (A) pSTAT5 and (B) pSTAT3. Ba/F3-MYB-TYK2 cells were

treated with DMSO (vehicle), 0.2 uM belinostat or 2 1M cepharanthine for 1 h prior to fixation. Cells were stained for pSTAT5,

pSTAT3 and isotype control. Three biological replicates were screened per condition.
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Supplementary Figure 13. Vorinostat selectively inhibits proliferation of Ba/F3-MYB-TYK2 cells. Dose-response curve
of Ba/F3-MYB-TYK2 and -RCSD1-ABL1 cells cultured in the presence of increasing concentrations of (A) vorinostat and (B)
tanespimycin. The proliferation (%) was calculated relative to DMSO vehicle control of each line. IC50 values as indicated in

the right panel. Nonlinear regression analysis was used to evaluate the IC50 of each line. All interactions were measured by

un-paired student’s t-test. Error bars represent mean +SD of 3 biological replicates. **p<0.01.
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Supplementary Figure 14. A time-dependent reduction in activation of the JAK/STAT downstream effector proteins,

STATS5 and STAT3 was identified in Ba/F3-MYB-TYK2 cells upon cerdulatinib treatment. Representative histograms of

flow cytometric analyses for (A) pSTAT5 and (B) pSTAT3 in Ba/F3-MYB-TYK2 cell when treated with 1 pM cerdulatinib and

vehicle for the indicated period. All interactions were measured by paired student’s t-test. At least three biological replicates

were screened per condition for phosphoflow analysis. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.
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Supplementary Figure 15. Secondary engraftment of mice transplanted with Arf---MYB-TYK2 cells resulted in a rapid

onset of leukemia. Comparison of primary vs secondary (n=5) engraftment of Arf-MYB-TYK2 cells measured by %GFP in

peripheral blood. The percentage (%) of GFP positive cells was obtained via flow cytometric analysis from live cells only as

determined by DAPI staining.
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Supplementary Figure16. MYB-TYK2 mice treated with cerdulatinib and vorinostat displayed reduced GFP positive
leukaemic cells in organs. A representative flow cytometric analysis, investigating the percentage of GFP positive cells
derived from blood, bone marrow, spleen and liver of MYB-TYK2 mice treated with (A) vorinostat, (B) cerdulatinib and (C)
vehicle. The pseudocolour plots on the left-hand side display the gating hierarchy of the GFP positive cell population; gated
on live cells only as determined by DAPI (or LIVE/DEAD Fixable Blue Dead Cell Staining Kit for liver cells, read by the same

excitation and channel as DAPI). Abbreviation: pos, positive.
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Supplementary Figure 17. Secondary transplanted MYB-TYK2 mice exhibited a fully penetrant leukemia with
aggressive infiltration of cells into the spine. (A) H&E and (B) GFP staining of spine/spinal cord tissue of a representative

mouse per treatment cohort. Scale bars represent 200 um at 5X magnification.

114



Chapter 2: Exploring the oncogenic and therapeutic target potential of the MYB-TYK2 fusion gene in B-cell acute

lymphoblastic leukemia

A
Bone marrow
o % 13 5] efa %
:§. @ 5 ':
o 1 1 | oo @ .
58 g w4 51 <
3 2 - i
o (S 'y =
1. . 1. . . i .
cD3 CD24 CD43 GR1 THY1 lgM
of C C o K- it Y o S b :
£§ . ® s R
T ut L ey “1 @ . 1
28 g 2.1 famserid 3 1 =
88 . 8 S ' 2] =
1, " 1. . i, # .
CD3 CD24 CD43 Gr1
.8 g "1 ; i ;
£ & oS o
28 g "1 g ! 9 T
g é . é ol (SR . 3
i, o i . i * o
cD3 CD24 CD43 GR1
B
@ & -' ‘
: g ! o 2
g 2 g 'y wz w g 1 5
é R o ol ' 4 : -
e ey - . EL R
cp3 CD43 GR1 THY1 IgM
£5. O S . : i o
58 g . ,_ 51 s ’
28 2 51 puesss L & &1,
- R — o o 4 o ¢
1 .o . . 1, B , . %
e e S RS S S . S SEAN - v wd S ...
co3 CD24 cD43 GR1 IgM
e ?,,. ; - _ 1-;;. 1 s ~ ) '%f»'.
TR B i ! .
£ i e i 2. i © 3 = T
B8 . g . 51 paderT 2 B.—r— 1
1 3 Lo, ° @ ,, # o g, B o S
cD3 CD24 CD43 GR1 THY1 IgM

Supplementary Figure 18. Secondary transplanted animals demonstrated an immunophenotype consistent with
arrest at pro/pre-B cell developmental stage. Representative flow cytometric analyses of Arf~-MYB-TYK2 leukemic cells
isolated from (A) bone marrow and (B) peripheral blood of MYB-TYK2 mice (n=3) from cerdulatinib, vorinostat and vehicle
treatment cohorts. The plots represent Arf~-MYB-TYK2 GFP positive cells (live cells only as determined by DAPI staining)
expressing indicated markers. Quadrant gates were applied and compensated based on the fluorescence minus one (FMO)

technique and unstained controls.
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Supplementary Figure 19. Vorinostat demonstrated minimal synergy in combination with dexamethasone. (A)
Proliferation analysis of Ba/F3-MYB-TYK2 cells cultured in the presence of increasing concentrations of dexamethasone. (B)
Heatmap representation of sequential dose combinations of vorinostat and dexamethasone. The black box indicates the most
synergistic area as determined by the SynergyFinder 2.0 software. (C) Dose-response curve of Ba/F3-MYB-TYK2 cells
cultured in the presence of increasing concentrations of vorinostat in combination with 0, 80, 100 and 200 nM dexamethasone.
IC50 values as indicated in the panel below. The proliferation (%) was calculated relative to DMSO vehicle control of each
line after 48 h incubation with drugs and the IC50 is denoted by a horizontal dotted line. IC50 values as indicated in the panel
below. Synergy is calculated based on ZIP method and is representative of three biological replicates. All interactions were

measured by un-paired student’s t-test. Error bars represent mean £SD of 3 biological replicates. *p<0.05, ns=not significant.
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Supplementary Figure 19. Vorinostat and/or tanespimycin treatment does not result in attenuation of STAT5 signaling
in BalF3-EV cells. Expression levels of pSTAT5 in Ba/F3-EV cells stained for pSTATS5 and isotype control. Cells were cultured
in presence of IL-3 and treated with indicated inhibitors or vehicle control for 1 h prior to fixation. All indicated error bars

represent mean £SD of at least 3 separate experiments.
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Abstract:

Activating TYK2-rearrangements have recently been identified and implicated in the leukemogenesis of
high-risk acute lymphoblastic leukemia (HR-ALL) cases. Pre-clinical studies indicated the JAK/TYK2
inhibitor (JAKI), cerdulatinib, as a promising therapeutic against TYK2-rearranged ALL, attenuating the
constitutive JAK/STAT signaling resulting from the TYK2 fusion protein. However, following a period of
clinical efficacy, JAKi resistance often occurs resulting in relapse. In this study, we modeled potential
mechanisms of JAKi resistance in TYK2-rearranged ALL cells in vitro in order to recapitulate possible
clinical scenarios and provide a rationale for alternative therapies. Cerdulatinib resistant B-cells, driven
by the MYB-TYK2 fusion oncogene, were generated by long-term exposure to the drug. Sustained
treatment of MYB-TYK2-rearranged ALL cells with cerdulatinib led to enhanced and persistent JAK/STAT
signaling, co-occurring with JAK1 overexpression. Hyperactivation of JAK/STAT signaling and JAK1
overexpression was reversible as cerdulatinib withdrawal resulted in re-sensitization to the drug.
Importantly, histone deacetylase inhibitor (HDACi) therapies were efficacious against cerdulatinib-
resistant cells demonstrating a potential alternative therapy for use in TYK2-rearranged B-ALL patients

who have lost response to JAKi treatment regimens.

Key words: Acute Lymphoblastic Leukemia, TYKZ rearrangements, JAKI, resistance, HDACi

Introduction:

Acute lymphoblastic leukemia (ALL) patients harboring JAK alterations experience poor outcomes and
have a high risk of relapse (1). Specifically, JAK-rearranged adult cases demonstrate an inferior 5-year
event free and overall survival compared with cases harboring ABL1/2-rearrangements (2). Currently
targeted therapeutics are considered the best approach to overcome chemotherapy refractoriness and

improve patient outcomes. They are therefore a promising option in JAK/STAT driven high-risk (HR)
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subtypes of ALL (1-5). In recent years, sensitivity to JAK inhibitors (JAKI) has been demonstrated in
several in vitro and in vivo models of JAK/STAT activating alterations (e.g. JAK-class and CRLF2
rearrangements) (6-13). Clinical trials investigating the efficacy of concomitant ruxolitinib with
conventional chemotherapy in CRLF2-rearranged patients with or without JAK2 mutations
(NCT02420717, NCT02723994, NCT02723994) as well as newly diagnosed HR Ph-like ALL patients
(NCT02420717, NCT02883049) are underway. We have also recently demonstrated, in pre-clinical
investigations, the sensitivity of the aggressive MYB-TYKZ fusion gene to the dual SYK/JAKI, cerdulatinib

(14).

JAKi therapy has noticeably improved the treatment outcome for patients with myeloproliferative
neoplasms (MPN) (15-18). Ruxolitinib was the first JAK1/2 inhibitor (JAK1/2i) approved for the treatment
of MPNs where the majority of cases harbored the gain of function, JAK2 p.V617F mutation, and thus
demonstrated constitutive activation of JAK/STAT signaling (15-18). However, the reduction in allelic
burden by ruxolitinib in JAK2 mutant MPN patients appears to be limited (19) and due to the limited
curative potential, extended treatment periods are usually required (20). Long-term exposure to ruxolitinib
is of clinical concern as it has led to loss of response and insensitivity to JAKi in 50% of cases after 2-3
years of treatment (21-23), indicating the development of resistance in leukemic cells. Consequently, the
outcome for MPN patients after acquisition of ruxolitinib resistance is poor. Very limited alternative
treatment options exist for these patients (24-26), highlighting the unmet need to model potential

resistance mechanisms and identify additional tailored treatment regimens.

Currently, the evidence describing possible resistance mechanisms to JAKi is limited and mainly from in
vitro studies in MPNs. The proposed mechanisms in these models include: 1) acquired secondary
mutations in the JAKZ kinase domain that often effect drug binding (27-29) and 2) persistent JAK/STAT

signaling due to heterodimerization and transactivation of JAK family proteins (i.e. JAK1, JAK2, JAK3
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and TYK2) (30-32). Conversely, the only study investigating the effect of long-term exposure to ruxolitinib
in B-ALL cells harboring CRLF2r/JAK2 mutations suggests that adaptation to prolonged JAK2 inhibition
is due to up-regulation of c-MYC expression rather than persistent activation of JAK/STAT signaling,

highlighting that JAKi-resistance development may be dependent on biological context (33).

The TYKZ2 gene fusions were recently identified in large cohort studies in ALL patients with different &’
partners including MYB, SMARCA4, ZNF340 (2, 11, 12). However, their role in leukemogenesis was not
established (2, 12). We have now demonstrated that MYB-TYKZ2 harboring cells cause the onset of
leukemia in mice and are sensitive to cerdulatinib treatment in vitro and in vivo (14). In this current study,
we generated cerdulatinib-resistant MYB-TYK2-rearranged B-ALL cells in order to recapitulate the
potential clinical scenario. We identified a novel TYK2 kinase domain mutation that developed in
response to JAKi (cerdulatinib) treatment. Cerdulatinib-resistant MYB-TYK2-rearranged cells also
demonstrated hyperactive JAK/STAT signaling. Importantly, we demonstrated sensitivity to alternative
therapeutics that may be used in the clinic should a patient develop resistance to cerdulatinib, providing

evidence for a precision medicine approach in the treatment of these high-risk patients.

Methods:

Cell line generation and culture. Ba/F3-MYB-TYK2 cells were generated by retroviral transduction of
parental Ba/F3 pro-B cells with a plasmid construct containing the MYB-TYK2 fusion gene isolated from
an ALL patient as described previously (14). Cells were maintained in normal media: RPMI1640 medium
(Sigma-Aldrich, CAT#R0883) supplemented with 10% Fetal Calf Serum (FCS, CellSera,
BATCH#F21701), 2 mM L-glutamine (Sigma-Aldrich, CAT#G7513) and 1% (v/v) penicillin/streptomycin
(Sigma-Aldrich, CAT#P4333). The cerdres Ba/F3-MYB-TYK2 cells were generated by gradual exposure

of cells to increasing concentrations of cerdulatinib to 3 uM for a period of 144-151 days. This
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concentration is equivalent to 3-1.5x the clinically achievable plasma levels of 1-2 uM (34, 35) and 3.7x
the half maximal inhibitory concentration (ICso) of cerdulatinib naive Ba/F3-MYB-TYK2 in in vitro
proliferation assay (14). The cerdes Ba/F3-MYB-TYK2 cells were grown in the presence of 3 uM
cerdulatinib at all times. Control Ba/F3-MYB-TYK2 cells were maintained in parallel and cultured in media
containing vehicle (dimethyl sulfoxide, DMSO). For all luminescence and flow drug treatment assays,
resistant and control cells were washed three times via centrifugation and incubated in inhibitor-free
media at least 1 h prior to set up. For re-sensitization experiments, cerdulatinib was completely withdrawn
by thorough washout (3x centrifugation and resuspension in normal media) from the media and cells

were cultured in cerdulatinib free media for a period of 5 weeks.

