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Abstract 

KMT2A-rearrangements (KMT2Ar) and MLLT10-rearrangements (MLLT10r) are 

recurrently identified oncogenic lesions in acute lymphoblastic leukaemia (ALL). 

KMT2Ar induce aggressive, high-risk ALL in patients of all ages, including >70% of 

infant ALL diagnoses. MLLT10r, most commonly PICALM-MLLT10 and DDX3X-

MLLT10, account for approximately 10% of new T-cell ALL (T-ALL) diagnoses, and 

are biologically and clinically poorly characterised. KMT2Ar and MLLT10r leukaemic 

blasts share the important feature of HOXA cluster transcriptional dysregulation, 

suggesting a similar aetiology and subsequently similar therapeutic vulnerabilities. 

However, there is presently a lack of pre-clinical in vitro and in vivo models that 

accurately recapitulate the aggressive ALL induced by KMT2Ar and MLLT10r, limiting 

the ability to understand the biological aetiology of these subtypes and screen for 

efficacious targeted therapies.  

This thesis describes novel in vitro models of KMT2A-AFF1, PICALM-MLLT10 and 

DDX3X-MLLT10 T-ALL, and KMT2A-AFF1 B-ALL. These models demonstrated the 

ability of KMT2A-AFF1 to induce oncogenic changes in murine MOHITO cells. 

Specifically, KMT2A-AFF1 expression induced T-ALL characterised by an immature 

immunophenotype, increased cellular proliferation and upregulation of HOXA cluster 

genes, reflecting the aggressive disease observed in patients.  

For the first time, an in vivo transplantation model of DDX3X-MLLT10 and PICALM-

MLLT10 T-ALL is also presented, generated by the expression of these fusions in 

CD4-CD8- p19Arf-null (Arf-/-) thymocytes. When transplanted into sub lethally irradiated 

immunocompromised NSG mice, MLLT10r-expressing cells consistently engrafted to 

induce T-ALL. Differences were noted in the immunophenotype and dissemination 

patterns of engrafted cells between the two fusion cohorts, indicating that the 5’ fusion 

partner plays an important role in MLLT10r. 

The mutational landscape of non-infant KMT2Ar B-ALL and MLLT10r ALL were 

investigated by interrogating patient leukaemic blasts for the presence of single 

nucleotide variants (SNVs) and copy number alterations (CNAs). An understanding of 

the complete genomic landscape of leukaemic blasts is required, in order to generate 

pre-clinical models that fully recapitulate ALL. Analysis revealed that non-infant 

KMT2Ar B-ALL lacks typical leukaemia-associated alterations that are common in 
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other genomic subtypes of B-ALL, demonstrating a silent mutational landscape that 

parallels KMT2Ar infant cohorts. However, known and novel SNVs within epigenetic 

regulatory genes were identified in KMT2Ar B-ALL, that were less common or absent 

in the BCR-ABL1 comparator B-ALL cohort, implying that epigenetic regulators may 

serve a functional role specifically in KMT2Ar B-ALL. Recurrent alterations in 

leukaemia-associated genes were identified in MLLT10r T-ALL cases, suggesting that 

cooperative lesions play a role in MLLT10r leukaemogenesis, unlike in KMT2Ar.  

Therapeutic efficacy of the novel curaxin CBL0137 in infant KMT2Ar ALL has recently 

been reported. Pre-clinical sensitivity studies in in vitro models demonstrated that 

functional p53 is critical in the mechanism of action of CBL0137. CBL0137 

demonstrated efficacy across multiple genomic subtypes of acute leukaemia, 

including KMT2Ar, only in the presence of wild-type TP53. Findings support that 

CBL0137 has clinical promise in p53 wild-type ALL, including KMT2Ar ALL due to the 

low prevalence of TP53 alterations across all ages in this subtype.  

In summary, this thesis provides critical insight into the complex biology of KMT2Ar 

and MLLT10r ALL, and presents the first described models of KMT2Ar and MLLT10r 

T-ALL. Together, these findings contribute to improving our understanding of the 

biology of these high-risk subtypes, and the described models permit the pre-clinical 

exploration of targeted therapies in a T-ALL context, to ultimately improve outcomes 

for ALL patients.  
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1.1 Incidence and outcomes of ALL 

Acute lymphoblastic leukaemia (ALL) is a haematological malignancy characterised 

by uncontrolled proliferation of B- or T-lineage lymphoid progenitors in the blood, bone 

marrow or extramedullary sites such as the spleen. ALL is the most common childhood 

malignancy, with a peak between 2 and 5 years of age, and 60% of new diagnoses 

occurring in children1. Long-term clinical outcomes are favourable for 85-90% of 

childhood ALL cases; however, 10-15% of patients will eventually relapse and 

succumb to their disease making ALL a leading cause of non-traumatic mortality in 

children2. ALL also occurs in infants, adolescents and young adults (AYA) and adults, 

with a comparatively poor prognosis2. Infant ALL (<1 year of age) accounts for 

approximately 2.5% of paediatric ALL cases, and carries a four-year event-free 

survival rate of <45%3. Long-term survival rates in adults are similarly poor, with 30-

40% of adults diagnosed with ALL surviving long-term4. 

ALL prognosis is stratified by several clinical parameters, where high-risk factors 

include high presenting leukocyte count (≥50x109/L), minimal residual disease (MRD) 

response, and age (infant or ≥10 years of age), and the presence of leukaemia within 

the central nervous system (CNS)5,6. Genomic alterations are also important in ALL 

diagnosis and prognostic stratification, such as chromosomal translocations and 

aneuploidy, as determined by cytogenetic or genomic identification2.  

 

1.2 Biological features of ALL  

1.2.1 B-lineage ALL (B-ALL) 

B-lineage ALL (B-ALL) is the most common ALL subtype, accounting for 85% of 

paediatric ALL and 75% of adult ALL cases7. B lymphocytes are important in the 

adaptive immune system, and maturation primarily occurs in the bone marrow. Next 

generation sequencing has enabled the identification of a diverse range of genomic 

aberrations involved in B-ALL (Figure 1.1). Genomic lesions that drive B-ALL typically 

involve genes related to B-cell development, such as the transcription factors ETV6, 

RUNX1, PAX5 and IKZF1. Other genomic subtypes of ALL involve chromosomal copy 

number alterations, such as hypodiploidy, hyperdiploidy and intrachromosomal 
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amplification of chromosome 21 (iAMP21). Epigenetic regulators may also be altered 

in the pathogenesis of B-ALL, such as rearrangements of MEF2D and KMT2A8.  

 

 

Figure 1.1 – The frequency of genomic subtypes in B-ALL varies depending on 

age 

Stacked column charts depict genomic alterations present in B-ALL based on age 

group, divided into childhood standard risk (SR), childhood high-risk (HR), 

adolescent/young adult (AYA) and adult. Abbreviations: iAMP21, intrachromosomal 

amplification of chromosome 21; PAX5 alt, alterations occurring within the PAX5 gene; 

Ph, Philadelphia chromosome positive ALL (also known as BCR-ABL1 positive ALL); 

SR, standard-risk. Image used with permission from Inaba & Mullighan 20209.  
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1.2.2 T-lineage ALL (T-ALL) 

T-ALL accounts for approximately 15-20% of new ALL diagnoses10,11. T lymphocytes 

are important in the adaptive immune system, and maturation primarily occurs in the 

thymus. Compared with B-ALL, patients diagnosed with T-ALL are typically older, 

more likely to be male, present with a higher white cell count, and have a greater 

incidence of CNS leukaemic involvement11. Next generation sequencing has revealed 

recurrent genomic aberrations in T-ALL (Figure 1.2). Genomic alterations that drive 

T-ALL are genetically diverse, including alterations that affect transcriptional and 

epigenetic regulators such as KMT2A and MLLT10, transcription factors such as 

TAL1, cell cycle regulators such as CDKN2A/B, and NOTCH1 alterations.  

 

 

Figure 1.2 – Frequency of genomic subtypes in childhood T-ALL 

Pie chart depicts genomic alterations that occur in newly-diagnosed paediatric (1-10 

years of age) T-ALL. Common genomic aberrations include genes encoding basic 

helix-loop-helix transcription factors TAL1, TAL2 and LYL1, and homeobox 

transcription factors such as TLX1, TLX3, and rearrangements directly involving 

HOXA genes such as TRB-HOXA9 and TRB-HOXA11. The HOXA-deregulated 

subtype includes genomic aberrations not directly involving HOXA genes, but that 

result in aberrant expression of the HOXA gene cluster, such as MLLT10r and SET-

NUP214. Image adapted from Teachey & Pui 201911.  
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1.2.3 ALL can be prognostically stratified based on genomic subtype 

Cytogenetic and genomic features have an important role in predicting outcome, 

where recurrently identified genomic lesions are associated with favourable or 

unfavourable outcomes8 (Figure 1.3). Risk stratification based on both clinical and 

genomic features informs treatment decisions, where high-risk patients may undergo 

intensified treatment regimens, potentially including haematopoietic stem cell 

transplant (HSCT), or the addition of targeted therapies directed towards specific 

genomic aberrations present. For example, tyrosine kinase inhibitors (TKIs) may be 

prescribed in ALL cases harbouring ABL-class fusions such as BCR-ABL1 and EBF1-

PDGFRB12. 

 
 

 

Figure 1.3 – Outcomes of non-relapsed paediatric ALL vary based on genomic 

subtype 

Many recurrent genomic aberrations identified in ALL are associated with either poor 

or good prognosis. Some genomic subtypes, such as TCF3-PBX1 and ETV6-RUNX1, 

are associated with favourable outcome. Conversely, the presence of BCR-ABL1 or 

MLL (referred to in this thesis as KMT2A) rearrangements are associated with 

unfavourable long-term outcomes. Image used with permission from Boer & de Boer 

(2017)13.  
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1.2.4 Genomic cooperation in ALL 

Vogelstein’s two-hit model of cancer proposes that leukaemia, and all other 

malignancies, develops after acquisition of a series of genomic alterations over time. 

An initiating alteration, also known as a gatekeeping mutation, provides an initial 

selective growth advantage14. The initiating alteration may occur sporadically or as an 

inherited susceptibility15. Secondary alterations are then acquired over time, promoting 

further growth advantage and clonal expansion, eventually resulting in malignancy14. 

Acute leukaemia requires the accumulation of fewer genomic alterations than adult 

solid tumours, due to the high renewal capacity of healthy haematopoietic tissue14. 

The initiating lesions commonly identified in ALL are discussed in sections 1.2.2-1.2.3. 

Cooperative mutations in ALL are typically genes associated with cell cycle and 

tumour suppressors (CDKN2A, CDKN2B, TP53), cytokine receptor and kinases 

(CRLF2, JAK1, JAK2, ABL1), Ras signalling (NRAS, KRAS, NF1), and epigenetic 

regulators (CREBBP).5  
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1.3 KMT2A gene rearrangements in leukaemia 

KMT2A-rearranged (KMT2Ar) acute leukaemia is a high-risk genomic subtype that 

occurs in B-ALL, T-ALL, and acute myeloid leukaemia (AML). It represents a high-risk 

genomic subtype, regardless of immunophenotype and patient age. Despite extensive 

research spanning decades, the aetiology and biology underlying the aggressive 

phenotype of KMT2Ar acute leukaemia remains largely elusive. In this review, the 

incidence, biology, aetiology and clinical manifestations of KMT2Ar in acute leukaemia 

are discussed.  
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A B S T R A C T

KMT2A rearranged (KMT2Ar) acute lymphoblastic leukaemia (ALL) is a high-risk genomic subtype, with long-
term survival rates of less than 60% across all age groups. These cases present a complex clinical challenge, with
a high incidence in infants, high-risk clinical features and propensity for aggressive relapse.
KMT2A rearrangements are highly pathogenic leukaemic drivers, reflected by the high incidence of KMT2Ar

ALL in infants, who carry few leukaemia-associated cooperative mutations. However, transgenic murine models
of KMT2Ar ALL typically exhibit long latency and mature or mixed phenotype, and fail to recapitulate the
aggressive disease observed clinically. Next-generation sequencing has revealed that KMT2Ar ALL also occurs in
adolescents and adults, and potentially cooperative genomic lesions such as PI3K-RAS pathway variants are
present in KMT2Ar patients of all ages.
This review addresses the aetiology of KMT2Ar ALL, with a focus on the cell of origin and mutational

landscape, and how genomic profiling of KMT2Ar ALL patients in the era of next-generation sequencing de-
monstrates that KMT2Ar ALL is a complex heterogenous disease. Ultimately, understanding the underlying
biology of KMT2Ar ALL will be important in improving long-term outcomes for these high-risk patients.

Background

Histone-lysine N-methyltransferase 2A (KMT2A) rearranged acute
lymphoblastic leukaemia (KMT2Ar ALL) is a high-risk genomic subtype
that affects more than 70% of new ALL diagnoses in infants (< 1 year of
age) [1], 5–6% of paediatric cases [2] and 15% of adult cases [3]. In
infants, the median age of diagnosis is 4 months [4], whereas in adults,
incidence steadily increases with age, with a median age at diagnosis
occurring between 38 and 43 years [3,5]. Patients with KMT2Ar ALL
typically present with high-risk clinical characteristics including high
white cell count and extramedullary involvement at diagnosis. The
immunophenotype of KMT2Ar ALL is typically CD34+CD19+ pro-B or
early pre-B cell with variable CD10 expression. Myeloid markers such

as CD15 and CD65 are often coexpressed, hence the original gene name
and disease subtype “mixed lineage leukaemia” [6,7]. Disease relapse is
common, after which prognosis is extremely poor, demonstrating the
ongoing therapeutic challenges presented by this disease [1,8].

Despite extensive research, the aetiology of KMT2Ar ALL remains
incompletely understood. For instance, transgenic murine models of
KMT2Ar ALL typically exhibit long latency resulting in the expansion of
mature or mixed phenotype clones, which fail to recapitulate the ag-
gressive disease observed clinically [9–11]. The in utero origin of
KMT2A rearrangement [12] and low frequency of somatic mutations in
infants with KMT2Ar ALL [13] is well-characterised, but the initiating
events remain poorly understood, particularly in older patients. No-
tably, the mutational landscape of non-infant KMT2Ar ALL remains
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unexplored, and how genomic variants influence leukaemia initiation,
relapse and response to targeted therapies is an important considera-
tion. This review will discuss the underlying cause of KMT2Ar ALL
across all age groups, with focus on the cell of origin and mutational
landscape, to address the ongoing need to improve our understanding
of this aggressive disease.

Wild-type KMT2A

The KMT2A gene (11q23.3), formerly known as mixed lineage
leukaemia 1 (MLL1/MLL/ALL-1/HRX/HTRX1) encodes the 3969
amino-acid, 500 kDa KMT2A protein (Fig. 1) that functions as an epi-
genetic regulator of transcriptional initiation and elongation through
histone 3 lysine 4 (H3K4) methylation (H3K4me) of target gene pro-
moter regions [14]. KMT2A has a wide range of targets including reg-
ulators of haematopoietic cell proliferation and differentiation Meis
homeobox 1 (MEIS1) and the homeobox A (HOXA) gene cluster [15,16].
Deregulation of these genes initiates the development of leukaemia
through inhibition of proper haematopoietic development [17].

KMT2A rearrangements in acute leukaemia

The term “mixed lineage leukaemia” was coined in the 1980s to
describe cases of high-risk acute leukaemia where leukaemic blasts
expressed both lymphoid and myeloid surface markers [18]. This
phenomenon was associated with chromosomal translocations on the
long arm of chromosome 11 band q23 (11q23), involving a specific
gene that was subsequently given numerous names including MLL
(mixed lineage leukaemia), ALL-1 (acute lymphoblastic leukaemia 1) and
HRX (human trithorax, the human homolog of Drosophila trithorax, trx)
[19]. It was recently renamed KMT2A to reflect its lysine methyl-
transferase function, and to avoid confusion with the clinical term
mixed lineage leukaemia (also known as mixed phenotype acute leu-
kaemia, MPAL).

Cases of acute leukaemia bearing rearrangements of KMT2A have
been recognised as a separate entity by the World Health Organisation
(WHO) since the introduction of the WHO Classification of Neoplastic
Diseases of the Haematopoietic and Lymphoid Tissues in 1999 [20].
The current classification recognises KMT2Ar acute leukaemias under
their respective immunophenotypes: acute myeloid leukaemia (AML)
with the specific t(9;11)(p21.3;q23.3) translocation (MLLT3-KMT2A);
MPAL with t(v;11q23.3) (KMT2Ar) with any fusion partner; and B
lymphoblastic leukaemia/lymphoma with t(v;11q23.3) (KMT2Ar) with
any fusion partner [21]. B-ALL and AML are the most commonly di-
agnosed neoplasms bearing KMT2A rearrangements, accounting for 6%
[22] of new diagnoses of B-ALL, including 70% of infant ALL cases [1],
and 4–14% of new AML diagnoses, including 35–50% of infant AML

cases [2]. For this reason, B-ALL and AML are the focus of most studies
addressing the mechanisms of KMT2Ar leukaemia, but it is important to
note that the presence of a KMT2A rearrangement is an unfavourable
prognostic factor for all subtypes of leukaemia, regardless of patient age
[23,24].

MPAL is a comparatively rare, high-risk subtype of leukaemia.
Immunophenotypically, blasts exhibit a mix of both myeloid and lym-
phoid features, or there may be co-existence of distinct clonal popula-
tions with separate immunophenotypes, most commonly mixed mye-
loid/B-cell [24,25]. KMT2A rearrangements are identified in 15% of
MPAL cases overall, and is disproportionately common in infants [24].
The genomic alterations in MPAL have not been fully elucidated due to
the rarity of the disease, and difficulty in diagnosis due to heterogeneity
of cell surface marker expression [26]. However, a recent genomic
survey suggested that KMT2Ar MPAL has a distinct mutational pattern
and low mutational burden [24].

T-ALL accounts for 10–15% of paediatric and 20–25% of adult ALL
overall, and 4–8% of cases harbour a KMT2A rearrangement [27–29].
Infant T-ALL is extremely rare, but one study identified KMT2A re-
arrangement in three out of thirteen infants with T-ALL [30]. Fusion
partners detected in KMT2Ar T-ALL are shared with those commonly
observed in B-ALL and AML, most commonly MLLT4 and MLLT1
(Fig. 2).

Types of genomic lesions involving KMT2A

Numerous genomic lesions involving KMT2A have been identified
in acute leukaemia, including chromosomal translocations, internal
tandem duplications, internal deletions and amplifications [16]. Chro-
mosomal translocations are the most common genomic lesion involving
KMT2A in acute leukaemia, resulting in various fusion genes that ex-
press an abnormally functioning fusion protein. KMT2A fusion break-
points are typically located within the 8.3 kb breakpoint cluster region
spanning exons 9 to 14 [16] (Fig. 1), conserving the non-specific DNA
and protein-binding capacity of KMT2A, while the regulatory bromo-
domain, repression domain and PHD domains are partially or entirely
lost. Importantly, the entire KMT2AC fragment is truncated and there-
fore intrinsic H3K4 methyltransferase activity is lost. KMT2Ar patients
and in vitro KMT2Ar models both exhibit widespread aberrant epige-
netic dysregulation, particularly involving H3K4me and H3 lysine 79
methylation (H3K79me) [31,32]. H3K4me dysregulation is the direct
consequence of aberrant KMT2A H3K4me activity, but KMT2A re-
arrangements also induce altered interactions with other histone wri-
ters such as DOT1L, resulting in aberrant H3K79me patterns.

More than 80 direct fusion partner genes of KMT2A have been
identified across B-ALL, T-ALL and AML [14], and all are associated
with poor outcomes, except for the rare KMT2A-MLLT11 which confers

Fig. 1. Domain structure of wild-type KMT2A
KMT2A is proteolytically cleaved by TASPASE 1 into two covalently-linked subunits (KMT2AN and KMT2AC). Following proteolytic cleavage, “FY-rich” N-terminal
(FYRN) and C-terminal (FYRC) domains are responsible for interactions between KMT2AN and KMT2AC subunits, and subnuclear localisation of this complex. Several
DNA and protein binding domains are located N-terminally, including the menin binding motif (MBM), DNA binding N-terminal AT-hooks and CxxC region,
subnuclear localisation domains (SNL1 & 2) and repression domain (RD2). Four plant homeodomain (PHD) fingers and bromodomain (BRD) are important in post-
translational regulation and mediation of protein-protein interactions. KMT2A fusion breakpoints are typically located within the 8.3 kb breakpoint cluster region
spanning exons 9 to 14. KMT2AC contains a transactivation domain (TAD) and the SET domain responsible for the H3K4 methyltransferase activity of KMT2A. Figure
adapted from Muntean et al. 2012 [2].
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a very good prognosis [33,34]. The mechanism behind the favourable
prognosis of KMT2A-MLLT11 is not known, but may relate to the
function of MLLT11. MLLT1 1 has roles in haematopoietic cell fate
specification, and high expression of MLLT11 is correlated with adverse
outcomes in AML and myelodysplastic syndrome; this may suggest that
any loss of function mutations inMLLT11, such as truncations, may be a
favourable prognostic feature [35]. In addition, unlike other common
KMT2A fusion partners, MLLT1 1 has no known direct role in tran-
scriptional initiation or elongation, which may be a contributing factor
to the pathogenicity of KMT2A rearrangement with other fusion part-
ners such as KMT2A-AFF1 [36]. Data on KMT2A-MLLT11 breakpoints
or broader genomic profiling of KMT2A-MLLT11 patients are not
available, but would be useful to ascertain the oncogenic mechanisms
of this fusion.

The frequency of common fusion partners in KMT2Ar ALL and AML
is summarised in Fig. 2. Many fusion partners, includingMLLT1, MLLT3
and MLLT10, are common in both ALL and AML, but there are key
differences in the frequencies of some fusion partners [37]. For in-
stance, AFF1 is extremely rare in AML despite accounting for 60% of
KMT2Ar ALL cases, and partial tandem duplications (PTD) and ELL
fusions are only common in AML (Fig. 2). The role of the fusion partner
in lineage determination of KMT2Ar acute leukaemia is unclear, and is
likely to vary depending on the specific fusion partner [38]. Lin et al.
2017 demonstrated that KMT2A-AFF1 haematopoietic stem or

progenitor cells (HSPCs) induced expansion of a CD19+ lymphoid po-
pulation under myeloid culture conditions, but had compromised long-
term renewal and incomplete oncogenic transformation, at secondary
transplant, into myeloid-promoting NSG mice, whereas KMT2A-MLLT3
efficiently resulted in the development of AML [39]. The inability of
KMT2A-AFF1 to induce complete oncogenic transformation of CD19+
lymphoid cells demonstrates that lymphoid lineage identity is linked
with the full transforming capacity of this fusion. Comparatively, other
fusions such as KMT2A-MLLT3 that are common in both ALL and AML
likely have a less lineage-specific mechanism of oncogenic transfor-
mation. The distribution of fusion partners in MPAL is less clear, due to
the rarity of the disease.

The four most common KMT2Ar ALL fusion partners account for
more than 90% of cases, and all have shared roles in transcriptional
regulation. AFF1, MLLT1 and MLLT3 are components of the transcrip-
tional super elongation complex that recruits RNA polymerase II [36],
and MLLT10, MLLT1 and MLLT3 are critical components of the DOT1L
complex, enabling H3K79 methylation. Dysregulation of both of these
complexes results in an aberrant gene expression profile that is char-
acteristic of KMT2Ar ALL, most notably upregulation of the haemato-
poietic developmental regulators MEIS1 and the HOXA gene cluster
[41–43]. Downregulation of protein transport regulators is also ob-
served, that may cause aberrant cellular localisation of oncoproteins
and tumour suppressors [42].

Fig. 2. Frequency of KMT2A fusion partners found in ALL and AML
Common KMT2Ar ALL fusion partners in ALL (upper centre and right) include AFF1 (formerly AF4), MLLT1 (ENL), MLLT3 (AF9), MLLT10 (AF10)and MLLT4 (AF6).
All of these partner genes also occur in KMT2Ar AML (upper left). KMT2A-EPS15 occurs in both B-ALL and AML, but is more common in B-ALL. ELL and partial
tandem duplications (PTD) of KMT2A are common in AML but rare in ALL. The remaining “other” category refers to unidentified or uncommon fusion partners, often
identified in single cases. The frequency of fusion partners in B-ALL differs depending on patient age (lower panel), but AFF1 remains the most common in all age
groups. B-ALL and AML figures adapted from Meyer et al. 2018 [40] and Marschalek 2016 [16], and T-ALL figure adapted from Peterson et al. 2018 [23] and Meyer
et al. 2018 [40].
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In KMT2Ar ALL, the fusion partner is the crucial link between
truncated 5′ KMT2A and dysregulation of cellular functions, such as
transcriptional elongation, enabling aberrant gene expression that re-
sults in leukaemogenesis. Experimental evidence supports that trunca-
tion of KMT2A alone is not sufficient for leukaemic transformation
[44,45], but rare cases of 3′ KMT2A deletions (ie. KMT2A truncation
without a fusion partner) have been reported in ALL [23,27,45]. In one
study, 3′ KMT2A deletions were detected in two T-ALL cases (7% of the
reported KMT2Ar T-ALL cases in the study cohort) by conventional
cytogenetics. Both patients had additional T-ALL-associated genomic
lesions; one with TLX3 rearrangement and homozygous CDKN2A de-
letion, and the other with gain of TAL1 [23]. This suggests that patients
with 3’ KMT2A deletions may require additional genomic events to
induce leukaemia, but it is not known whether their gene expression
profile, overall survival or response to therapy are similar to other
KMT2Ar patients.

Incidence and outcomes

Long-term outcomes of KMT2Ar ALL are poor compared to other
genomic subtypes of ALL, irrespective of patient age. Complete remis-
sion is initially achieved in most cases (≥90% [46] and 82.5–93% [5,7]
for infants and adults respectively), but disease control is typically
short-lived and relapse occurs rapidly, after which outcomes are dismal.
Allogeneic stem cell transplant remains the standard of care in appro-
priate cases. For instance, of the 85 patients with KMT2A-AFF1 re-
arrangements in the UKALLXII/ECOG 2993 study, 93% achieved re-
mission; the 5 year overall survival rate was 56% and 67% respectively
for patients who received sibling matched and matched unrelated donor
allografts, versus 24% in those who did not. Indeed, many risk stratified
combination chemotherapy protocols would classify KMT2A re-
arrangement as being adverse risk, and recommend either treatment
intensification and/or transplant in first remission. KMT2Ar ALL pa-
tients also typically exhibit high minimal residual disease (MRD), which
is correlated with poor outcomes [47]. Event-free survival (EFS) rates of
KMT2Ar ALL from representative studies are provided in Table 1.

In utero origin of KMT2A rearrangements

The identification of KMT2A rearrangements in neonatal blood
spots of infants with B- and T-ALL indicates that KMT2A fusions can
arise in utero [12,30,54]. This is supported by cases of monochorionic
twins with concordant leukaemia that share a KMT2A rearrangement
with identical breakpoints, where the fusion likely originates in one
foetus and is propagated to the other through the shared placenta
[6,55]. Concordance rate is close to 100% in these cases, demonstrating
the high pathogenicity of KMT2A rearrangements [56]. KMT2Ar ALL is
considered to be a disease of short latency, as many cases are diagnosed
days or months after birth, but KMT2A rearrangements are also

identified at birth in blood spots from patients diagnosed up to two
years later [1,12]. The in utero origin of other ALL genomic drivers such
as ETV6-RUNX1 and BCR-ABL1 have also been demonstrated in patients
that develop ALL later in childhood (ie > 2 years), but these genomic
subtypes are rarely diagnosed in infancy, indicating that these fusions
require additional genomic hits or other triggers to induce leukaemia
[57]. There is no published data available on the analysis of blood spots
from older children and adults, and a negative result would be unin-
terpretable; the fusion may not be present at birth, or it may be present
at an undetectably low frequency [58].

Cell of KMT2A fusion origin

Given the short disease latency between initiation of KMT2A re-
arrangement and disease development, high concordance rate amongst
twins and high incidence of KMT2Ar ALL in infants, there is perhaps an
intrinsic property of foetal haematopoietic stem and progenitor cells
that confers susceptibility to leukaemogenic transformation by KMT2A
rearrangements [59]. This is supported by a doxycycline inducible
mouse model of KMT2A-MLLT1, where acute myeloid leukaemia (AML)
developed more frequently and rapidly in foetal and neonatal mice than
in juveniles and adults [60].

Transgenic murine models of KMT2Ar ALL are difficult to establish,
and existing models typically develop mature B-lymphoid malignancies
or mixed lymphoid-myeloid hyperplasia with long latency periods
(median latency between 131 and 520 days) [9–11]. This may be at-
tributed to developmental haematopoietic differences between mice
and humans, or possibly an indication that these models are missing
important elements, potentially the cell type used to model KMT2A
rearrangement initiation, or an immune or environmental event.