Compounds. Cerdulatinib (CAT# S7634), vorinostat (CAT#S1047), panobinostat (CAT# S1030) and
tanespimycin (17-AAG, CAT#S51141) were purchased from Selleckchem. For use, 10 mM inhibitor stocks
were diluted in DMSO prior to use. Dilutions were prepared so that the final concentration of DMSO was

0.2% in culture media and assays at all times.

Statistical Analysis. All statistical analyses were performed in GraphPad Prism v8 (GraphPad Software,
Inc). Paired and un-paired student’s t-test were performed for collected data as indicated and p<0.05 was

considered statistically significant. The ICsq values were calculated by non-linear regression.

Supplementary methods

Detailed methods undertaken for this study are provided in the supplemental appendices.

Results:
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Prolonged exposure of MYB-TYK2-rearranged B-ALL cells to cerdulatinib induced drug
resistance while maintaining proliferation suppression

To investigate potential mechanisms of JAKi resistance in TYK2-rearranged B-ALL, Ba/F3-MYB-TYK2
cells were treated with increasing concentrations of cerdulatinib over a period of 151 days. Cerdulatinib-
exposed Ba/F3-MYB-TYK2 cells (cerdes Ba/F3-MYB-TYK2) survived and proliferated in cerdulatinib
concentrations sufficient for growth inhibition and death of control cells. Cerdes Ba/F3-MYB-TYK2 cells
exhibited an 8.7-fold increase in ICso compared to control cells (IC50=6508 vs 739 nM, p=0.001; Figure
1A). The resistant cells demonstrated 3.3- and 2.4-fold decrease in Annexin V positivity compared to
control cells, when exposed to high micromolar concentrations of cerdulatinib (% Annexin V
positivity=21% vs 69%, p=0.0003 and 30% vs 74%, p=0.00006; 6 and 8 uM respectively; Figure 1B).
Interestingly, following prolonged TYK2 inhibition in the cerdes Ba/F3-MYB-TYK2 cells, the growth rate
was reduced resulting in lower numbers of leukemic cells proliferating compared with control (Figure 1C).
This lowered proliferation capacity in the cerdres Ba/F3-MYB-TYK2 cells was further validated with
additional cell cycle analysis via CellTrace Violet, indicating a significant reduction in number of cell
division cycles in resistant cells compared with control (cell cycles=9 vs 13, p=0.002; Figure 1D). Of note,
previous studies reported the transient accumulation of histone modifications (acetylation and/or
methylation) in cancer cells to enable survival in response to drug exposure (36-38). Indeed, cerdres
Ba/F3-MYB-TYK2 cells displayed elevated levels of tri-methylation of lysine 27 on H3 (H3K27me3)
compared with control cells (MFI=1.1 vs 1.6, p=0.02, Supplementary Figure 1A). No change in the level

of acetylation of lysine 9 on H3 (H3K9ac) was detected (Supplementary Figure 1A).

139



Chapter 3: Constitutive JAK/STAT signaling is the primary mechanism of resistance to JAKi in TYK2-rearranged acute

Viability (%)
ATP luminescence

Death (%)

Annexin V positivity

Count

Coumt

~= control
1251 = Cerd s
wxr
100 S— ] . -
= T
N wrx
751 \\
L P
\.
50 \ [N{:
\\\
o
251 . J
0 1 ——
Q N Q) »
N B\ & \géf
Log10 [cerdulitinib] nM
I control
100+ Bl Cerd e
804 e (]
axs
601
an
404
201
e &
S R s & & &
cerdulitinib (nM)
2004
1509
04
s04 i
8 Ll T T ey Nrrer———
o |cv‘ xa‘ Ia‘ lﬂ!
Day 4 Day 3 y2
100
2004 TT
1004
1 ! 10t 10
CellTrace Violet fluorescence
cerd
Cell Lines Number of peaks (n=3) Average number of cell cycles
10
Card™ ] 9
9
12
Control 13 13
13

Count

Count

lymphoblastic leukemia

8000 =
|r—
7000
6000
s 5000
c
g 4000
€ 3000
2000
1000 ) )
&@-
&
~= control
120000 ~== Cerd s
P
100000~
poe-
80000~
E) § 60000~
g g 40000 - o
s .
££ -
1“2' £ 20000
&2
i & 15000+
a<
10000+
-
5000
v L) T L] T L)
0 2 4 6 8
Days in culture
o0
100
200~
100
Day
S T T R R e R
° 108 10? 0t 10
Day 4 Day 3 Jay 2

04

CellTrace Violet fluorescence

control

140



Chapter 3: Constitutive JAK/STAT signaling is the primary mechanism of resistance to JAKi in TYK2-rearranged acute
lymphoblastic leukemia

Figure 1. Prolonged cerdulatinib exposure rendered Ba/F3-MYB-TYK2 cells insensitive to treatment. (A) Viability
analysis of cerdres Ba/F3-MYB-TYK2 and control cells cultured in the presence of the indicated concentrations of cerdulatinib
for 48 h. Viability was calculated relative to no drug control for each line. ICso values for cerdulatinib as indicated in the right
panel. (B) Cell death analysis. Cerdres Ba/F3-MYB-TYK2 and control cells were cultured in presence of different cerdulatinib
concentrations. After 48 h, cells were stained and assessed for percentage Annexin V positivity via f flow cytometric analyses.
Values are normalized to no drug control for each line. (C) Proliferation levels of cerdres Ba/F3-MYB-TYK2 cells compared with
control, monitored in 2-day intervals. CellTiter Glo assay luminescence readout is proportional to number of viable cells with
day 0 background values deducted from each day’s corresponding readout values. (D) Daily cell cycle analysis of Cerdres
Ba/F3-MYB-TYK2 and control cells for the duration of 4 days. Cell were stained with CellTrace violet. The peaks, indicated by
black arrows, in the histograms are representative of successive generations of live cells. All statistical analyses were
measured by un-paired student's t-test. All indicated error bars represent mean +SD (n=3). Abbreviation: RLU, relative

luminescence unit. *p<0.05, **p<0.01, ***p<0.001, ****p < 0.0001.

Mutation of the TYK2 kinase domain does not confer resistance to cerdulatinib in MYB-TYK2
driven cells

Mutations in the kinase domain of JAK tyrosine kinases are suggested to be the most common route of
resistance in patients receiving JAKi therapy (20, 27-29). To assess whether resistance to cerdulatinib in
the setting of TYK2 alteration occurs due to mutation, Sanger sequencing was performed over the full
length MYB-TYK2 fusion gene. The presence of a novel mutation was discovered in the kinase domain
of TYK2 (p.R987Q, ¢.3338G>A) in approximately 60% of cerdres Ba/F3-MYB-TYKZ cells. However, de
novo introduction of MYB-TYK2 p.R987Q into the parental Ba/F3 cells (Ba/F3-MYB-TYK2r-R%7Q) did not
render the cells resistant to cerdulatinib with these cells displaying similar drug tolerability compared with
control (IC50=1200 vs 739nM, p>0.05; Figure 2A) and significantly decreased ICso compared with cerdres
Ba/F3-MYB-TYK2 (IC50=1200 vs 6505, p=0.0001). Additionally, expression of the p.R987Q mutation did
not alter the proliferation rate of Ba/F3-MYB-TYK2rR%7Q cells compared to control (Supplementary
Figure 2A). Computational modeling demonstrated that the substitution of arginine for glutamine in the

TYK2 p.R987Q protein resulted in 180° reversal of cerdulatinib binding in the ATP binding pocket of the
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mutated kinase (Figure 2B and Supplementary Figure 2B). While, the mutation does not inhibit drug
binding, the modeling indicates less favorable binding of cerdulatinib to mutated TYK2 (TYK2 p.R987Q
vs TYK2, binding score=-18.6 vs -23.4) validating the slight increase in the ICso observed in these cells
compared with control cells (Figure 2A). An accumulation of cerdres Ba/F3-MYB-TYK2 cells carrying the
TYK2 p.R9887Q mutation over the period of exposure to different cerdulatinib concentrations was
detected that decreased upon cerdulatinib withdrawal (Supplementary Figure 2C and D). This suggests
that the generation of kinase domain mutations may act as a reversible and initial resistance mechanism

in vitro but are not sufficient to confer robust resistance alone.
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Figure 2. The p.R987Q point mutation in TYK2 kinase domain is not sufficient to confer resistance to cerdulatinib. (A)
Viability analysis of cerdres Ba/F3-MYB-TYK2, Ba/F3-MYB-TYK2rR%7Q and control cells cultured in the presence of increasing
concentrations of cerdulatinib for 48 h. Viability was calculated relative to no drug control for each line. ICso values for
cerdulatinib as indicated in the right panel. (B) Computational modeling indicating the binding orientation and affinity of
cerdulatinib in the kinase domain of wild type TYK2 and TYK2 p.R987Q proteins. All interactions were measured by un-paired
student's t-test. (¥) indicates Cerdres Ba/F3-MYB-TYK2 vs Ba/F3-MYB-TYK2rR%70Q; (#) indicates Ba/F3-MYB-TYK2rR%7Q ys
control. All indicated error bars represent mean +SD of 3 biological replicates. *p<0.05, ***p < 0.001. ***p< 0.0001.

Abbreviation: n/s, not significant.

MYB-TYK2-rearranged cells developed constitutive activation of JAK/STAT signaling in response
to long-term cerdulatinib exposure

Given the inability of the p.R987Q kinase domain mutation alone to confer resistance in Ba/F3-MYB-
TYK2 cells, combined with the persistent growth of cerdres Ba/F3-MYB-TYK2 cells in presence of
cerdulatinib, it was necessary to investigate additional resistance mechanisms. Activation of proteins in
key signaling pathways were evaluated by flow cytometric analyses in cerdres Ba/F3-MYB-TYK2 cells.
Phosphoflow analysis indicated increased JAK/STAT signaling via hyperactivation of STATS in cerdres
Ba/F3-MYB-TYK2 cells compared with control cells (MFI=324 vs 202, p=0.003; Figure 3A). No statistical
difference was detected in pSTAT3 (MFI= 305 vs 261; p>0.05; Figure 3A) between cerdres Ba/F3-MYB-
TYK2 cells and control cells. There was a reduced pERK expression (RAS pathway; cerdes Ba/F3-MYB-
TYK2 vs control, MFI= 26 vs 54, p=0.001; Supplementary Figure 3) in resistant cells whilst no activation
of PI3K/mTOR activation or B-cell receptor signaling was evident in control or cerdres Ba/F3-MYB-TYK2

cells (Supplementary Figure 3).

JAK/STAT signaling was sustained in cerdres Ba/F3-MYB-TYK2 cells following treatment with a clinically
relevant concentration of cerdulatinib (1 uM) (pSTATS, vehicle vs cerdulatinib-treated MFI=45 vs 37,

p>0.05; pSTATS3, vehicle vs cerdulatinib-treated 13 vs 9, p>0.05). Conversely, 1 uM cerdulatinib was
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sufficient to attenuate pSTATS and pSTAT3 signaling in control cells (pSTATS, vehicle vs cerdulatinib
treated, MFI= 31 vs 12, p=0.001; pSTATS3, vehicle vs cerdulatinib treated MFI=10 vs 0, p=0.02, Figure
3B&C). The decrease observed in the level of JAK/STAT signaling in cerdes Ba/F3-MYB-TYK2 cells upon
treatment with a higher cerdulatinib concentration (3 ;tM) was expected due to the retained ability of drug
to bind and slow MYB-TYK2 downstream signaling. This was despite the cells’ capacity to bypass the

effect of drug, predominantly via persistent STATS activation.

Cerdres Ba/F3-MYB-TYKZ cells as well as control cells demonstrated sensitivity against CDDO-Im, an
inhibitor of STAT5/3 (39, 40) (IC50= 81 vs 61, respectively; p>0.05; Supplementary Figure 4A).
Interestingly, pharmacological inhibition of STATS and 3 with concentrations of CDDO-Im, as low as 10
and 80 nM, resulted in an increased proliferation inhibition of cerdres Ba/F3-MYB-TYK2 cells compared
to non-CDDO-Im treated cells when exposed to increasing concentrations of cerdulatinib (Supplementary
Figure 4B). The basal (10 and/or 80 nM ) CDDO-Im treatment in combination with cerdulatinib resulted
in a 1.2- and 4.9- fold decrease in IC50 of cerdres Ba/F3-MYB-TYK2 cells, respectively (non-vs 10 nM or 80
nM CDDO-Im-treated cells, IC50= 6804 vs 5541, p>0.05 or vs 131, p=0.0006; Supplementary Figure 4C); lowering the IC50 of cerdres

Ba/F3-MYB-TYK2 cells to levels exhibited by control cells. This data further validated the increased JAK/STAT signalling

via STAT5 as a resistance mechanism.