It is generally accepted that KMT2Ar pro-B ALL initiates in a
CD34+CD19− lymphoid-restricted but non-lineage-committed pro-
genitor that is capable of differentiation into a leukaemic blast with a B-
lineage immunophenotype [56,61–63]. Cases of mixed phenotype acute
leukaemia bearing KMT2A rearrangement provide supporting evidence
that KMT2A rearrangements affect a non-committed progenitor cell
type [24,25]. KMT2A-AFF1 expression in human CD34+ haemato-
poietic stem or progenitor cells (HSPCs) enhances haematopoietic re-
population and increases clonogenicity in vitro but KMT2A-AFF1 ex-
pression alone was not sufficient to induce overt leukaemia in vivo. This
suggests that either additional genomic hits are required to induce overt
ALL, or that CD34+ HSPCs are not an appropriate cellular model for
KMT2A-AFF1 ALL [64].

Two independent studies demonstrate expression of KMT2A-AFF1 in
pre-leukaemic mesenchymal stem cell (MSC) cultures expanded from
the bone marrow of infants and paediatric cases of KMT2Ar pro-B ALL
[65,66]. Importantly, Shalapour et al. also detected ETV6-RUNX1,
KMT2A-MLLT1 and TCF3-PBX1 expression in MSCs from paediatric
patients with these fusions. Conversely, Menendez et al. did not detect

Table 1
Reported five-year event-free survival (EFS) rates for ALL patients with KMT2Ar and non-KMT2Ar ALL.
EFS of KMT2Ar ALL EFS of age group overalla Cohort Group Reference

20.9%cd 49.4%c Infants (< 12 months of age), Interfant-06 protocol (n=164) Pieters et al., 2019 [48]
35.5% 42.3% Infants (< 12 months of age), various protocols (n= 141) Dreyer et al., 2015 [49]
36.9%x 46.4% Infants (< 12 months of age), Interfant-99 protocol (n=308) Pieters et al., 2007 [50]
33.6% 41.7% Infants (< 12 months of age), CCG 1953 protocol (n=115) Hilden et al., 2006 [51]
59.3% 87.3% Paediatric (< 18 years of age), various protocols (n= 15) Pui et al., 2014 [52]
34% 35–40% [53] Adolescent and adult KMT2A-AFF1 BCP-ALL (B-cell precursor ALL) (15–59 years of age), UKALLXII/

ECOG 2993 (n=85)
Marks et al., 2013 [5]

32.7% 35–40% [53] Adult (≥21 years of age), KMT2Ar BCP-ALL, various protocols (n= 94) Roberts et al., 2017 [3]

a Including KMT2Ar cases.
x 4-year event-free survival.
c 6-year event-free survival.
d High-risk patients only (< 6 months of age plus white cell count> 300× 109/L).
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expression of ETV6-RUNX1, BCR-ABL1, hyperdiploid ALL or KMT2A-
MLLT3 in MSCs of ALL patients harbouring these genomic aberrations
at diagnosis. The implication of fusion identification in MSCs is that
fusions would be acquired in a very primitive cell of origin in the pa-
tients studied, or alternatively, that lymphoid-restricted leukaemic blast
cells or leukaemia stem cells are capable of dedifferentiation through
epigenetic reprogramming. Leukaemia stem cells are characterised by
loss of cell identity, enhanced plasticity and altered self-renewal prop-
erties, and may contribute to the high rates of disease relapse and
lineage switch observed in KMT2Ar ALL [67,68].

It is not known whether the originating cell of KMT2Ar ALL is
shared across all age groups, and this is an important consideration
when modelling this disease for the investigation of therapeutic targets.

Lineage plasticity and myeloid lineage switch

Aberrant myeloid marker expression at diagnosis and the propensity
for myeloid lineage switch at relapse demonstrates the lineage plasticity
of KMT2Ar ALL. Myeloid lineage switch is rare in ALL but is associated
with KMT2A rearrangements, particularly in response to CD19-directed
bi-specific T-cell engaging therapy such as blinatumomab [8,69–71].
Lineage switch typically occurs rapidly after commencement of therapy
(median of 15 days after commencement of blinatumomab [72]), and
outcomes are extremely poor although there are cases of disease control
with AML chemotherapy protocols [70,71,73]. A case study by Wolfl
et al. further emphasises the lineage plasticity of KMT2Ar ALL. They
describe myeloid lineage switch in a five month-old infant with
KMT2Ar B-ALL following commencement of blinatumomab, followed
by spontaneous reversion back to B-ALL 7 days after treatment cessa-
tion [74].

Lineage switch is evidently a mechanism of therapeutic evasion, but
the exact means by which it occurs is unknown. It is difficult to dis-
tinguish between true lineage switch and selective cell culling through
ALL-directed therapy, such that non-ALL clones proliferate due to a
selective advantage. The short time from therapy initiation to emer-
gence of lineage-altered clones, and cases of KMT2Ar ALL lineage
switch following non-lineage-discriminate chemotherapy suggests the
latter as a more likely possibility [72,75]. A true lineage switch may
result from a non-lineage-committed leukaemia stem cell that drives
repopulation of lineage-switched leukaemic blasts [8,72], or the global
epigenetic dysregulation induced by KMT2A rearrangements and the
dysregulated roles of KMT2A in haematopoiesis and broader develop-
ment may enable reprogramming of leukaemic blasts themselves.

The role of environmental exposures in KMT2Ar ALL

ALL, and likely all cancers, arise from a complex combination of
environmental exposures, inherited susceptibility and chance. The two-
hit genomic model of childhood ALL proposes that an initiating al-
teration such as ETV6-RUNX1 occurs in utero to induce the formation of
a pre-leukaemic clone. Cooperative secondary mutations then occur,
resulting in the eventual initiation of overt ALL [58].

There is growing epidemiological evidence to suggest that microbial
exposures early in life play an important role in leukaemia onset in pre-
disposed children. Greaves proposes the delayed infection hypothesis,
where exposure to common infections in infancy are protective against
B-ALL, whereas lack of exposure as infants results in dysregulated re-
sponses upon exposure to infective agents later in childhood, and this
may promote or trigger the secondary genomic events that result in the
development of ALL [58,76]. Epidemiological evidence suggests that
exposure of infants to common infective agents through vaginal de-
livery, childcare, sibling exposure and breastfeeding promotes the de-
velopment of a healthy microbiota, priming individuals for protection
against common infections at an early age [58]. It is the absence of this
early exposure that may result in a dysregulated response upon ex-
posure to infection later in childhood, resulting in ALL. Greaves

describes this as a “paradox of progress”, in that ALL is largely a con-
sequence of incongruity between evolutionary programming of the
immune system and the modern developed world's anti-germ lifestyle
[58].

It has been historically accepted that KMT2Ar pro-B infant ALL does
not endorse the typical two-hit genomic model of cancer development,
but rather that leukaemogenesis is essentially completed in utero
through the acquisition of a KMT2A rearrangement which serves as a
single genomic hit sufficient to induce ALL [58]. However, KMT2A
rearrangements have been identified in neonatal blood spots from pa-
tients diagnosed up to two years of age, demonstrating a long disease
latency between fusion origin and leukaemia development in these
patients [12]. The identification of RAS pathway mutations in infant
and paediatric KMT2Ar patients at diagnosis and relapse [63] suggests
that secondary genomic events may have an initiating role in some
cases of KMT2Ar ALL. There is therefore a potential role for environ-
mental exposures such as infection in KMT2Ar ALL, but this remains to
be explored.

The role of ethnicity in onset of KMT2Ar ALL

It is unclear whether incidence of KMT2Ar ALL is influenced by
ethnicity. In a Brazilian cohort of ALL cases aged 0–24 months, non-
Caucasian patients had a higher incidence of KMT2A rearrangement
than Caucasian infants [77]. Conversely, in a study by Sam et al., in-
fants of African-American ethnicity with ALL were less likely to harbour
a KMT2A rearrangement compared to Caucasian infants [78]. Inter-
pretation of these studies is difficult due to low non-Caucasian sample
sizes, but further research in this area would be beneficial to determine
whether factors relating to ethnicity may contribute to the aetiology of
KMT2Ar ALL.

The mutational landscape of KMT2Ar ALL

The very low mutational burden of infant KMT2Ar acute leukaemia
suggests that cooperative mutations are not required to induce overt
leukaemia in these patients [13,63]. Non-KMT2Ar infant ALL is rare but
two studies observe a similarly low mutational burden in infants with
ALL independent of KMT2A rearrangement status, suggesting that the
mechanisms of leukaemogenesis are different between infants and non-
infants independent of genomic status [13,63]. Regardless, the muta-
tional landscape of infant ALL is distinct from ALL in children and
adults, where alterations in other cancer-associated genes are common,
such as CDKN2A, IKZF1, KRAS and CREBBP [22,79]. Comparatively,
the presence of cooperative mutations in paediatric and adult KMT2Ar
ALL remains largely unexplored, so it is uncertain whether a low mu-
tational burden is characteristic of KMT2Ar ALL in non-infants.

PI3K-RAS pathway mutations

Despite an overall low mutational burden, KMT2Ar infant and
paediatric ALL cases often present with a PI3K-RAS pathway mutation
at diagnosis (Table 2), whereas only one study reports the frequency of
KRAS and NRAS mutations in adult KMT2Ar ALL, and this was much
lower in adults than in paediatric cases (8% and 26% respectively)
[80]. Differences in reported mutation frequencies (Table 2) are likely
due to discrepancies in the panel of PI3K-RAS pathway genes included
in analysis, and the inclusion of mutations with low variant allele fre-
quency (VAF).

In infants, PI3K-RAS pathway mutations are often subclonal at di-
agnosis (VAF ≤30%). Subclonal variants are lost at relapse in up to
50% of cases, but in other instances expand into the dominant clone at
relapse, suggesting that these mutations can provide a survival ad-
vantage but are not necessary for leukaemia maintenance
[13,63,83,84]. PI3K-RAS variants are also present in a substantial
portion of both infant non-KMT2Ar and non-infant paediatric KMT2Ar
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ALL, and Andersson et al. observe that PI3K-RAS pathway variants were
more often present in the major clone at diagnosis in non-infant pae-
diatric patients. Interestingly, Tamai et al. reports that the addition of
KRAS p.G12D to a transgenic mouse model of KMT2A-AFF1 leukaemia/
lymphoma accelerated disease onset to 6 months, from a median of 14
months with KMT2A-AFF1 alone [11].

The prognostic significance of PI3K-RAS pathway mutations is un-
clear. One study identifies the presence of a RAS pathway mutation in
KMT2Ar infants as an independent predictor for poor outcome, and was
associated with high-risk clinical factors such as high white cell count at
diagnosis and glucocorticoid resistance [85]. Others report no statisti-
cally significant differences in prednisolone response [83], clinical
outcome [63,81,83] or diagnostic parameters such as percentage of
blasts and white blood cell count [63]. The prognostic significance of
PI3K-RAS pathway variants in adult KMT2Ar ALL remains unexplored.

Overall, PI3K-RAS pathway mutations may provide a proliferative
advantage but are not necessary for the maintenance of KMT2Ar ALL in
children and infants, as these variants are often not maintained at re-
lapse. Further investigation of the incidence of PI3K-RAS pathway
variants in adult KMT2Ar ALL, and resultant effects on outcome, is
required.

Epigenetic regulatory gene mutations in KMT2Ar ALL

The role of the epigenome in cancer is an emerging topic of interest,
and mutations in genes that encode direct epigenetic regulators are
common in many paediatric malignancies including ALL, but are rare in
infant ALL [86]. Widespread epigenetic dysregulation is a hallmark of
KMT2Ar ALL, resulting in aberrant gene expression. Specifically, global
H3K79me [87] and hypomethylation of specific promoter regions in-
cluding the HOXA gene cluster are observed [88]. Several classes of
therapies targeted toward the epigenome are emerging as potential
treatment avenues for various cancers including KMT2Ar ALL. An-
dersson et al. observed that mutations in epigenetic regulators are
present in 45% of paediatric KMT2Ar cases (7–19 years of age) com-
pared to 14% of an infant cohort. Frequently mutated genes included
CHD4, SETD2 and CREBBP, but the functional impact and prognostic
significance of these variants remains mostly unknown in both child-
hood and adult KMT2Ar ALL [13].

Treatment of KMT2Ar ALL

Chemotherapy remains the standard of care for KMT2Ar ALL,
though outcomes are significantly inferior compared to cases without
KMT2A rearrangement, especially in infant ALL. In the Children's
Cancer Group study CCG 1953, for instance, the 5 year EFS for KMT2Ar
infant ALL was 34% vs 60% in cases without KMT2Ar [51]. There may
be subtle differences between cases of KMT2A rearrangements, where
MLLT11 may be more favourable vs MLLT10 which is unfavourable
[51,89]. In most cases, remission is initially achieved, only to be fol-
lowed by rapid relapse, rather than true induction failures, suggesting
that selection of chemotherapy-resistant clones is responsible for

treatment failure. As KMT2Ar ALL is postulated to have derived from an
early haematopoietic precursor, chemotherapy traditionally used in
AML had been trialled as consolidation, though such an approach did
not show additional benefit [48].

The role of allogeneic stem cell transplant as consolidation in infant
ALL is yet to be clearly established. The benefits of long-term disease
control through graft versus leukaemia effect is balanced by treatment-
related mortality and long-term toxicity of this strategy [90]. Infants
diagnosed at a very young age with a high white cell count at diagnosis
and those with persistence of MRD may stand to benefit [49,89,91]. In
contrast, allogeneic transplantation is recommended under most adult
treatment algorithms for KMT2Ar ALL.

PI3K-RAS pathway inhibition

Mutations activating the PI3K-RAS pathway are common in
KMT2Ar ALL, and can synergise with KMT2A rearrangements to reduce
leukaemia latency [11,15]. MEK inhibitors such as trametinib reduce
leukaemic burden in bone marrow and delay progression of RASmutant
KMT2Ar ALL in murine xenografts, and enhance prednisolone sensi-
tivity of KMT2Ar cell lines regardless of RAS mutation status [92,93].
MEK inhibitors have been trialled clinically for a range of solid tumours
and haematological malignancies with varying degrees of success, but
efficacy in humans with KMT2Ar acute leukaemia is unknown. The
NRAS p.Q61K mutated KMT2A-AFF1 B-ALL cell line MI04 is sensitive to
MEK/ERK inhibition, whereas NRAS wild-type B-ALL cell lines RS4;11
and SEM are insensitive, indicating that MEK/ERK pathway inhibition
is a potential therapeutic option only for patients with specific genomic
aberrations that confer sensitivity [83]. This emphasises the potential
benefit of a precision medicine approach in the treatment of high-risk
KMT2Ar ALL patients.

FLT3 inhibitors

FLT3 overexpression is common in patients with KMT2Ar ALL, even
in cases lacking FLT3 activating mutations [89,94]. Inhibitors of FLT3
have been successfully used in the treatment of AML with FLT3 acti-
vating mutations [95,96]. The Children's Oncology Group AALL0631
study was the first trial to incorporate a FLT3 inhibitor for use in
frontline treatment of KMT2Ar infant ALL, but failed to demonstrate
additional benefit of the first-generation FLT3 inhibitor lestaurtinib
[89]. Second generation FLT3 inhibitors such as quizartinib may pro-
duce more effective results due to enhanced potency and a longer half-
life in vivo [97]. One study evaluated quizartinib in four cases of
KMT2Ar ALL, including three infants and one adolescent, but no ob-
jective clinical responses or cytotoxic effects in bone marrow were
observed. Further studies are required for full assessment of FLT3 in-
hibition using second-generation FLT3 inhibitors in KMT2Ar ALL.

Therapies targeted towards the epigenome

Several classes of therapies targeted toward the epigenome are

Table 2
Frequency of PI3K-RAS pathway mutations among infant and paediatric cases of KMT2Ar ALL.

Reference Infant KMT2Ar ALL Infant non-KMT2Ar ALL Paediatric KMT2Ar ALL

Frequency of PI3K-RAS pathway mutations (%)

Agraz-Doblas et al., 2019 [63] 38% 26% Not reported
Liang et al., 2018 [81] 25.9% (KRAS only) Not reported Not reported
Fedders et al., 2017 [82] 22.1% Not reported 13.9%
Trentin et al., 2016 [83] 77.2% Not reported 33.3%
Andersson et al., 2015 [13] 47% 39% 50%
Emerenciano et al., 2015 [84] 21.7% Not reported Not reported
Driessen et al., 2013 [85] 14.3% 7.8% Not reported

M.O. Forgione, et al. &DQFHU�/HWWHUV���������������²���

���



Chapter 1 – Introduction 

 15 

  

currently in pre-clinical and clinical development for the treatment of
KMT2Ar ALL. These therapies exploit the widespread epigenetic dys-
regulation that underlies KMT2A rearrangement-mediated acute leu-
kaemia. DOT1L is the direct target of pinometostat (EPZ-5676) [41],
histone deacetylases (HDACs) are targeted by several HDAC inhibitors
including panobinostat [98], birabresib (OTX-015) targets BRD2, BRD3
and BRD4 [99], and azacitidine is a hypomethylating agent [100].
Many of these agents have limited efficacy or substantial toxicities as
single agents [99,101,102], but clinical trials of combination ap-
proaches such as pinometostat or azacitidine in combination with
standard chemotherapy in KMT2Ar acute leukaemia are underway
(ClinicalTrials.gov identifiers: NCT03724084, NCT02828358).

Conclusions and perspectives

KMT2Ar ALL is a complex disease with poor outcomes in patients of
all ages. The cell of origin, fusion partner, cooperative genomic lesions
and environmental factors are all likely to contribute to the initiation,
disease course and therapeutic response of KMT2Ar ALL. There is
growing evidence to suggest that the cell of fusion gene origin is an
important aetiological factor, and this may explain why existing in vivo
models have failed to recapitulate the aggressive phenotype of KMT2Ar
ALL.

Much of KMT2Ar ALL research has occurred in the setting of infants,
despite evidence to suggest considerable differences between the ae-
tiology of ALL in infants and non-infants, regardless of genomic sub-
type. KMT2Ar ALL in adults is comparatively poorly characterised de-
spite very poor long-term outcomes, and characterising the genomic
profile of these patients would be beneficial to understand how the
underlying biology of KMT2Ar ALL differs depending on age of onset.
Of particular significance, the mutational landscape of KMT2Ar ALL in
adults remains to be explored. It is possible that a different system
should be used to study ALL in infants, and this has implications in
understanding the aetiology and therapeutic sensitivities of KMT2Ar
ALL overall. Ultimately, understanding how KMT2Ar ALL differs with
patient age is a crucial factor in improving long-term outcomes for
patients with this aggressive disease.
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1.4 MLLT10 gene rearrangements in leukaemia 

Rearrangements of the MLLT10 gene are poorly characterised, despite accounting for 

approximately 10% of new T-ALL diagnoses, in addition to rare occurrences in AML 

and mixed phenotype acute leukaemia (MPAL). Here, the existing base of published 

evidence to characterise the molecular mechanisms and clinical manifestations of 

MLLT10r in leukaemia are reviewed, to identify gaps for future studies.  
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Abstract

Rearrangements of the MLLT10 gene occur in acute myeloid leukemia (AML) and acute

lymphoblastic leukemia (ALL), most commonly T-lineage ALL (T-ALL), in patients of all

ages. MLLT10 rearranged (MLLT10 r) acute leukemia presents a complex diagnostic and

therapeutic challenge due to frequent presentation of immature or mixed phenotype,

and a lack of consensus regarding optimal therapy. Cases of MLLT10 r AML or T-ALL

bearing immature phenotype are at high risk of poor outcome, but the underlying

molecular mechanisms and sensitivity to targeted therapies remain poorly character-

ized. This review addresses the incidence and prognostic significance of MLLT10 r in

acute leukemia, and how the aberrant gene expression profile of this disease can

inform potential targeted therapeutic strategies. Understanding the underlying geno-

mics of MLLT10 r acute leukemia, both clinically and molecularly, will improve prognos-

tic stratification and accelerate the development of targeted therapeutic strategies, to

improve patient outcomes.

K E YWORD S

AF10 , leukemia genomics, MLLT10 , MLLT10 rearrangements, t(10;11)(p12-13;q14-21)

1 | INTRODUCTION

The MLLT10 (Mixed lineage leukemia or myeloid/lymphoid leukemia,

translocated to, 10, formerly known as AF10 ) gene was first described

as a fusion partner of KMT2A (Histone-lysine N-methyltransferase 2A,

also known as MLL, MLL1, or acute lymphoblastic leukemia [ALL1]) in

acute myeloid leukemia (AML).1 Chimeric fusion genes involving

MLLT10 arise from chromosomal rearrangements occurring at the

MLLT10 locus on chromosome 10p12, and are recurrent events in

ALL2 and AML3, and also in isolated cases of acute leukemia of ambig-

uous lineage,4 lymphoblastic lymphoma5 and myeloid sarcoma.6 While

there is no published evidence for MLLT10 ITDs, point mutations

involving MLLT10 are reported across a range of malignancies.7 How-

ever, the functional significance of these variants in tumor pathogene-

sis remains unknown. Current data indicates that MLLT10
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Genes Chromosomes Cancer. 2020;59:709–721. wileyonlinelibrary.com/journal/gcc © 2020 Wiley Periodicals LLC 709



Chapter 1 – Introduction 

 21 

rearrangements (MLLT10r) occur in approximately 10% of all T-lineage

ALL (T-ALL) cases, 6% to 8% of AML cases,7 and 3% to 3.7% of B-ALL

cases8,9 (Table 1 and Figure 1). This review will discuss the incidence

and prognostic significance of MLLT10r in acute leukemia, and how

the aberrant gene expression profile of this disease can inform poten-

tial targeted therapeutic strategies. For the purposes of this manu-

script, the term MLLT10r refers to all fusion genes involving MLLT10,

including KMT2A-MLLT10.

2 | INCIDENCE OF MLLT10r T-ALL

T-ALL accounts for 10% to 15% of pediatric and 20% to 25% of adult

new ALL diagnoses,20 and MLLT10r account for approximately 8% to

10% of all T-ALL cases, most commonly PICALM-MLLT10/t(10;11)

(p12-13;q14-21) (6%-8%) (Table 1 and Figure 1).2 Despite historically

poor outcomes compared with B-ALL, intensification of modern che-

motherapy protocols has improved long-term overall survival of T-

ALL to 80% in children and 60% in adults, comparable with B-ALL

outcomes.20,21 However, outcomes after relapse or treatment failure

remain poor, demonstrating an ongoing need to improve therapeutic

options for T-ALL patients.20 Like B-ALL and T-ALL is characterized

by a heterogenous array of genomic aberrations, including transcrip-

tion factor oncogenes (eg, TAL1 and TAL2), NOTCH1 pathway mem-

bers, cell cycle regulators (eg, CDKN2A) and transcription factor tumor

suppressors (eg, RUNX1 and GATA3),20 but the prognostic relevance

of most genomic aberrations in T-ALL remains unclear.22 To date, the

World Health Organization (WHO) has not classified any genomic

subtypes of T-ALL. Indeed, the only WHO-recognized subtypes of T-

ALL are the provisional entities of early T-cell precursor lymphoblastic

leukemia and natural killer (NK) cell lymphoblastic leukemia/lym-

phoma, based on immunophenotype.22 The genomic diagnosis and

prognosis of T-ALL remains in its infancy, and ongoing large prospec-

tive cohort studies are required for this purpose.22

PICALM-MLLT10was overrepresented within the early thymic precur-

sor (ETP)-ALL cohort of one study, where 56% (9/16) of PICALM-MLLT10

cases were of ETP immunophenotype, compared with 19% (33/209) of

non-PICALM-MLLT10 T-ALL cases (P = .002).2 ETP-ALL is a subtype of T-

ALL that exhibits a stem cell/immature myeloid-like immunophenotype,

defined by expression of CD5, lack of CD1a/CD8, and expression of at least

one stem cell or myeloid antigen (CD34, CD13, CD33, and/or CD117),23

suggesting that MLLT10r are capable of inducing disease characterized by

an early differentiation block. However, T-cell receptor (TCR) positive

(TCRpos) disease is observed in 62% to 67% of pediatric and 25% to 28% of

adult cases of PICALM-MLLT10 T-ALL2,12 (Table 2), indicative of differentia-

tion arrest at a less immature stage. This observation indicates thatMLLT10r

T-ALL can present at varying stages of differentiation arrest, ranging from

ETP-ALL to a more mature TCRpos phenotype. It is not known how

MLLT10r is capable of inducing both TCR negative (TCRneg) and TCRpos

cases of T-ALL, but it is not associated with the specific PICALM-MLLT10

breakpoint.2

3 | PROGNOSIS IN ALL

All KMT2A rearrangements (KMT2Ar), including KMT2A-MLLT10/t

(10;11)(p12;q23), confer adverse prognosis in B-ALL, characterized

by high risk of minimal residual disease, shorter time to relapse,

reduced event-free survival (EFS), and overall survival (OS).8 In T-

ALL, MLLT10r do not confer overall increased risk of central nervous

system (CNS) disease,2,14 mediastinal involvement,2 induction

failure,24 or inferior long-term EFS24 or OS14. However, MLLT10r T-

ALL may present with ETP and/or TCRneg immunophenotype, which

is a high-risk subgroup when observed in PICALM-MLLT10 T-ALL.

TABLE 1 Reported frequencies of MLLT10 rearrangements in large cohort studies of acute leukemia

Malignancy Age group Incidence of MLLT10ra d (n) References

AMLb All ages 1.7d (5/289) PICALM-MLLT10 only [3]a

AML 0–30 y 5.7d (127/2226, any fusion partner) 1d (23/2226,
excluding KMT2A-MLLT10)

[10]b

B-ALLc All ages 3.7d (51/1361) KMT2A-MLLT10 only [8]c

T-ALLd >16 y 7d (30/431) PICALM-MLLT10 only [2]a

≤16 y 6d (15/234) PICALM-MLLT10 only

T-ALL 0–18 y 7.5d (14/197) PICALM-MLLT10 only [11]a

T-ALL Pediatric (age range not specified) 7d (7/102) Any fusion partner [12]d

T-ALL <15 y 8d (4/49) PICALM-MLLT10 only [13]a

≥15 y 10d (8/82) PICALM-MLLT10 only

Note: Fusion identification method varied.
aFusions identified by RT-PCR and/or Sanger sequencing.
bFusions identified by FISH and/or RNA sequencing.
cFusions identified by either cytogenetic analyses, split-signal FISH or RT-PCR, in combination with long-distance inverse PCR.
dFusions identified by FISH only.
Abbreviations: AML, acute myeloid leukemia; B-ALL, B-lineage acute lymphoblastic leukemia; T-ALL, T-lineage acute lymphoblastic leukemia.
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These patients have poor long-term survival in comparison to TCRpos

or mature immunophenotype PICALM-MLLT10 disease (Table 2), and

ETP phenotype, non-PICALM-MLLT10 cases.23

Interestingly, the phenotype of PICALM-MLLT10 T-ALL differs

with age; adults with PICALM-MLLT10 T-ALL are more likely to pre-

sent with an immature TCRneg phenotype, whereas pediatric cases are

typically of a mature TCRγδ status2. In adults, PICALM-MLLT10 TCRneg

disease is characterized by poor 3 year EFS and OS when compared

with both TCRpos PICALM-MLLT10 and non-PICALM-MLLT10 T-ALL.2

Asnafi et al also identified PICALM-MLLT10 TCRneg T-ALL as high risk

for poor outcome in both adults and children, compared with TCRpos

PICALM-MLLT10 T-ALL.12

One study suggests that HOXA deregulation may underpin the

poor outcomes observed in MLLT10r ETP-ALL, as a similar pattern is

F IGURE 1 Frequency of MLLT10r and specific MLLT10 fusion partners in ALL and AMLMLLT10r accounts for 5.7% of AML10, 8 to 10% of T-
ALL11,12 and 3.7% of B-ALL8 new diagnoses overall (upper panel). The bottom panel depicts relative frequencies of different MLLT10 fusion
partners in AML, T-ALL, and B-ALL. KMT2A is the predominant MLLT10 fusion partner identified in AML10, whereas PICALM-MLLT10/t(10;11)
(p12-13;q14-21) is the most commonMLLT10r identified in T-ALL.13 KMT2A-MLLT10/t(10;11)(p12;q23) is the only MLLT10r identified in B-ALL.8

Rare fusion partners categorised as “other” are specified in Table 3. ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; T-ALL, T-
lineage ALL [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Reported T-cell receptor status and survival of PICALM-MLLT10 T-ALL

Treatment protocol (Cohort)

Frequency of aTCRneg phenotype % (n) Overall survival at time of follow-up

ReferencesPediatrica Adult

Pediatric Adult

TCRpos TCRneg TCRpos TCRneg

LALA-94/ GRAALL03/05 (adults),
various protocols (pediatric)

33% (5/15) 72% (21/30) 80% (8/10) 40% (2/5) 57% (4/7) 0% (0/15) [2]b

P value not provided P = .0017

LALA-94 (adult) / FRALLE93/00
(pediatric)

38% (3/8) 75% (9/12) 100% (5/5) 33% (1/3) 100% (3/3) 11% (8/9) [13]c

P value not provided P value not provided

Note: Time of follow-up varied.
aFor both studies, pediatric was defined as up to 15 years of age, and adults 16 years or over at diagnosis.
bTime of follow-up was 5 years for adults, and ranged from 6 to 115 months postinduction for pediatric.
cTime of follow-up ranged from 46 to 64 months postdiagnosis for adults, and 8 to 115 months postinduction for pediatric.
Abbreviation: TCR, T-cell Receptor.
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observed for other genomic subtypes characterized by HOXA deregula-

tion, such as KMT2Ar. In this study, ETP immunophenotype predicted

poor outcome exclusively in HOXA deregulated T-ALL, in a cohort of

190 T-ALL adults treated according to LALA-94 or GRAALL03/05 pro-

tocols.23 Within the ETP cohort, patients presenting with high expres-

sion levels of HOXA genes (HOXAhigh) had worse outcomes compared

with ETP-ALL cases that had normal expression levels of HOXA genes

(HOXAnorm) (OS 31.2% vs 74.2%; EFS 25% vs 60.8%). A TCRneg/ETP

phenotype was also significantly more common in HOXAhigh than

HOXAnorm disease (TCRneg 57% vs 17%, and ETP phenotype 41% vs

15% respectively).23 The HOXAhigh cohort included eight PICALM-

MLLT10 patients and four other MLLT10 fusions, and 21 other cases

harboring TCRB-HOXA, SET-NUP214, KMT2Ar or NUP98

rearrangement. This study indicates that high expression of HOXA may

drive poor outcomes in ETP-ALL regardless of genomic subtype, rather

than poor outcome being a characteristic specific to MLLT10r ETP-ALL,

but further studies are required.

3.1 | Incidence of MLLT10r AML

AML is underpinned by genomic aberrations within a heterogeneous

range of genes that can be used for prognostication of patients,25

including signaling genes (eg, FLT3 and RAS family members), DNA

methylation-associated genes (eg, DNMT3A and TET2), myeloid tran-

scription factors (eg, RUNX1 and t[8;21]), and chromatin modifiers (eg,

ASXL1 and KMT2Ar).26,27 MLLT10r are rare in AML, predominantly

KMT2A-MLLT10 (5.7% of new AML diagnoses), and 1.5 to 2% of over-

all cases comprising fusion partners including PICALM, DDX3X, and

TEC, and single cases of DDX3Y, CEP164, NAP1L1, SCN2B, TREH, and

XPO1 (Tables 1 and 3).10

3.2 | Prognosis of MLLT10r AML

While there are few studies assessing the prognosis of MLLT10r

AML, there is a trend towards intermediate to poor outcomes.3,10,28

In one study, PICALM-MLLT10 AML cases were at high risk of

extramedullary disease and CNS involvement.3 Median OS of

patients with PICALM-MLLT10 (12.3 months) was between interme-

diate and high-risk cytogenetic subtypes of AML (35 months vs

7.6 months, intermediate and high-risk subtypes respectively).3 A

Children's oncology group study of 2226 children and young adults

(0-30 years) diagnosed with AML and treated on AAML0531 or

AAML1031 trial protocols identified that MLLT10r conferred a high

risk of poor outcome (5 year EFS 18.6% vs 49% for non-MLLT10r),

and there were no statistically significant differences between

KMT2A-MLLT10 and other MLLT10r (5 year EFS 19.5% vs 12.7%

respectively).10 Another study reported KMT2A-MLLT10 as a predic-

tor of poor outcome compared with other KMT2Ar in an AML

patient cohort (5-year EFS 31% vs 44% for KMT2Ar overall), but this

was not compared to cases of other MLLT10r28.

3.3 | Acute leukemia of ambiguous lineage and
varying stages of differentiation arrest

Mixed phenotype or acute undifferentiated leukemia harboring

MLLT10r occur in rare cases.4 Aberrant co-expression of myeloid

markers in MLLT10r T-ALL, or mixed phenotypic presentation such as

the presence of a mediastinal mass in MLLT10r AML, represent a diag-

nostic challenge.29 An isolated case of PICALM-MLLT10 T-lineage lym-

phoblastic lymphoma (T-LBL) with aberrant myeloid marker

expression has also been reported.5 The occurrence of MLLT10r

across AML, B-ALL, acute leukemia of ambiguous lineage, ETP-ALL

and T-ALL at varying stages of differentiation arrest raises questions

about the etiology of MLLT10r acute leukemia presenting these vari-

ous immunophenotypes.

3.4 | 5 0 fusion partners of MLLT10

MLLT10 is invariably the 30 gene fusion partner and the OM-LZ

domain is conserved in all reported cases, whereas numerous 50 part-

ner genes have been reported (Table 3). It is unclear if the 50 fusion

partner contributes leukemic transformation by MLLT10r, or whether

expression of truncated 30 MLLT10 is the sole leukemic driver in these

fusions. Expression of reciprocal PICALM-MLLT10 and DDX3X-

MLLT10/t(X;10)(p11;p12) are identified in approximately 50% of

cases, and expression does not correlate with any specific breakpoint

location or fusion partner.15,30,31 As PICALM-MLLT10 and DDX3X-

MLLT10 typically present as simple translocations, it is unclear why

reciprocal expression is only detected in 50% of cases.15,31

3.5 | PICALM-MLLT10

The t(10;11)(p12-13;q14-21) translocation was first identified in the

U937 cell line, derived from the pleural effusion of a 37-year-old male

with diffuse histiocytic lymphoma.32,33 This translocation fused 30

MLLT10 to the novel CALM gene (Clathrin assembly lymphoid myeloid

leukemia),32 later named PICALM (Phosphatidylinositol binding clathrin

assembly lymphoid myeloid leukemia) to reflect its integral function in

clathrin-mediated endocytosis.34,35 PICALM-MLLT10 is typically a sim-

ple two-way reciprocal chromosomal translocation, and is the most

common and well-studied MLLT10 fusion. The molecular mechanism

of leukemogenesis by PICALM-MLLT10 is not entirely understood.

Inactivating mutations in PICALM result in defective hematopoiesis

and iron uptake in mice, suggesting an important role of PICALM

within the hematopoietic system.36,37 PICALM-MLLT10 leukemia is

also dependent on expression of BMI1 and HOXA5, as genetic deple-

tion of either target results in failure of PICALM-MLLT10 to transform

murine hematopoietic precursor cells.37,38

Two C-terminal domains of PICALM, the NES and clathrin-binding

domain (Figure 2B), are potential contributors to the leukemogenic

mechanism of PICALM-MLLT10. The PICALM NES mediates cytoplasmic
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localization of PICALM and PICALM-MLLT10. Deletion of the NES

results in localization of PICALM-MLLT10 to the nucleus resulting in

total abrogation of the colony-forming potential of murine bone marrow

cells transduced with PICALM-MLLT10. Conway et al40 propose that

cytoplasmic localization of PICALM-MLLT10 and PICALM-

MLLT10-bound DOT1L, mediated by the NES of PICALM, is responsible

for the global H3K79 hypomethylation observed in MLLT10r patients.

Interestingly, the NES of DDX3X is also invariably retained in DDX3X-

MLLT10 (Figure 2C), but further functional studies are not available.15

The PICALM clathrin-binding domain is integral in clathrin-mediated

endocytosis, and deletion of the clathrin-binding domain from PICALM-

MLLT10 alters myeloid disease phenotype in murine xenotransplanta-

tion models.43 Mice transplanted with transduced murine bone marrow

cells expressing full-length PICALM-MLLT10 consistently acquired AML,

whereas PICALM-MLLT10 lacking the clathrin binding domain instead

induced disease with a preleukemic myeloproliferative phenotype.43

Another study demonstrated that the fusion of the clathrin-binding

domain of PICALM to the OM-LZ domain of MLLT10 was sufficient for

leukemogenesis in murine bone marrow cells, but the transforming

capacity of the MLLT10 OM-LZ domain alone was not evaluated.46

Notably, the clathrin binding domain is partially truncated in approxi-

mately 50% of patients2,12 (Figure 2B), suggesting the entire domain is

not essential in all cases. To date however, it is not clear whether the

breakpoint of PICALM-MLLT10 influences disease phenotype or out-

comes in patients, as existing data is conflicting.2,12 Further to this, other

MLLT10 fusion partners, such as XPO1 and NAP1L1, do not contain a

NES or clathrin-binding domain, and the role of these fusion partners in

MLLT10r-mediated leukemogenesis remains unknown.

Both xenotransplantation and transgenic murine models of PIC-

ALM-MLLT10 yield leukemia with a mixed or myeloid phenotype,

reflecting the occurrence of PICALM-MLLT10 in AML, T-ALL and acute

leukemia of ambiguous lineage. Murine models reveal disease charac-

terized by expression of myeloid markers (Mac1, Gr1, MPO) and B220

(lymphoid marker), infiltration of organs including the thymus, spleen

and bone marrow, impaired myeloid and T-cell maturation,47 and 8-fold

or greater increase in expression of multiple members of the HOXA

gene cluster (HOXA5, 7, 10, 11, and MEIS1).47,48 Notably, laboratory

studies to date model the disease in murine non-lineage-committed

bone marrow progenitor cells, and comparable studies in thymic precur-

sor cells may provide further insight into the pathogenesis of MLLT10r

T-ALL. Furthermore, a long latency period was observed in a transgenic

murine model of PICALM-MLLT10 leukemia, where 40% to 50% of PIC-

ALM-MLLT10-expressing mice developed acute leukemia with a median

latency of 12 months.47 The long latency of transgenic mice may indi-

cate the requirement of additional genomic lesions to induce leukemia.

Data describing cooperative genomic lesions in MLLT10r ALL is

currently very limited. Variants in the histone methyltransferase EZH2

were identified in 4/15 (27%) of PICALM-MLLT10 acute leukemia

patients (3 T-ALL and 1 AML), whereas none were identified in

12 matched non-PICALM-MLLT10 T-ALLs.49 EZH2 mutations have

been reported in B-cell lymphomas and chronic hematopoietic malig-

nancies, but are rare in ALL and AML.49,50 PICALM-MLLT10 T-ALL is

also less likely to co-occur with a NOTCH1 or FBXW7 mutation (46%

vs 69%, not statistically significant).2 Consistent with data demon-

strating global genome instability conferred by PICALM-MLLT1040,51, a

secondary cytogenetic abnormality or complex karyotype was identi-

fied in a significantly higher proportion of PICALM-MLLT10 leukemia

patient samples, compared with KMT2A-MLLT3 and PML-RARA51.

However, it is unclear whether this observation extends to a higher

overall mutational burden for PICALM-MLLT10 leukemia.

3.6 | DDX3X-MLLT10

The DDX3X-MLLT10 fusion arises from the t(X;10)(p11;p12) reciprocal

chromosomal translocation. It is the second most common MLLT10r in

T-ALL, with an estimated incidence of 1% to3%,13,15 and is compara-

tively rare in AML (Table 3).10 DDX3X is a DEAD box RNA helicase

involved in RNA transcription, splicing, mRNA transport, initiation of

translation, and stress granule assembly.18,52 Inactivating missense

point mutations and truncating mutations of DDX3X are associated

with other malignancies including medulloblastoma53 and carcinomas

of the lung, breast and uterus.52 At present, the molecular mecha-

nisms of DDX3X-MLLT10 or inactivating DDX3X mutations have not

been explored in any malignancy, but Epling et al53 speculate that

impaired translation of mRNA by defective DDX3X may contribute to

tumorigenesis in pediatric medulloblastoma.

DDX3X-MLLT10 acute leukemia cases are rare; one report of four

adult DDX3X-MLLT10 T-ALL patients is the largest series to date.15

Each fusion identified was in-frame, with variable breakpoints span-

ning DDX3X exons 3 to 6 and MLLT10 exons 6 to 17 (Figure 2C). The

MLLT10 OM-LZ domain, at least one MLLT10 NLS and the DDX3X

NES were invariably retained, but the DDX3X DEAD box domain was

consistently lost. An in-frame reciprocal MLLT10-DDX3X was identi-

fied in 2/4 cases, but is not known whether the presence of the recip-

rocal fusion influenced disease phenotype or outcome. Activating

NOTCH1 mutations were identified in all four patients within this case

series, but further studies are required to establish the broader muta-

tional landscape of MLLT10r leukemia.15

3.7 | KMT2A-MLLT10

KMT2A-MLLT10/t(10;11)(p12;q23) is the most common MLLT10r in

B-ALL and AML, where it accounts for 80% of new MLLT10r diagno-

ses in AML10, and is the only MLLT10r identified in B-ALL.8 It is a

comparatively rare entity in T-ALL (Figure 1 and Table 3). KMT2A-

MLLT10 a fascinating MLLT10r lesion for two reasons. First, unlike

PICALM-MLLT10 and DDX3X-MLLT10, KMT2A-MLLT10 presents as a

complex chromosomal rearrangement due to the opposing transcrip-

tional orientations of KMT2A and MLLT10, typically involving an in-

frame or out-of-frame three-way rearrangement.8,45 It is also distinct

from other MLLT10r because it involves the KMT2A gene. KMT2A-

MLLT10 therefore overlaps with two known genomic subtypes of

acute leukemia, and is subsequently often categorized as both a

KMT2Ar8,45 and MLLT10r10. It is likely that KMT2A is the dominant
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leukemic driver in this fusion, based on the observation that no other

MLLT10r occurs in B-ALL, whereas KMT2Ar B-ALL occurs with over

70 different fusion partners.44

The pathogenesis of KMT2Ar acute leukemia have been exten-

sively studied, but there is a lack of data specifically investigating

KMT2A-MLLT10. It is known that upregulation of several transcription

factors including HOXA9 and EYA1 are important in KMT2Ar acute leu-

kemia, but it is not known whether there are any differences between

KMT2A-MLLT10 and other KMT2Ar.37 A murine xenotransplantation

model using human CD34+ pluripotent stem cells transduced with

KMT2A-MLLT10 induced enhanced multilineage hematopoiesis, but

failed to induce overt leukemia.54 In addition, the same study revealed

that co-expression of KMT2A-MLLT10 and KRAS p.G12V rapidly

induced AML, providing supporting evidence for the role of secondary

genomic events in the development ofMLLT10r and KMT2Ar acute leu-

kemia. The mutational landscape of KMT2Ar acute leukemia is well-

characterized overall. Of particular interest, variants within the PI3K-

RAS pathway have been identified in cases of KMT2A-MLLT10 AML

and B-ALL across all age groups.55-57 One study also observed that

inactivating mutations of PAX5 were more frequently associated with

pediatric cases bearing KMT2A-MLLT10 and KMT2A-MLLT3, compared

with other KMT2Ar.55 Further functional research and large patient

cohort studies would be beneficial to compare the molecular mecha-

nisms and gene expression profile of KMT2A-MLLT10 to other MLLT10r

and KMT2Ar, to inform classification of this fascinating fusion.

4 | RARE FUSION PARTNERS

A number of other 50 fusion partners have been identified in few or iso-

lated cases of MLLT10r leukemia (Table 3). Based on chromosomal locali-

zation and orientation, several fusion partner genes are able to form

simple reciprocal translocations with MLLT10, including PICALM, DDX3X,

HNRNPH1 and NAP1L1. Conversely, several fusion partners can only arise

from complex rearrangements and three-way recombinations, including

KMT2A and XPO1 (Table 3). Several rare fusion partners have functions in

nuclear export and mRNA processing, but further functional studies of

these fusions are required. XPO1 mediates nuclear export of DDX3X-

MLLT10 and PICALM-MLLT10 through direct binding to the NES con-

served in these fusions.58 DDX3Y is a paralog of DDX3X, and one case of

DDX3Y-MLLT10 has been reported to date.10 HNRNPH1 encodes an RNA

processing factor with roles in the mediation of the nuclear export of some

mRNAs.59 The function of otherMLLT10 fusion partners vary broadly, but

is not known whether the function of the 50 fusion gene partner is impor-

tant in MLLT10r function. NAP1L1 has roles in nucleosome assembly and

chromatin formation,60 TEC encodes a non-receptor protein tyrosine

kinase, and FAM171A1 and CEP164 are involved in cytoskeletal organiza-

tion and DNA damage response.61,62 It is unclear whether different

MLLT10 fusion partners vary functionally or influence patient outcomes,

an important consideration in the prognostic stratification of patients, and

when assessing the therapeutic sensitivity ofMLLT10r leukemia.

It is also unknown whether cooperative genomic events may con-

tribute to the development of acute leukemia with rare MLLT10r

fusion partners. NOTCH1 and FBXW7 mutation status is variable in

the few reported cases of NAP1L1-MLLT10 and HNRNPH1-MLLT10 T-

ALL,18,19 but research involving screening for co-occurring genomic

aberrations in MLLT10r has been rare to date.

5 | THE ROLE OF MLLT10 IN MLLT10R-
MEDIATED LEUKEMOGENESIS

MLLT10 is a coactivator of DOT1L, the only known histone 3 lysine

79 (H3K79) methyltransferase in humans.2,63 Both proteins are

TABLE 3 In-frame MLLT10 (10p12) fusion partners identified in acute leukemia

50 fusion partner
Chromosomal localization
and orientation Frequency in AML Frequency in T-ALL Frequency in B-ALL

PICALM 11q14.2 Centromeric 0.6%-1.7%3,10 6%-10%2,12,14 NA

DDX3X Xp11.4 Centromeric 0.1%10 0.8%-3%13,15 NA

KMT2A 11q23.3 Telomeric 1.6%-4.7%8,10 Rare (isolated cases
reported)8,13,16,17

3%-3.7%8,9

HNRNPH1 5q35.3 Centromeric NA one reported case18 NA

XPO1 2p15 Telomeric one reported case10 one reported case18 NA

NAP1L1 12q21.1 Centromeric one reported case10 three reported cases13,19 NA

TEC 4p12-p11 Telomeric 0.1%10 NA NA

DDX3Y Yq11.221 Telomeric one reported case10 NA NA

CEP164 11q23.3 Telomeric one reported case10 NA NA

SCN2B 11q23.3 Centromeric one reported case10 NA NA

TREH 11q23.3 Centromeric one reported case10 NA NA

CAPS2 12q21.1-q21.2 Centromeric NA one reported case13 NA

FAM171A1 10p13 Telomeric NA one reported case13 NA

Abbreviations: AML, acute myeloid leukemia; B-ALL, B-lineage acute lymphoblastic leukemia; T-ALL, T-lineage acute lymphoblastic leukemia.
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essential components of the DOT1L complex responsible for H3K79

methylation of target gene promoter regions, to activate gene expres-

sion.64,65 In MLLT10r acute leukemia, dysregulation of the interaction

between MLLT10 and DOT1L results in aberrant recruitment of

DOT1L, subsequent H3K79 methylation and target gene activation.64

MLLT10r acute leukemias typically exhibit global H3K79 methylation,

and hypermethylation at promoter regions of key leukemic genes such

as the HOXA locus.38,51

MLLT10 fusions lacking the OM-LZ domain (Figure 2) are unable to

transform retrovirally transduced murine bone marrow cells in vitro due to

prevention of interaction with DOT1L, making it the only domain of

MLLT10 with a known critical function in leukemogenesis.38,46 No other

domain of MLLT10 is known to be required for leukemogenesis, but the

presence of the 50 MLLT10 ePHD domain (Figure 2) may influence the

stage at which differentiation arrest occurs. In T-ALL patients, 50

breakpoints that conserve the ePHD domain of MLLT10 were more likely

to occur in mature phenotype/TCRpos disease (ePHD conserved in 62% of

cases) than in immature phenotype, TCR negative (TCRneg) cases (ePHD

conserved in 41% of cases).2 However, this was not statistically significant,

is yet to be validated experimentally, and is of unknown clinical importance.

5.1 | HOXA dysregulation in MLLT10r acute
leukemia

Irrespective of the 50 fusion partner, leukemic blasts of patients with

MLLT10r are consistently characterized by high expression levels of the

HOXA gene cluster, supporting the notion that MLLT10 is the predomi-

nant leukemic driver.18,19,66 HOXA genes are homeodomain-containing

transcription factors important in developmental regulation.20,67 Most

HOXA genes are transcriptionally silenced upon completion of embry-

onic development, but some remain important regulators of adult hema-

topoiesis, including HOXA967. In both patients and laboratory models,

increased expression of the HOXA cluster (typically HOXA3, HOXA5,

HOXA7, HOXA9 and HOXA10) is a hallmark of acute leukemia bearing

MLLT10r, as well as KMT2Ar involving any fusion partner,10,31,46,49,68,69

F IGURE 2 Functional domains of wild-type MLLT10 and common MLLT10 fusion proteins A, key functional domains present in the wild-
type MLLT10 and B-D, common MLLT10 fusion proteins B, PICALM-MLLT10, C, DDX3X-MLLT10, and D, KMT2A-MLLT10 are shown. Grey
arrows indicate recurrently reported breakpoint locations. A, Functional domains within MLLT10 include the plant homology domain (PHD)
involved in interaction with histone proteins, extended PHD (ePHD) domain involved in mediation of homo-oligomerization of MLLT10, and an
interspacing Zn-knuckle (Zn), together forming the PZP domain.39 Other domains include nuclear localization signals (NLS), AT hook, Q-rich
domain and the octapeptide motif-leucine zipper (OM-LZ) domain, the key functional domain of MLLT10.2 Breakpoints within MLLT10r are
widely variable, but consistently retain the OM-LZ domain.15 B, Key domains of PICALM include the N-terminal ENTH/ANTH domain
responsible for cell membrane association,36 C-terminal nuclear export signal (NES), and clathrin binding domain.40 Exon 13 is spliced out in 40%
of PICALM transcripts (PICALM short form),41 removing a DPF motif associated with endocytic adaptor AP2 binding, but this does not affect
normal PICALM function and is variably present in PICALM-MLLT10 transcripts.42 Breakpoints are typically located at the far C-terminus, and are
typically categorized as either 50 or 30 breakpoints with respect to MLLT10, and conserve the NES and truncated or full-length clathrin-binding
domain.43 C, DDX3X-MLLT10 contains the invariably conserved NES of DDX3X, but the EIF4E-interacting domain required for modulation of
translation by DDX3X is often truncated.15 D, KMT2A-MLLT10 conserves the N-terminal domains of KMT2A responsible for protein interactions
and non-specific DNA binding, including the menin-binding domain, AT hook, subnuclear localization (SNL) domains and CxxC region, but the
repression domain (RD) involved in mediation of transcriptional repression is typically truncated.44 KMT2A-MLLT10 breakpoints are widely
variable, typically located within the 8.3 kb breakpoint cluster region of KMT2A spanning introns 9 to 14,44 and have been identified across
introns 1 to 18 in MLLT10, most frequently introns 8 and 9.45 [Color figure can be viewed at wileyonlinelibrary.com]
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suggesting activation of common pathways in both subtypes. However,

not all differentially expressed genes are important in leukemic initiation

or maintenance. Okada et al38 established that HOXA5 upregulation by

DOT1L is critical for leukemic transformation mediated by PICALM-

MLLT10 but not KMT2A-MLLT10. This study also demonstrated that

HOXA9 is not critical in PICALM-MLLT10-mediated leukemogenesis,

whereas it is required for the transformation of murine bone marrow

progenitors by KMT2Ar.70,71 These studies indicate that PICALM-

MLLT10 and KMT2A-MLLT10 have different mechanisms of leukemo-

genesis. Furthermore, current data demonstrates that in patients with

KMT2A-AFF1 B-ALL, expression of reciprocal AFF1-KMT2A is correlated

with high levels of HOXA expression and more favourable outcomes.

Comparatively, patients only expressing KMT2A-AFF1 have low levels

of HOXA, but high levels of HOXB4 and IRX1, and poorer outcomes.72

The relationship between reciprocal MLLT10r expression and HOXA

expression is not known, or whether reciprocal fusion or HOXA expres-

sion influences outcome. Similar studies addressing the role of different

HOXA genes in the transformation of other MLLT10 fusions, such as

DDX3X-MLLT10, would resolve whether other MLLT10r share a similar

leukemogenic mechanism to that of PICALM-MLLT10 or KMT2A-

MLLT10.

5.2 | Expression of MLLT10-adjacent genes

Genes in close proximity to MLLT10 on chromosome 10 demonstrate

increased expression in MLLT10r patients68,73 and in a laboratory model

of PICALM-MLLT1031, but not in cases of KMT2Ar with fusion partners

other than MLLT1068. Specifically, increased expression of COMMD3,

BMI1, DNAJC1 and SPAG6 are consistently observed across studies, all

located centromeric to MLLT10 on chromosome 10 (Figure 3).31,68,73

Genomic and pharmacological depletion of the polycomb group protein

BMI1 inhibits PICALM-MLLT10-driven AML37, demonstrating a potential

therapeutic target. The role of DNAJC1, COMMD3 and SPAG6 in

MLLT10r acute leukemia is yet to be investigated, but both COMMD3

and SPAG6 have implicated roles in other malignancies. COMMD3 levels

are elevated in prostate cancer, and have been demonstrated to

upregulate C-MYC expression, promoting proliferation in prostate cancer

models.74 SPAG6 is a member of the cancer-testis antigen family primar-

ily involved in regulation of the microtubule system, with secondary roles

associated with inhibition of the Akt and p53 pathways.75 High expres-

sion levels of SPAG6 occur in numerous malignancies including

myelodysplastic syndrome, and genetic knockdown of SPAG6 inhibits cell

proliferation of myeloid leukemia cell lines, but pharmacological inhibitors

of SPAG6 are not yet available.76

5.3 | Other dysregulated pathways in MLLT10r
acute leukemia

Understanding the pathways dysregulated in MLLT10r acute leukemia

will guide the use of targeted therapies. Increased expression of genes

involved in chromatin assembly and maintenance and DNA repair are

observed in PICALM-MLLT10 T-ALL.31,51 PICALM-MLLT10 expression

in murine bone marrow cells induces genome-wide instability, likely

due to widespread epigenetic changes such as reduced global H3K79

methylation.40,51 Genome instability results in increased rates of DNA

damage and subsequent increased expression of genes involved in

DNA repair and chromatin assembly and maintenance.40,51 It is specu-

lated that widespread genome instability may underly the accumula-

tion of cooperative mutations that lead to leukemic transformation by

PICALM-MLLT1051, but experimental data is lacking.

The class II homeobox gene HHEX is expressed in healthy hematopoi-

etic stem cells, and is uniquely highly expressed in MLLT10r T-ALL, but

not in T-ALL with KMT2Ar, SET-NUP214 or TCRB-HOXA18. Other genes

with increased expression inMLLT10r acute leukemia include CD69 (T-cell

activation antigen), CDKN1B (CDK inhibitor), JUNB (cancer-associated

transcription factor) and TCF8 (negative regulator of IL-2 expression).73

Genes with low expression levels in MLLT10r T-ALL include CDK4 (cyclin

dependent kinase), CSF3R (G-CSF receptor), FANCL (ubiquitin E3 ligase

mutated in Fanconi anemia) and LMO4 (LIM protein expressed predomi-

nantly in T-cells and neural cells).73 One study identified high expression

of members of the Sonic hedgehog (Shh) signaling pathway in cases of

MLLT10r and KMT2Ar T-ALL, and receptor and/or tyrosine kinase-

mediated pathways such as TGFB, PYK2, ERBB and PDGFR in only

MLLT10r cases.68 Chen et al identified high expression of factors associ-

ated with pro-inflammatory cytokine signaling and innate immunity in a

Tet-inducible model of PICALM-MLLT10 AML. This was found to be driven

through Janus kinase-Signal transducer and activator of transcription

(JAK-STAT) and NF-κB signaling, specifically direct interaction of PICALM-

MLLT10 with JAK1.69 Evidently, various studies have identified a broad

range of differentially expressed genes in PICALM-MLLT10 acute leukemia.

These findings should be validated in experimental models or independent

patient cohorts, as some differentially expressed genes may represent

MLLT10 DNAJC1 SPAG6PICALM

0kbpfrombreakpoint: 400kbp

COMMD3 BMI1

800kbp

CentromereTelomere

F IGURE 3 Genes in close proximity to MLLT10 on chromosome 10 DNAJC1, COMMD3, BMI1 and SPAG6 are genes located centromeric to
MLLT10 on chromosome 10, within 800 kilobase pairs (kbp) of the PICALM-MLLT10 breakpoint. Figure adapted from Dik et al 2005.73 [Color
figure can be viewed at wileyonlinelibrary.com]
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potential therapeutic targets, such BMI1 and JAK1. It would also be inter-

esting to compare the MLLT10r gene expression profile to other cases of

T-ALL through large-cohort gene expression profiling studies, particularly

whether KMT2A-MLLT10 exhibits a gene expression profile more similar

to that of otherMLLT10r or KMT2Ar.