Western blot analysis confirmed hyperphosphorylation of the MYB-TYK2 fusion protein in cerdres Ba/F3-
MYB-TYK2 cells in comparison to control cells (p=0.01; Figure 3D&E). Despite the recent evidence
defining the accumulation of activation-loop phosphorylation in JAK family members upon type | JAKi
exposure (41, 42), increased pTYK2 was also detected in drug naive Ba/F3-MYB-TYK2r-R%7Q (p>(.05;
Supplementary Figure 5A). However, the persistent STATS activation detected in cerdres Ba/F3-MYB-
TYK2 cells was not due to expression of p.R987Q mutation since there was no difference in pSTATS

expression in control vs Ba/F3-MYB-TYK2r-R%7Q (p>(.05; Supplementary Figure 5B). Given that previous
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studies demonstrated TYK2 signaling via heterodimer formation with other JAK family proteins (i.e. JAK1,
JAK2 and JAK3) in response to various cytokines (43-48) the persistence mechanism detected here may
be associated with trans-phosphorylation of MYB-TYK2 via other JAKs. To investigate this phenomenon
further, JAK1/2 expression levels in cerdes Ba/F3-MYB-TYK2 cells were determined (Figure 3D).
Interestingly, a JAK1 expression was significantly increased in the cerdresBa/F3-MYB-TYK2 cells
compared with control (p=0.0008; Figure 3E). This association of elevated JAK1 with the MYB-TYK2
fusion protein was only detectable in cerdesBa/F3-MYB-TYK2 cells and not the inhibitor naive Ba/F3-
MYB-TYK2rR%7Q cells (Supplementary Figure 5A). No significant difference in the level of JAK2

expression (Figure 3D), and no JAK3 expression (data not shown), was detected in cerdesBa/F3-MYB-

TYK2 cells.
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Figure 3. Persistent activation of the JAK/STAT signaling pathway via association with JAK1 promotes development
of cerdulatinib resistance in Ba/F3-MYB-TYK2 cells. (A) Representative histograms of flow cytometric analyses for pSTATS
and pSTAT3 investigating JAK/STAT signaling activation in cerdulatinib resistant cells vs controls. Expression levels of (B)
pSTAT5 and (C) pSTATS in cerdres Ba/F3-MYB-TYK2 and control cells when treated with indicated cerdulatinib concentrations
and vehicle for 1 h prior to fixation. P-values were calculated by paired student’s t-test. Negative MFI values following
normalization were considered as zero. (D) Representative western blotting for cerdres Ba/F3-MYB-TYK2 and control cells
when probed for TYK2, pTYK2 (Y1054/1055), JAK1, JAK2 and GAPDH loading control. (E) Relative expression of pTYK2,
total TYK2, JAK2 and JAK1 in cerdres Ba/F3-MYB-TYK2 compared with control cells. P-values were calculated by un-paired
student's t-test. All indicated error bars represent mean +SD of at least 3 biological replicates. Abbreviation: MFI, mean

fluorescence intensity. *p<0.05, **p<0.01, ***p<0.001.

Cerdulatinib withdrawal resulted in re-sensitization of cerdes Ba/F3-MYB-TYK2 cells to
cerdulatinib treatment

In order to investigate reversibility of the persistent JAK/STAT signaling exhibited by cerdes Ba/F3-MYB-
TYK2 cells, cerdulatinib was completely removed from the media, and cells were cultured for 5 weeks.
Re-sensitized MYB-TYK2-rearranged cells (cerdresen Ba/F3-MYB-TYK2) exhibited re-established
sensitivity to cerdulatinib treatment as evidenced by dose dependent proliferation inhibition in comparison
with cerdres Ba/F3-MYB-TYKZ2 cells (Figure 4A). Cerdulatinib treatment also resulted in attenuated
pSTATS and pSTAT3 (vehicle vs cerdulatinib treated, MFI=258 vs 14, p=0.0002 and 92.5 vs 24.1,
p=0.002; Figure 4B) in cerdresen Ba/F3-MYB-TYK2 cells. While Cerd withdrawal resulted in a significant
decrease in ICso (cerdres vs cerdresen, 6508 vs 2603 nM, p=0.0003; Supplementary Figure 6A), the ICso
did not decrease to that observed in control cells (cerdresen vs control, 2603 vs 739nM, p=0.01;
Supplementary Figure 6A). Instead, cerdulatinib withdrawal resulted in a significant reduction of
H3K27me3 levels in cerdres Ba/F3-MYB-TYK2 cells (cerdres vs cerdresen, MFI=1.6 vs 1.2, p=0.04) back to
levels comparable with that of control cells (Supplementary Figure 1A). Moreover, Cerdulatinib removal
led to significantly decreased TYK2 phosphorylation levels (cerdrs vs cerdresen, p=0.01; Supplementary
Figure 5A) and a decrease in JAK1 levels (cerdes vs cerdesen, p=0.01, Supplementary Figure 5A).
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Interestingly, JAK1 expression in cerdresen Ba/F3-MYB-TYK2 cells was still significantly increased
compared with control cells (control vs cerdresen, p=0.03) which may explain slightly higher ICsq values

seen in re-sensitized cells.
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Figure 4. Cerdulatinib withdrawal results in re-sensitization of cerdres Ba/F3-MYB-TYK2 cells to treatment. (A) Percent
viability of cerdres Ba/F3-MYB-TYK2 and cerdresen Ba/F3-MYB-TYK2 cells upon treatment with different cerdulatinib
concentrations for 48 h. Viability was estimated relative to vehicle control via CellTiter Glo assay. (B) Flow cytometric analysis
of cerdresen Ba/F3-MYB-TYK2 treated with vehicle or 1 uM cerdulatinib for a duration of 1 h. Negative MFI values following

normalization were considered as zero. All indicated error bars represent mean +SD of 3 separate experiments.

Cerdulatinib resistant MYB-TYK2-rearranged cells can be effectively targeted by HDACi

Since these data indicated JAKi resistance occurs in the setting of TYK2-rearranged ALL, it was
necessary to identify alternative therapeutic approaches to target and reverse the constitutive JAK/STAT
signaling in cerdres Ba/F3-MYB-TYK2. We have recently demonstrated sensitivity of parental Ba/F3-MYB-
TYK2 cells to HSP90 and histone deacetylases (HDAC) inhibition in in vitro and/or pre-clinical models of
MYB-TYKZ disease (14). Elevated levels of histone acetylation due to expression of the MYB-TYK2
oncogene (14) signified a potential epigenetic target for treatment with HDACI, further supported by our

high throughput drug screening indicating HDACi as the most predominant class of inhibitors effective
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against Ba/F3-MYB-TYK2 cells. In addition, the reported ability of HSP90i to overcome JAKi resistance
(27, 30) prompted further assessment of these small molecule inhibitors (SMIs) in our current model.
MYB-TYK2-rearranged resistant cells exhibited cross-resistance to HSP90 inhibition by tanespimycin.
Tanespimycin treatment failed to inhibit growth and decrease pSTATS levels in cerdres Ba/F3-MYB-TYK2
while the control cells retained sensitivity (Supplementary Figure 7A and B). However, no changes in the
expression level of HSP90 protein were detected in cerdres Ba/F3-MYB-TYK2 cells compared with
controls (Supplementary Figure 7C). This cross-resistance to HSP90i may be due to overactivation of
JAK/STAT signaling in cerdres Ba/F3-MYB-TYK2 cells. Intriguingly, cerdulatinib resistant cells maintained
sensitivity to histone deacetylase inhibitors (HDACi). Vorinostat and panobinostat demonstrated equal
efficacy against cerdres Ba/F3-MYB-TYKZ2 and control cells, inhibiting growth within clinically relevant
ranges (cerdulatinib resistant vs control, ICs0=513 and 45 nM vs 530 and 61, vorinostat and panobinostat,
respectively, Figure 5A). Similar sensitivity to HDACi treatment was observed in cerdesen Ba/F3-MYB-
TYK2 cells (IC50=478 nM, Supplementary Figure 6B). Efficient inhibition of STATS activation in response
to HDACI treatment (i.e. vorinostat) was subsequently confirmed in cerdres Ba/F3-MYB-TYK2 (p=0.01;
Figure 5B). Notably, vorinostat treatment resulted in increased acetylation levels of H3 measured by the
H3K9ac marker in cerdres Ba/F3-MYB-TYKZ2 and control cells (vehicle vs vorinostat treated, MFI= 0.7 vs
1.4, p=0.002 and MFI= 0.7 vs 1.1, p=0.004, respectively; Supplementary Figure 1B). A similar trend was
observed for methylation levels of H3, marked by H3K27me3 (vehicle vs vorinostat treated, MFI=1.6 vs

1.8, p>0.05 and MFI=1.1 vs 1.3, p=0.04, respectively; Supplementary Figure 1B).
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Figure 5. HDACi treatment inhibits growth and attenuates JAK/STAT signaling in cerdres Ba/F3-MYB-TYK2 cells. (A)
Dose response curve of cerdres Ba/F3-MYB-TYK2, Ba/F3-MYB-TYK2rR%7Q and control cells treated with increasing
concentrations of vorinostat and panobinostat for 48 h. Viability was estimated relative to vehicle control of each line. (B)
pSTATS levels in cerdres Ba/F3-MYB-TYK2 and control cells when incubated in the presence of 1 uM vorinostat for 1 h. All
interactions were measured by paired student’s t-test. Negative MFI values following normalization were considered as zero.

All indicated error bars represent mean +SD of at least 3 biological replicates. *p<0.05.

Discussion:

ldentification of rearrangements that lead to constitutively active TYK2 in HR-ALL cases (2, 11) and their
driving oncogenic potential (14), highlight TYK2 as a promising therapeutic target and rationalize the use
of JAKi with TYK2 specificity in these cases. Although, there is no doubt that the use of JAKi such as
ruxolitinib offers improved outcomes for MPN patients, the lengthy treatment has become a clinical
concern due to loss of sensitivity and relapse in half of JAKi-treated patients (21-23). Hence, it is critical
to elucidate the relevance of acquired resistance to JAKi therapy in B-ALL, specifically the cases with
TYK2-rearranged disease.
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Despite the variability of 5’ partner genes reported in TYK2 rearrangements, they mostly harbor DNA
binding domain and facilitate dimerization of TYK2 protein (2, 12). Whilst TYK2 retains an intact kinase
domain resulting in constitutive activity of the fusion protein (2, 12). This study, for the first time,
recapitulated the possible JAKi resistance scenarios in TYK2-rearranged B-ALL via long-term exposure
of Ba/F3 cells expressing the MYB-TYK2 fusion gene to the SYK/JAK inhibitor, cerdulatinib. Considering
the high level of homology between the kinase domain (also known as JH1) of JAK family proteins and
the drug binding pocket (49, 50), including TYK2, parallel JAKi resistance mechanisms may also be
applicable to other JAK family proteins. Initially, a TYK2 p.R987Q kinase domain mutation was detected
in more than 50% of clones that had a negligible effect on the drug binding affinity. However, de novo
modeling of the mutation suggests the unlikelihood of it being responsible for resistance (Figure 2).
Although, our finding is in contrast with previous studies (27-29) that suggest an important role for
secondary JAK2 kinase domain mutations in conferring resistance to JAKI. These studies report that
JAK2 kinase domain mutations induce conformational changes weakening/reducing drug binding. It is
critical to note that the reported mutations were randomly mutagenized into cells already harboring JAK2
p.V617F or p.R683G and did not develop under long-term pharmacological inhibition of the protein.
Moreover, there have been no reports of secondary mutations developing in the JAK2 kinase domain in
any of the MPN patients who develop resistance to ruxolitinib (23). This is in agreement with our finding

highlighting the insufficiency of TYK2 p.R987Q to confer overt resistance in isolation.

The MYB-TYK2 fusion gene (Supplementary Figure 8) has an in-frame kinase domain and contains a
disrupted pseudokinase domain (termed JH2), responsible for auto-inhibition of JAK kinase domain (12,
51, 52). In addition, this fusion, similarly to other JAK family fusions, lacks the FERM (four-point one,
erzrin, radixin, moesin) and SH-like (Src-homology) domains, which are required for protein and cytokine

receptor binding, respectively (52, 53). Previous studies have demonstrated the ability of type | JAKi to
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induce accumulation of JAK activation-loop phosphorylation in MPN and B-ALL cases harboring a mutant
JAK2 (i.e. JAK2 p.V617F or p.R683G, respectively), despite the suppression of downstream STATs
activation (10, 27, 33, 41). However, a study by Andraos et.al. (2012), suggested this phenomenon was
context based and dependent on 1) specific genomic alterations 2) the affected domain in JAKs (i.e.
FERM, JH1 or JH2 domains) and 3) receptor complex interactions (42). For instance, cells harboring the
ETV6-JAKZ fusion gene displayed no augmented JAK2 phosphorylation due to ruxolitinib treatment. The
ruxolitinib-induced activation-loop phosphorylation plausibly requires an interplay between JH1 and JH2
domains that is lacking in the ETV6-JAK2 fusion protein (42). It is also important to note that different
JAK mutations may favor stabilization of the protein into active or inactive conformations (42, 54). Our
current study highlights significant hyperphosphorylation of TYK2 in cerdres Ba/F3-MYB-TYK2 cells and
minimally enhanced phosphorylation of TYK2 in drug naive Ba/F3-MYB-TYK2r-R%7Q cells (Figure 3 and
Supplementary Figure 5) suggesting that the TYK2 p.R987Q mutation may favor the active conformation

of the kinase, although this requires further investigation.