5.4 | Treatment of MLLT10r acute leukemia

There are presently no targeted therapies available for the treatment

of MLLT10r acute leukemia, and multiagent chemotherapy remains

the standard of care for MLLT10r acute leukemias.77 T-ALL patients

more commonly present with higher risk clinical features as compared

with B-ALL, such as hyperleukocytosis and extramedullary leukemic

infiltration, and therefore undergo intensified treatment, which may

include allogeneic hematopoietic stem cell transplantation.77,78 Small

studies indicate that allogeneic HSCT may provide disease-free survival

benefit in TCRneg T-ALL or ETP-ALL MLLT10r patients, but larger

cohort studies are required.2,12,15 Data regarding therapeutic sensitivity

of MLLT10r acute leukemia is lacking, owing to the rarity of these

fusions, but DOT1L and BMI1 inhibition both represent promising tar-

gets in the treatment of MLLT10r acute leukemia, based on preclinical

models.37,79 Other potential candidates include histone deacetylase

(HDAC) inhibitors and the DNA demethylating agent azacytidine. These

agents have preclinical efficacy in KMT2Ar leukemia,68 and may have

promise in MLLT10r cases, based on the similar gene expression profile

shared by the two genomic subtypes.68 The potential role of these

targeted therapies in the treatment of acute leukemia remains unclear,

but they are likely to play a supplementary role in optimizing the effi-

cacy of existing multiagent chemotherapy regimens, rather than pro-

vide benefit as single agents.80

6 | DOT1L INHIBITORS

DOT1L is essential in both KMT2Ar and MLLT10r-driven

leukemogenesis,64,81 and is the only known human H3K79 methyl-

transferase, representing a highly specific therapeutic target. Preclin-

ical models demonstrate efficacy of DOT1L inhibition in primary

PICALM-MLLT10 AML cells79 and in vitro AML models.82 Early-stage

clinical trials (clinicaltrials.gov IDs NCT01684150 and

NCT02141828) established that the DOT1L inhibitor pinometostat

had an acceptable toxicity profile and modest efficacy as a single

agent in adults with KMT2Ar acute leukemia.83 Moving forward, clin-

ical trials are assessing the efficacy of pinometostat in combination

with standard chemotherapy (NCT03724084) or the DNA

demethylating agent azacytidine in KMT2Ar AML (NCT03701295).

Preclinical testing is ongoing, evaluating the efficacy of DOT1L

inhibitors in combination with other therapeutic agents. For exam-

ple, dual inhibition of DOT1L and menin synergistically induces apo-

ptosis, and inhibits proliferation of KMT2Ar cell lines.81 Further

preclinical work is required to validate the efficacy of DOT1L inhibi-

tion in MLLT10r AML and T-ALL, but DOT1L inhibition is currently

the most advanced and promising therapeutic target for MLLT10r

acute leukemia.

7 | BMI1 INHIBITORS

PICALM-MLLT10 AML is dependent on expression of BMI1, and

murine and human models of PICALM-MLLT10-driven leukemias are

sensitive to BMI1 inhibition.31,37,73 BMI1 is a polycomb group protein,

responsible for the epigenetic repression of developmentally impor-

tant genes, including CDKN2A locus genes p16INK4A and p14ARF, criti-

cal in the regulation of cell cycle progression and self-renewal of stem

cells.37,84 Both genetic and pharmacological inhibition of BMI1

impedes PICALM-MLLT10-driven myeloid transformation, and inhibits

proliferation of human PICALM-MLLT10 AML cells in vitro and in

murine xenotransplantation models.37 BMI1 is also overexpressed in a

wide range of malignancies including multiple myeloma, glioblastoma,

non-small cell lung cancer and carcinomas of the colon, liver, breast

and prostate.85 High expression levels of BMI1 in these diseases con-

fers risk of metastasis and poor outcome.86 Pharmacological inhibition

with the BMI1 inhibitor PTC-209 is effective in preclinical models of

head and neck squamous cell carcinoma,87 glioblastoma88 and multi-

ple myeloma, both alone and in combination with epigenetic inhibitors

targeting EZH2 or bromodomain and extra-terminal motif (BET).84 The

efficacy of BMI1 inhibitors have not been compared in other specific

genomic subtypes of acute leukemia, but PTC-596 induces apoptosis

in AML progenitor cells.89 No direct BMI1 inhibitor is yet to reach

human clinical trials in any malignancy, but further investigation is

warranted, given promising preclinical efficacy in a diverse range of

tumors.

8 | JAK1 INHIBITORS

Chen et al69 established that direct recruitment of JAK1 by PICALM-

MLLT10 results in upregulation of JAK-STAT and NF-κB pathways.

Cre-recombinase-mediated deletion of JAK1 reduced proliferation

and promoted differentiation of PICALM-MLLT10 murine bone mar-

row progenitors in vitro, indicating that JAK1 is important in

maintaining the undifferentiated state of PICALM-MLLT10 leukemic

cells. Targeting of undifferentiated leukemic precursor or stem cells is

an important concept, as demonstrated by the role of arsenic trioxide

and ATRA in PML-RARA-driven acute promyelocytic leukemia.90

Treatment with two JAK1 inhibitors, itacitinib and filgotinib, both

resulted in a dose-dependent decrease in proliferation, and increase in

apoptosis of cells in vitro69. Itacitinib and filgotinib have passed phase

I toxicity trials (NCT01905813 and NCT01419990 respectively), and

are potential therapeutic targets that warrant further investigation in

PICALM-MLLT10 acute leukemia.91
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9 | HDAC INHIBITORS

HDAC inhibitors have preclinical efficacy in a wide range of malignan-

cies, including KMT2Ar ALL.80,92 In murine xenograft models of

KMT2Ar B-ALL, treatment with single-agent panobinostat (LBH589)

reduced overall leukemic burden and significantly extended survival,80

but a clinical trial assessing the use of single-agent panobinostat in

relapsed ALL and AML (NCT00723203) was terminated due to lack of

efficacy. Evidently, combinatorial therapeutic approaches are required

to achieve disease control in these aggressive malignancies, but it is

also possible that recruitment should be targeted to specific genomic

subtypes of ALL and AML that have demonstrated preclinical sensitiv-

ity to HDAC inhibition.

Treatment of malignant cell lines with HDAC inhibitors induces

broad epigenetic changes and loosening of chromatin, resulting in

widespread changes in gene expression, increasing cell cycle inhibition

and DNA damage.93 The precise anti-cancer mechanisms of HDAC

inhibitors are yet to be elucidated, but one study demonstrated that

panobinostat elicits anti-leukemic activity through knockdown of the

RNF20/RNF40/WAC E3 ligase complex, a critical pathway in KMT2Ar

leukemic maintenance.80 It is unclear whether HDAC inhibition is

effective in MLLT10r acute leukemia, but downregulation of polycomb

group components including BMI1 is observed in solid tumors in

response to treatment with HDAC-inhibiting compounds such as

trichostatin A and sodium butyrate.86,94 These findings should be rep-

licated in preclinical models of MLLT10r acute leukemia with clinically

relevant HDAC inhibitors such as panobinostat and vorinostat.

9.1 | Other compounds with efficacy in KMT2Ar
acute leukemia

KMT2Ar acute leukemia is well-studied, owing to the high incidence

across B-ALL, T-ALL and AML (approximately 6%-7% in each disease

subtype44), including a high proportion of infant diagnoses, and this

subtype confers very poor outcomes across all ages.95 Many thera-

peutic agents have preclinical efficacy in KMT2Ar acute leukemia, and

the high similarity in gene expression profiles of KMT2Ar and MLLT10r

acute leukemia suggest that these therapeutic targets may be effec-

tive in treating patients with MLLT10r.

Azacytidine is a DNA demethylating agent used in the treatment

of myelodysplastic syndromes, with efficacy against promoter-

hypermethylated infant KMT2Ar leukemia.96 A phase II clinical trial of

azacytidine in combination with chemotherapy in infants with

KMT2Ar B-ALL is ongoing (NCT02828358). DNA methylation studies

have not been performed in MLLT10r patients, but collection of these

data may indicate whether DNA methylation inhibitors may be a

potential therapeutic target for MLLT10r leukemia.

Several other inhibitors target direct interactors of complexes asso-

ciated with KMT2A fusion proteins. BET inhibitors target BRD4 to pre-

vent recruitment of the P-TEFb complex to inhibit aberrant gene

transcription,97 and inhibitors of menin-KMT2A interaction selectively

induce apoptosis of KMT2Ar cells.98 The PARP1 inhibitor olaparib99

and CDK9 inhibitors100 are also effective in preclinical models of

KMT2Ar AML. The efficacy of these therapeutics in MLLT10r acute leu-

kemia is currently unknown. Therapeutic targeting of cooperative

lesions in leukemia have also provided some success to date, such as

MEK inhibition in KMT2Ar ALL bearing pathogenic RAS-pathway

mutations,101 and research suggests further clinical trials are justified.

Treatment with single agents is unlikely to effectively control the

aggressive nature of ALL or AML, and targeting only single epigenetic

pathways may lead to non-genetic drug resistance, through

remodelling of the signaling pathways upon which leukemic cells are

dependent.80 Instead, a combinatorial approach of therapies targeted

towards different pathways, and/or in addition to conventional cyto-

toxic chemotherapeutics is likely to prove an optimal approach. Inhibi-

tors targeting HDAC,102 BET,103,104 and menin81 are ideal

combinatorial agents in acute leukemia, inducing synergistic targeted

effects in leukemic cells with either additional targeted therapies or

conventional chemotherapeutic agents such as dexamethasone or vin-

cristine. It is not known whether MLLT10r with different fusion part-

ners respond differently to specific targeted therapies, or if specific

inhibitors are effective only in certain disease phenotypes such as B-

ALL, T-ALL, ETP-ALL or AML.

10 | CONCLUSIONS

Next-generation sequencing has recently identified numerous geno-

mic subtypes within ALL and AML. The prognostic significance of

many of these subtypes is still unclear, including MLLT10r, which rep-

resents one of the most common genomic aberrations in T-ALL. Cur-

rent evidence suggests that TCRneg PICALM-MLLT10 T-ALL and

MLLT10r AML10 are high-risk subgroups for poor outcomes, but larger

cohort studies are required to fully characterize the clinical signifi-

cance of MLLT10r in T-ALL and AML, to improve prognostic stratifica-

tion of patients.22

The investigation of targeted therapies in MLLT10r disease is lac-

king, and further characterization of the molecular mechanisms behind

MLLT10r leukemogenesis would prove beneficial in the development

of targeted therapeutic strategies. Here, several candidate targets

have been discussed, including inhibitors of DOT1L and BMI1, that

exhibit promising preclinical potential in MLLT10r acute leukemia.

Other targeted therapies such as azacytidine and inhibitors of BET,

PARP and CDK9 should also be investigated, based on efficacy in

KMT2Ar acute leukemia, a well-characterized high-risk genomic sub-

type of ALL and AML. A precision medicine approach is undoubtedly

the future of improving outcomes in acute leukemia, and it is impera-

tive to inform treatment decisions with an understanding of both the

molecular mechanisms and prognostic influence of genomic aberra-

tions in this disease.
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1.5 The HOXA gene cluster is essential in KMT2Ar and MLLT10r-

mediated leukaemogenesis  

1.5.1 The role of HOXA genes in development 

As discussed in sections 1.3 and 1.4, fusion genes involving KMT2A or MLLT10 

induce dysregulation of H3K4me3 or H3K79me respectively. Truncation of KMT2A or 

MLLT10 via gene fusions results in aberrant recruitment of associated protein 

complexes such as the super elongation complex (SEC) and DOT1L complex, and 

subsequently dysregulation of target gene expression, most notably the HOXA gene 

cluster.  

HOX genes are highly conserved regulators of embryonic development. There are 39 

human HOX genes localised to four clusters: HOXA (7p14-15), HOXB (17q21-22), 

HOXC (12q12-13) and HOXD (2q31-37)16. Additionally, numerous “orphan” HOX 

genes also exist, that occur outside of the four defined clusters but still contain the 

hallmark homeobox domain, such as HOX1117. In normal development, certain HOX 

genes function in a tissue-specific manner18. HOXA-C cluster genes are expressed in 

haematopoietic stem cells, and are gradually downregulated as cells differentiate16. In 

particular, HOXA cluster genes have a demonstrated role in leukaemogenesis (refer 

to section 1.5.2)16. The structure and basic interactions of the HOXA clusters is 

described in Figure 1.4.  
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Figure 1.4 – HOXA gene cluster structure 

Schematic of the HOXA gene cluster, and the basic DNA structure and promoter 

interactions of HOXA genes. (A) HOXA genes are ordered numerically 5’ to 3’, directly 

related to the order of HOX gene expression within a cluster throughout development. 

3’ HOXA genes are expressed anteriorly and earlier, and 5’ genes are expressed 

posteriorly and later in development. 5’ HOX genes exhibit a dominant phenotype over 

3’ genes (termed ‘posterior prevalence’). (B) The basic DNA structure of a HOX gene 

is shown, including promoter region (blue), where histone modifiers such as TRXG 

(trithorax group) proteins such as KMT2A modify chromatin through H3K4me3 

deposition to activate gene expression, and PRC2 (polycomb repressor complex 2) 

members can inactivate gene expression through H3K27me3 deposition. The 

characteristic domain of HOX genes is the DNA-binding homeodomain, located in 

exon 2 of all HOX members. Image adapted from Shah et al. 201018.  
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1.5.2 HOXA gene dysregulation in ALL 

Aberrant HOX gene activation is central to many genomic subtypes of ALL. Fusion 

genes directly involving HOX genes include TLX1, TLX3 (also known as HOX11 and 

HOX11L2 respectively) and gene rearrangements involving the HOX orphan gene 

NKX2-1, that together comprise approximately 30% of T-ALL diagnoses (Figure 

1.2)19,20. HOX dysregulation can also occur indirectly, through mutations in regulators 

of HOX gene expression. Epigenetic regulation is integral to HOX gene expression 

control, and subsequently HOX dysregulation occurs as a result of mutations in 

transcriptional or epigenetic regulators including SET-NUP214, MLLT10r and 

KMT2Ar, comprising 17% of new T-ALL diagnoses and 10% of B-ALL diagnoses18,21.  

Aberrant HOX expression influences tumour progression across a wide range of 

malignancies by dysregulating angiogenesis, proliferation, migration, metabolism and 

differentiation18,19. In leukaemia, aberrant HOX gene activation is thought to interfere 

with haematopoietic precursor cell differentiation, resulting in evasion of normal 

cellular regulatory mechanisms18,19. However, the precise mechanism by which 

aberrant HOX expression results in leukaemogenesis is not entirely clear, and further 

research in this field is required. As HOX dysregulation is a recurrently identified 

feature within T-ALL, its potential as a therapeutically targetable pathway should be 

evaluated. 
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1.6 Therapeutic targeting of KMT2Ar and MLLT10r ALL 

1.6.1 Chemotherapy in ALL 

All subtypes of ALL are currently treated with multiagent chemotherapy regimens5. 

Treatment for ALL is generally comprised of three main stages: induction, 

intensification (or consolidation) and maintenance (or continuation) therapy5,22. 

Induction therapy generally includes a glucocorticoid (prednisone or dexamethasone), 

vincristine and asparaginase, and may also include anthracycline5. Consolidation 

therapy aims to eradicate residual leukaemic blasts, and typically comprises of 

methotrexate with mercaptopurine, asparaginase, vincristine and glucocorticoids5. 

Maintenance therapy typically lasts at least two years, and involves daily 

mercaptopurine with weekly methotrexate5. Vincristine and dexamethasone may also 

be administered. There are also selected cases where targeted therapies may be used 

in combination with chemotherapy, such as the use of tyrosine kinase inhibitors (TKIs) 

in BCR-ABL1 positive or BCR-ABL1-like ALL23. 

Chemotherapy is effective at killing highly proliferative malignant cells, but lacks the 

precision efficacy of small molecule inhibitors that target specific cancer pathways. 

Consequently, chemotherapy also affects healthy rapidly-dividing cells, including hair 

follicles and mucosal linings such as the gastrointestinal tract, and so chemotherapy 

carries significant acute toxicities such as diarrhoea, hair loss, risk of infection due to 

pancytopenia, peripheral neuropathy and oral mucositis24. The chronic effects of 

chemotherapy are also significant, particularly for young children who survive ALL 

long-term, and include metabolic diseases, neurocognitive impairment, increased risk 

of secondary malignancies, microbiome dysbiosis25, and impaired fertility24,26,27.  

 

1.6.2 Targeted therapies in KMT2Ar and MLLT10r ALL 

To date, no targeted therapies have been approved for the treatment of KMT2Ar or 

MLLT10r ALL. This is of particular concern in KMT2Ar acute leukaemia, where 

patients have poor outcomes despite intensified treatment protocols, and KMT2Ar ALL 

is disproportionately common in infants who are adversely affected by the chronic 

toxicities discussed in section 1.6.1. Consequently, treatment options that both 

improve long-term survival and reduce treatment-related morbidity are required. 

However, as discussed in section 1.3, many classes of targeted therapies have been 
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trialled pre-clinically and/or clinically in KMT2Ar B-ALL and AML, with varying degrees 

of efficacy. Table 1.1 summarises pre-clinical data of novel targeted therapies in 

KMT2Ar and MLLT10r acute leukaemia, including in vitro and in vivo models. 

Many agents with pre-clinical efficacy have progressed to human clinical trials (Table 

1.2). Birabresib (BET inhibitor)28,29, pinometostat (DOT1L inhibitor)30, and 

panobinostat31 and vorinostat32 (histone deacetylase inhibitors) have yielded 

underwhelming results as single agents, despite promising pre-clinical data in acute 

leukaemia models (Tables 1.1-1.2). M ost clinical trials involving these agents were 

broadly opened to relapsed or refractory (R/R) patients with ALL and/or AML, and 

participant genomic data is not published for most trials. It is therefore unclear whether 

these agents may have specific sensitivities in particular genomic subtypes such as 

KMT2Ar. 

Due to lack of efficacy as single agents, further trials are underway to combine 

targeted therapies with standard-of-care chemotherapy regimens, or demethylating 

agents such as azacitidine or decitabine, or with other targeted therapies such as 

venetoclax or TKIs (eg. dasatinib in BCR-ABL1 ALL) (Table 1.2). A more recently 

established therapy is the curaxin CBL0137, that has exhibited promising pre-clinical 

efficacy in two PDX models of KMT2Ar infant ALL33,34. It is currently not known whether 

CBL0137 is also efficacious in non-infant KMT2Ar ALL, or other genomic subtypes of 

ALL, but CBL0137 represents a promising therapy that warrants further pre-clinical 

investigation. Clinical trials will provide further insight into the clinical feasibility of 

targeted therapies in ALL, to potentially supplement existing treatment protocols to 

improve patient outcomes and/or reduce treatment-related toxicities.
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Table 1.1 – Pre-clinical data of novel therapeutic agents in KMT2Ar acute leukaemia 

Mechanism of 
action Agent In vitro results In vivo results (murine models) 

Anexelekto/MER 
tyrosine kinase 
inhibitor 

ONO-7475 

Induces growth arrest and apoptosis in KMT2Ar and 
FLT3-ITD cell lines MOLM13 and MV4;11, but not 
KMT2A-WT and FLT3-WT cell lines HL60 and OCI-
AML335 

Prolongs survival of MOLM13 and MV4;11 CDX models35 
(Table 1.2) 

BCL-2 inhibitor Venetoclax 
(ABT-199) 

Induces apoptosis in a range of ALL cell lines and 
primary ALL samples, including both KMT2Ar and 
KMT2A-WT36 

Attenuates tumour growth of KMT2Ar B-ALL PDX models36 
Currently in human clinical trials (Table 1.2) 

Bromodomain 
and extra-
terminal motif 
(BET) inhibitor 

Birabresib (MK-
8628/OTX015) 

Induces apoptosis in a range of ALL cell lines, including 
both KMT2Ar and KMT2A-WT37 
Inhibits proliferation and induces apoptosis in a range of 
ALL and AML cell lines; not KMT2Ar-dependent38 

In primary AML ex vivo assays: impairs leukaemia stem cell 
development in CBFr, KMT2Ar or NPM1-MUT, but not in 
aneuploidy or TP53-MUT39 (Table 1.2) 

FT-1101 
Demonstrates anti-proliferative activity across a range 
of human leukaemia, lymphoma and multiple myeloma 
cell lines40 

Significantly inhibits tumour growth of MV4;11 and THP-1 
KMT2Ar xenograft models40 (Table 1.2) 

Curaxin  
(p53 and NF-
κB regulator) 

CBL0137 
Induces apoptosis at nanomolar concentrations across 
a range of KMT2Ar and KMT2A-WT ALL and AML cell 
lines33 

Induces objective clinical responses in PDX models of 
KMT2Ar infant ALL33,34, and non-infant paediatric PDX B- 
and T-ALL models of unknown genomic subtype34 

DNA 
demethylating 
agents 

Azacitidine 
(Vidaza), 
decitabine, 
zebularine 

Inhibits cell proliferation of KMT2A-AFF1 B-ALL cell 
lines SEM and RS4;1141 

FDA-approved for treatment of MDS, and currently in human 
clinical trials as a combinatorial agent in leukaemia (Table 
1.2) 

DOT1L inhibitor EPZ004777 

Inhibits growth and promotes myeloid cell differentiation 
in primary adult AML samples (n=2/4 KMT2Ar, 4/4 
KMT2A-PTD, 1/1 PICALM-MLLT10, 7/7 IDH1/2-
mutated, 0/2 normal karyotype)42 
Decreases proliferation and colony-forming potential, 
and induces differentiation, of murine bone marrow cells 
transformed with KMT2A-MLLT10 or PICALM-
MLLT1043 
Inhibits proliferation of various KMT2Ar AML and ALL 
cell lines, but not KMT2A-WT cell lines44 

Inhibits leukaemic initiation and progression of KMT2A-
MLLT10 and PICALM-MLLT10-transformed murine bone 
marrow cells43 
Increases median survival of MV4;11 xenograft mice44 
Not further developed due to unfavourable pharmacokinetic 
(PK) profile – superseded by EPZ-567645 
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Pinometostat 
(EPZ-5676) 

Acts synergistically with chemotherapeutic agents in 
KMT2Ar AML cell lines MOLM-13 & MV4;11, but not 
KMT2A-WT SKM-146 

Induces complete and sustained tumour regression in a 
MV4;11 PDX model47 
Currently in human clinical trials (Table 1.2) 

HDAC inhibitor 

Panobinostat 
(LBH-589) 

Induces growth arrest and apoptosis in KMT2Ar ALL 
cell lines SEM and KOPN8, but not KMT2A-WT REH 
and Jurkat cells48 

Delays disease onset and significantly increases survival of 
KMT2A-AFF1 PDX models48 
Currently in human clinical trials (Table 1.2) 

Vorinostat 
(MK0683) 

Induces growth arrest and apoptosis in cell lines when 
applied in combination with numerous other targeted 
therapies and chemotherapeutic agents49 

Numerous combinations with other targeted therapies and 
chemotherapeutic agents49 
Currently in human clinical trials (Table 1.2) 

KMT2A/WDR5 
inhibitor 

MM-401 
Induces cell cycle arrest, apoptosis and differentiation of 
KMT2Ar murine bone marrow cells transformed with 
KMT2A-MLLT3 and KMT2A-MLLT1, but not control 
cells50 

Nil 

MM-589 (close 
analogue of 
MM-401) 

Inhibits MOLM-13 and MV4;11 cell proliferation51 Nil 

MDM2 inhibitor 
(p53 activator) 

Idasanutlin 
(RG7388) 

Inhibits viability in MV4;11 and MOLM-13 AML cell 
lines52 

Induces growth arrest and apoptosis in xenograft models of 
p53-WT malignancies53 

MEK inhibitor 

MEK162 

Reduces viability and induces apoptosis of RAS-MUT 
KMT2Ar cell lines and primary infant leukaemic blasts54 
Synergistically enhances prednisolone sensitivity of 
RAS-WT and RAS-MUT KMT2A-AFF1 cell lines54 

Nil 

Selumetinib 
(AZD6244) 

Reduces viability and induces apoptosis of RAS-MUT 
KMT2Ar cell lines and primary infant leukaemic blasts54 
Synergistically enhances prednisolone sensitivity of 
RAS-WT and RAS-MUT KMT2A-AFF1 cell lines54 
Selectively inhibits primary RAS-mutated ALL cell 
proliferation55 

Reduces leukaemic burden and CNS involvement of RAS-
mutated PDX models55 

Trametinib 
(GSK1120212) 

Reduces viability and induces apoptosis of RAS-MUT 
KMT2Ar cell lines and primary infant leukaemic blasts54 
Synergistically enhances prednisolone sensitivity of 
RAS-WT and RAS-MUT KMT2A-AFF1 cell lines54 

Reduces leukaemic burden in murine xenograft models of 
RAS-mutated KMT2A-AFF1 SEM cells56 
Currently in human clinical trials (Table 1.2) 

Menin/KMT2A 
inhibitor KO-539 

Induces apoptosis at nanomolar concentrations in a 
range of KMT2Ar acute leukaemia cell lines, but not in 
KMT2A-WT cell lines57 

Confers prolonged survival benefit in MV4;11 and MOLM13 
PDX models, and NPM1-MUT/DNMT3A-MUT/FLT3-ITD PDX 
models, compared with FLT3 inhibitor quizartinib57 



Chapter 1 – Introduction 

 40 

MI-2 and MI-3 

Induces growth arrest and inhibits transformation in 
murine bone marrow cells transduced with KMT2A-
MLLT3 and KMT2A-MLLT1, but not E2A-HFL. Also 
inhibits growth of human KMT2Ar cell lines KOPN-8, 
ML-2 and MonoMac658 

Superseded by subsequent analogues such as MI-503 

MI-463 and MI-
503 

Inhibits growth and promotes myeloid differentiation of 
murine bone marrow cells transformed with KMT2A-
MLLT3, and primary KMT2Ar AML samples, but not 
primary KMT2A-WT samples59 

Significantly inhibits tumour growth in MV4;11 PDX models 
and murine bone marrow cells transformed with KMT2A-
MLLT359 

VTP-50469 Induces apoptosis in human KMT2Ar and NPM1-MUT 
acute leukaemia cell lines60 

Abrogates self-renewal and proliferation of NPM1-MUT AML 
cells in mice61 
Significantly increases EFS of orthotopic infant KMT2Ar PDX 
models compared to control mice62 
Prolongs survival of NUP98r AML PDX models63 

Proteasome 
inhibitor 

Carfilzomib 
(PR-171) 

Induces apoptosis at nanomolar concentrations across 
six KMT2Ar infant ALL cell lines, and synergises with 
several conventional chemotherapeutic agents64 

Fails to provide survival benefit as a single agent or with 
induction chemotherapy in infant KMT2Ar PDX models64 

XPO1 inhibitor  Selinexor  
(KPT-330) Nil 

Inhibits growth of AML PDX models (normal karyotype, 
FLT3-ITD and two complex karyotype)65 
Currently in human clinical trials (Table 1.2) 

Abbreviations: AML, acute myeloid leukaemia; CDX, cell line-derived xenografts; EFS, event-free survival; HDAC, histone deacetylase; MUT, 
mutated; MDS, myelodysplastic syndrome; Nil=no published data available PDX, patient-derived xenografts; PK, pharmacokinetic; PTD, partial 
tandem duplication; WT, wild-type 
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Table 1.2 – Current and recently-completed clinical trials for novel targeted therapies in acute leukaemia  

Mechanism 
of action Agent Clinical trials in acute leukaemia  

(ClinicalTrials.gov reference numbers provided) 
Number of patients who achieved 
an objective clinical response*x 

AXL inhibitor ONO-7475 Phase I/II: Single agent or plus venetoclax in adults with R/R AML or MDS 
(NCT03176277, recruiting) No results available 

BCL-2 
inhibitor 

Venetoclax 
(ABT-199) 

Phase I: Paediatric and young adults (up to 21 years) with R/R malignancies 
(ALL, AML, NHL, neuroblastoma) (NCT03236857, recruiting66)  No results available 

Phase I: Plus chemotherapy in adults with R/R ALL (NCT3319901, recruiting) No results available 

Phase I: Plus navitoclax and chemotherapy in patients (>4 years of age) with 
R/R ALL (NCT03181126, completed) 

B-ALL: CR: 64% (16/25), PR: 12% 
(3/25)67 
T-ALL: CR: 53% (10/19)67 

Phase I: Plus chemotherapy, rituximab and dasatinib in R/R or newly-diagnosed 
B-ALL (NCT04872790, not yet recruiting) No results available 

Phase Ib/II: Plus chemotherapy in adults with R/R ALL (NCT03808610, 
recruiting)  No results available 

Phase IB/II: Plus vincristine liposomal in adults with R/R ALL (NCT03504644, 
recruiting) No results available 

Phase II: Plus azacitidine in adults with AML in the post-HSCT setting 
(NCT04128501, recruiting) No results available 

Bromodomain 
and extra-
terminal motif 
(BET) inhibitor 

Birabresib 
(MK-8628/ 
OTX015) 

Phase I: Adults with advanced haematologic malignancies (ALL, AML, DLBCL, 
MM) (NCT01713582, completed) 5% (7/138)28,29 

Phase IB: Adults with R/R AML or DLBCL (NCT02698189, terminated)  0% (0/3)  

BET inhibitor FT-1101 Phase I: Single-agent or plus azacitidine in adults with R/R AML, MDS or NHL 
(NCT02543879, completed) No results available 

DOT1L 
inhibitor 

Pinometostat 
(EPZ5676) 

Phase I: Paediatric R/R KMT2Ar leukaemia (NCT02141828, completed) No responses observed30  
Phase I: Adults with R/R KMT2Ar haematologic malignancies (AML, ALL, MLL, 
CMML, MPN, MDS) (NCT01684150, completed68) 