Intriguingly, chronic suppression of TYK2 activity by cerdulatinib in cells expressing the MYB-TYK2 fusion
gene reduced the proliferative capability of these oncogenic cells (Figure 1C and D), leading to persistent
JAK/STAT signaling via transphosphorylation of MYB-TYK2 by JAK1 (Figure 3). This suggests co-
operation between JAK1 and MYB-TYK2 as the primary resistance mechanism in this model of TYK2-
rearranged disease. This persistent signaling and cerdulatinib-insensitivity occurred via a reversible
mechanism since drug withdrawal re-sensitized cells (Figure 4). This drug-mediated pressure resulting
in persistent JAK/STAT signaling through alternate heterodimerization with JAKs and its reversibility have
been reported as a mode of JAKi resistance in previous studies in MPN patients on long term ruxolitinib
treatment (20, 30, 31). Whilst, there is no report of changes in the proliferation rate of JAKi-resistant cells
in the MPN setting (30, 31), CRLF2-rearranged/JAK2 p.R683G mutant B-ALL cells proliferated more

slowly, with lower numbers of leukemic cells entering the cell cycle, despite no evidence of persistent
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JAK/STAT signaling upon prolonged JAKi exposure (33). These discrepancies may be explained by the
initial/intrinsic level of JAKi sensitivity of the different cells used in each study. JAK2 p.V617F MPN cells
exhibit more rapid ruxolitinib-suppressed growth as opposed to CRLF2/JAK2 p.R683G cells (33, 55, 56)
and are thus more prone to exhibit overt resistance as opposed to acquiring an adoptive
bypass/persistence mechanism. MYB-TYK2-rearranged cells in our current study appear to also display
these previously reported mechanisms of JAKi resistance as well as the novel TYK2 p.R987Q point

mutation.

Several studies have suggested that dynamic but transient epigenetic modifications may play a role in
adaptability of sub populations of cells to stress induced by drug exposure in addition to activation of
signalling cascades (36, 37, 57). Investigation of global histone modification in this model displayed a
significant increase in H3K37me3 levels in resistant cells while H3K9ac marker remained unchanged
(Supplementary Figure 1A). The increased H3K27me3 levels has previously been associated with multi-
drug resistance in solid cancers (36). In line with a previous study by Sreenath et al (2010) (37), the
methylation mark was reversed upon cerdulatinib withdrawal implicating transient acquisition of
epigenetic modifications as a strategy for drug tolerance. In addition, the high level of repressive
H3K27me3 observed in cerdulatinib resistant cells may also explain the lower proliferative capacity
detected (Figure 1C); resistant cells likely conserved energy by repressing genes responsible for cell
cycle division. However, further validation of this hypothesis is required and is outside the scope of this

study.

The data presented here suggest that JAKi resistance can occur in the setting of TYK2-rearranged ALL.
The TYK2 protein (similar to its JAK family counterparts) is a client of heat shock (HSP) proteins (58-60).
Furthermore, HSP90 function is regulated by several proteins and co-chaperons. Acetylation of lysine

residues on HSP90 is a negative regulatory mechanism that leads to aggregation of client proteins such
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as JAKs (58, 61). Thus, HDAC proteins play an essential role in facilitating HSP90 activity (58, 61).
Nevertheless, HDACs can also regulate STATs activity (58, 62). HDACs induce deacetylation of the
transcription activation sites, essential for recruitment of transcription machinery (e.g. RNA polymerase
1) and activation of STATs mediated transcription (62-69). Thus, HDACi may offer an attractive target for
the JAK-mutated JAKi resistant cells as they circumvent the requirement for direct JAK protein targeting
with JAKI. Targeting HSP90 chaperones and/or the HDAC family of proteins have proven effective in
leukemias with activated JAK/STAT signaling (27, 70-73). These observations, plus the intrinsic
sensitivity of Ba/F3-MYB-TYK2 cells to HSP90 and HDAC inhibition (14), provide a rationale for the use
of these small molecule inhibitors against JAKi-resistant cells. JAKi resistance induced cross-resistance
to HSP90i in MYB-TYK2-rearranged cells (Supplementary Figure 7); although this observation was
contradictory to previous reports demonstrating the sensitivity of JAKi resistant JAK2-driven cells to
HSP90i due to induced protein degradation (27, 30). This may be explained by growing evidence
suggesting JAK/STAT activation is a contributing mechanism of resistance to HSP90i (74, 75). The
JAK/STAT-induced resistance to HSP90i is suggested to be reversed by JAKi therapy in solid tumors
(75). However, this remains to be confirmed in our current model. Conversely, HDACi retain the ability to
inhibit proliferation and attenuate the persistent signaling of MYB-TYK2 resistant cells through inhibition
of pSTATS and pSTAT3 (Figure 5). This is in line with increasing evidence that supports the functional
role of HDACs in activation of gene transcription and signalling meditated by STATs (62-69). Studies(36,
76) have suggested vorinostat's anti-cancer effect acts via epigenetic modifications including: 1)
increased acetylation 2) context dependent methylation regulation inducing transcription activation of
tumour suppressor genes and repression of oncogenes. In our model, vorinostat increased global histone
acetylation as well as methylation, in addition to reducing activation of STAT5 and STAT3. These dynamic
changes in histone modifications and STATSs, suggest activation and repression of genes that lead to

proliferation inhibition and cell death. Moreover, efficacy of HDACi has been demonstrated in
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hematological malignancies (65, 77) and JAK/STAT driven in vitro and in vivo models of ALL (72, 78)

and are currently clinically available.

Taken together, we demonstrate that JAKi resistance can occur via constitutive but reversible JAK/STAT
signaling as a result of TYK2 transphosphorylation via JAK1 in TYK2-rearranged ALL. We also
characterize the novel TYK2 p.R987Q kinase domain mutation. Importantly, the acquired resistance
observed in our models was overcome by HDACI therapy. Our data indicate alternative targeted
therapeutics and contribute to the growing body of evidence for precision medicine approaches. We
provide a rationale for the use of HDACi therapy in JAKi exposed patients with TYK2-rearranged ALL

and our findings warrant further investigation in preclinical models.
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Supplementary Material and Methods:

PCR and Sanger sequencing. PCR was performed for the detection of possible mutations on the full-
length fusion gene. cDNA was generated by Quantitect Reverse Transcription Kit (Qiagen, CAT#205313)
from total RNA extracted from each line as described previously (Tavakoli et al (2020); under review).
PCR was carried out using Phusion High-fidelity DNA Polymerase (New England Biolabs, CAT#MO0530L)
with following primers for: 1) full length fusion PCR; human MYB, 5'- CATGATGGCCCGAAGACC-3’
(forward) and human TYK2, 5- CGTCAGCACACGCTGAAC-3' (reverse) and 2) Sanger sequencing;
human MYB, 5-CTACAGCTCAACTCCCTGCC-3' (forward) and 5-GCTGGCTGGCTTTTGAAGAC-3’
(reverse) and human TYK2, 5-CCAACCCAGAGGCCATCATT-3' (forward) and 5-
GCCAAAGTCCCCGATCTTGA-3' (reverse). Samples underwent denaturation for 30 sec at 98°C
followed by 35 cycles of 10 sec at 98°C, 30 sec at 60°C, and 3 mins at 72°C and a final 10 mins extension
at 72°C. PCR amplicons were agarose gel extracted using QIAquick Gel Extraction Kit (Qiagen,
CAT#407137). Samples were submitted for Sanger sequencing at SA Pathology Flinders Sequencing
Facility and/or Australian Genome Research Facility (AGRF) and analysed using the DNA variant

analysis software Mutation Surveyor® (SoftGenetics) or cloud-based Benchling software.

Mutagenesis of TYK2 p.R987Q. The p.R9887Q mutation was introduced into the p-Ruf-iG2-MYB-TYK2
retroviral vector using Q5® Site-Directed Mutagenesis Kit (NEB, CAT# E0554S) according to
manufacturer protocol. Retroviral particles of p-Ruf-iG2-MYB-TYK2r-R%87Q were packaged into HEK-
293T cells using Lipofectamine™ 2000 (Thermo Fisher Scientific, USA) and the packaging vector pEQ-
Eco (gift from Dr. Stephen Fitter and Professor Andrew Zannettino, The University of Adelaide). Ba/F3
pro-B cells were resuspended in viral supernatant and spinfected at 1800 rpm for 1 h using polybrene (4
pg/mL, Sigma-Aldrich, CAT#TR-1003). Cells harboring the MYB-TYKZ fusion gene were selected by

GFP using fluorescence activated cell sorting (FACS) 72 h post-transduction to generate stable cell lines.
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Expression of the MYB-TYK2 fusion and correct sequence was confirmed by RT-PCR and Sanger

sequencing, respectively.

In vitro proliferation and inhibitor assays. For growth analysis, cells were plated at 1x104 per well in
24-well plates in triplicates. At each indicated time point, 25 ulL of cells was transferred to black 384-well
ViewPlates (PerkinElmer, CAT#6007460) and viability was assessed via luminescence-based CellTiter
Glo® 2.0 Assay (Promega, CAT# G9242) as per manufacturer protocol. Results were normalized to day
0 readout. A media only control was used to ensure assay interaction with medium and evaluate
background luminescence. For dose-response curves, cells were washed (x3), plated in duplicates at
3000 cells/well in black 384-well ViewPlates in the presence of increasing drug concentrations for 48 h
prior to addition of CellTiter Glo reagent. Luminescence levels was read via VICTOR™ X Multilabel Plate
Reader (PerkinElmer, Inc). For cell cycle analysis, 4x10° cells were stained with CellTrace™ Violet
reagent (Thermo Fisher Scientific, CAT#C34557) according to manufacturer’s instructions. Cells were

then plated at 1x10% per well in 24 well-plates and analyzed by flow cytometry at indicated time points.

Cell Death assay. Cells were washed (3x) via centrifugation and plated at 1.5x105 cells per well in 24-
well plates in presence of indicated drug concentrations. After 48 h incubation at 37°C with 5% CO, 200
uL of cells were transferred to 96-well plates. Cells were then washed (1x) with HANK's Balanced Salt
solution (Sigma-Aldrich, CAT#H9394) supplemented with 5 mM calcium chloride (Sigma-Aldrich,
CAT#C1016) and 1% HEPES (Sigma-Aldrich, CAT#H0887) (binding buffer), stained with 2% Annexin V
(BD Biosciences, CAT#556421) in 20 uL binding buffer and incubated for 1 h in the dark on ice. Cells
were resuspended in 200 uL of binding buffer and analyzed on a BD FACSCanto Il (BD Bioscience). All

flow cytometry results were analyzed using FlowJo analysis software™ v10 (FlowJo, LLC).
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Phosphoflow analyses. Cells were washed (3x) via centrifugation and resuspension in inhibitor free
media with cell concentration adjusted to 5x10° per tube. For evaluation of the effect of drug treatments,
cells were resuspended in normal media with inhibitors at the indicated concentrations or DMSO for 1 h.
Subsequently cells were fixed with 100 pL of 16% PFA/per 1 mL of sample, incubated for 10 min at room
temperature and washed once in 1X PBS via centrifugation. Permeabilization was carried out by
dropwise addition of ice-cold 80% methanol to cell pellet while vortexing at low speed (600 rpm) to allow
resuspension. Samples were stored at -20°C overnight and the next day washed with phosphoflow buffer
(1xPBS/1% BSA) prior to staining with pSTAT5 (pY694, #CAT612567), pSTAT3 (pY705, #CAT562072),
PERK1/2 (pT202/pY204, CAT#612566), pAKT (pS473, CAT#560378), pSYK (pY348, CAT#558529) or
the isotype controls IgG1 (CAT#555749) and IgG. (CAT#559319) at concentrations recommended by the
manufacturer. All antibodies were purchased from BD Biosciences. For global histone methylation and
acetylation analysis, cells were stained with H3 (CAT#12230), H3K27me3 (CAT#12158) and H3K9ac
(CAT#66070) purchased from Cell Signaling Technology. Cells were analyzed on a BD FACSCanto ||
(BD Bioscience). All flow cytometry results were analyzed using FlowJo analysis software™ v10 (FlowJo,

LLC).