3.9% (2/51) + 3 cases had 
resolution of leukaemia cutis68 

Phase Ib/II: Plus azacitidine in adults with newly diagnosed or R/R KMT2A-
MLLT3 AML (NCT03701295, completed) No results available 

Phase Ib/II: Plus chemotherapy in adolescents and adults (>14 years of age) 
with newly diagnosed KMT2Ar AML (NCT03724084, recruiting) No results available 
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Histone 
deacetylase 
(HDAC) 
inhibitor 

Panobinostat 
(LBH-589) 

Phase I: Children with R/R haematologic malignancies (AML, ALL, NHL) 
(NCT01321346, completed) 0% (0/22)31 

Phase Ib: Plus chemotherapy in adults with R/R AML (NCT01055483, 
completed) No results available 

Phase Ib: Plus chemotherapy in adults (<65 years of age) with newly-diagnosed 
AML (NCT01242774, completed) 65% (30/46)69 

Phase IA/II: Adults with R/R advanced haematologic malignancies 
(NCT00621244, completed) 

2.4% (2/83, dose escalation phase) 
5.3% (1/19, expansion phase) 

Phase I/II: Plus chemotherapy in adults (>65 years of age) with newly-diagnosed 
AML (NCT00840346, completed) 64% (24/38)70 

Phase II: Adults with R/R ALL or AML (NCT00723203, terminated due to lack of 
efficacy) 0% (0/12) 

Phase III: Panobinostat maintenance following HSCT in patients with high-risk 
AML or MDS (NCT04326764, active & not recruiting) No results available 

Histone 
deacetylase 
(HDAC) 
inhibitor 

Vorinostat 

Pilot study: Plus decitabine and chemotherapy in patients (age 1-21 years) with 
relapsed ALL (NCT01483690, terminated due to toxicity) 39% (9/23)71 

Phase I: Plus decitabine and cytarabine in adults with R/R AML (NCT01130506, 
completed) 

35% (6/17, including 2/4 with 
KMT2A-PTD)72 

Phase I/II: Plus sorafenib and bortezomib in adults with newly-diagnosed or R/R 
AML (NCT01534260, completed) 40% (6/17)73 

Phase I/II: Plus bortezomib and chemotherapy in infant (up to 365 days old) ALL 
(NCT02553460, active & not recruiting)  No results available 

Phase II: Plus temozolomide in adults with R/R AML (NCT01550224, 
completed) 0% (0/23) 

Phase II: Plus azacitidine in adults with AML or MDS who are ineligible for other 
leukaemia protocols (NCT00948064, completed) 40% (12/3074) 

Phase II: Adults with untreated high-risk or R/R good-risk AML (NCT00305773, 
completed) 1/37 (2.7%)32 

Phase II: Plus velcade in adults with high-risk MDS and R/R AML 
(NCT00818649, terminated due to toxicity) 8.3% (1/12) 

Phase II: Plus chemotherapy in patients (15-65 years of age) with high-risk MDS 
or AML (NCT00656617, completed) 76% (78/102) 

Phase II: Plus gemtuzumab in adults (>60 years) with newly-diagnosed non-M3 
AML (NCT00673153, terminated) 19% (6/3175) 
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Phase III: Plus chemotherapy in adults (18-60 years) with previously untreated 
AML (NCT01802333, completed) 61% (65/107) 

MDM2 
inhibitor (p53 
activator) 

Idasanutlin 

Phase IB: Plus cobimetinib and venetoclax in adults with R/R AML 
(NCT02670044, completed) 15% CR (3/20), 5% PR (1/20)76  

Phase I/II: Plus chemotherapy or venetoclax in paediatric and young adults with 
R/R acute leukaemia or solid tumours (NCT04029688, recruiting) No results available 

Phase III: Single agent or plus cytarabine in adults with R/R AML 
(NCT02545283, terminated due to lack of efficacy based on interim analysis77) No results available 

MEK inhibitor Selumetinib Phase I/II: Plus dexamethasone in R/R RAS-pathway mutated ALL 
(NCT03705507, recruiting) No results available 

Menin-KMT2A 
inhibitor KO-539 Phase IA: Adults with R/R AML (NCT04067336, recruiting)  No results available 

Menin-KMT2A 
inhibitor 

SNDX-5613 
(close analog 
of VTP-50469) 

Phase I/II: Infants, children & adults (aged >30 days) with R/R acute leukaemia 
with KMT2Ar or NPM1 mutation (NCT04065399, recruiting) No results available 

Menin-KMT2A 
inhibitor JNJ-75276617 Phase II: Adults with R/R acute leukaemia with KMT2A or NPM1 alterations 

(NCT04811560, recruiting) No results available 

XPO1 inhibitor Selinexor 
(KPT-330) 

Phase I: Plus venetoclax and chemotherapy in paediatric and young adults with 
R/R AML (NCT04898894, recruiting) No results available 

Phase I: Plus chemotherapy in patients with newly diagnosed or R/R AML 
(NCT02573363, completed) 70% (14/20)78 

Phase I: Plus chemotherapy in paediatric and young adults (up to 24 years) with 
R/R acute leukaemia or MDS (NCT02212561, completed) 

CR: 47% (7/15) 
PR 13% (2/15)79 

Phase I: Plus decitabine in adults with R/R AML (NCT02093403, completed) 40% (10/25)80 
Phase I/II: Plus sorafenib in adults with R/R FLT3-mutated AML (NCT02530476, 
completed) (6/14)81 

Phase II: Single agent in older adults (aged >60 years) with R/R AML 
(NCT02088541, completed) 5.1% (6/118) 

*Objective clinical response defined as partial response (PR) or complete response (CR) as assessed by investigator 
xAs per results posted on clinicaltrials.gov, unless otherwise cited  
Note: “Adult” defined as >18 years of age, unless otherwise specified 
Abbreviations: DLBCL, diffuse large B-cell lymphoma; HSCT, haematopoietic stem cell transplant; MLL, mixed lineage leukaemia; MPN, 
myeloproliferative neoplasms; MDS, myelodysplastic syndrome; NHL, Non-Hodgkin’s lymphoma; MM, multiple myeloma.  
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1.7 Summary 

Despite recent improvements in overall long-term outcomes for patients with ALL, 

patients with a KMT2Ar continue to experience exceptionally poor outcomes. While 

the biology and clinical implications of KMT2Ar B-ALL and AML have been well-

studied, there is a lack of data regarding KMT2Ar in a T-lineage specific setting. In 

vitro models of KMT2Ar in HSCs and progenitor cells typically induce a mixed or 

myeloid phenotype, so the underlying molecular mechanisms of KMT2Ar T-ALL 

aetiology remain unexplored. Further to this, B-ALL and AML cell lines and PDX 

models are typically utilised in the pre-clinical screening of targeted therapies, so it is 

also unclear whether KMT2Ar T-ALL has a similar therapeutic sensitivity profile to B-

ALL.  

Similarly, the clinical and biological implications of MLLT10r in T-ALL are poorly 

characterised, but it is known that KMT2Ar and MLLT10r share similar biological roles 

in epigenetic regulation of gene expression, including HOXA genes. This key similarity 

suggests that MLLT10r and KMT2Ar leukaemia may share similarities in sensitivity to 

targeted therapies, but to date this has not been investigated.  

Understanding the biology of KMT2Ar and MLLT10r T-ALL will provide further insight 

into the lineage-specific mechanisms of leukaemogenic transformation by genomic 

aberrations that induce HOXA deregulation. Furthermore, screening targeted 

therapies for pre-clinical efficacy using T-ALL-specific in vitro models will identify 

optimal target populations for future clinical trials, both in terms of disease 

immunophenotype (T-ALL vs B-ALL vs AML) and genomic subtype.  

 

1.7.1 Project aims 

1. Generate in vitro models of KMT2Ar B-ALL and T-ALL, and MLLT10r T-ALL, to 

characterise and compare changes in cellular proliferation, differentiation, and 

activation of downstream signalling pathways.  

2. Generate in vivo murine models of DDX3X-MLLT10 and PICALM-MLLT10 T-

ALL to assess the oncogenic driver capacity of MLLT10r in a T-ALL setting.  

3. Interrogate the mutational landscape of leukaemic blasts from patients 

diagnosed with non-infant KMT2Ar and MLLT10r ALL, to identify potentially 
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cooperative aberrations in epigenetic regulators and leukaemia-associated 

genes.  

4. Explore an emerging targeted therapy (curaxin CBL0137) in KMT2Ar and 

KMT2A wild-type human ALL cell lines.  

 

1.7.2 Hypotheses 

1. KMT2A-AFF1, DDX3X-MLLT10 and PICALM-MLLT10 expression will induce 

an aggressive phenotype in MOHITO T-cell line, and KMT2A-AFF1 in Ba/F3 

pro B-cell line, defined by increased proliferation and altered surface marker 

expression, but not activation of kinase-associated signalling pathways. 

2. Immature T-cells (Arf-/- thymocytes) expressing either DDX3X-MLLT10 or 

PICALM-MLLT10 will engraft with accelerated onset in NOD.Cg-

PrkdcscidIl2rgtm1Wjl/Sz (NSG) mice, in comparison with control cells, and induce 

a distinctive immunophenotype.  

3. Leukaemic blasts from non-infant patients with KMT2Ar ALL will harbour very 

few cooperative mutations in leukaemia-associated genes and epigenetic 

regulators, whereas blasts from patients with MLLT10r ALL will have known 

pathogenic co-occurring genomic lesions.  

4. CBL0137 will promote apoptosis across a broad range of human acute 

leukaemia cell lines, but will not induce specific efficacy in KMT2Ar cell lines.  
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2.1 General common reagents 
Table 2.1 – Common reagents 
Category Reagent Supplier Catalogue No. 
General 
Chemicals 

Acetic acid Sigma-Aldrich #320099 

Ammonium chloride Sigma-Aldrich #213330 

Ammonium bicarbonate Sigma-Aldrich #09830 

CellTiter-Glo® Luminescent 
Cell Viability Assay 

Promega G7570 

Citric acid monohydrate Sigma-Aldrich C7129 

DCTM protein assay kit Bio-Rad #5000111 

Dulbecco’s phosphate-
buffered saline (PBS) (10X), 
no calcium, no magnesium 

Gibco #14190235 

EDTA UNIVAR AJA180 

Ethanol Merck Millipore #10098350000 

Formalin Sigma-Aldrich HT501128 

Glycerol  Sigma-Aldrich SHBD0027V 

Isopropanol Chem-Supply #67-63-0 

Methanol Chem-Supply MA004-500M 

Nuclease-free water (NF-
H2O) 

Sigma-Aldrich W4502 

Sodium dodecyl sulphate 
(SDS), 10% 

Sigma-Aldrich L4509 

Sodium chloride (NaCl) UNIVAR AJA465 

Tris (hydroxymethyl) 
aminomethane 

Sigma-Aldrich #252859 

β-mercaptoethanol  Sigma-Aldrich SHBC3203V 

Cell Culture 
Reagents 

Citrate dextrose solution 
(ACD-A) 

Sigma-Aldrich C3821 

Fetal bovine serum (FBS), 
triple 0.1 µm sterile filtered 

CellSera AU-FBS/SF 

HyClone 
SH30084.03 
Lot # 
DE27192266 

Dimethyl sulfoxide (DMSO) Merck Millipore #1029524000 

Doxycycline (10mg/mL) Sigma-Aldrich D9891 

Dulbecco’s Modified Eagle’s 
Medium (DMEM) 

Sigma-Aldrich D5671 

Murine Flt-3 ligand, carrier 
free 

R&D Systems #427-FL-
025/CF 
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L-glutamine 200 mM Sigma-Aldrich G7513 

Lymphoprep STEMCELL 
Technologies 

#07851 

Murine IL-2, recombinant Peprotech #212-12 

Murine IL-7, recombinant Peprotech #217-17 

Penicillin (500 U/mL) / 
Streptomycin (5000 µg/mL) 

Sigma-Aldrich P4333  

RPMI-1640 Medium Sigma-Aldrich R0883 

Trypan blue 0.4% Gibco #15250-061 

Trypsin (2.5%), no phenol 
red 

Gibco #15090046 

Flow Cytometry 
Assay Reagents  

7-Aminoactinomycin D 
(7AAD) 

Invitrogen A1310 

Annexin-V-PE BD Pharmingen #556421 

Bovine serum albumin (BSA) Sigma-Aldrich A9418 

Calcium Chloride (CaCl2) Sigma-Aldrich C1016 

D-glucose Sigma-Aldrich G7528 

Hank’s Balanced Salt 
Solution (HBSS) 

Sigma-Aldrich H9394 

HEPES solution, 1 M, pH 
7.0-7.6 

Sigma-Aldrich H0887 

Paraformaldehyde powder, 
95% 

Fluka Chemica #76240 

Western Blotting 
Reagents 

4-15% CriterionTM Precast 
Midi Protein Gel, 18 well, 30 
µL 

Bio-Rad #5671084 

Aprotinin, 1.7 mg/mL Sigma-Aldrich A1153 

b-glycerol phosphate Sigma-Aldrich G9422 

cOmpleteTM Mini EDTA-Free 
Protease Inhibitor Cocktail 
Tablets 

Roche #04693159001 

Glycine Sigma-Aldrich G8898 

Intercept Blocking Buffer LI-COR #197-70001 

Leupeptin, 1 mg/mL Sigma-Aldrich #11017128001 

NP40, 1% (IgepalTM) Sigma-Aldrich CA-630 

Precision Plus ProteinTM 
Kaleidoscope 

Bio-Rad #161-0375 

Phenylmethanesulfonyl 
fluoride, >98.5% (PMSF) 

Sigma-Aldrich P7626-250MG 

Immun-Blot® Low 
Fluorescence PVDF, 0.45 µm 

Bio-Rad #1620262 
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Sodium fluoride Sigma-Aldrich L4509 

Sodium pyrophosphate 
(NaPPi) 

Sigma-Aldrich P8010 

Sodium orthovanadate 
(Na3VO4) 

Sigma-Aldrich S6508 

Trans-Blot® TurboTM RTA 
Midi LF PVDF Transfer Kit 

Bio-Rad #1704275 

Tween-20 Sigma-Aldrich T8532 

Genomics 
Reagents 

10x Blue Juice (gel loading 
buffer) 

Invitrogen #10816-015 

1kb DNA ladder New England 
Biolabs 

N3232S 

Agarose Sigma-Aldrich A6013 – 500g  

BigDyeTM Terminator v3.1 
Cycle Sequencing Kit 

Thermo Fisher 
Scientific 

#4337455 

BigDye XTERMINATORTM 
Purification Kit 

Thermo Fisher 
Scientific 

#4376486 

Chloroform Merck Millipore #100776B 

Deoxynucleotide set, 100 
mM 

Sigma-Aldrich DNTP100-1KT 

DNA hydration solution Qiagen #158914 

Gel Loading Dye, Purple 
(6X), no SDS 

New England 
Biolabs 

B7024S 

GelRedTM Nucleic Acid Stain Biotium #41002 

Glycogen, Molecular Biology 
Grade 

Roche #10 901 393 
001 

UltraClean® 15 DNA 
Purification Kit 

MO BIO 
Laboratories Inc. 

#12100-300 

Nuclease-free water (NF-
H2O) 

Qiagen #129117 

Phusion High-Fidelity DNA 
polymerase 

New England 
Biolabs 

M0530 

Proteinase K Roche #03115887001 

Q5® High-Fidelity DNA 
polymerase 

New England 
Biolabs 

M0491 

QuantiTect Reverse 
Transcription Kit 

Qiagen #205313 

RNAse A Qiagen #19101 

RT2 SYBR® Green qPCR 
Mastermix  

Qiagen #330503 

Silica Bead DNA Gel 
Extraction Kit 

Thermo Scientific K0513 
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TRIzol® reagent Thermo Fisher 
Scientific 

#15596-018 

Truseq Stranded mRNA LT 
kit 

Illumina #20020595 

UltraPureTM Buffer Saturated 
Phenol 

Invitrogen #15593-031 

UltraPureTM 

Phenol:Chloroform:Isoamyl 
alcohol (25:24:1, v/v) 

Invitrogen #15593-031 

Inhibitors CBL0137 Selleckchem S8483 

Molecular 
Cloning 
Reagents 

Ampicillin Sigma-Aldrich A5354 

BamHI-HF New England 
Biolabs 

R3136S 

BsmBI New England 
Biolabs 

R0580S 

CutSmart® Buffer (10x) New England 
Biolabs 

B7204S 

EcoRI-HF New England 
Biolabs 

R3101S 

Kanamycin Sulphate Gibco #15160-054 

Luria Broth Base Invitrogen #12795-084 

NEBuffer 2 (10x) New England 
Biolabs 

B7002S 

NEBuffer 3.1 (10x) New England 
Biolabs 

B7203S 

One ShotTM MAX EfficiencyTM 
DH5aTM-T1R chemically 
competent E. Coli 

Thermo Fisher 
Scientific 

#12297016 

QIAprep Spin Miniprep Kit Qiagen #27106 

QIAGEN Plasmid Midi Kit Qiagen #12124 

Select AgarTM Invitrogen #30391-023 

Shrimp Alkaline Phosphatase 
(rSAP) 

New England 
Biolabs 

M0371S 

S.O.C. Medium Thermo Fisher 
Scientific 

#15544034 

T4 DNA Ligase New England 
Biolabs 

M0202 

T4 DNA Ligase Reaction 
Buffer (10X) 

New England 
Biolabs 

B0202S 

T4 Polynucleotide Kinase New England 
Biolabs 

M0201S 
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T7 Endonuclease I New England 
Biolabs 

M0302S 

XhoI New England 
Biolabs 

R0146S 

Viral 
Transfection & 
Transduction 
Reagents 

Lipofectamine 2000 Thermo Fisher 
Scientific 

#11668500 

Opti-MEMTM Reduced Serum 
Medium, GlutaMAXTM 

Supplement 

Thermo Fisher 
Scientific 

#51985034 

Polybrene®  Santa Cruz 
Biotechnology 

sc-134220 

RetroNectin® GMP grade Takara Bio USA T202 
 

 

Table 2.2 – List of phospho-flow antibodies 
Antibody Isotype Catalogue no. Supplier 
Akt (pS473) IgG1, k #560378 BD Pharmingen 

Erk 
(pT202/pY204) 

IgG1 #612566 BD Pharmingen 

IgG1-PE IgG1, k #559320 BD Pharmingen 

S6 
(pS235/pS236)-
PE 

IgG1, k #560433 BD Pharmingen 

Stat5 (pY694)-
PE 

IgG1, k #562077 BD Pharmingen 

Syk (pY348)-PE IgG1, k #558529 BD Pharmingen 

Zap70 (Y319)-
PE 

IgG1, k #557881 BD Pharmingen 

Note: 20 µL of stain was used per test.  
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Table 2.3 – List of murine surface marker flow cytometry antibodies 
Antibody Clone Catalogue no. Supplier 
Alexa Fluor® 647 Rat 
Anti-Mouse CD5 

53-7.3 #100613 Biolegend 

Alexa Fluor® 647 Rat 
Anti-Mouse IgG2a, κ 

RTK2758 #400526 Biolegend 

Alexa Fluor® 700 Rat 
Anti-Mouse CD34 

RAM34 #560518 BD Pharmingen 

Alexa Fluor® 700 Rat 
Anti-Mouse CD8a 

53-6.7 #100730 Biolegend 

Alexa Fluor® 700 Rat 
Anti-Mouse IgG2a, κ 

RTK2758 #400528 Biolegend 

Alexa Fluor® 700 Rat 
IgG2a, κ Isotype Ctrl 

RTK2758 #400528 Biolegend 

APC Rat Anti-Mouse 
CD24 

M1-69 #562349 BD Pharmingen 

APC Rat Anti-Mouse 
CD25 

PC61 #102012 Biolegend 

APC Rat IgG1, λ Isotype 
Ctrl 

G0114F7 #401904 Biolegend 

APC/Cy7 Rat Anti-Mouse 
CD4 

GK1.5 #100414 Biolegend  

APC/Cy7 Rat IgG2b, κ 
Isotype Ctrl 

RTK4530 #400624 Biolegend 

BV650 Rat Anti-Mouse 
CD13 

R3-242 #740488 BD Pharmingen 

BV650 Rat Anti-Mouse 
IgG1, κ 

R3-34 #563848 BD Pharmingen 

BV786 Mouse Anti-
Mouse CD249 (BP-1)  

BP-1 #740882 BD Pharmingen 

PE Rat Anti-Mouse B220 RA3-6B2 #103208 Biolegend 

PE Rat Anti-Mouse CD2  RM2-5 #100108 Biolegend 

PE Rat Anti-Mouse CD4 H129.19 #553653 BD Pharmingen 

PE Rat Anti-Mouse CD8a 53-6.7 #553033 BD Pharmingen 

PE Rat Anti-Mouse TER-
119/Erythroid Cells 

TER-119 
(RUO) 

#553673 BD Pharmingen 

PE Rat IgG2b, λ Isotype 
Ctrl 

G013B8 #403804 Biolegend 

PE-CF594 Rat Anti-
Mouse CD19 

HIB19 #562291 BD Pharmingen 

PE-CF594 Rat Anti-
Mouse IgG2a, κ 

R35-95 #562302 BD Pharmingen 
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PE-CF594 Rat Anti-
Mouse Sca-1 (Ly-6a) 

D7 #562730 BD Pharmingen 

PE-Cy7 Rat Anti-Mouse 
CD117 (c-Kit) 

2B8 #561681 BD Pharmingen 

PE-Cy7 Rat Anti-Mouse 
CD43 

S7 #562866 BD Pharmingen 

PE-Cy7 Rat Anti-Mouse 
IgG2b, κ 

R35-95 #552784 BD Pharmingen 

PE/Cy7TM Rat Anti-Mouse 
CD44 

IM7 #103030 Biolegend 

PE/Cy7TM Rat IgG2b, κ 
Isotype Ctrl 

RTK4530 #400618 Biolegend 

PerCP/Cy5.5 Mouse Anti-
Mouse CD45.2 

104 #109828 Biolegend 

PerCP/Cy5.5 Mouse 
IgG2a, κ Isotype Ctrl 

MOPC-173 #400258 Biolegend 

V450 Rat Anti-Mouse 
CD3 Molecular Complex 

17A2 #561389 BD Pharmingen 

V450 Rat Anti-Mouse 
IgG2b, κ 

A95-1 #560457 BD Pharmingen 

 
 
Table 2.4 – List of primary western blotting antibodies 
Target Clone Molecular 

Weight 
(kDa) 

Source Dilution Catalogue 
# 

Supplier 

GAPDH 14C10 37 Rabbit 1:1000 #2118 Cell Signaling 
Technology 

p21 12D1 21 Rabbit 1:1000 #2947 Cell Signaling 
Technology 

p53 1C12 53 Mouse 1:1000 #2524 Cell Signaling 
Technology 

Note: All antibodies are monoclonal. 

 
Table 2.5 – List of secondary western blotting antibodies 
Target Antibody Source Dilution Cat # Supplier 
Goat IgG IRDye® 800CW Donkey 

anti-Goat IgG 
Donkey 1:15,000 #926-32214 LI-COR 

Rabbit 
IgG 

IRDye® 800CW Donkey 
anti-Rabbit IgG 

Donkey 1:15,000 #925-32213 LI-COR 
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2.2 Cell culture media & solutions 
All cell culture media were stored at 4oC and equilibrated at room temperature (RT) 

prior to use, unless otherwise stated.  

 

Arf-/- thymocyte cell culture media  
MEM α, medium, with nucleosides  

1mM sodium pyruvate  

20% Hyclone foetal bovine serum (FBS) 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

2mM L-glutamine 

5 ng/mL Flt3 ligand (Flt3L) 

5 ng/mL murine IL-7 (mIL-7) 

 

Ba/F3 IL-3 independent, RS4;11 & WEHI-3B cell culture media 
RPMI-1640 medium 

2 mM L-glutamine 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

10% FBS 
 
Ba/F3 parental wildtype cell culture media 
RPMI-1640 medium 

2 mM L-glutamine 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

10% FBS 

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

 

D10 media/HEK-293T cell culture media 
Dulbecco’s Modified Eagle’s Medium (DMEM) 

2 mM L-glutamine 

50 units/mL Penicillin 
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50 µg/mL Streptomycin 

10% FBS 

 

MOHITO cell culture media 
RPMI-1640 medium 

2 mM L-glutamine 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

20% FBS 

10 ng/mL murine IL-7 

5 ng/mL murine IL-2 

 

MOHITO cytokine-free culture media 
RPMI-1640 medium 

2 mM L-glutamine 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

20% FBS 

 

OP9-DL1 cell culture media 
MEM α medium, with nucleosides 

1mM sodium pyruvate 

10% FBS 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

2mM L-glutamine 

 

Starve RPMI-1640 media 
RPMI-1640 medium  

2 mM L-glutamine 

50 units/mL Penicillin 

50 µg/mL Streptomycin 

2% FBS 
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Cryoprotectant freezing solution 
7:2:1 ratio of complete cell culture media:FBS:DMSO 

 

2.3 Common buffers & solutions for flow cytometry analysis 
All solutions stored at 4oC unless specified.  

 

1x Binding buffer for Annexin-V / 7-AAD cell viability assay 
500 mL HBSS 

10 mM HEPES 

5 mM CaCl2 

Solution was used ice-cold for each application. 

 

1x Binding buffer for phospho-flow assay 
1x PBS 

1% BSA 

Solution was prepared and filtered with a 0.2 µM sterile filter.  

 

Methanol permeabilisation solution for phospho-flow assay 
80% analytical grade methanol 

20% Milli-Q® H2O 

Solution was stored at -20oC and used ice-cold for each application.  

 

Flow cytometry fixative (FACS fix) 
1x PBS 

1% formaldehyde 

111mM D-glucose 

0.02% sodium azide 

 

Cell blocking buffer 
2% BSA 

2% FCS 

1x PBS 
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2.4 Common buffers & solutions for protein assays 
4x Laemmli’s reducing loading buffer 
0.25 M Tris-HCl pH 6.8 

8% SDS 

40% glycerol 

0.04% β-mercaptoethanol  

0.05% bromophenol blue 

RO H2O 

Aliquotted into screw-capped 1.5 mL tubes and stored at -20oC. 

 

NP40 lysis buffer 
10 mM Tris-HCl pH 7.4 

137 mM NaCl 

10% Glycerol 

1% NP-40 (IgepalTM) 

Sterile Milli-Q® H2O 

 

The above buffer was made in bulk (10 mL) and stored at 4oC. The following 

reagents were added to the concentrations indicated to a 1mL aliquot of the above 

immediately prior to each use.  

 

10 mM b-glycerol phosphate 

2 mM Sodium vanadate 

2 mM Sodium fluoride 

2 mM PMSF 

10 mM Sodium pyrophosphate 

1 µg/mL Leupeptin 

5 µg/mL Aprotonin 

1 x cOmpleteTM mini EDTA-free protease inhibitors cocktail tablet/10ml NP40 lysis 

buffer 
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1x Phosphate-buffered saline (1x PBS) 
10x PBS stock  

Diluted 1:10 in sterile Milli-Q® ultra-purified water 

Solution was prepared and stored at 4oC. 

 

10x SDS-PAGE gel running buffer 
250 mM Tris 

1.92 M Glycine 

1% SDS 

RO water 

Solution was prepared and stored at RT. 

1x solutions were prepared in RO water from 10x stocks and stored at RT. 

 

10x Tris-buffered saline (10x TBS) 
200 mM Tris-HCl (pH 7.5) 

1.5 M NaCl 

RO water 

Solution was prepared and stored at RT.  

1x solutions were prepared in RO water from 10x stocks and stored at RT. 

 

1x Tris-buffered saline + 0.1% Tween-20 (1x TBST) 
200 mM Tris-HCl (pH 7.5) 

1.5 M NaCl 

0.1% Tween-20 

RO water 

Solution was prepared and stored at RT.  

 

10x Western blotting transfer buffer 
250 mM Tris 

1.92 mM Glycine 

RO water 

Solution was prepared and stored at 4oC. 

1x solutions were prepared from 10x stocks in RO water with 20% methanol final 

and stored at 4oC.  
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2.5 Common molecular cloning buffers & reagents 
1x TAE agarose gel for DNA electrophoresis 
1-2% agarose powder 

0.01% GelRedTM nucleic acid stain 

1x TAE buffer 

Agarose powder was dissolved in 1x TAE by boiling in a microwave oven. Solution 

was cooled to approximately 40oC prior to the addition of GelRedTM (Biotium, 

California, USA) nucleic acid stain and used for gel electrophoresis. Remaining gel 

was stored at RT for up to 1 month and was re-liquified prior to use in a microwave 

oven.  

 
DNA lysis buffer 
10 mM Tris 

10 mM sodium chloride 

10 mM EDTA 

 
dNTP set (N=A, T, C, G) 
25 mM (40 µL) of each dNTP 

10 mM: 1:2.5 dilution of 25 mM stock in 80 µL DEPC water 

5 mM: 1:5 dilution of 25 mM stock in 80 µL DEPC water 

Solution was prepared and stored at -20oC. 

 

Luria broth (LB) 
7.5 g LB base 

To 300 mL with Milli-Q® water 

Solution was sterilised (autoclaved) and stored at RT. 

 

LB agar 
7.5 g LB base 

4.5 g Select AgarTM 

To 300 mL with Milli-Q® water 

Solution was sterilised (autoclaved) and stored at RT. Solidified agar stocks were 

heated to 100oC in a microwave oven and cooled to approximately 37oC prior to the 
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addition of antibiotics, depending on the antibiotic-resistance profile of plasmids (100 

µg/µL ampicillin or 50 µg/µL kanamycin). LB agar solution was aseptically transferred 

into sterile petri dishes and allowed to solidify at RT. LB agar plates were transferred 

to a sterile biosafety cabinet and lids removed to enable condensation to evaporate. 

LB agar plates were then stored at 4oC for up to two months. 

 

50x Tris-acetate EDTA (50x TAE) buffer 
2 M Tris-HCl (pH 7.6) 

1 M acetic acid 

50 mM EDTA 

Milli-Q® water 

Solution was prepared and stored at RT.  

 

1x TAE buffer 
1x solutions were prepared from 50x stock in RO water and stored at RT.  

 

2.6 Common buffers & solutions for in vivo and ex vivo murine 
experiments 

 

Red cell lysing buffer (RCLB) 
0.144 M NH4Cl (ammonium chloride)  

0.144 M NH4HCO3 (ammonium bicarbonate)  

Milli-Q® water 

Solution was prepared and stored at RT. 

 

Thymocyte thaw media 
HBSS 

1% Hepes 

5% FBS 

5% anticoagulant citrate dextrose solution (ACD-A) 

Solution was prepared fresh prior to use and pre-warmed in a 37oC water bath.  

 

 



Chapter 2 – Methods 

 66 

White cell fluid (WCF) 
2% glacial acetic acid 

Milli-Q® water 

Methyl violet crystals 

Solution was prepared and stored at RT. 

 

2.7 CBL0137 small molecule preparation and storage 
CBL0137 was purchased as powdered stock from Selleckchem (Houston, USA). 

Powdered stock was dissolved in sterile diluent (DMSO) to 10 mM and stored long-

term in 20 µL aliquots at -80oC. Immediately prior to use, serial dilutions were made 

from stored stock solutions in sterile diluent for use in cell death assays.  

MW: 372.89 g/mol.  

 

2.8 Ethics statement 
Genomic material from patients diagnosed with ALL were used within this project. 

Participants were required to provide written informed consent for their samples to be 

used in accordance with the Declaration of Helsinki. The nature of the study was 

explained, where participants were informed of the intended use of samples for 

prospective medical research. The use of samples was approved by the Central 

Adelaide Local Health Network and the Royal Adelaide Hospital Human Research 

Ethics Committee (HREC/16/MH/251, 15/09/2017 and HREC/15/RAH/54, 

25/02/2015).  

 

2.9 Nucleic acid protocols 
 Mononuclear cell (MNC) isolation 

Mononuclear cells (MNCs) were isolated from patient blood and bone marrow samples 

using Lymphoprep (STEMCELL Technologies, Vancouver, Canada) density gradient 

centrifugation according to manufacturer’s instructions. 
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 RNA extraction of TRIzol® samples 

Approximately 5 x 106 cells were collected in 2 mL microcentrifuge tubes and pelleted 

at 550´ g for 5 min. Supernatant was removed and cells were resuspended in 1 mL of 

TRIzol® reagent (Thermo Fisher Scientific, Massachusetts, USA) and incubated at RT 

for 5 min. If not immediately proceeding to RNA extraction, samples were stored at -

80oC, and then thawed at RT immediately prior to RNA extraction. The suspension 

was then vigorously mixed with 200 µL of 100% chloroform (Sigma-Aldrich, Missouri, 

USA). All following centrifugation steps were performed at 4oC. The suspension was 

centrifuged at 12,000´ g for 15 min at 4oC, and the upper aqueous phase retained in 

a fresh 1.7 mL microcentrifuge tube (Corning Inc., New York, USA). RNA was 

precipitated by mixing with 500 µL 100% isopropanol and 1 µL 20 µg/mL glycogen 

(Thermo Fisher Scientific). Samples were incubated for 10 min at RT, then centrifuged 

at 12,000´ g for 10 min. The supernatant was discarded and RNA pellet washed with 

1 mL 70% ethanol (Sigma-Aldrich), and centrifuged at 7,500´ g for 5 min. Supernatant 

was removed and the pellet re-centrifuged to remove any residual ethanol. The pellet 

was air-dried for up to 10 min and resuspended in 30 µL of DEPC-treated NF-H2O. 

Samples were incubated at 55oC for 10 min to ensure that RNA was completely 

dissolved, before quantification using a Nanodrop 8000 Spectrophotometer (Thermo 

Fisher Scientific). Samples were stored long-term at -80oC.  

 

 Complementary DNA (cDNA) synthesis 

The QuantiTect Reverse Transcription Kit (Qiagen, Hilden, Germany) was used to 

synthesise cDNA from 1 µg of RNA. In a single reaction, 2 µL of 7x gDNA Wipeout 

Buffer was added with NF-H2O and RNA to 14 µL final volume in a 0.2 mL PCR tube 

(Axygen®, California, USA). Samples were incubated for 2 min at 42oC to ensure 

gDNA elimination.  

A volume of 6 µL master mix comprising 4 µL 5x Quantiscript buffer, 1 µL primer mix 

and 1 µL Quantiscript reverse transcriptase was added into each sample. Using an 

MJ Research DNA Engine thermal cycler, samples were incubated for 30 min at 42oC, 

then 3 min at 95oC. The resulting cDNA were stored at -20oC until required.  
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 Polymerase chain reaction (PCR) 

All PCR master mixes were set-up in 1.7 mL microcentrifuge tubes in a template-free 

PCR room before aliquoting into 0.2 µL PCR tubes or 8-well strips (Axygen®). 

depending on the number of samples, on an Isofreeze® tube cooler rack (Alpha 

Laboratories, Mount Wellington, New Zealand). Template was added in a designated 

UV cabinet. No template control (NTC) reactions with NF-H2O were included to ensure 

absence of non-specific amplification products. PCR cycling reactions were performed 

on a T100 thermal cycler (Bio-Rad, Hercules, USA).  

 

 Quantitative reverse transcription PCR (qRT-PCR) 

Set-up conditions are as described for other PCR reactions (refer to 2.9.4), except 

using a MicroAmpTM Optical 96-Well Reaction Plate (Thermo Fisher Scientific). Actin 

was used as an endogenous control for all reactions. qRT-PCR cycling reactions were 

performed on a QuantStudio 7 Real-Time PCR system (Thermo Fisher Scientific).  

 

 Sanger sequencing of plasmids and PCR products 

Samples were either submitted for Sanger sequencing at the Australian Genome 

Research Facility (AGRF), or performed in-house using the BigDyeTM Terminator v3.1 

Cycle Sequencing Kit (Thermo Fisher Scientific) and the SeqStudioTM Genetic 

Analyser System (Thermo Fisher Scientific). DNA chromatogram results were 

analysed using Benchling® online software.  

Samples submitted to AGRF for Sanger sequencing were prepared in 1.7 mL 

microcentrifuge tubes, consisting of 2 µL of 5 µM stock per primer and 600-800 ng 

vector DNA per reaction, to a final volume of 14 µL with NF-H2O.  

Samples sequenced in-house using the SeqStudioTM Genetic Analyser System were 

prepared according to the protocol specified in Tables 2.6-2.7. Samples were 

prepared in a MicroAmpTM Optical 96-Well Reaction Plate (Thermo Fisher Scientific), 

or MicroAmpTM Optical 8-Cap Strips (Thermo Fisher Scientific) depending on the 

number of samples.  
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Table 2.6 – Reagents and protocol for Sanger sequencing using BigDyeTM 
Terminator v3.1 Cycle Sequencing Kit 
Purpose Reagents Volume/quantity Total reaction 

volume (µL) 

Perform cycle 
sequencing 

BigDyeTM Terminator 
v3.1 Ready Reaction 
Mix 

1 µL 

20 µL 
Perform cycle 
sequencing in 
thermal cycler 
(Table 2.7) 

BigDyeTM Terminator 
v3.1 5x Sequencing 
Buffer 

3.5 µL 

Primer (5 µM) 0.65 µL (3.2 
pmol) 

DNA template Varies: See 
Table 2.8 

NF-H2O To 20 µL 

Purify sequencing 
reactions 

SAMTM Solution 
90 µL per 
sequencing 
reaction 

110 µL 
Apply reagents 
directly to cycle 
sequencing 
reaction  

BigDye XTerminatorTM 
bead solution 

20 µL per 
sequencing 
reaction 
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Table 2.7 – Reaction conditions for Sanger sequencing using BigDyeTM 
Terminator v3.1 Cycle Sequencing Kit 

 

 

Table 2.8 – Guide for template quantities used in Sanger sequencing using 
SeqStudioTM 
DNA template type and size Quantity used for Sanger sequencing 
Plasmid, double-stranded (any size) 750-850 ng 

Plasmid, single-stranded (any size) 100-250 ng  

PCR product: 100-200 bp  2-6 ng 

PCR product: 200-400 bp  4-10 ng 

PCR product: 400-600 bp  10- 16 ng  

PCR product: 600-800 bp  20-30 ng 

PCR product: >800 bp  30-75 ng  
 

  

Purpose Reaction conditions 

Perform cycle 
sequencing 

Cycle sequencing performed in a T100 thermal cycler (Bio-
Rad) 
96oC for 1 min 
With a ramp rate of 1oC/sec: 96oC for 10 sec, 50oC for 5 
sec, 60oC for 4 min, repeat for total of 25 cycles 
4oC for ¥ 

Purify sequencing 
reactions 

Purification solution was prepared using the BigDye 
XTerminatorTM purification kit (SAMTM Solution + bead 
solution, Table 2.6) was prepared, and 110 µL applied to 
each sequencing reaction. 
In a VWR® Advanced Microplate Vortex Mixer (VWR 
International, Pennsylvania, USA), samples were vortexed 
for 30 min at 2,000´ g. 
In a swinging bucket centrifuge, samples were centrifuged at 
1,000´ g for 2 min. 

Perform Sanger 
sequencing with 
SeqStudioTM Genetic 
Analyser 

Samples were inserted into the instrument and sequencing 
protocol carried out according to manufacturer’s instructions1 
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 Genomic DNA (gDNA) extraction 

For each sample, gDNA was extracted from 5 x 106 cells (MNCs) or 2 x 106 cells (cell 

lines). Cells were pelleted at 10,000´ g for 5 min in a 1.7 mL microcentrifuge tube. The 

supernatant was aspirated, and the cell pellet frozen at -80oC as a ‘whole-cell pellet 

(WCP)’ until DNA extraction. WCPs were thawed and washed in 1 mL 1x PBS at 

10,000´ g for 5 min. Supernatant was aspirated and cells were resuspended in 480 

µL DNA lysis buffer (section 2.5), then 12.5 µL 20% sodium dodecyl sulphate (SDS) 

(Thermo Fisher Scientific) and 10 µL 10 mg/mL proteinase K (Roche) was added, and 

the samples mixed by inversion. Samples were incubated overnight at 37oC or 2 h at 

55oC.  

Following incubation, 5 µL 100 mg/mL RNAse A (Qiagen, Hilden, Germany) was 

added to each tube, inverted approximately 50 times and incubated at 37oC for 10 

min. Ten microlitres of 5 M sodium chloride and 1 µL 20 mg/mL glycogen carrier 

(Roche) were subsequently added to each tube. In a fume hood, 500 µL buffer 

saturated phenol (Invitrogen, California, USA) was added and tubes were mixed by 

vigorous shaking, achieving a homogenous milky solution. Samples were then 

centrifuged at 16,000´ g for 5 min and the upper aqueous layer was retained in a fresh 

1.7 mL microcentrifuge tube, to which 500 µL UltraPureTM phenol:chloroform:isoamyl 

alcohol (25:24:1, v/v) (Invitrogen) was added and mixed by vigorous shaking. Tubes 

were centrifuged 16,000´ g for 5 min, and the aqueous phase retained in a fresh 1.7 

mL tube. The DNA extract was washed with 1 mL of ice-cold 100% ethanol, mixed by 

inversion and DNA was then pelleted by centrifuging at 20,000´ g for 10 min. The 

supernatant was discarded, and DNA pellet washed with 700-800 µL of 70% ethanol 

and then re-pelleted by centrifuging at 20,000´ g for 5 min. The ethanol supernatant 

was discarded, and pellet centrifuged at 16,000´ g for 1 min to remove residual 

ethanol. DNA pellets were air-dried for up to 10 min, resuspended in up to 200 µL DNA 

hydration solution (Qiagen), and incubated at 55oC for 2 h, and then 37oC overnight. 

DNA concentration was quantified using the NanoDrop 8000 Spectrophotometer 

(Thermo Fisher Scientific), and samples stored at -80oC.  
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 DNA gel electrophoresis 

Genomic products were visualised via DNA gel electrophoresis on a 1-2% agarose 

gel/1x TAE containing GelRed for 60 min at 100V, alongside 1 kb or 100 bp molecular 

weight ladders (New England Biolabs, Ipswich, USA) unless otherwise specified. 

Bands were visualised on the GelDocTM XR+ (Bio-Rad) gel documentation system, 

ensuring correct sizes and purity of samples. 

 

2.10 General cell culture and flow cytometry protocols 
 Sub-culturing of cell lines 

Cells were assessed by Trypan blue exclusion (1:1 dilution) with a Neubauer 

haematocytometer (Marienfeld Superior GMBH & Co. KG, Lauda-Königshofen, 

Germany), and density and percentage viability quantified by microscopic visualisation 

under 10x magnification. In a biosafety class II cabinet, cells were sub-cultured in RT 

media (refer to 2.2) into either T25, T75 or T150 culture flasks (Corning Inc.). Cells 

were sub-cultured at their recommended densities, depending on cell doubling time 

and desired final volume (Table 2.9). 

 

Table 2.9 – Recommended seeding densities for in vitro cell lines  

Cell line Cell type Species Source Culture 
properties 

Recommended 
Live Cell 

Seeding Density 
for 3 days in 

culture 
Ba/F3 IL-3 
dependent Pro-B cells Mouse DSMZ Suspension 2 x 104 / mL 

Ba/F3 IL-3 
independent Pro-B cells Mouse DSMZ Suspension 1 x 104 / mL 

HEK-293T Embryonic 
kidney cells Human ATCC® Adherent 1 x 104 / cm2 

OP9-DL1 Bone marrow 
stromal cells Mouse 

Sunnybrook 
Research 
Institute 

Adherent 2-3 x 105 per 10 
cm dish 
1.5-2 x 104 per 
well in 12-well 
plate 

MOHITO CD4+CD8+ T-
cells Mouse St Jude Suspension 1-2 x 105 / mL 
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RS4;11 t(4;11) B 
lymphoblasts Human ATCC®  Suspension 2 x 105 / mL 

NALM-19 B 
lymphoblasts Human DSMZ Suspension 8 x 105 / mL 

MV4;11 t(4;11) 
myeloblasts 

Human ATCC® Suspension 1 x 105 / mL 

RCH-ACV t(1;19) B 
lymphoblasts 

Human DSMZ Suspension 1 x 105 / mL 

REH t(12;21) B 
lymphoblasts 

Human DSMZ Suspension 2 x 105 / mL 

Jurkat T 
lymphoblasts 

Human ATCC® Suspension 6 x 104 / mL 

U-937 t(10;11) 
myeloblasts 

Human ATCC® Suspension 6 x 104 / mL 

THP-1 t(9;11) 
myeloblasts 

Human ATCC® Suspension 5 x 105 / mL 

 

 Cryopreservation of cells 

Cells (approximately 5 x 106 to 2 x 107 cells per ampoule) were collected into a 50 mL 

centrifuge tube and pelleted at 1,400 rpm for 5 min at RT. For Ba/F3 and human cell 

lines, supernatant was discarded and cells resuspended in 700 µL of culture media 

per ampoule. A volume of 300 µL cryoprotectant freezing solution per ampoule (2.2) 

was added dropwise onto the cell pellet, with gentle agitation. For the MOHITO cell 

line and primary Arf-/- cells, supernatant was discarded and 1 mL of 90% FCS/10% 

DMSO per ampoule was added in a dropwise fashion, with gentle agitation.  

The suspension was immediately transferred into 1.5 mL cryogenic ampoules 

(Nalgene Nunc International, New York, USA) and allowed to cool in a RT Mr. Frosty 

Freezing container (Nalgene Nunc International) overnight, at a rate of -1oC per minute 

in a -80oC ultracool freezer. Ampoules were then transferred for long-term storage into 

liquid nitrogen (-196oC).  

 

 Fluorescence-activated cell sorting of transduced cells 

Fluorescence-activated cell sorting (FACS) was used to isolate transduced cell 

populations with stable fluorescent reporter gene expression (Table 2.10). Unsorted 

cells were centrifuged at 1,400 rpm for 5 min and resuspended in 1 mL RPMI-1640/1% 
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FCS to an approximate concentration of 5 x 106 cells/mL for sorting. GFP positive 

(GFP+) gate was set based on the fluorescence of untransduced cells, and GFP+ cells 

were collected in RPMI-1640 containing 20% FCS and sorted to >90% purity using a 

BD Biosciences (New Jersey, USA) FACSMelodyTM or FACSAria FusionTM flow 

cytometry cell sorter. Immediately following collection, cells were centrifuged for 5 min 

at 1,400 rpm. Supernatant was removed and cells were cultured at a suitable density 

(Table 2.9) in appropriate cell culture media.  

 

Table 2.10 – Fluorescent reporter gene expression for expression vectors in 
transduced cell lines 
Expression vector Fluorescent reporter gene 
pRUFiG2 Green fluorescent protein (GFP) 

FgH1tUTG GFP 

FUCas9mCherry mCherry 
 

 Immunophenotyping 

Approximately 2 x 106 cells per sample were collected in a 5 mL FACS tube and 

centrifuged at 2,700 rpm for 2 min. Cells were washed with 1 mL RT 1x PBS and 

centrifuged at 2,700 rpm for 2 min. Supernatant was discarded and cells were blocked 

with 100-200 µL blocking buffer (2.3) on ice for 15 min. Meanwhile, antibody master 

mixes were prepared in 50 µL of 2% FCS/1x PBS per test. Antibody volume per test 

was prepared according to Table 2.11 for MOHITO cell lines and primary Arf-/- cells, 

or Table 2.12 for Ba/F3 cell lines. Antibodies were multiplexed where possible. Where 

multiplexing was performed, compensation was adjusted based on single stained and 

unstained controls. Following 15 min blocking, samples were washed in 1 mL RT 1x 

PBS and supernatant discarded. Samples were resuspended in 2% FCS/1x PBS (50 

µL per test), and 50 µL aliquoted into each 5 mL FACS tube required, corresponding 

to the number of different antibody master mixes. Antibody master mixes (50 µL per 

sample) were applied to each sample, vortexed and incubated on ice in the dark for 

30 min. Following incubation, cells were washed in 1 mL 1x PBS and resuspended in 

100-200 µL FACS fix, and stored at 4oC until analysis on a BD FACSCantoTM, 

FACSSymphonyTM or FACSFortessaTM (BS Biosciences, USA).  
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Table 2.11 – Volume of antibodies for multicolour surface marker flow cytometry 
of MOHITO T-cell lines and Arf-/- thymocytes 

Tube #1 
Antibody Fluorochrome Isotype control Volume per 

test 
CD3 molecular 
complex (sCD3) 

V450 Rat IgG2b, κ  1 µL  

CD4 APC/Cy7 Rat IgG2b, κ  5 µL  

CD8a  Alexa Fluor® 700 Rat IgG2a, κ  1 µL 

CD44  PE-Cy7 Rat IgG2b, κ  1 µL 

CD25  APC Rat IgG1, λ  0.5 µL 

CD45.2  PerCP/Cy5.5 Mouse IgG2a, κ  1 µL 

CD2  PE Rat IgG2b, λ 1 µL 

Tube #2 
Sca-1 (Ly-6A) PE-CF594 Rat IgG2a, κ 1 µL 

CD117 (c-Kit) PE-Cy7 Rat IgG2b, κ 1 µL 

CD34 Alexa Fluor® 700 Rat IgG2a, κ  1 µL  

CD13  BV650 Rat IgG1, κ  1 µL 

CD5 Alexa Fluor® 647 Rat IgG2a, κ  2 µL 

All samples 
DAPI DAPI N/A 1 µL 
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Table 2.12 – Volume of antibodies for multicolour surface marker flow cytometry 
of Ba/F3 pro-B cell lines 

Tube #1 
Antibody Fluorochrome Isotype control Volume per 

test (50 µL 2% 
FCS/1x PBS) 

CD45.2  PerCP/Cy5.5 Mouse IgG2a, κ 1 µL 

CD19 PE-CF594 Mouse IgG1, κ 2 µL 

CD43 PE-Cy7 Rat IgG2a, κ 2 µL 

CD249 BV786 Mouse IgG1, κ 2 µL 

CD25  APC Rat IgG1, λ 0.5 µL 

Tube #2 
Sca-1 (Ly-6A) PE-CF594 Rat IgG2a, κ 2 µL 
CD117 (c-Kit) PE-Cy7 Rat IgG2b, κ 1 µL 
CD34 Alexa Fluor® 700 Rat IgG2a, κ 1 µL  
CD13  BV650 Rat IgG1, κ 1 µL 

Tube #3 
B220 PE Mouse IgG2a, κ 2 µL 

CD24 APC Rat IgG2b, κ 2 µL 

All samples 
DAPI DAPI N/A 1 µL 

 

 

2.11 CellTiter-Glo® Luminescent Cell Viability Assay 
Cells were centrifuged at 1,400 rpm for 5 min and washed three times in 1x PBS. Cells 

were incubated in RPMI-1640 starve media (2.2) for 1 h at 37oC. Following starvation, 

cells were centrifuged at 1,400 rpm for 5 min, supernatant aspirated, and resuspended 

in either complete media or cytokine-free media for the respective cell line (Ba/F3 or 

MOHITO) at a concentration of 2 x 104 cells/mL (MOHITO) or 1 x 103 cells/mL (Ba/F3), 

and transferred into duplicate wells of a 12-well plate. Cells were incubated at 37oC/5% 

CO2 for 5 days. Each day, including at day 0, each well was agitated with a p1000 

pipette to ensure a homogenous cell suspension. Immediately following agitation, 25 

µL from each well was transferred to a black bottom 96-well plate, and 20 µL of 

CellTiter-Glo® reagent was aliquoted into each well. The plate was vortexed for 1 min 
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and incubated in the dark for 15 min prior to quantifying luminescence with the 

PerkinElmer 2030 VICTOR X4 multilabel plate reader at 650-750 nm.  

 

2.12 Phospho-flow Assay 
Approximately 3 x 106 cells per sample were centrifuged at 1,400 rpm for 5 min and 

washed three times in 1x PBS. Washed cells were incubated in RPMI-1640 starve 

media (2.2) for 5 h at 37oC/5% CO2. Cells were collected in a 15 mL centrifuge tube, 

and 100 µL of 16% paraformaldehyde (PFA) was added per millilitre of sample. Cells 

were incubated in a 37oC humidified incubator (5% CO2) for 10 min, to allow fixation 

of intracellular proteins. Cells were then centrifuged at 1,400 rpm for 5 min at RT. 

Supernatant was aspirated and cells were washed in 1 mL RT 1x PBS and pelleted 

as previously described. Supernatant was discarded and 80% ice-cold methanol was 

added in a drop-wise fashion, while agitating at 600 rpm to resuspend and 

permeabilise of cells. Samples were then stored at -20oC overnight.  

The following day, cells were pelleted by centrifugation at 1,400 rpm for 5 min at RT, 

and the supernatant discarded. Cells were washed in 2 mL 1x PBS, then 1x phospho-

flow buffer (2.3). Antibodies were prepared according to Table 2.13. Cells were briefly 

vortexed and samples incubated in the dark for 1 h at RT. Following incubation, cells 

were washed in 1 mL 1x PBS, pelleted and resuspended in 200 µL of 1x PBS.  

 

Table 2.13 – Volume of antibodies for phospho-flow staining 
Parameters Antibody Volume per 50 µL of 1x 

binding buffer, in each tube 
Unstained control NA NA 

Isotype control 
antibodies 

IgG1-PE 2 µL 

1o conjugated 
antibodies for 
phospho-proteins 
of interest 

Stat5 (Y694)-PE 
Akt (S473)-PE 
Erk1/2 (pT202/pY204) 
S6 (pS235/pS236)-PE 
Syk (pY348)-PE 
Zap70 (Y319)-PE 

20 µL 

Note: To minimise pipetting error, stock solutions (n+1) of each antibody plus binding 

buffer were prepared, prior to delivery of staining solution into each tube.  
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2.13 Protein electrophoresis 
 Preparation of protein lysates 

Approximately 1 x 107 cells were pelleted in a 10 mL centrifuge tube by centrifugation 

at 1,400 rpm for 5 min at RT. Cells were washed with 1 mL ice-cold 1x PBS and 

transferred to a pre-chilled 1.7 mL microcentrifuge tube, and centrifuged at 6,800 rpm 

for 5 min at 4oC. Supernatant was discarded and 60 µL NP40 lysis buffer with freshly 

added inhibitors (2.4) was added and mixed by gentle pipetting. Samples were 

incubated on ice for 10 min and centrifuged at 13,000 rpm for 10 min at 4oC. Lysate 

was transferred to a new pre-chilled 1.7 mL microcentrifuge tube, avoiding cell debris, 

and 1/3 volume of 4x Laemmli’s loading buffer (4x LB) (2.4) was added to each lysate 

and mixed by gentle pipetting and pulse vortexing. Tubes containing remaining cell 

debris were retained for protein assay to determine lysate concentration (2.13.2). 

Lysates were boiled in a 100oC heat block for 10 min with weight applied to the lids. 

Boiled lysates were clarified by brief centrifugation prior to storage at -20oC.  

 

 Protein quantitation 

Protein assays were performed using the Bio-Rad DC Assay kit according to 

manufacturer’s instructions. Three microlitres of lysate was diluted 1:5 with water, and 

BSA protein standards at concentrations of 0, 0.2, 0.4, 0.8, 1.2, 1.6 and 2.0 µg/µL in 

water were analysed. Standards and diluted lysate samples were aliquoted into wells 

of a 96 well plate, in 5 µL duplicates. Twenty-five microlitres of Reagent A (stock 

solution of 20 µL Reagent S per 1 mL of Reagent A) and 200 µL of Reagent B were 

added into each well with a multi-channel pipette, and the plate was mixed by gentle 

vortexing. Samples were incubated in the dark for 15 min at RT, and protein 

concentration determined via the PerkinElmer 2030 VICTOR X4 multilabel plate 

reader at 650-750 nm. A standard curve was generated using the formula (y = mx + 

c) such that y is the optical density reading, m is the gradient generated in the formula, 

x is the concentration of BSA (µg/µL) and c refers to the constant. Ensuring that the 

R2 value of this standard curve was as close to 1 as possible, the protein concentration 

in samples were then calculated according to this formula.  
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 SDS-PAGE protein electrophoresis 

Bio-Rad CriterionTM pre-cast gels were assembled in Bio-Rad CriterionTM protein 

electrophoresis apparatus. 1x SDS-PAGE running buffer was added into both inner 

and outer tanks, and wells of pre-cast gels were flushed with buffer. A volume of 10 

µL of Bio-Rad Kaleidoscope protein ladder was added into the first lane, and 40-60 µg 

of lysate (thawed on ice, boiled to 100oC for 5 min and pulse centrifuged) was diluted 

to a final volume of 20-30 µL in 4x Laemmli’s buffer and administered into each 

subsequent lane. An electrical force of 100V was applied for 20 min to stack proteins, 

and then voltage was increased to 200V for approximately 45 min.  

 

 Western blotting 

Following separation of proteins via SDS-PAGE, proteins were transferred onto PDF 

membrane (Bio-Rad) using the Trans-Blot® TurboTM semi-dry western apparatus, 

using the ‘Mixed setting’ (1.3 A / 25 V for 7 min). Upon completion of protein transfer, 

membranes were cut enabling simultaneous incubation of multiple blots for differing 

proteins of interest. All following membrane washes and incubations were performed 

on a rocking platform (Ratek Instruments Pty Ltd., Australia) with gentle agitation 

unless otherwise specified. Membranes were blocked with Intercept blocking buffer 

(LI-COR, Lincoln, USA) for 60 min at RT. Following overnight incubation at 4oC with 

primary antibodies (Table 2.4), the membranes were washed 3 x with 1x TBST for 5 

min per wash. Blots were then incubated in their respective secondary antibodies 
(Table 2.5) for 2 h at RT in the dark. Membranes were washed 3 x with 1x TBST for 5 

min per wash and visualised on the LI-COR Odyssey® fluorescent scanner.  