Western blotting. For total lysates, 1x108 cells per cell line were lysed in NP-40 buffer containing 10 mM
Tris-HCL (pH 7.4), 137 mM NaCl, 10% Glycerol and 1% NP-40 (Igepal™, Thermo Fisher Scientific,
CAT#85124) supplemented with phosphatase and protease inhibitors (Complete mini EDTA-free
protease inhibitors Cocktail, Roche, CAT# 04693132001). Lysates were pelleted, a sample of
supernatant taken for protein quantification and to the remainder, addition of 1/3 volume of 4x loading
buffer (0.25 M Tris-HCL (pH 6.8), 8% (viw) SDS, 40% (v/v) glycerol, 20% (v/v) 2-mercaptoethanol and
0.05% (w/v) bromophenol blue) prior to boiling at 100°C for 10 mins. Protein quantification was

determined by DC Protein Assay (Bio-Rad, CAT#500-0116) based on manufacturer’s protocol. 70 ug of
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total protein was separated by SDS-PAGE electrophoresis on Criterion™ TGX Precast gels (Bio-Rad,
CAT# 5678084) with the Precision Plus Protein Kaleidoscope Standard (Bio-Rad, CAT#161-0375) used
to determine protein size. Protein was transferred to LF-PVDF membrane (Bio-Rad, CAT#170-4275) via
the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories Inc., California, USA) using the midi blot
and high molecular weight setting. The membrane was then incubated with Intercept Blocking Buffer (LI-
COR, CAT#927-70001) for 1 h at room temperature, prior to antibody staining. Primary antibodies against
TYK2 (CAT#14193), pTYK2 (CAT#68790), JAK2 (CAT#3230), pJAK2 (CAT#3771), JAK1 (CAT#3344),
pJAK1 (CAT#3331), JAK3 (CAT#8863), HSP90 (CAT#4874) and GAPDH (CAT#2118) were purchased
from Cell Signaling Technology. Membranes were probed overnight at 4°C, with primary antibodies
diluted at 1:1000 in Intercept Blocking Buffer. The following day, membranes were washed 4x 5 mins in
TBST and stained with donkey-anti-rabbit IRDye 800CW (1:10000; Li-Core, CAT#925-32213) for 1 h at
room temperature. Membranes were washed and analysed on the Li-Cor Odyssey CLx Imaging System
(Li-Cor Biosciences, Nebraska, USA). Immunoblot image analysis was performed using ImageStudio

software version 5.2.5.

Computational modeling. The ICM Molsoft suite (79) was used to dock Cerdulatinib into the TYK2
structure. PDB 6DBM (80) with ligands removed was used as the starting model for docking. The TYK2
structure was prepared for docking by protonation, deletion of water molecules, and energy minimization
by means of the ICM force field and distance dependent dielectric potential with an RMS gradient of 0.1.
PocketFinder within ICM was used to define the ligand binding pocket and was consistent with previously
published X-ray structures. Default settings within the ICM docking module were used with a rectangular
box centered at the LBD with a grid spacing of 0.5A. The top ranked docking for each ligand was chosen

for interpretation as the conformations were very consistent.
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Supplementary Figure 1. Long-term cerdulatinib treatment resulted in increased H3K27me3 levels in cerdres Ba/F3-
MYB-TYK2 cells. (A) Cerdres Ba/F3-MYB-TYK2, cerdresen Ba/F3-MYB-TYK2 and control cells were assessed for levels of
H3K27me3 and H3K9ac via flow cytometric analysis. (B) Flow cytometric analysis of H3K27me3 and H3K9ac levels in cerdres
Ba/F3-MYB-TYK2 treated with vehicle or 1 uM vorinostat for a duration of 1 h. All MFI values are normalized to the total H3

of each line. Indicated error bars represent mean +SD of 3 separate experiments. *p<0.05, **p<0.01, ***p<0.001.
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Supplementary Figure 2. Expression of the p.R987Q mutation did not result in persistent STAT5 activation in Ba/F3-MYB-
TYK2rR%87Q cells nor alter the proliferation rate. (A) Proliferation rates of Ba/F3-MYB-TYK2rR9%7Q and control cells determined
by CellTiter Glo assay over a period of 6 days. (B) Drug binding domain surface/cavity changes induced by p.R9887Q
mutation. The white arrow indicates the cyclopropane moiety of cerdulatinib on the left in wild type TYK2 and the right in TYK2
p.R987Q. Oxygen atoms are coloured red, nitrogen atoms coloured blue, and wild type carbon atoms coloured teal with mutant
carbon atoms coloured yellow. (C) Level of p.R987Q mutation detected in different cerdres Ba/F3-MYB-TYK2 cell line
intermediates. Approximate percent mutation was calculated by averaging the frequency of the identified mutation on the DNA
chromatogram for forward and reverse primers over the TYK2 kinase domain, using the DNA variant analysis software,
Mutation Surveyor® (SoftGenetics). (D) Representative Sanger sequencing over the MYB-TYK2 fusion gene isolated from
cerdres Ba/F3-MYB-TYK2 cells confirming the presence of the p.R987Q mutation. The MYB-TYK2 fusion gene was aligned
against the individual NCBI reference sequences (TYK2, NM_003331 and MYB, NM_005375), assembled based on the
breakpoint reported by Roberts et.al. (2014) {Roberts, 2014 #6}. Alignment was performed on Mutation Surveyor®
(SoftGenetics). All statistical analyses were measured by paired student’s t-test. All indicated error bars represent mean £SD

(n= at least 3 biological replicates). Abbreviation: RLU, relative luminescence unit.
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Supplementary Figure 3. No activation of AKT and B-cell receptor signalling was observed in Cerdres Ba/F3-MYB-
TYK2 cells. (A) Representative histograms of phosphoflow cytometric analyses. Cerdres Ba/F3-MYB-TYK2 and control cells

were assessed for phosphorylation levels of ERK, AKT and SYK. Three biological replicates were screened per condition.

172



Chapter 3: Constitutive JAK/STAT signaling is the primary mechanism of resistance to JAKi in TYK2-rearranged acute

lymphoblastic leukemia

control

-
»N
o

- Cerd res
1004+
8
—~£
=8 75
2
)
2
g2 50
2
25
0dr
°
Log10 [CDDO-Im] nM
B c
B control B cerd™ B control
B control +10 M CDDO-im MM Cerd™* +10 nM CDDO-Im B Cerdes
B control +80 nM CDDO-Im MM Cerd™*+80 nM CDDO-Im —_—
8000 .
1201 =
. . 7000 "
o LT ’—H .—'
1 _ I 6000 =
100 ; = \
=8 1 50001
£ 807 T "
5 g — = 4000
BE  60d - 2 3000
35 e
Sa 4 = . 2000
a k= h _
: o | [ | Pl 1 Y
207 100
5
M ® ® & ® ®
® N o o & & $§° .\‘“ &
&
cerdulitinib (nM) &® & “o° (;‘('O
o © 9.@
& &
& &
S S
o <&
[ 9

Supplementary Figure 4. Pharmacological inhibition of STAT5 and STAT3 results in increased sensitivity of cerdres
Ba/F3-MYB-TYK2 cells to cerdulatinib. (A) Dose-response analysis displaying the percentage viability of cerdres Ba/F3-
MYB-TYK2, and control cells in response to increasing concentrations of CDDO-Im. (B) Percent viability of cerdres Ba/F3-
MYB-TYK2 and control cells cultured with or without CDDO-Im, upon treatment with different cerdulatinib concentrations for
48 h. Viability was estimated relative to vehicle control via CellTiter Glo assay. (D) ICso values for CDDO-im and cerdulatinib

alone or in combination. All interactions were measured by un-paired student’s t-test. Indicated error bars represent mean

+SD (n=3). *p<0.05, **p<0.01, ***p<0.001.
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Supplementary Figure 5. Cerdres Ba/F3-MYB-TYK2 cells demonstrated a reversed JAK/STAT signalling profile, linked

with decreased pTYK2 levels and its association to JAK1 upon cerdulatinib removal. (A) Western blot analysis of TYK2,

pTYK2 and JAK1 protein levels in cerdres Ba/F3-MYB-TYK2, Ba/lF3-MYB-TYK2rR97Q, cerdresen Ba/F3-MYB-TYK2 and control

cells. (B) Phosphoflow cytometric analyses of pSTATS5 levels in cerdres Ba/F3-MYB-TYK2, Ba/F3-MYB-TYK2rR9%7Q and control

cells with or without treatment with cerdulatinib for 1 h. All interactions were measured by un-paired student’s t-test. All

indicated error bars represent mean +SD of 3 biological replicates. *p<0.05, **p<0.01, ***p<0.001.
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(n=3). **p<0.01, **p<0.001.
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Supplementary Figure 7. Cerdres Ba/F3-MYB-TYK2 cells displayed cross-resistance to HSP90 inhibition. (A) Dose-
response analysis displaying the percentage viability of cerdres Ba/F3-MYB-TYK2, Ba/F3-MYB-TYK2rR%7Q and control cells
in response to increasing concentrations of tanespimycin. (B) pSTAT5 levels in cerdres Ba/F3-MYB-TYK2 and control cells
following 1 h incubation with or without 0.5 uM tanespimycin. Interactions as measured by un-paired student’s t-test (C)
Western blot analysis for indicated lines when probed for HSP90 and GAPDH loading control (n=3). All indicated error bars

represent mean +SD of 3 biological replicates. *p<0.05.

176



Chapter 3: Constitutive JAK/STAT signaling is the primary mechanism of resistance to JAKi in TYK2-rearranged acute

lymphoblastic leukemia

A
JH7-JHS JH4-JH3 JH2 JH1
ot 8 F ]
B
Break point TYK2 Break point JAK2

— M HE- S

B 5'partner (e.g. MYB) [ &'partner (e.g. ETV6)

@ Pseudokinase domain @ Pseudokinase domain

B Kinase domain B Kinase domain

Supplementary Figure 8. Schematic structure of wild type JAK protein, JAK2 and TYK2 alterations in HR ALL. (A)
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JAK?2 alterations, JAK-class fusions exhibit an intact kinase domain with a disrupted pseudokinase or without ( as indicated

by crossed dashed lines) fused to variable 5’ partner genes. Abbreviation: JH, Jak homology domain.
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4.1 Introduction
The use of next generation sequencing (NGS) and greater characterisation of the genomic and
transcriptomic profile of high-risk acute lymphoblastic leukaemia (HR-ALL) subtypes, led to the
identification of novel lesions and classification of new subtypes. Due to the diverse genomic landscape
of ALL, patients harbouring specific alterations have better survival outcomes when treated with a
precision medicine approach. The pre-requisite to align effective targeted therapeutic regimens with
patients however, relies on a detailed understanding of the underlying biology and molecular

consequences of each alteration through robust in vitro and in vivo modelling.

An increasing number of TYKZ2 gain of function mutations and rearrangements have been identified in
High-Risk ALL (15, 111, 119, 120), yet our current understanding of Tyk2 function is limited. The
consequences of constitutive TYK2 activation and the involvement of the mutant protein in
carcinogenesis and leukaemogenesis, remains to be comprehensively understood. The Tyk2 protein
plays a fundamental role in activation of JAK/STAT signalling and/or crosstalk with other signalling
pathways and if oncogenic, these pathways provide multiple avenues for targeted therapeutics (chapter
1, Figure 1-5). Hence, broad screening of small molecule inhibitors (SMs) is of benefit when investigating
targetability of TYKZ alterations including the MYB-TYK2 fusion gene. Moreover, as resistance to SMIs
often occurs in the clinic (chapter 1, section 1.6) (181, 209, 210, 215, 216), identification of possible
modes of resistance and alternative therapeutics to overcome potential resistance is prudent when
investigating TYK2-rearranged disease. The studies presented here 1) investigate the leukaemogenic
potential of the MYB-TYK2 fusion gene, 2) inform its therapeutic targetability and 3) predict long term

effects of JAKi therapy and possible mechanisms of resistance.

4.2 Major findings
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421 Expression of the MYB-TYK2 fusion gene induces B-ALL in vivo
To date, the evidence demonstrating MYB-TYKZ as a leukaemic driver gene has been limited to in vitro
data (65). However, in vivo results presented in chapter 2 demonstrated the leukaemogenic and driving
potential of the MYB-TYKZ fusion gene. Mice engrafted with cells harbouring MYB-TYK2 developed B-
ALL with an immunophenotype consistent with developmental arrest at the pro/pre-B cell stage. This is
the first time that an in vivo association between a TYK2 activating alteration and leukaemogenesis has
been established, providing new insights into the oncogenic potential of Tyk2 constitutive activation.
Furthermore, the in vitro experiments in this study, demonstrated the kinase activity of the Myb-Tyk2
fusion protein, that stimulates the downstream activation of JAK/STAT signalling via constitutive
phosphorylation of Stat3 and Stat5. These results extend existing evidence in other haematological
malignancies such as myeloproliferative neoplasms (MPN) (111, 113, 114, 116, 117, 120) indicating

predominant stimulation of JAK/STAT signalling via TYK2 activating alterations.

4.2.2 The HDACI, vorinostat and the JAKI, cerdulatinib are efficacious against MYB-TYK2-
altered disease
High-throughput drug screening of 3088 small molecule inhibitors and cytotoxic agents and
categorisation of hits, indicated the profound sensitivity of cells expressing the MYB-TYK2 fusion gene
to the HDACi drug class, including vorinostat. Further in vitro and pre-clinical experiments detailed in
chapter 2 emphasised the robust effect of vorinostat against MYB-TYK2-rearranged ALL, in agreement
with the growing evidence of HDACi efficacy in haematological malignancies (153, 161). In particular, the
efficacy of multiple HDACi was recently established in in vitro and in vivo ALL models with constitutive
activation of JAK/STAT signalling (i.e. CRLF2-rearranged ALL) (199, 200). Although, the exact
mechanism by which chromatin modifiers interact with STATs (and JAK/STAT signalling) in normal and
malignant cells remains unclear and is not within the scope of this study. In the model of MYB-TYK2-

altered disease presented here, vorinostat treatment resulted in attenuation of the activity of JAK/STAT
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pathway downstream effector proteins, Stat5 and Stat3. The present analysis contradicts the association
of HDACs only with transcriptionally repressed loci and further supports the mounting evidence
suggesting the role of HDACs as activators of STAT-induced transcription (124, 152-154). Studies
demonstrated that HDAC inhibition uniformly diminished the expression of STAT target genes in cytokine
stimulated systems, whilst STAT activation and nuclear translocation was observed as either inhibited or
unchanged in response to various cytokines (152, 155-159). Evidently, HDACi act through multiple
mechanisms including induction of multiple pathways of apoptosis and cell death, proliferation arrest and
interaction with proteins responsible for activation of transcription and signalling pathways (163). The
observations reported here may be related to inherent differences in the function of HDACs with respect
to cooperation with different STATs and receptor proteins. STATs activity and stability can be directly
modulated by the changes in the acetylation level of the protein itself due to the regulatory effect of
different HDACs on STATSs proteins (160). Supporting this hypothesis, functional analyses indicated that
deacetylation of the transcription activation sites of STAT target genes is required for recruitment of RNA
polymerases and transcription machinery (152, 155-159). Thus, the data presented in this current study,
combined with previous reports, indicate HDACi are a promising therapeutic option in disorders with overt

STAT activation (152, 155-159).

Furthermore, the resultant activation of JAK/STAT signalling as a consequence of the MYB-TYK2 fusion
gene expression rationalises the use of JAKi against MYB-TYK2 altered ALL. However, results obtained
from the HTS screen, in agreement with Roberts et al. (2017) (65), indicated the limited sensitivity of cells
harbouring the MYB-TYKZ fusion gene to JAKI, including ruxolitinib, within a clinically achievable range.
JAKi are often capable of targeting multiple JAK family proteins due to high sequence homology between
individual JAK family proteins, particularly in the kinase (JH1) and drug binding domains (225, 226).
However, while the selectivity and potency of these JAKi vary towards each JAK family of proteins and

very few JAKi are reported to show selectivity in Tyk2 targeting (225, 226), cells expressing the MYB-
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TYK2 fusion gene demonstrated sensitivity to cerdulatinib; a novel SYK/JAKi with established in vitro

potency toward Tyk2 (227, 228).

Taken together, these pre-clinical studies demonstrated compelling evidence for the efficacy of both
cerdulatinib and vorinostat against aggressive MYB-TYK2-induced B-ALL. These novel findings provide
diverse therapeutic avenues that may be of benefit against other TYK2 activating mutations and
rearrangements reported in HR-ALL cases (i.e SMARCA4-TYK2 and ZNF340-TYK2) (15, 111, 119, 120).
Moreover, the demonstrated safety profiles of vorinostat (FDA approved for T-cell lymphoma) and
cerdulatinib (Phase 1/2 Dose Escalation study (NCT01994382) for the treatment of Chronic Lymphocytic
Leukaemia (229, 230)), emphasise the translational potential of this research for a better treatment

outcome in patients with TYK2-rearranged ALL.

4.2.3 HDACI treatment can reverse the persistent JAK/STAT signalling in cerdulatinib
resistant MYB-TYK2-altered disease
Despite the undeniable positive effect of JAKi treatment (i.e. ruxolitinib) in MPN and SMIs (i.e. ABLI) in
chronic myeloid leukaemia (CML) and Ph-positive ALL, long term administration of these inhibitors has
been associated with development of resistance in patients (181, 215, 216, 222, 231). Studies have
identified the potential mechanisms of resistance to JAKi include kinase domain mutations in or near the
ATP binding pocket (146, 217, 218) and persistent JAK/STAT signalling (219-221, 223). As the JAK
family proteins such as Tyk2 and Jak2 exhibit highly conserved kinase domain sequences (225, 226), in
this study it was hypothesised that following prolonged cerdulatinib exposure, development of similar
resistance mechanisms may occur in the setting of MYB-TYK2-altered disease. Supporting this theory,
continuous culture of cells expressing the MYB-TYK2 fusion gene in the presence of increasing
concentrations of cerdulatinib led to reduced drug sensitivity and the development of cerdulatinib-

resistant (cerdres) cells. Despite identification of a novel TYK2 p.R987Q mutation in the cerds cells,
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further investigations determined a minor effect of this mutation on induction of resistance in the TYK2-
altered setting. This opposes previous in vitro studies demonstrating acquired kinase domain mutations
as a mechanism of overt JAKi resistance in MPN cells harbouring JAK2 p.VV617F or p.R683G (146, 217,
218). To date, no secondary kinase domain mutations have been reported in MPN patients that
developed resistance to ruxolitinib (222), limiting the clinical applicability of these in vitro findings.
Conversely, data presented in chapter 3 suggest the secondary resistance mechanism that developed in
the setting of MYB-TYK2-altered disease was due to persistent JAK/STAT signalling despite chronic
Tyk2 suppression by cerdulatinib. The demonstrated increase in expression of Jak1 in cerdres cells
suggested persistent JAK/STAT signalling in these cells via transphosphorylation of the Myb-Tyk2 protein
in co-operation with Jak1. These data are in agreement with previous studies that revealed a functional
resistance mechanism in MPN cell lines and primary cells via persistent Jak2 signalling due to
heterodimer formation of JAK family proteins with Jak2 (219-221, 223). The findings presented in Chapter
3 indicated that the cerdes cells were equally sensitive to HDAC inhibition as vehicle treated cells, and
HDACi treatment led to successful attenuation of JAK/STAT signalling. The retained sensitivity of Cerdres
cells to HDACI, may be explained by their high acetylation levels and/or the fact that HDACi treatment
directly inhibits STATSs activity and thus is capable of evading the effect of Myb-Tyk2/Jak1 co-operation
in our JAKi resistant model. While previous studies suggested efficacy of HSP90 inhibition against JAKi
resistant JAK2 p.V617F cells (146, 219), the results here demonstrate HDACi as efficacious and

alternative targeted therapeutics against de novo and JAKi-resistant MYB-TYK2-rearranged disease.

4.3 Limitations and future directions
4.3.1  Limitations of cerdulatinib and vorinostat incorporation into the treatment regimen of
TYK2-rearranged ALL cases
Although, the efficacy and potency of both cerdulatinib and vorinostat against MYB-TYK2-induced B-ALL

in the presented in vivo models was evident, even with only a short treatment period, this study was not
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without limitations. In particular a survival benefit in the MYB-TYK2 mouse model was not observed in
treated mice. However, the lack of survival benefit may in part be explained by the fact that the secondary
transplant animals demonstrated 1) a sudden and aggressive onset of disease (with ~36-fold increase in
%GFP cells (1.2% vs 44.3%) in peripheral blood over 4 days) before treatment commencement and 2)
infiltration into the central nervous system (CNS). In most pre-clinical studies for SMls, treatment often
commences at very early onset of the disease (1-5% leukaemic cells in the peripheral blood) (199, 232,
233). In addition, SMIs such as JAKi do not display the potential to penetrate the CNS as a single agent
therapy (65, 234). Therefore, the significant anti-leukaemic effect of cerdulatinib and vorinostat within a
short treatment window, despite the limitations outlined above, demonstrates promising clinical potential.
Further research is warranted, in particular, assessment of inhibitor efficacy in combination with a

chemotherapy backbone.

4.3.2 Co-binding and transphosphorylation of Jak1 and Tyk2 and increased JAKi
insensitivity in cells
Although the findings here suggest an association between increased Jak1 expression and Tyk2
phosphorylation, and hence JAK/STAT persistent signalling in cerd's cells, this interpretation should be
regarded with caution, as these data require validation of Jak1 and Myb-Tyk2 co-interaction. Further
experiments utilising techniques such as immunoprecipitation (IP) and FRET microscopy, are needed to
capture possible binding of Jak1 to Myb-Tyk2 at the cytokine receptor site and membrane. In addition,
whether the association of Jak1 and Myb-Tyk2 is the sole driver of JAKi resistance in the current model
could be further explored. Accordingly, the insensitivity of cells to cerdulatinib could be validated in the
setting of induced Jak1 overexpression via viral co-transduction of the cerdulatinib-naive MYB-TYK2 cells

with a JAKT expression construct.
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4.3.3  Invivo modelling of JAKi resistance in MYB-TYK2 mice and investigation of the pre-
clinical efficacy of HDACi therapy against the resistance disease
Despite findings indicating the possibility of JAKi resistance development in the setting of TYK2-
rearranged B-ALL, these results are limited to in vitro investigations. Therefore, to further elucidate
whether similar JAKi resistance mechanisms occur in TYK2-rearranged patients, in vivo modelling of
JAKi resistance may be of benefit. This can be achieved by long-term treatment of MYB-TYK2 mice with
cerdulatinib to investigate, firstly, the likelihood of relapse after the conclusion of therapy and secondly,
whether resistance is likely through characterisation of minimal residual leukaemic cells. Residual
leukaemic cells may provide a reservoir of resistant cells and can be assessed via candidate PCR, Jak1
protein expression, exome and mRNA sequencing to identify additional sequence mutations/alterations
acquired in resistant cells in comparison to the primary engrafted material. In addition, the promising in
vitro efficacy of HDACi such as vorinostat and panobinostat against cerdrs cells demonstrated here,
warrants further investigation in in vivo models of either cerdrs cells harbouring the MYB-TYK2 fusion

gene or relapsed MYB-TYK2 mice following JAKi therapy completion.

4.3.4 Final Conclusions
The findings of this thesis demonstrate, for the first time, the leukaemogenic potential of the MYB-TYK2
fusion gene, resulting in an aggressive B-ALL, and provide insights into the driving potential of TYK2
activating alterations. A high-throughput screening approach was used to identify potential inhibitors of
MYB-TYKZ disease which were subsequently evaluated in vitro and in vivo. Efficacious drugs included
inhibitors already in clinical use in other malignancies, emphasising the translational potential of these
results. In addition, modelling of cerdulatinib resistance in vitro recapitulated possible clinical scenarios
of resistance that may arise due to continued JAKi exposure in TYK2-rearranged ALL cases and provides
a rationale for the use of HDACi to treat patients with this resistance profile. These novel findings may be

applicable against other TYKZ activating mutations and rearrangements such as SMARCA4-TYK2 and
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ZNF340-TYK2 and ultimately may improve survival outcomes for patients with MYB-TYK2-altered

disease.
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Abstract:

Utilization of Next Generation Sequencing (NGS) and advances in genomic profiling have led to
identification of new lesions in acute lymphoblastic leukemia (ALL) cases. TYK2 alterations are among
those that warrant an in-depth characterization of the underlying mechanisms that result in
leukemogenesis, targetability potential and drug response. The current literature around the functional
significance and clinical importance of these alterations in driving hematological cancer (in particular,
leukemia) is limited. This review focuses on recent findings demonstrating the leukemogenic potential of
TYK2 alterations. Specifically, the molecular consequences of aberrant TYK2 levels are detailed and the
effects of TYK2 deficiency or dysregulated activation are explored in carcinogenesis and
leukemogenesis. In addition, the functional role of TYK2 in JAK/STAT signaling, possible cross talk to
other cancer-related pathways and overarching avenues for pharmacological intervention in TYK2-

altered ALL are also described.
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Introduction:

Acute lymphoblastic leukemia (ALL) is a hematological malignancy most commonly occurring in children
(1, 2). This disease is divided into two key groups: B-cell (B-ALL) and T-cell (T-ALL) lineage, which
respectively account for 75-85% and 15-25% of cases depending on the age group (childhood- adult
ALL) (3-6). Advances in the treatment of childhood ALL, by improvements in hematopoietic stem cell
transplantation (SCT), CNS directed treatment and optimisation of chemotherapy regimens through risk
stratification, have resulted in increases in 5-year event free survival rate from approximately 60% in the
1970s to 85% in the 1990s (5). However, relapsed or refractory ALL still occurs in approximately 20% of
childhood cases, and for these patients, outcomes are poor (5, 7, 8). Therefore, this malignancy remains
a leading cause of non-traumatic death in children. In addition, the outcome for adult patients remains
extremely poor with an overall 5-year survival rate of approximately 40% and of these, nearly 7%
experience a subsequent relapse (9-11). To overcome the limitations of current chemotherapy and
treatment regimens (including SCT), the ultimate approach is personalised medicine that targets specific
driver lesions and pathways in individuals. Precision medicine may ultimately improve outcome for these
patients and decrease the risk of treatment failure by increasing the anti-leukemic efficacy of treatment
and reducing drug associated toxicities. The targeting of BCR-ABL1+ leukaemias with ABL tyrosine
kinase inhibitors (ABLi) are testament to this approach, and efficacy has also been demonstrated in

patients with other ABL1 and PDGFRB fusions (12-17).