 

 Densitometry analysis 

Western blots were visualised and analysed using LI-COR Image StudioTM Lite or 

Empiria Studio software. The intensity of each band was recorded, and the 

corresponding background value measured and subtracted. Intensities of 

phosphorylated proteins were compared to their total counterparts, and the ratio 

(phospho-protein:total-protein) obtained. Values for samples were graphed to quantify 

changes observed.  
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2.14 Annexin-V-PE / 7-AAD exclusion assay 
 Drug treatment of cells for Annexin-V-PE / 7-AAD cell-death assay 

Serial dilutions of inhibitor stocks were freshly prepared in complete cell culture media, 

based on a pre-determined range of concentrations. For inhibitors requiring DMSO as 

a solvent, stocks were prepared such that the final concentration of DMSO in cell 

culture was not more than 0.3%. Following analysis of cell viability and density using 

Trypan blue exclusion, cells were prepared at a final concentration of the 

recommended seeding density for 3 days in culture (Table 2.9) in complete cell culture 

media. Cells were exposed to inhibitor concentrations in a round-bottom 96-well tissue 

culture plate (Corning Inc.) in technical duplicates. Cell culture plates were incubated 

at 37oC in a humidified incubator (5% CO2) for 72 h prior to determination of viability 

by flow cytometry.  

 

 Annexin-V-PE / 7-AAD exclusion assay staining protocol  

Following 72 h drug exposure, 96-well tissue culture plates were centrifuged at 1,400 

rpm for 5 min at RT. Tissue culture media was removed by swift inversion, followed 

by gently blotting onto a multi-fold towel to completely remove supernatant. Cells were 

washed in ice-cold binding buffer (2.3), vortexed briefly and centrifuged at 1,400 rpm 

for 5 min at RT, and the supernatant discarded as previously described. Annexin-V-

PE / 7-AAD staining solution was prepared in bulk and administered to samples 

according to Table 2.14. Annexin-V and 7-AAD stains were first separately prepared 

in bulk and added to control tubes, before single stains were combined to form the 

dual stain applied to experimental wells.  
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Table 2.14 – Volumes of reagents for Annexin-V-PE / 7-AAD staining solution 
Parameter Annexin-V-PE 7-AAD 1x Binding Buffer 
Unstained control - - 20 µL 

Annexin-V single-
stained control 0.4 µL - 20 µL 

7-AAD single-
stained control - 0.04 µL 20 µL 

Experimental 
sample (per well) 0.4 µL 0.04 µL 20 µL 

 

Cells were incubated in staining solution for 20 min on ice in the dark, to allow binding 

of Annexin-V-PE and 7-AAD to apoptotic cells. Following staining, 200 µL of binding 

buffer was added into each well and analysed immediately. Control samples 

(unstained and single-stained) were analysed on the BD FACSCantoTM II flow 

cytometer to define forward and side-scatter parameters, and Annexin-V-PE / 7-AAD 

baseline fluorescence intensity gates. Experimental samples were acquired via the 

BD FACSCantoTM II high-throughput system (HTS), with compensation applied and 

data batch-analysed using FlowJo® software (FlowJo, LLC, USA).  

 

2.15 Handling of patient specimens and bioinformatic data 
 Patient information 

Leukaemic blasts from ALL patients with available mRNA seq data were assessed for 

the presence of fusion genes and single nucleotide variants (SNVs). Patient samples 

were included in analysis if they met all criteria described in Table 2.15. 

 

Table 2.15 – Patient inclusion parameters for mRNA seq data analysis 
Parameter Criteria 
Age >1 year of age at time of sample collection 

Disease status Confirmed diagnosis of ALL 
Newly diagnosed 

Genomic subtype Detection of a fusion gene involving KMT2A, MLLT10, or 
BCR-ABL1  
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 Preparation, MLPA and mRNA sequencing of patient samples 

All protocols involving the handling of patient materials were performed by Dr. Barbara 

McClure, Dr. Susan Heatley and Ms. Caitlin Schutz. Peripheral blood and/or bone 

marrow samples were collected from patients with ALL at diagnosis or relapse. MNCs 

were isolated and RNA extracted according to sections 2.9.1-2.9.3. MNCs were 

transcriptionally sequenced and analysed for single nucleotide variants (SNVs), 

insertion and deletion mutations (INDELs) and fusion genes. mRNA seq was 

performed using the Truseq Stranded mRNA LT kit (Illumina, California, USA) from 1 

µg total RNA, and the Illumina NextSeq 500 platform. Paired-end reads of 75 bp length 

with an average read depth of 65 million reads was obtained. Copy number alterations 

(CNAs) were detected via Multiplex Ligation-dependent Probe Amplification (MLPA), 

Probemix product names P202, P335 and P383. 

 

 Filtering of mRNA-seq data 

Fusion transcripts were identified from mRNA seq data with FusionCatcher 

(fusioncatcher.py 0.99.7c beta)2, JAFFA (v1.09)3, and SOAPfuse (v1.26)4, then 

outputs combined. Only fusions identified by at least two callers were assessed 

further, and events were ranked by total number of supporting reads. 

SNVs and INDELs were called using GATK HaplotypeCaller (v3.4.46)5 and annotated 

by ANNOVAR software (2015-036-17)6. SNVs were further filtered using R Studio 

software. All codes are available on Github 

(https://github.com/michelleforgi/ALL_filtering.git). Previously published gene lists 

were used to interrogate for SNVs in leukaemia-associated genes7,8 and epigenetic 

regulators9. SNVs were included in analysis if they met all of the criteria specified in 

Table 2.16.  

Table 2.16 – mRNA-seq SNV filtering parameters 
Parameter Criteria 
Deleterious prediction Bioinformatically predicted as deleterious by both 

SIFT and PolyPhen2  

Rarity of variant Present in <5% of the normal ‘healthy’ population 
according to ExAC_all 

Minimum reads >20 total reads across reference and alternate allele 
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 Manual interrogation of SNVs and INDELs within leukaemia-
associated genes 

Following filtering of data as per Table 2.16, variants were manually interrogated using 

the COSMIC10 and VarSome11 databases. Manual interrogation of INDELs was 

performed by Dr. Laura Eadie. SNVs were included in analysis if they were classified 

as pathogenic or likely pathogenic in VarSome11 (ACMG score12) or COSMIC10 

(FATHMM13 score). Variants of uncertain significance were also included in the 

analysis of SNVs affecting epigenetic regulators, to ensure the inclusion of potentially 

relevant novel variants. INDELs were included in analysis if they were classified as 

pathogenic or likely pathogenic in VarSome (ACMG score), or if there is published 

evidence of the INDEL in T-ALL. 

 

2.16 Generation of Ba/F3 and MOHITO stable cell lines 
The KMT2A-AFF1 fusion gene was commercially synthesised in the pRUFiG2 

mammalian retroviral expression vector backbone (Figure 2.2B)14 by GenScript®. 

DDX3X-MLLT10 and PICALM-MLLT10 were identified from patient T-ALL bone 

marrow samples received at the Leukaemia Research Group, SAHMRI, and were 

amplified and cloned from patient cDNA into the pCR®-Blunt II-TOPO® construct 

(Figure 2.2A), and then sub-cloned into the pRUFiG2 expression vector (Figure 
2.2B). HEK-293T cells were transfected with fusion retroviral expression constructs to 

generate retrovirus, followed by transduction into Ba/F3 parental cells (courtesy of 

Professor Andrew Zannettino and Dr. Stephen Fitter, The University of Adelaide) for 

KMT2A-AFF1, or MOHITO15 parental cells (courtesy of Charles Mullighan, St Jude 

Children’s Research Hospital) for KMT2A-AFF1, DDX3X-MLLT10 and PICALM-

MLLT10. Transduced GFP+ cells were selected by FACS, followed by assays to test 

cytokine independence and proliferation. A detailed description of these experimental 

processes are provided in sections 2.16.1-2.16.18 and a schematic diagram is shown 

in Figure 2.1. 
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Figure 2.1 – Generation of Ba/F3 and MOHITO ALL stable cell lines via viral 
transduction 

 
Figure 2.2 – Vector maps for (A) pCR®-Blunt II-TOPO and (B) pRUFiG2  

1. PCR of DDX3X-MLLT10 & PICALM-
MLLT10 from patient cDNA using high-fidelity 

polymerase

3. Amplification of construct by transformation 
in chemically competent DH5α E. Coli

2. Blunt-end cloning of fusions in pCR-Blunt 
II-TOPO® for amplification of DNA

4. Insertion of fusion into pRUFiG2 
mammalian expression vector

5. Amplification of construct by transformation 
in chemically competent DH5α E. Coli

6. Generation of viral particles by co-transfection 
of pRUFiG2 expression vector and packaging 

vector pEqECO in HEK-293T cells 

7. Transduction of Ba/F3 and MOHITO host 
cells with retrovirus

8. Fluorescence-activated cell sorting of GFP-
expressing cells to establish stable fusion-

expressing cell lines

KMT2A-AFF1-pRUFiG2 
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 Patient background 

DDX3X-MLLT10 and PICALM-MLLT10 were identified from independent T-ALL 

patient bone marrow samples received at the Leukaemia Research Group, SAHMRI, 

following transcriptomic sequencing and bioinformatic analysis using Fusion catcher, 

JAFFA and deFuse fusion prediction software. Full predicted fusion sequences from 

NCBI are provided in Appendices 2.1-2.3.  

 

 PCR amplification of fusions 

All PCR were performed using 0.8 µL cDNA (2.9.3) diluted 1:2 with nuclease-free 

water, and performed in a Bio-Rad T100 thermal cycler unless otherwise specified. 

Primer sequences used for the amplification of DDX3X-MLLT10 and PICALM-MLLT10 

are provided in Table 2.17, and PCR protocols are provided in Tables 2.18-2.19.  

 
Table 2.17 – Primer sequences for the amplification of full-length DDX3X-
MLLT10 and PICALM-MLLT10 from patient cDNA 
Gene Primer sequences (5’ to 3’) 
DDX3X-MLLT10 Forward primer (DDX3X 5’ UTR):  

TTAGCAGCGGAAGACTCCGA 
Reverse primer (MLLT10 3’ UTR):  
CTGCAAAGGCAGCCAGATGA 

PICALM-MLLT10 Forward primer (PICALM 5’ UTR):  
CCAATGCAAAGAAGGTCTTG 
Reverse primer (MLLT10 3’ UTR):  
TCCTATCATGCCTGTTGGTG 

 

 
Table 2.18 – Volume of components for PCR amplification of DDX3X-MLLT10 
Component Final concentration Volume for 1 sample (µL) 
5X Phusion HF Buffer 1x 4 µL 

10 mM dNTP 200 µM 0.4 µL 

5 µM Forward primer 400 nM 0.8 µL 

5 µM Reverse primer 400 nM 0.8 µL 

Template DNA Variable 0.8 µL 

Phusion® High-Fidelity DNA 
polymerase 

0.4 unit 0.2 µL 
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Nuclease-free water - To 20 µL 

Final volume  20 µL 
 

PCR cycling conditions for amplification of DDX3X-MLLT10 
98oC for 1 min 

98oC for 10 sec, 66oC for 15 sec, 72oC for 1 min: 34 cycles total 

72oC for 10 min 

4oC for ¥ 

 

Table 2.19 – Volume of components for PCR amplification of PICALM-MLLT10 
Component Final concentration Volume for 1 sample (µL) 
5 µM Forward primer 400 nM 0.8 µL 

5 µM Reverse primer 400 nM 0.8 µL 

Template DNA Variable 0.8 µL 

Platinum SuperFi 
Polymerase MasterMix 

1x 12.5 µL 

Nuclease-free water - To 20 µL 

Final volume - 20 µL 
 

Cycling conditions for amplification of PICALM-MLLT10 
98oC for 30 sec 

98oC for 10 sec, 63oC for 15 sec and 72oC for 3 min: 34 cycles total 

72oC for 10 min 

4oC for ¥ 

 

 DNA Gel Purification  

Following amplification by PCR and confirmation of a single product size via DNA gel 

electrophoresis, the entire volume of each PCR were electrophoresed, and the band 

of the correct size excised using a scalpel and LED Transilluminator (Maestrogen, 

Hsinchu City, Taiwan). Gels were not imaged prior to excision to prevent UV-induced 

DNA damage. DNA was purified by gel extracted using the UltraClean® 15 DNA 

Purification Kit (MO BIO, San Diego, USA) according to manufacturer’s instructions, 

with final elution volumes between 14 to 20 µL.  
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 Molecular cloning of fusion genes in pCR-Blunt II-TOPO® vector  

The Zero Blunt® TOPO® PCR Cloning Kit was used in the ligation of DDX3X-MLLT10 

and PICALM-MLLT10 with the pCR-Blunt II-TOPO® vector (Table 2.20). Reactions 

were prepared on ice and incubated overnight at 4oC. 

 
Table 2.20 – Volume of components for ligation of fusions with pCR-Blunt II-
TOPO® vector 
Component Final volume 
Purified fusion DNA (DDX3X-MLLT10 or PICALM-
MLLT10) or NF-H2O (empty vector control) 

4 µL 

pCR-Blunt II-TOPO® vector 1 µL 

TOPO® Salt Solution 1 µL 
 

 Transformation of competent cells for amplification of T-ALL fusion 
gene pCR-Blunt II-TOPO® plasmids 

DDX3X-MLLT10 and PICALM-MLLT10 constructs were transformed into 50 µL of One 

ShotTM MAX EfficiencyTM DH5αTM-T1R chemically competent E. Coli via heat shock, 

as per manufacturer’s instructions (Thermo Fisher Scientific). Briefly, competent cells 

were thawed on ice, followed by addition of the entire volume of ligation reactions (6 

µL). Competent cells were gently agitated by flicking to mix cells with plasmid DNA, 

and incubated a further on ice for 30 min. 

Following incubation, cells were then subjected to a 2 min 42oC ‘heat shock’ followed 

by immediate incubation on ice for 2 min. A volume of 250 µL RT S.O.C. medium 

(Thermo Fisher Scientific) added, and samples incubated at 37oC in a bacterial orbital 

shaker (Ratek Instruments Pty Ltd.) for 60 min. The entire reaction volume was then 

spread onto pre-warmed agar plates containing 50 µg/mL kanamycin and incubated 

overnight at 37oC. Twelve isolated single colonies each from the DDX3X-MLLT10 and 

PICALM-MLLT10 plates were sampled using a 200 µL sterile pipette tip and 

individually placed in 2 mL LB broth containing 50 µg/µL kanamycin, in 10 mL 

polypropylene tubes, and cultured overnight at 37oC with shaking in a dry bacterial 

incubator.  
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 Extraction and purification of plasmid DNA 

Plasmid DNA was extracted from liquid bacterial cultures using QIAprep® Spin 

Miniprep or Midiprep kits (Qiagen), according to manufacturer’s instructions. 

Routinely, 2 mL cultures were used for Miniprep and 100 mL for Midiprep. Key steps 

included resuspending bacterial cells in an isotonic buffer containing 1 µg/µL RNAse 

A, followed by cell lysis using a solution of 0.2 M NaOH and 1% SDS, and 

neutralisation using a solution of 1 M potassium acetate and 10 M acetic acid. For 

Midipreps, plasmid DNA was precipitated using isopropanol (Merck Millipore, 

Burlington, USA), washed in 70% ethanol and rehydrated in nuclease-free water (NF-

H2O).  

 

 Screening of isolates for fusion gene ligation in pCR®-Blunt II-
TOPO®  

Following plasmid DNA extraction from bacterial cultures, restriction enzyme digest 

strategies were designed to screen for successful ligation of fusion genes in the pCR®-

Blunt II-TOPO® vector. Fusion gene sequences were constructed from full-length 

wild-type gene sequences acquired from the National Center for Biotechnology 

Information (NCBI), and NEBCutter V2.0 software16 was used to design a restriction 

digest strategy to screen plasmid DNA for directional cloning. NEBCutter identifies the 

location of restriction sites within DNA sequences, and fragment sizes for digested 

plasmids containing correctly and incorrectly orientated inserts were subsequently 

predicted. Restriction digest screening strategies are described in Table 2.21. All 

samples were incubated at 37oC for 90 min, then electrophoresed for analysis (2.9.8).  
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Table 2.21 – Strategies for screening of DDX3X-MLLT10 and PICALM-MLLT10 
ligation in pCR®-Blunt II-TOPO® vector 
Component Volume 
Purified plasmid DNA from bacterial 
isolates 

1 µL 

10x CutSmart® Buffer (NEB) 1 µL 

Restriction enzyme 
XbaI (DDX3X-MLLT10) or 
ApaI (PICALM-MLLT10) 

0.5 µL 

NF-H2O 7.5 µL 

Final volume 10 µL 
 

 Sanger sequencing of plasmid DNA to confirm fusion gene sequence 

Following identification of an isolate containing directionally cloned fusion gene within 

the pCR®-Blunt II-TOPO® vector, Sanger sequencing was employed to verify correct 

fusion gene sequence, using primers specific to the fusion and vector sequence 

(Table 2.22). 
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Table 2.22 – Primer sequences for the Sanger sequencing of DDX3X-MLLT10-
pTOPO and PICALM-MLLT10-pTOPO 
Fusion gene Primers used for Sanger sequencing 
DDX3X-MLLT10 Forward primer (M13F, pCR®-Blunt II-TOPO®): 

GTAAAACGACGGCCAG 
Forward primer (MLLT10 exon 15): TGGGCATTTGCAACAAGTAG 
Forward primer (MLLT10 exon 19): CAGCTTTCAGTGCCTTTTCC 
Reverse primer (M13R, pCR®-Blunt II-TOPO®): 
CAGGAAACAGCTATGAC 
Reverse primer (MLLT10 exon 24): CTGCAAAGGCAGCCAGATGA  

PICALM-MLLT10 Forward primer (M13F, pCR®-Blunt II-TOPO®): 
GTAAAACGACGGCCAG 
Reverse primer (M13R, pCR®-Blunt II-TOPO®): 
CAGGAAACAGCTATGAC 
Forward primer (MLLT10 exon 19) CAGCTTTCAGTGCCTTTTCC 
Forward primer (MLLT10 exon 7): AAAGAGCAAACGGGGATCTAA 
Forward primer (MLLT10 exon 10): CAGACCCAAAGGAAACAAAAA 
Forward primer (MLLT10 exon 18): GAGAGGCAGTGGAGTGAAGG 
Forward primer (PICALM exon 6): CCAATGCAAAGAAGGTCTTG 
Reverse primer (PICALM exon 17): TCCTATCATGCCTGTTGGTG 
Reverse primer (MLLT10 exon 10): 
GGTGAAGCAGAAGAAACTGAGAG 
Reverse primer: (MLLT10 exon 17): GAGACGGACTAGGATTTGCTG  
Reverse primer: (MLLT10 exon 20): GAGGGCTCTTACTGCTGTTCA 

 

 Large-scale liquid culture preparation and plasmid DNA extraction 

Following identification of an isolate confirmed to contain the desired fusion-vector 

construct, a small volume of remaining liquid culture from the corresponding correct 

isolate was streaked for single colonies onto agar containing 50 µg/mL kanamycin (for 

colonies transformed with pCR®-Blunt II-TOPO®) or 100 µg/mL ampicillin (for 

colonies transformed with pRUFiG2). After overnight incubation, liquid starter cultures 

were prepared by inoculating an individual colony from either plate in 5 mL LB 

containing the appropriate antibiotic, and rocking horizontally for 7 h at 37oC. The 

entire volume of this starter culture was then inoculated in 100 mL of sterile LB 

containing the appropriate antibiotic (50 µg/mL kanamycin or 100 µg/mL ampicillin), 

and cultured shaking overnight at 37oC. The Qiagen Plasmid Midi Kit was used to 

extract plasmid from these cultures and resulting DNA concentrations were quantified 

using a NanoDrop 8000 Spectrophotometer.   
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 Long-term storage of transformed bacterial cells 

Upon establishment of a confluent bacterial culture, glycerol stocks were made by 

diluting 700 µL of liquid culture with an equal volume of 100% sterile glycerol to a final 

volume of 1.4 mL, and samples were stored in 2 mL screw-capped vials (Nalgene 

Nunc International) at -80oC. 

 

 Cloning into pRUFiG2 retroviral expression vector 

Once fusion genes were ligated in pCR®-Blunt II-TOPO® constructs, sub-cloning into 

a mammalian-compatible retroviral vector was required, as the pCR®-Blunt II-TOPO® 

constructs are non-expressing in mammalian cells. Fusions were sub-cloned into the 

pRUFiG2 vector, a mammalian-expressing retroviral vector courtesy of Professor 

Andrew Zannettino and Dr. Stephen Fitter (Table 2.24, Figure 2.2).  

 
Table 2.23 – Strategies for sub-cloning of MLLT10 fusion genes 
Sub-cloning strategy Fusion gene 

DDX3X-MLLT10 PICALM-MLLT10 

Preparation of pCR®-
Blunt II-TOPO® donor 
construct 

Perform restriction digest with 
EcoRI 
Gel purify with UltraClean® 
DNA purification kit (MoBio 
Inc., USA) and confirm purity 
of insert using agarose gel 
electrophoresis 

Perform restriction digest 
with BamHI and XhoI 
Gel purify and confirm purity 
of insert using agarose gel 
electrophoresis 

Preparation of pRUFiG2 
recipient backbone 

Perform restriction digest with EcoRI or BamHI and XhoI 
Dephosphorylate 5’ and 3’ ends with rSAP 
Gel purify and confirm purity using agarose gel electrophoresis 

 

The purified isolated fusion gene insert (from pCR®-Blunt II-TOPO® construct) and 

dephosphorylated pRUFiG2 vector backbone were ligated using T4 DNA ligase (New 

England Biolabs).  

Ligation reactions consisted of 1 µL T4 DNA ligase (NEB), 1 µL 1x ligation buffer 

(NEB), 4 µL of purified DDX3X-MLLT10 insert and 3 µL pRUFiG2, and were incubated 

overnight at 4oC. A dephosphorylated, digested  empty vector control was also 

prepared.  
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Ligated products were transformed by heat shock as previously described (2.16.5) 

and selected on agar plates containing 100 µg/mL ampicillin (Sigma-Aldrich). Eight 

colonies from each gene were inoculated in 2 mL LB containing 100 µg/mL ampicillin 

and rocked horizontally overnight at 37oC.  

 
Table 2.24 – Volume of reagents used for ligation of fusions into pRUFiG2 vector 
Purpose Materials Volume/quantity Total reaction 

volume (µL) 
Restriction digest of 
pCR®-Blunt II-TOPO® 
construct 

Purified plasmid DNA 1 µg 

10 µL 
10x CutSmart® Buffer 1 µL 

Restriction enzyme 0.5 µL  

NF-H2O To 10 µL 

Dephosphorylation of 
pRUFiG2 with rSAP 

Digested pRUFiG2 1 µg 

20 µL 
Shrimp alkaline 
phosphatase (rSAP) 

2 µL 

10x CutSmart® Buffer 2 µL 

NF-H2O To 20 µL 

T4 DNA ligation T4 DNA ligase buffer 
(10x) 

1 µL 

10 µL 

T4 DNA ligase 1 µL 

Purified insert DNA (or 
NF-H2O for empty 
vector control reactions) 

4 µL 

Purified vector DNA 3 µL 

NF-H2O 1 µL 
 

 

 Transformation of competent cells for amplification of KMT2A-AFF1-
pRUFiG2  

The KMT2A-AFF1 fusion gene was commercially synthesised in the pRUFiG2 

mammalian retroviral expression vector backbone14 by GenScript®, as repeated 

attempts at PCR amplification of the entire fusion gene were unsuccessful, despite 

extensive troubleshooting. The construct was provided as a lyophilised powder, which 

was reconstituted in 20 µL NF-H2O and then stored at -80oC. The fusion sequence 

synthesised is provided in Appendix 2.3.  
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One ShotTM MAX EfficiencyTM DH5aTM-T1R chemically competent E. Coli (DH5a) were 

transformed with 1 µL of reconstituted KMT2A-AFF1-pRUFiG2 as previously 

described (2.16.5) and selected on agar plates containing 100 µg/mL ampicillin 

(Sigma-Aldrich). Six colonies were inoculated in 2 mL LB containing 100 µg/mL 

ampicillin and rocked horizontally overnight at 37oC. 

 Screening of isolates for DDX3X-MLLT10, PICALM-MLLT10 and 
KMT2A-AFF1 pRUFiG2  

Selected isolates were screened for the presence of the DDX3X-MLLT10-pRUFiG2, 

PICALM-MLLT10-pRUFiG2 or KMT2A-AFF1-pRUFiG2 fusion gene constructs as 

previously described. Refer to 2.16.6-2.16.11 for detailed protocol on screening and 

storage protocols. Ampicillin (100 µg/µL) was used for selection of pRUFiG2 colonies.  

 

 Sanger sequencing to confirm ligation of fusions in pRUFiG2 

Following identification of a correct isolate containing directionally cloned fusion gene 

within the pRUFiG2 vector, Sanger sequencing was used to verify the  fusion gene 

sequence as previously described (2.9.6), using primers specific to the fusion and 

vector sequence (Table 2.25). Full coverage of each fusion gene was obtained, and 

adequate flanking sequence of the pRUFiG2 vector was covered to verify the 

orientation of the fusion within the vector.  
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Table 2.25 – Primer sequences for the Sanger sequencing of DDX3X-MLLT10, 
KMT2A-AFF1 and PICALM-MLLT10 pRUFiG2 constructs 
Fusion gene Primers used for Sanger sequencing 
DDX3X-MLLT10 Forward primer (RCF, pRUFiG2): GGGGACTCTGCTGACCAC 

Forward primer (MLLT10 exon 19): CAGCTTTCAGTGCCTTTTCC 
Forward primer (MLLT10 exon 15): TGGGCATTTGCAACAAGTAG 
Reverse primer (IRES, pRUFiG2): ACACCGGCCTTATTCCAAG 
Reverse primer (MLLT10 exon 24): CTGCAAAGGCAGCCAGATGA  

KMT2A-AFF1 Forward primer (RCF, pRUFiG2): GGGGACTCTGCTGACCAC 
Forward primer (KMT2A exon 3): 
CTATTCGATCTGAACCAAGATCTCCTTCTC 
Forward primer (KMT2A exon 7): TCCACCACCAGAATCAGGTCC 
Forward primer (fusion breakpoint; KMT2A exon 9 to AFF1 exon 5): 
GTGGACTTTAAGCAGACCTACTCCAATGAA 
Forward primer (KMT2A exon 9): AGGAGAATGCAGGCACTTTG 
Reverse primer (IRES, pRUFiG2): ACACCGGCCTTATTCCAAG 
Reverse primer (KMT2A exon 3): 
GAGAAGGAGATCTTGGTTCAGATCGAATAG 

PICALM-
MLLT10 

Forward primer (RCF, pRUFiG2): GGGGACTCTGCTGACCAC 
Forward primer (MLLT10 exon 19) CAGCTTTCAGTGCCTTTTCC 
Forward primer (MLLT10 exon 7): AAAGAGCAAACGGGGATCTAA 
Forward primer (MLLT10 exon 10): CAGACCCAAAGGAAACAAAAA 
Forward primer (MLLT10 exon 18): GAGAGGCAGTGGAGTGAAGG 
Forward primer (PICALM exon 6): CCAATGCAAAGAAGGTCTTG 
Reverse primer (IRES, pRUFiG2): ACACCGGCCTTATTCCAAG 
Reverse primer (PICALM exon 17): TCCTATCATGCCTGTTGGTG 
Reverse primer (MLLT10 exon 10): 
GGTGAAGCAGAAGAAACTGAGAG 
Reverse primer: (MLLT10 exon 17): GAGACGGACTAGGATTTGCTG  
Reverse primer: (MLLT10 exon 20): GAGGGCTCTTACTGCTGTTCA 

 

 

 Generation of fusion gene retrovirus via transfection of HEK-293T 
cells 

All work involving active virus was undertaken using appropriate containment and 

decontamination procedures. HEK-293T cells were seeded at a density of 9 x 105 in 

a T25 flask in 5 mL complete DMEM, and incubated overnight in a humidified incubator 

at 37oC and 5% CO2. One flask per condition was prepared, including mock, pRUFiG2 

empty vector control, and fusion-pRUFiG2.  
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The following day, pRUFiG2 vectors were co-transfected with packaging vector 

pEQEco17 (courtesy of Dr. Stephen Fitter and Professor Andrew Zannettino, the 

University of Adelaide), in the presence of LipofectamineTM 2000 (Thermo Fisher 

Scientific). A transfection solution consisting of 450 µL Opti-MEMTM Reduced Serum 

Media (Thermo Fisher Scientific) and 30 µL LipofectamineTM 2000 per transfection was 

prepared in a 10 mL polypropylene tube. Retroviral pRUFiG2 expression vectors and 

packaging vector pEQEco (4-5 µg each) were prepared in 450 µL Opti-MEMTM in a 2 

mL microcentrifuge tube, as well as a mock reaction containing no DNA. DNA and 

transfection solutions were incubated at RT for 10-20 min, and 500 µL of transfection 

solution was then added to each DNA solution and incubated for 2 h at RT. Following 

incubation, each transfection reaction was carefully added to a flask of HEK-293T cells 

and incubated overnight in a designated viral humidified incubator at 5% CO2, 37oC. 