ALL is a heterogenous disorder and based on the presence and functional consequence of the various
lesions identified in leukemic cells, is divided into subtypes with diverse pathological and prognostic
outcome (18, 19). Technologies such as gene expression profiling, single nucleotide polymorphism
(SNP) analysis and next generation sequencing (NGS) have drastically improved our understanding of
the genomic basis of ALL. Genome-wide profiling studies have enabled identification of novel alterations,

refinement of genomic classification and definition of genetically high risk (HR) ALL subgroups. Notably,
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HR ALL subtypes are characterized by alterations that activate cytokine receptor, tyrosine kinase and/or
JAK/STAT signaling and are associated with poor outcome (10, 20-23). These subtypes are of clinical
importance due to potential targetability by small molecule inhibitors (SMIs) (16, 19, 22, 24-30). TYK2
gain of function alterations, with the potential to activate the JAK/STAT pathway have only recently been
described in ALL. However, the functional role of alterations involving TYKZ2 in leukemia development

and targetability are not, to date, well understood.

Pathology of ALL

ALL is generally thought to be the result of deregulated transcription and maturation arrest of lymphoid
lineage cells in the BM (3). This phenomenon is caused by the acquisition of initiating lesions, including
gene translocations that confer self-renewal, differentiation arrest and epigenetic reprogramming of
lymphoid progenitors (1). Accumulation of additional secondary mutations and genomic alterations,
affecting multiple cellular pathways, then contribute to the clinical manifestation of the disease (1, 2).
Perturbed pathways comprise those governing lymphoid development, cell cycle regulation, tumour
suppression, transcriptional regulation, epigenetic modification, Janus family of tyrosine kinases
(JAK)/signal transducer and activator of transcription (STAT) signaling, phosphatidylinositol 3-kinase
(PI3K)/mammalian target of rapamycin (mTOR) and RAS signaling (Figure 1). In the case of TYK2-
altered disease, perturbations in JAK/STAT, PI3K/mTOR, RAS and ERK have been reported (31-35).
JAK/STAT is one of the most frequently mutated signaling pathways in cancer; recognised as one of the
twelve core cancer pathways (36, 37). In ALL, JAK activating alterations are recurrent and account for
approximately 10% of HR ALL, 25% of T-ALL cases and 20% of a HR subtype of B-ALL (also known as

Ph-Like ALL) (22, 23, 38, 39).
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Figure 1. Predisposition and consequent development of ALL can be due to chronological acquisition of deleterious

genomic alterations. The differentiation of hematopoietic cells into B- and T-lineage (represented in pink and green

respectively) and their maturation is strictly regulated by transcription factors re-enforcing commitment to either fate. T-ALL

initiation is mainly due to rearrangement of oncogenic transcription factors (e.g. LYL1, LMO1) into a position adjacent to T-

cell receptor loci. In the B-ALL setting, changes in chromosome number (aneuploidy); acquisition of chromosomal

rearrangements including translocations of genes that 1. control lymphoid development (e.g ETV6, RUNX1) 2. activate kinase

signaling (e.g. ABL1) or oncogenes (e.g. MYC) 3. control epigenetic regulation (e.g. MLL(KMT2A)); and mutations in B-cell

transcriptional regulator genes (e.g. IKZF1, PAX5, EBF1, CEBPE) and tumour suppressor genes (e.g, CDKN2A/2B) confer

developmental arrest on lymphoid progenitors at various stages based on the altered genes (indicated by red flash).

Subsequently, acquisition of additional co-operating events (as indicated) contribute to development of a genetically polyclonal

disease. Selection or acquisition of further mutations can result in resistance to therapy and relapse. Adapted from (1, 2, 38).
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TYK2 mediates cytokine signaling and activation of JAK/STAT pathway.

Four human JAKs comprising JAK1, JAK2, JAK3 and TYK2 have been reported and are associated with
activation of type | and Il cytokines including both interleukin (IL) and interferon (IFN) receptors (40, 41).
TYK2 was the first member of the JAK family of tyrosine kinases to be described and linked to cytokine
signaling and the downstream JAK/STAT pathway (Figure 2) (42, 43). Cytokine signaling is associated
with cross-specificity in activation of overlapping JAKs and STATs (44). TYK2 mediated cytokine
signaling has been demonstrated, including type |, Il and Ill IFNs (e.g. IFNa., 3 and 4) and ILs (e.g IL-6,
IL-10, IL-12, IL-22 and IL-23) (45, 46), but importantly the capability of TYK2 to activate all STAT proteins
has also been defined (46). Apart from homo-dimerization of JAK family proteins, hetero-dimerization of
these proteins can also lead to activation of the JAK/STAT pathway (45, 47). Various studies have
reported TYK2 signaling upon dimerization with JAK1 and JAK2 in response to cytokines (Figure 2) (43,
45, 47-50) and the association of TYK2 with JAK1 and/or JAK2 has also been reported in hematological
malignancies (32, 35, 51, 52). Here, constitutive TYK2 auto- and trans-phosphorylation due to activating
TYKZ2 genomic alterations predominantly results in activation of STAT1, 3 and 5 (31-34, 53). Therefore,
dependent on the specific cell types, cytokines present and also the disease, multiple JAK and STAT

family proteins can be activated in response to TYK2 perturbation.

TYK2 mediates crosstalk with other oncogenic signaling pathways.

JAK signaling and STAT family protein activation can interact with, and induce activation of, several other
signaling pathways such as PISK/mTOR and RAS (46, 54). RAS (family of small GTPases) and
PI3K/mTOR signaling pathways are responsible for signal transmission from cytokine, B-cell receptors
and tyrosine kinases (55). These signaling pathways are crucial for lineage commitment and
development of B-cells in the bone marrow (55, 56). Crosstalk with other oncogenic pathways, has been

demonstrated in the setting of B- and T-cell ALL. For example, the aberrant expression of the ETV6-
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JAK2 fusion gene results in constitutive activation of RAS, PI3K and also NF-kB signaling pathways in
the B-ALL setting (57). In T-ALL patients, 2 of 6 TYK2 activating point mutations were reported to induce
activation of extracellular signal-regulated kinase (ERK) signaling, in addition to JAK/STAT activation
(33). In other hematological malignancies, activating mutations in TYK2, resulted in aberrant signaling
through additional pathways such as PI3K/mTOR, RAS and also PIM (proto-oncogene serine/threonine-
protein kinases) (34, 35). Taken together, these results demonstrate the capacity of the TYK2 protein to
induce activation of additional oncogenic signaling pathways, depending on the specific cell type, mode

of activation and disease context.

The interplay in regulation and stabilisation of TYK2 and STAT proteins.

The activity of JAK family proteins including TYK2 is negatively regulated by multiple intrinsic and extrinsic
factors. The first intrinsic inhibitory feature includes the regulatory ability of the pseudokinase domain
(JH2), to control the kinase domain activity (58-60). In addition, extrinsic negative regulation of the
JAK/STAT pathway relies mainly on the SH2 domain-containing suppressors of cytokine signaling
(SOCSs) proteins and proteases (e.g. protein tyrosine phosphatases PTPN1, PTPN6 and PTPN11) (45,
58). The SOCS family proteins promote ubiquitination and degradation of JAK family proteins while
proteases dephosphorylate activated JAKs and cytokine receptors; both actions lead to attenuation of
JAK/STAT signaling (58). Apart from the global role of these negative regulators, previous studies have
demonstrated that deactivation of TYK2 signaling and acceleration of TYK2 protein degradation is largely
due to direct protein-protein interaction of SOCS1/3, PTPN6 and PTPN1 with activated TYK2 (50, 61-

64),

JAK and STAT family proteins are clients of heat shock proteins (HSP), in particular HSP90 (65). The
HSP90 chaperone protein plays an important role in maturation, stabilisation, folding and function of JAK

and STAT proteins (65-67). Interestingly, HSP90 is identified as the chaperone for various oncogenes
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(68, 69). It promotes the functional stability of malignant cells that would otherwise be disrupted due to
acquired alterations and increases their adaptability to environmental factors such as treatment (68, 69).
This function of HSP90 is also vital in JAK/ISTAT dependent hematological malignancies and CRLF2-
rearranged and JAK2- and JAK1-mutated B-ALL (65, 70-72). In these cases, inhibition of HSP90 by smalll
molecule inhibitors (SMIs) or RNA interference resulted in attenuation of STATs phosphorylation and
degradation of JAK proteins (70-72). Proteomic analysis further confirmed the direct interaction of HSP90
with TYK2 protein, enhancing its stability (46, 73). In addition, HSP90 inhibition resulted in TYK2

degradation and signal reduction in T-ALL cells harbouring wildtype and mutant TYK2 (74).

HSP90 functions through association with several proteins and co-chaperones and is subject to multiple
regulatory mechanisms (66, 67). One of these negative regulatory mechanisms involves acetylation of
lysine residues on HSP90 that subsequently inhibits the binding of client and co-chaperone proteins
leading to aggregation of JAK proteins (67, 75). Therefore, histone deacetylases (HDACSs) including
HDAC1, 6 and 10 play an important role in facilitating HSP90 activity (67, 75). Immunoprecipitation and
western blot analysis, have demonstrated HDACG to be the main enzyme that stabilizes the HSP90
complex in multiple leukemia cell lines (76). Inhibition of HDACG in these cells resulted in degradation of
driver oncogenes such as BCR-ABL1, mutated FLT3 and subsequent reduction of their downstream

signaling (76-78).

Moreover, STAT proteins interact with epigenetic co-factors such as histone acetyltransferases (HATS)
and HDACs to modulate transcription of target genes (44). Historically, HDACs activity was believed to
regulate transcriptional repression only, however, recent studies revealed that both HDACs and HATs
can act as activators and/or repressors of STAT-mediated transcription (44, 79-81). HDAC mediated
deacetylation of target gene transcriptional activation sites upon, STAT1, 2 and 5 binding to DNA, is

essential to recruit the transcription machinery (e.g. RNA polymerase Il) and initiate transcription (79, 82-
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86). Hence, silencing of HDAC activity through SMis or small interfering RNAs results in decreased
STATs phosphorylation levels and expression of target genes (79, 82-86). However, this is not without
conjecture as activation of STAT3 mediated transcription, for instance, is reported to be associated with
either acetylation in response to IFN stimulation in the normal setting (87, 88) or deacetylation in B-cell
lymphomas (89). It is important to note that the effect of acetylation/deacetylation on transcription can be
cell type or condition specific. The exact mechanism by which chromatin modifiers interact with STATs
in normal versus malignant cells remains unclear. However, the data highlighting a positive regulatory
effect of HDAC is in agreement with the growing evidence of HDAC inhibitors (HDACI) efficacy in

hematological malignancies and other cancers (80, 90).

The JAK/STAT signaling network is complex (Figure 2). The TYK2 protein can induce signaling
redundancy, alternate signaling through other pathways and interact with positive or negative regulatory
components. This interplay enables multiple therapeutic targets and emphasises the importance of
careful analysis to find the appropriate inhibitors for each patient and disease context, discussed in further

detail below.
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Figure 2. Schematic representation of TYK2-mediated JAK/STAT signaling network. Binding of cytokine to the cytokine
receptor complex results in receptor dimerization, which consequently phosphorylates JAK proteins as the cytokine receptor
itself lacks intrinsic biological activity. Activated JAKs induce the phosphorylation of STATs which, following dimerization,
translocate into the nucleus and stimulate gene expression. STAT family proteins consist of seven members: STAT1-4, 5a,
5b and 6. STATSs bind to the enhancer region of genes and by recruiting epigenetic modifiers (HDAC and HAT) to modulate
the transcription of genes. JAKs activate other downstream signaling cascades including PI3K/mTOR, RAS and NF-«B.
Furthermore, HSP90 and its co-chaperones such as HDAC proteins play an important role in facilitating signaling and JAK
protein stabilisation. Red proteins (e.g SOCS1/3) are pathway regulators. Potential inhibitors of the proteins and pathways are
indicated with red T-shaped lines. Abbreviations: AC, acetyl group; BET, Bromodomain and Extra-Terminal motif; HATS,

histone acetyltransferases; HDAC, histone deacetylates; Ub, Ubiquitin; P, phosphorylation

Can aberrant TYK2 levels cause leukemia?

The involvement of JAK1-3 in inducing cancer have been intensively studied while TYK2 has primarily
been studied in the setting of auto-immune and inflammatory diseases (91, 92). Impaired type | IFN and
IL signaling due to TYK2 deficiency have been reported in several mouse models (93) but there is limited
data in human cases (94, 95). Subsequent genome wide association analyses linked TYK2 deficiency

with auto-immune and inflammatory diseases (50). Furthermore, ex vivo analysis on bone marrow cells
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from wild type and TYK2 deficient mice, demonstrated a reduced inhibition of B-cell lymphopoiesis upon
IFNa stimulation in TYK2 deficient cells (96). IFNa signaling can also inhibit B-cell differentiation and
induce apoptosis in a normal setting (97). In addition, reduced STAT3 signaling and response to IFN{3-
mediated apoptosis have been reported in TYK2 deficient pro-B cells (98). Collectively, these findings
highlighted a possible role for TYK2 in the regulation of B-cell apoptosis that may be related to B-cell
leukemia. Another study suggested an increased susceptibility of TYK2 deficient mice to the development
of B-cell lymphoid leukemia/lymphoma and T-ALL induced by Abelson murine leukemia virus and ETV6-
JAK2 fusion gene, respectively (99). The increased incidence of disease in TYK2 deficient mice
compared to wild type controls however, may be explained by the tumour surveillance properties of TYK2,
as TYK2-deficient animals also demonstrated reduced cytotoxic activity of T- and natural killer cells (50,
99). Interestingly, the immunosurveillance properties of TYK2 are demonstrated to be independent of its
canonical kinase activity. TYK2 deficient mice expressing kinase inactive TYK2 protein (harbouring TYK2
p.K923E mutation) exhibited normal development of natural killer cells in bone marrow (100). The
cytotoxic activity of these natural killer cells against a variety of tumour cells was also restored upon
expression of kinase inactive TYK2 protein (107). These results highlight the potential benefit of TYK2
inhibitors (TYK2i) to treat cancers exhibiting higher TYK2 levels and would not lead to impairment of

tumour surveillance.

TYK2 overexpression and activation has been demonstrated to be associated with oncogenesis in
various cancer cell lines and patient samples (breast, prostate and ovarian cancer) (97, 101-104). For
instance, a study by Ide et al. (2008) demonstrated increased invasiveness of prostate tumour cells as a
result of increased TYK2 expression (102). Another study demonstrated invasion of malignant cells into
the liver upon TYK2 protein expression using in vivo transgenic mouse models of B-cell lymphoma co-
expressing the c-MYC oncogene (102). The significance of increased TYK2 expression in hematological

malignancies was only recently highlighted in T-ALL (approximately 80% and 60% of lines and cases
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screened in the cohort, respectively) and anaplastic large cell lymphoma (ALCL) (33, 105). TYK2 gene
knock down by small interfering RNA, resulted in impaired growth and increased cell apoptosis in more
than 60% of patient derived T-ALL cells and cell lines (105). This observation was not reported in other
JAK family genes and appeared specific to TYK2 (105). In addition, TYKZ2 deletion in mouse models of
NPM-ALK-induced ALCL and human primary ALCL cells demonstrated prolonged survival in mouse
models and reduced growth/increased apoptosis in primary cells (33). Data from both studies also
demonstrated the dependency of T-ALL and ALCL cell lines and patient samples on TYK2 activation that

leads to upregulation of STAT1/3 and consequently members of anti-apoptotic BCL2 family (33, 105).

TYK2 alterations occur in ALL patients.

Reports on gain of function or activating TYK2 mutations and alterations in hematological malignancies
have only recently emerged. In 2013, the first activating TYK2 mutations (Table 1) were reported in T-
ALL cell lines and were demonstrated to have transformative ability; enabling IL-3 dependent pro-B
murine Ba/F3 cells harbouring these mutations cytokine independent growth (33). A year later, the first
case of a TYK2 fusion gene was reported in HR subtype of B-ALL (also termed Ph-like ALL; MYB-TYK?2)
(22). Subsequently, two more 5’ partners for TYK2 rearrangements in HR Ph-like ALL (MYB, SMARCA4
and ZNF340) were reported (22, 26). TYK2 rearrangements have variable 5 partners and breakpoints,
yet retain an in-frame kinase domain (also known as JH1; Figure 3), potentially resulting in constitutive
activation of the fusion protein. Each fusion may, or may not, contain a disrupted pseudokinase domain
(termed JH2), responsible for auto-inhibition of JAK kinase domain (22, 40, 106). In addition, the fusions
lack the FERM (four-point one, erzrin, radixin, moesin) and SH-like (Src-homology) domains, which are
involved in protein and cytokine receptor binding, respectively (40, 107). Despite the diversity of the 5’
partner, 5 genes commonly harbour a DNA binding domain and facilitate the dimerization and

subsequent activation of TYK2 (22, 106).
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Figure 3. Schematic structure of wild type Jak protein, JAK2 and TYK2 alterations in Ph-like ALL. (A) Wild type Jak,
each Jak protein consists of four domains including FERM, SH2, pseudokinase and kinase. (B) TYK2 alterations, JAK-class
fusions exhibit an intact kinase domain with either a disrupted or absent (as indicated by dashed cross) pseudokinase domain

fused to variable 5’ partner genes. Abbreviation: JH, Jak homology domain.

An in vitro study demonstrated the ability of the MYB-TYKZ fusion gene to induce cytokine independent
growth in pro-B murine Ba/F3 cells (26). Only recently, additional investigations by our group
demonstrated the predominant activation of JAK/STAT signaling and constitutive phosphorylation of
TYK2 due to the expression of MYB-TYK2 fusion protein (i (108). The leukemogenic ability of the MYB-
TYK2 fusion gene was also confirmed where the resultant gene fusion induced an aggressive B-ALL in
mouse models (108). These findings provided evidence, for the first time, of the leukemogenic potential
of TYK2 fusion genes. Furthermore, TYK2 alterations have been reported in other blood cancers
including acute myeloid leukemia (AML), CD30-positive lymphoproliferative disorder (LPD) and ALCL
(31, 32, 34, 109). In vitro analysis of NPM1-TYK2 and NFKB2-TYK2 fusion genes, detected only in LPD
and ALCL patients respectively, demonstrated constitutive auto- and trans-phosphorylation of TYK2 and
downstream activation of STAT family proteins (31, 32). However, the oncogenesis potential of these
TYK2 fusion genes in in vivo models is unknown. Table 1 highlights the key TYK2 alterations and the

current in vitro functional consequences in ALL.
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Table 1. Key TYK2 mutations and rearrangements detected in ALL. Modified from Woss et.al (2019) (46) and St. Jude PeCan

Data portal (110).

TYK2 alterations | Disease Known functional status Domain References
TYK2p.G271S B-ALL nd. * FERM (111)
B-ALL
TYK2 p.W327R nd. * FERM (22)
(Ph-Like)
Pseudokinase
TYK2 p.V678L B-ALL nd. * (111)
(JH2)
increased TYK2 autophosphorylation/ STATs | Pseudokinase
TYK2 p.P760L B-ALL (53)
activation (JH2)
TYK2 p.G909S B-ALL n.d. Kinase (JH1) (110)
B-ALL
TYK2 p.A1156V nd.* Kinase (JH1) (110).
(Ph-like)
cytokine independent growth (in vitro)
B-ALL *STATs activation/ increased TYK2 | Intact kinase
MYB-TYK2 (22, 26)
(Ph-like) | autophosphorylation/ induced B-ALL in mouse | (JH1)
models
B-ALL Intact kinase
SMARCA4-TYK2 nd.* (10)
(Ph-like) (JH1)
B-ALL Intact kinase
ZNF340-TYK2 nd.* (10)
(Ph-like) (JH1)
TYK2 p.V15A T-ALL n.d. FERM (110)
TYK2 p.A35V T-ALL n.d. FERM (110)
TYK2 p.G36D T-ALL cytokine independent growth (in vitro) FERM (33)
TYK2 p.S47N T-ALL cytokine independent growth (in vitro) FERM (33)
TYK2 p.R425H T-ALL failed cytokine independent growth (in vitro) FERM (33)
TYK2 p.C192Y T-ALL n.d. FERM (110)
TYK2 p.R243W T-ALL n.d. FERM (110)
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TYK2 p.R274H T-ALL n.d. SH2 (110)
TYK2 p.A375V T-ALL n.d. SH2 (110)
TYK2 p.P494S T-ALL n.d. SH2 (110)
Pseudokinase
TYK2 p.V678L T-ALL n.d. (110)
(JH2)
Pseudokinase
TYK2 p.V731l T-ALL cytokine independent growth (in vitro) (33)
(JH2)
increased TYK2 autophosphorylation/ STATs | Pseudokinase
TYK2 p.G761V T-ALL (53)
activation (JH2)
TYK2 p.G937A T-ALL n.d. Kinase (JH1) (110)
cytokine independent growth (in vitro) /| Weak
TYK2 p.E957D T-ALL Kinase (JH1) (33, 53)
STATSs activation
TYK2 p.M926V T-ALL no STATSs activation Kinase (JH1) (53)
TYK2 p.Y955H T-ALL n.d. Kinase (JH1) (110)
cytokine independent growth (in vifro) /Weak
TYK2p.R1027H | T-ALL Kinase (JH1) (33)
STATSs activation

* These alterations are speculated to be gain of function and activating mutations and rearrangements, since no functional

analyses are available. *unpublished data (Tavakoli et al, 2021, under revision). Abbreviations: n.d.=no data

Targeted therapeutic possibilities for TYK2-altered disease

Currently, the lack of knowledge and efficient therapeutics targeting the TYK2 oncogenic alterations,
necessitate broader screening of SMIs. The subsequent JAK/STAT signaling activation due to TYK2
alterations, provide a rational avenue for the use of JAKi against this HR subtype. Ruxolitinib was the first
JAK1/2i approved for treatment of patients with myeloproliferative disorders such as myeloproliferative
neoplasms (MPN), polycythemia vera (PV) and essential thrombocythemia (ET), the majority of whom
harboured the activating JAK2 p.V617F mutation (112-115). The significant improvement of symptoms
and reduced splenomegaly, in addition to the good tolerability of ruxolitinib treatment (116, 117),

accelerated the development and clinical use of JAKi as an anti-cancer drug. The efficacy of some
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therapeutics against HR ALL harbouring JAK/STAT activating alterations has been demonstrated in in
vitro and in vivo pre-clinical models and case studies (16, 19, 22, 24, 26-29). The sensitivity of cell lines
harbouring JAK2 fusions (i.e. PAX5-JAK2 and ATF7IP-JAK2) to ruxolitinib in vitro, plus its efficacy in
reducing leukemic burden in mouse models of JAK2 rearranged ALL, has also been reported (26). In
particular, a strong in vitro and in vivo anti-leukemic effect for NDI-031301 (TYK2-specific inhibitor) has
been reported against TYK2-dependent T-ALL cell lines and primary cells (118). Similarly, our group
identified the JAKI, cerdulatinib, as an efficacious therapeutic agent against cells harbouring the MYB-
TYK2 fusion gene, with significantly reduced cell proliferation and decreased tumour burden in mice

(108).

The protein-protein interactions and co-operation of TYK2 with HDACs and HSPs to activate JAK/STAT
signaling and possible cross talk of JAK/STAT signaling to other pathways due to TYKZ alterations,
provide an alternative kinase independent and even more attractive therapeutic targets (46, 73, 79). Thus
far, the sensitivity of the MYB-TYKZ fusion gene has been established to the HDACI, vorinostat and the
HSP90i, tanespimycin in vitro; anti-leukemic effects of vorinostat were also demonstrated in pre-clinical
in vivo models of MYB-TYK2 altered disease (119). In addition to TYKZ2-altered cases, various SMIs
(PI3K/mTORI, MEK1/2i, HSP90i and BETi) have demonstrated promising in vitro and in vivo efficacy
against CRLF2-rearranged ALL cases exhibiting JAK/STAT hyperactivation (25, 30, 120-122). The use
of HDACi such as vorinostat alone or in combination with a chemotherapy backbone has been approved
for treatment of T-cell lymphoma and demonstrated activity against other hematological malignancies
such as AML (123, 124). Interestingly, HDACi demonstrated efficacy in clinical trials for JAK mutated
MPN and PV cases (125-127). Recently, studies have also demonstrated HDACi efficacy in inducing
apoptosis in cells and engraftment reduction of leukemic cells in in vitro and in vivo models of B-ALL (B-
ALL cell lines and xenograft models of KMT2A-rearranged ALL and CRLF2-rearranged ALL), respectively

(122,128, 129).
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Taken together, these findings highlight the potential benefit of therapies targeted to specific genomic
alterations that may improve the response to treatment and subsequent outcomes in patients. Currently,
there is an unmet need to widely investigate the efficacy of SMIs on other HR ALL subtypes including
TYK?2 alterations. The data so far, supports the further exploration of the efficacy of TYK2i, HDACi and
HSP90i in larger cohort of cases with TYK2-altered disease. Furthermore, the efficacy of these SMIs in
combination and/or as an addition to the chemotherapeutic backbone regimen requires future
investigation. In the era of precision medicine, it is essential to understand the activated pathways of
each underlying genomic alteration in individual patients. In addition, it is crucial to identify therapeutics
that specifically target activated pathways, such as those in TYK-2 altered disease. This will be achieved
through robust pre-clinical models to test novel therapies and facilitate more genomic alteration-specific

clinical trials.

Future prospects

Utilization of NGS technology has led to the identification of a growing number of TYK?2 alterations in ALL
cases (10, 33, 53, 111). Given the well-established role of TYK2 in JAK/STAT signaling and its potential
kinase-dependent oncogenic consequence, it is essential to inform effective targeted therapeutics for
ALL cases harbouring TYKZ2 gain of function mutations and/or rearrangements. The prerequisite for
identifying effective targeted therapies, however, relies on robust in vitro and in vivo modelling of each
alteration. Aside from the recent study by our group investigating the oncogenic potential of the MYB-
TYK2 fusion gene in in vivo models, the significance of other TYK2 alterations (e.g. pseudokinase or
FERM mutated TYKZ cases) as a driver oncogene in leukemogenesis is unknown. It is not clear whether
all TYK2 alterations are capable of inducing disease and activating similar pathways downstream of each
specific alteration. Thus, future research should focus on the comprehensive characterization of the

functional and prognostic consequence of these alterations and TYK2 activation in each setting as well
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as to their therapeutic targetability. This approach will consequently elucidate a clear picture of the

leukemogenic role, clinical importance and therapeutic targetability of TYK2 alterations in ALL.
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