The following day, viral tissue culture media was discarded and replaced with 5 mL 

complete Ba/F3 media (for transduction of Ba/F3 cells), or DMEM (for transduction of 

MOHITO cells). Viral supernatant was then harvested 24 h later and replaced with 5 

mL fresh media. Harvested supernatant was centrifuged at 1,400 rpm for 5 min, then 

filtered through a 0.45 µm sterile filter to obtain the viral supernatant. Viral supernatant 

was then either snap frozen at -80oC for later use or used for immediate transduction 

of cells (2.16.16 or 2.16.17). The viral supernatant harvesting process was repeated 

24 h later, and HEK-293T cells were discarded.  

 

 Transfection of parental Ba/F3 pro-B cells with fusion retrovirus 

Viral supernatant added to Ba/F3 pro-B parental cells (2 x 105 cells per well, in 3 mL 

final volume in a 6-well plate). Polybrene® was added to a final concentration of 8 

µg/mL, and plates were centrifuged for 60 min at 1,800 rpm. At the end of the day, an 

additional 2 mL of complete Ba/F3 cell culture media was added to further dilute the 

Polybrene ®. Cells were incubated in a humidified incubator at 37oC and 5% CO2 

incubator for 3 d, with daily media replacement. Following incubation, GFP+ cells were 

collected by FACS (2.10.1).  
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 Transfection of parental MOHITO T-cell line with fusion retrovirus 

As transduction with retrovirus is less efficient in MOHITO cells than Ba/F3 cells, a 

modified RetroNectin® (Takara Bio, Kusatsu, Japan) transduction protocol was used. 

Non-tissue culture treated 6-well plates (Corning Inc.) were coated with 1 mL sterile 

1x PBS/RetroNectin solution (30 µg/mL) and incubated at 4oC overnight. The following 

day, 1x PBS/RetroNectin solution was removed and stored long-term at 4oC for 

repeated use, and plate was blocked with 2 mL per well 2% BSA/1x PBS for 30 min 

at RT. Blocking solution was then discarded and wells washed with 1x PBS. Viral 

supernatant (1-1.5 mL per well) was then loaded onto RetroNectin coated plates by 

centrifugation at 2,000´ g for 90 min. Viral supernatant was then discarded and 1.5 x 

106 MOHITO cells suspended in 1 mL of complete MOHITO media were loaded into 

each well. Plates were centrifuged at 1,800 rpm for 60 min and incubated 37oC and 

5% CO2 in a humidified incubator. Media was changed every two days. Following three 

media changes, GFP+ cells were collected by FACS (2.10.1). Cells were assessed for 

ability to transform MOHITO cells by culturing in MOHITO cytokine-free culture media 

(2.2), and viability was assessed using Trypan Blue exclusion and CellTiter-Glo® 

assays (2.10.2). 

 

 Confirmation of incorporation of fusion constructs in transduced 
cells using reverse transcription PCR (RT-PCR) 

Following extraction of RNA from cell lines, cDNA was synthesised (2.9.3) and PCR 

was performed to verify fusion expression in transduced cell lines (Table 2.26). 

 
Table 2.26 – Primer sequences for RT-PCR of fusion breakpoints 
Fusion Primers 
DDX3X-MLLT10 Forward primer: GCAGTTTGCTGGCCTAGACCTGA 

Reverse primer: ATGAGATGGTGCCTGACTGAGAGAA 

KMT2A-AFF1 Forward primer: TCCACCACCAGAATCAGGTCC 
Reverse primer: ATGCCACTGGTTCTGGAAGG  

PICALM-MLLT10 Forward primer: CTCAGAACCAGAACCTTCCTGTTGC 
Reverse primer: ATGTCATGCAAGCACCAGTGGCT 

ACTB (Beta-actin) 
(endogenous control) 

Forward primer: GATCATTGCTCCTCCTGACC 
Reverse primer: GTCATAGTCCGCCTAGAAGCAT 
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Table 2.27– Volume of components for RT-PCR of fusion breakpoints 
Component Final concentration Volume for 1 sample (µL) 
5X Phusion HF Buffer 1x 4 µL 

10 mM dNTP 200 µM 0.4 µL 

5 µM Forward primer 400 nM 0.8 µL 

5 µM Reverse primer 400 nM 0.8 µL 

Template DNA Variable 0.8 µL 

Phusion® High-Fidelity DNA 
polymerase 

0.4 unit 0.2 µL 

Nuclease-free water - To 20 µL 

Final volume - 20 µL 
 

PCR cycling conditions for amplification of fusion breakpoints: 
1. 98oC for 1 min 

2. 98oC for 10 sec 

3. 68oC for 15 sec 

4. 72oC for 1 min 

5. Repeat steps 2-4, 34 cycles total 

6. 72oC for 10 min 

7. 4oC for ∞ 

  



Chapter 2 – Methods 

 98 

 qRT-PCR to assess differential expression of fusions and target 
genes in Ba/F3 and MOHITO cell lines 

Refer to section 2.9.5 for qRT-PCR set-up conditions. The following primers were used 

to analyse expression of target genes in murine cell lines. 

Table 2.28 – Primers for qRT-PCR of fusions and target genes in Ba/F3 and 
MOHITO cell lines 
Gene Primers 
DDX3X-MLLT10 Forward primer: GCAGTTTGCTGGCCTAGACCTGA 

Reverse primer: ATGAGATGGTGCCTGACTGAGAGAA 

KMT2A-AFF1 Forward primer: TCCACCACCAGAATCAGGTCC 
Reverse primer: ATGCCACTGGTTCTGGAAGG  

PICALM-MLLT10 Forward primer: CTCAGAACCAGAACCTTCCTGTTGC 
Reverse primer: ATGTCATGCAAGCACCAGTGGCT 

HOXA1 Forward primer: AGAAACCCTCCCAAAACAGG 
Reverse primer: TGAAGTGGAACTCCTTCTCCAG 

HOXA3 Forward primer: ATGCAAAAAGCGACCTACTAC 
Reverse primer: CGCTCAGGGTGCGCAG 

HOXA5 Forward primer: AGCCACAAATCAAGCACACA 
Reverse primer: GCTGAGATCCATGCCATTGT 

HOXA7 Forward primer: CAGGTCAAAATTATGAGTTCTTCG 
Reverse primer: TCTGATAAAGGGGGCTGTTG 

HOXA9 Forward primer: TCACACTTTGTCCCTGACTGA 
Reverse primer: TTCGCTGGGTTGTTTTTCTC 

HOXA10 Forward primer: CCTTCAGAAAACAGTAAAGCTTCG 
Reverse primer: AAGGGCAGCGTTTCTTCC 

MEIS1 Forward primer: TTGTAATGGACGGTCAGCAG 
Reverse primer: GCTACATACTCCCCTGGCATA 

ACTB  
(endogenous control) 

Forward primer: GATCATTGCTCCTCCTGACC 
Reverse primer: GTCATAGTCCGCCTAGAAGCAT 
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2.17 Generation of stable fusion-expressing Arf-/- thymocyte cells 
and in vivo murine xenograft 

Thymocytes from female p19Arf null C57BL/6J (Arf-/-) mice18 aged between 4-12 weeks 

of age were humanely euthanised, and immature thymocytes (CD4-CD8-TER119-) 

were harvested by flow cytometry. Thymocytes were expanded by co-culture with the 

OP9-DL1 stromal cell line. DDX3X-MLLT10 and PICALM-MLLT10 pRUFiG2 

expression constructs were generated as described in sections 2.16.1-2.16.14. 

Retrovirus was generated and thymocytes were transduced (2.17.4) to generate 

stable fusion-expressing cells. GFP+ cells were expanded and immunophenotyped 

prior to freezing. In vivo murine xenografts were generated by thawing transduced 

thymocytes which were immediately injected into sublethally irradiated six-week-old 

NOD.Cg-PrkdcscidIl2rgtm1Wjl/Sz (NSG) mice by tail vein injection (with the assistance of 

Dr. Laura Eadie). Engraftment was monitored by fortnightly teil vein bleeds and 

analysis of GFP+ populations by flow cytometry. Mice were monitored for clinical signs 

of engraftment, and were humanely euthanised when they appeared moribund. Cells 

were harvested for analysis from bone marrow (hind limbs), thymus, liver, spleen, and 

kidneys, and stored according to Table 2.29. 

 

 Harvesting of CD4-CD8-TER119- Arf-/- thymocytes 

Three female Arf-/- mice aged between 4-12 weeks were humanely euthanised. Thymi 

were harvested and stored in D10 media on ice prior to cell extraction. Single 

thymocytes were isolated by homogenising thymi through a 70 µM cell strainer, and 

cell count and viability was determined by WCF and Trypan blue cell counts (2.17.11). 

Cells were pelleted at 1,400 rpm for 5 min and resuspended in 90 µL 2% FCS/1x PBS 

per 107 cells. A small volume was retained for immunophenotyping and unstained 

control samples. The remainder of cells were stained with 2.5 µL of each CD4-PE, 

CD8-PE and TER119-PE (BD Pharmingen, California, USA) per 107 cells, to isolate 

immature thymocytes. TER119 staining was performed to exclude erythrocytes. 

Stained cells were mixed and incubated on ice for 30 min. Cells were then washed in 

30 mL 2% FCS/1x PBS and centrifuged at 1,400 rpm for 5 min at 4oC. Supernatant 

was aspirated and cells resuspended in 2% FCS/1x PBS at a concentration of 5 x 107 

cells/mL, and PE negative (PE-) cells were sorted on a FACSFusionTM flow cytometer. 
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PE-negative (PE-) cells were collected in Arf-/- thymocyte complete media (2.2). 

Following FACS, CD4-CD8-TER119- sorted cells were pelleted and resuspended in 

Arf-/- thymocyte complete media and co-cultured on OP9-DL1 stromal cells at a 

concentration of 0.5-1.0 x 106 cells per well in 2 mL of media (2.17.2). 

 

 Routine passage of OP9-DL1 stromal cells 

OP9-DL1 cells were seeded at 3 x 105 cells in a 10 cm dish for routine passage. To 

split confluent cells, media was aspirated from the dish and cells were washed in 5 mL 

RT 1x PBS. The adherent OP9-DL1 cell monolayer was dissociated by incubation at 

37oC for 5 min with 3 mL 0.25% trypsin. Trypsinised cells were harvested in a 15 mL 

tube containing 4 mL alpha-MEM media, and the plate washed with 7 mL 1x PBS to 

remove residual cells. Harvested cells were pelleted at 1,400 rpm for 5 min and 

resuspended in 2-5 mL of OP9-DL1 culture media (2.2). Cells were allowed to reach 

a maximum confluency of 80%, and were routinely passaged every 2-3 days. Cells 

were cultured up to a maximum of 20 passages. 

For preparation of OP9-DL1 stromal layers for co-culture with primary thymocytes, 

OP9-DL1 cells were passaged in 12-well plates at a density of 2 x 104 cells/well, in 2 

mL of OP9-DL1 culture media. In 2-3 days after seeding, confluent OP9-DL1 stromal 

layers were ready for co-culture with thymocytes.  

 

 Co-culture of primary thymocytes on OP9-DL1 stromal cells 

Media was aspirated from confluent OP9-DL1 wells, and 0.5 x 106 to 1 x 106 

thymocytes were applied to each well, in a final volume of 2 mL Arf-/- thymocyte 

complete media. Every 3-6 days, thymocytes were passaged onto fresh OP9-DL1 

stromal cells. OP9-DL1 cells and thymocytes were disturbed with a sterile cell scraper, 

and a p1000 pipette was used to further disturb the scraped cell layer to isolate single 

thymocytes. The cell suspension was passed through the strainer into the 50 mL tube, 

and each well rinsed with 1 mL RT 1x PBS and transferred through the strainer. Cells 

were pelleted at 1,400 rpm for 5 min and resuspended in thymocyte complete media. 

Cells were counted using trypan blue dye exclusion, and passaged at 0.5 x 106 to 1 x 

106 viable cells per well containing fresh confluent OP9-DL1 cells.  
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 Generation of stable MLLT10r expressing Arf-/- thymocyte cell lines 

Retrovirus expressing empty pRUFiG2, DDX3X-MLLT10-pRUFiG2 or PICALM-

MLLT10-pRUFiG2 was generated as described in section 2.16.15. Retroviral 

supernatant was applied to primary Arf-/- thymocytes by RetroNectin® transduction, as 

described in section 2.16.17, with the following modifications.  

Approximately 4 mL of retroviral supernatant was generated per condition (empty 

vector, DDX3X-MLLT10 and PICALM-MLLT10), and 800 µL was applied to each well 

of a retronectin-coated 24-well plate, for a total of 5 wells per condition. Plates were 

centrifuged at 2,000´ g for 90 min. During the centrifugation step, thymocytes were 

harvested from OP9-DL1 co-culture wells and counted by trypan blue dye exclusion. 

Following centrifugation of virus, retroviral supernatant was aspirated and 1 x 106 Arf-

/- thymocytes were applied to each well. The plate containing cells was then 

centrifuged at 1,800 rpm for 60 min. Immediately following centrifugation, thymocytes 

were removed from the retronectin plate and transferred to fresh confluent OP9-DL1 

wells in a 12-well plate.  

Cells were sorted by FACS, gating on GFP+ cells, and cultured on OP9-DL1 wells. 

GFP expression was checked after 5-10 days in culture, and re-sorted if required. 

Following confirmation of >95% GFP+ cells in each condition, cells were cryopreserved 

for future use. Expression of the correct construct was confirmed by RT-PCR of either 

the pRUFiG2 empty vector multiple cloning site (MCS), or each fusion’s specific 

breakpoint, as described in section 2.16.18. 

 

 Preparation of cells for injection 

One ampule of each cryopreserved Arf-/- thymocyte cell line (empty vector, DDX3X-

MLLT10 and PICALM-MLLT10) were thawed by incubation in a 37oC water bath for 

approximately 1 min. Thawed cells were transferred to a 50 mL tube and 12 mL 

thymocyte thaw media (2.2) was added dropwise. Cells were pelleted for 3 min at 450´ 

g, supernatant aspirated, and washing repeated once with another 12 mL of thymocyte 

thaw media. Cells were resuspended in RT 1x PBS, WCF and Trypan blue cell counts 

performed, and cell suspension was adjusted to a concentration of 1.5 x 107 cells/mL 

of RT 1x PBS. Cell suspension was filtered through a 5 mL FACS tube with nylon 



Chapter 2 – Methods 

 102 

mesh strainer cap (STEMCELL Technologies) to remove clumps of cells, and promptly 

injected into mice.  

 

 Mouse injections 

NSG mice between 6 and 8 weeks of age were used for in vivo experiments. 

Enrofloxacin (50 mg/mL) was diluted to a working concentration of 1 mg/mL in 1x PBS 

for injection as anti-bacterial prophylaxis. The NSG strain was utilised in this 

experiment as it is a well characterised and readily engraftable strain of mice. Four 

days prior to irradiation, mice were weighed and subcutaneously injected with 10 µL 

of 1 mg/mL enrofloxacin per g. Mice were sublethally irradiated with 200 cGy less than 

24 hours prior to injection of cells via tail vein injection. 

 

 Mouse treatment 

Mice were weighed and monitored daily to assess their general health. Mice were 

monitored for disease progression based on clinical signs and fortnightly tail vein 

bleeds (2.17.8). Mice were humanely killed when they appeared moribund.  

 

 Tail vein bleeds  

Tail vein bleeds were performed fortnightly to monitor for disease progression. Mice 

were individually pre-warmed in a 37oC thermacage for 5 min, and 50-100 µL of blood 

was harvested by incision of the tail vein with a scalpel. Blood was collected in EDTA-

coated microvettes and mixed thoroughly.  

Red blood cells were lysed to enable white blood cell analysis. Approximately 0.5-1 

mL of red cell lysis buffer (RCLB) (2.6) was applied to each blood sample, mixed and 

incubated at RT for 10 min. Samples were centrifuged at 500´ g for 5 min and 

supernatant aspirated. Lysis was repeated, and remaining white cells resuspended in 

100 µL FACS fix. Cell were stained with 1 µL DAPI (50 µg/mL) per sample and 

incubated on ice for 5 min prior to analysis on a BD FACSCantoTM. DAPI negative 

single cells were assessed for percentage of GFP+ cells.  
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 Ex vivo sample collection and processing 

Mice were humanely killed once they appeared moribund, by CO2 euthanasia and 

cervical dislocation. Peripheral blood was harvested by either cardiac puncture or 

severing of the inferior vena cava. Harvested blood was collected in a 1.7 mL tube 

containing 10% of the total blood volume of 0.5 M EDTA. Approximately 30 µL of 

peripheral blood was stored separately for complete blood count (CBC) analysis 

(2.17.15). Mice were then dissected and spleen, liver and hind limbs from all mice, 

and the thymus and kidneys where indicated, were harvested and stored in 1x PBS in 

a petri dish. All organs were photographed prior to processing, and spleen and liver 

were weighed with a fine balance.  

Organs were transferred to individual filters placed in a sterile 50 mL tube, and the 

plunger from a 3 mL syringe was used to puree organs. Single cells were harvested 

by homogenisation through a 70 µM filter. Filters were thoroughly washed with 2% 

FCS/1x PBS to ensure all cells were filtered. Bone marrow was harvested by flushing 

marrow cavities with 2% FCS/1x PBS using a 27 G needle.  

Cells were pelleted by centrifugation at 500´ g for 5 min. Supernatant was aspirated 

and RBCs lysed in 1-5 mL of RCLB for 10 min at RT. Cells were pelleted and RBC 

lysis was repeated if necessary, depending on the presence of residual RBCs in the 

cell pellet. Liver and kidney samples underwent gradient density centrifugation 

(2.17.10). Cells were resuspended in an appropriate volume (0.5-5 mL) of 2% FCS/1x 

PBS based on pellet size, and counted (2.17.11). 

 

 Gradient density centrifugation of low viability samples 

Following RBC lysis, liver and kidney cell suspensions were resuspended in 6 mL 1x 

PBS and transferred to a 15 mL tube, and underlaid with 5 mL Lymphoprep. Tubes 

were centrifuged for 10 min at 1000´ g with brake off. The live cell layer was 

transferred to a new 15 mL tube with a sterile pipette tip and washed to a maximal 

volume of 14 mL with 1x PBS to eliminate residual Lymphoprep. Cells were pelleted 

and resuspended in 2% FCS/1x PBS for counting.   
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 Cell counting 

Cell counts were performed using WCF to determine white cell number, and Trypan 

Blue to determine percentage of live cells. Percentage live white cells were calculated 

and cells were stored for various purposes according to Table 2.29.  

 

Table 2.29 – Cell numbers required for storage of ex vivo mouse material 
Purpose Cell number required 
Flow cytometric analysis (GFP only) 2 x 105 

Immunophenotyping 1 x 106 

Cryopreservation Minimum 1 x 107 

Whole cell pellet 1 x 107 

TRIzol® (for RNA extraction) 4 x 106 to 1 x 107 
 

 Flow cytometry 

An appropriate number of cells were transferred to 5 mL FACS tubes for GFP analysis 

and immunophenotyping. Some samples were thawed and immunophenotyped 

retrospectively. Refer to 2.10.2 for staining protocol.  

 

 Criteria for leukaemic engraftment 

Mice were considered to have leukaemic engraftment if any harvested organ 

contained >20% GFP+ live single cells or total WCC exceeded 25 K/µL.  

 

 Cryopreservation  

Cells were cryopreserved in 90% FCS/10% DMSO. Refer to 2.10.2. 

 

 Complete blood count (CBC) 

Approximately 30 µL of peripheral blood was stored at 4oC for up to 1 week prior to 

CBC. Blood was analysed using the HEMAVET® 950 veterinary haematology system 

according to manufacturer’s instructions.  
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 Immunohistochemistry 

Organ sections from each mouse were stored in 10% formalin for 

immunohistochemistry. A small section of the spleen and liver, and one femur were 

stored in for all mice, and sections of the thymus and kidney were also stored where 

indicated.  

Samples were submitted to the Adelaide Health and Medical Science histology 

laboratory for parrafin embedding, sectioning, H&E staining, and GFP staining 

(antibodies specified in Table 2.30). On the day of sample submission, formaldehyde 

was removed and replaced with 70% ethanol. 

 

Table 2.30 – Antibodies used for GFP immunohistochemistry 
Primary antibody Secondary antibody 
GFP (D5.1) Rabbit mAb #2956S 
Supplier: Cell Signalling Technology 
Diluted 1:200 in 5% goat serum in PBST 

Goat Anti-Rabbit IgG H&: (HRP) 
Supplier: Abcam 
# ab205718 
Diluted 1:2,000-50,000 in 5% goat serum in 
PBST 

 

 qRT-PCR 

RNA extraction, cDNA synthesis and qRT-PCR protocols are described in sections 

2.9.2-2.9.5. Primers for qRT-PCR targets are provided in Table 2.31. 
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Table 2.31 – Primers for qRT-PCR of targets in Arf-/- primary xenograft cells 
Gene Primers 
DDX3X-MLLT10 Forward primer: GCAGTTTGCTGGCCTAGACCTGA 

Reverse primer: ATGAGATGGTGCCTGACTGAGAGAA 

PICALM-MLLT10 Forward primer: CTCAGAACCAGAACCTTCCTGTTGC 
Reverse primer: ATGTCATGCAAGCACCAGTGGCT 

HOXA1 Forward primer: AGAAACCCTCCCAAAACAGG 
Reverse primer: TGAAGTGGAACTCCTTCTCCAG 

HOXA3 Forward primer: ATGCAAAAAGCGACCTACTAC 
Reverse primer: CGCTCAGGGTGCGCAG 

HOXA5 Forward primer: AGCCACAAATCAAGCACACA 
Reverse primer: GCTGAGATCCATGCCATTGT 

HOXA7 Forward primer: CAGGTCAAAATTATGAGTTCTTCG 
Reverse primer: TCTGATAAAGGGGGCTGTTG 

HOXA9 Forward primer: TCACACTTTGTCCCTGACTGA 
Reverse primer: TTCGCTGGGTTGTTTTTCTC 

HOXA10 Forward primer: CCTTCAGAAAACAGTAAAGCTTCG 
Reverse primer: AAGGGCAGCGTTTCTTCC 

HOXB1 Forward primer: TCTACCCCTGGATGCGCAAA 
Reverse primer: AACCAGATCTTGATCTGGCGC 

MEIS1 Forward primer: TTGTAATGGACGGTCAGCAG 
Reverse primer: GCTACATACTCCCCTGGCATA 

BMI1 Forward primer: CTGGAAAGTGACTCTGGGAGTGACA 
Reverse primer: GGGCTGTTGCTGGTTCCATTCAT 

ACTB (Beta-actin) 
(endogenous control) 

Forward primer: GATCATTGCTCCTCCTGACC 
Reverse primer: GTCATAGTCCGCCTAGAAGCAT 
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2.18 Generation of TP53 gene knockout in RS4;11 cells using 
CRISPR/Cas9 genome editing 

TP53 was targeted for knockout in RS4;11 cells using a lentiviral doxycycline-inducible 

CRISPR/Cas9 genome editing system. TP53 is recurrently mutated in ALL patient 

leukaemic blasts, and it was hypothesised that normal function of p53 is required for 

the action of the small molecule curaxin CBL0137. Details for the generation of TP53 

loss-of-function cell lines are described below. Further methodology can be found in 

the Methods and Supplementary Methods sections of chapter 6. 

 

  
Figure 2.3 – Workflow for the generation of gene knockout in RS4;11 cells using 
a lentiviral doxycycline-inducible CRISPR/Cas9 genome editing system 
  

Process
1. Generate FgH1tUTG sgRNA plasmid

2. Generation of lentivirus by co-
transfection of FuCas9mCherry and 
lentiviral packaging plasmids, and 
transduction in RS4;11 host cells

3. FACS of mCherry-expressing cells 

4. Generation of lentivirus by co-
transfection of FgH1tUTG sgRNA 
plasmid and lentiviral packaging 

plasmids, and transduction in RS4;11 
FuCas9mCherry-expressing cells

5. FACS of mCherry and GFP double-
positive cells (if required)

6. Treatment of cells with doxycycline 
for 72 hours

7. gDNA extraction, and PCR 
amplification and Sanger sequencing 

of targeted exons 

Purpose
Design of sgRNA for directed genome 

targeting

Generate RS4;11 cell lines with stable 
expression of Cas9 for genome editing

Enrichment of Cas9-expressing cell 
population

Generate RS4;11 cell lines with stable 
Cas9 expression and sgRNA targeting 

exon for knockout of TP53

Enrichment of cells containing both 
Cas9 and FgH1tUTG gRNA

Activation of FgH1tUTG sgRNA 
expression

Screen cells for identification of 
mutations in target gene
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Figure 2.4 – Plasmid maps for (A) FgH1tUTG and (B) FUCas9mCherry 
 

 

 Generation of FgH1tUTG sgRNA plasmid 

Benchling® software19 was used to generate sgRNA oligonucleotides targeting an 

early exon of murine target gene TP53 (Table 2.32). BsmBI restriction site overhangs 

were added to the 20 bp sequence to enable ligation with the FgH1tUTG plasmid 

backbone. sgRNA oligonucleotides were synthesised by Sigma-Aldrich and stored at 

-20oC when not in use. Protocols for the ligation of sgRNA and FgH1tUTG are 

provided in Tables 2.33-2.34.  

 

Table 2.32 – sgRNA oligonucleotides designed for targeting of early TP53 exons 
by CRISPR/Cas9  
Target exon sgRNA oligonucleotide (5’ to 3’)  
TP53 exon 4, sgRNA 1 Forward: tcccACCAGCAGCTCCTACACCGG 

Reverse: aaacCCGGTGTAGGAGCTGCTGGT 

TP53 exon 4, sgRNA 2 Forward: tcccCCATTGTTCAATATCGTCCG 
Reverse: aaacCGGACGATATTGAACAATGG 

Note: ‘tccc’ and ‘aaac’ prefix sequences correspond to BsmBI restriction site 

overhangs required for ligation with FgH1tUTG 

 

  

LTR TetR

A. FgH1tUTG

mCherry

B. FUCas9mCherry

Cas9

IRES-GFP AmpRBleoR pBR322 ori
gRNA 

scaffold

LTR LTR BleoR AmpRpBR322 ori
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Table 2.33 – Protocol for phosphorylation of sgRNA oligonucleotides  
Purpose Materials Volume/quantity Total reaction 

volume (µL) 
1. Phosphorylation of 

oligonucleotides  
Oligonucleotide, 
forward (100 µM) 

1 µL 

10 µL 

Oligonucleotide, 
reverse (100 µM) 

1 µL 

T4 polynucleotide 
kinase (PNK) 

1 µL 

T4 ligase buffer 1 µL 

NF-H2O 6 µL 

2. Dilution (1:125) of 
phosphorylated 
oligonucleotides  

Phosphorylated 
oligonucleotides from 
step 1 

2 µL 

250 µL 

 NF-H2O 248 µL 

3. Esp3I restriction digest 
of FgH1tUTG plasmid 

Esp3I 1 µL 

9 µL 
CutSmart buffer 1 µL 

FgH1tUTG 1 µg 

NF-H2O To 9 µL 

4. Dephosphorylation of 
Esp3I-digested 
FgH1tUTG with rSAP 

Digested FgH1tUTG 9 µL 
10 µL rSAP 1 µ L 

5. Ligation of FgH1tUTG 
with phosphorylated 
oligonucleotides 

FgH1tUTG  
(Esp3I-digested & rSAP-
treated) 

100 ng 

20 µL 
1:125 diluted 
oligonucleotides 

1 µL 

T4 DNA ligase 1 µL 

T4 DNA ligase buffer 1 µL 

NF-H2O To 20 µL 
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Table 2.34 – Reaction conditions for generation of FgH1tUTG sgRNAs 
Purpose Incubation conditions 
Phosphorylation of 
oligonucleotides 

37oC for 30 min 
95oC for 5 min 
25oC for ∞, ramp rate of 0.1oC/sec 

Esp3I restriction digest of 
FgH1tUTG  

37oC for 30 min 
Addition of 1 µL rSAP 
37oC for a further 30 min 
65oC for 5 min 

Ligation of FgH1tUTG with 
phosphorylated 
oligonucleotides 

4oC overnight 

 

 

 Transformation of competent cells for amplification of FgH1tUTG 
sgRNA plasmids 

Competent cells were transformed with 10 µL of ligation reactions as previously 

described (2.16.5), except with the addition of 750 µL RT S.O.C. A 75 µL aliquot of 

transformation reactions were selected on agar plates containing 100 µg/mL ampicillin 

(Sigma-Aldrich). Four colonies were inoculated in 2 mL LB containing 100 µg/mL 

ampicillin and rocked horizontally overnight at 37oC.  

 

 Screening of isolates for FgH1tUTG-sgRNA ligation 

Selected isolates were screened for the presence of desired sgRNA within the 

FgH1tUTG plasmid as previously described. Refer to 2.16.6-2.16.11 for detailed 

protocol on screening and storage protocols. Note that ampicillin (100 µg/µL) was used 

for selection of FgH1tUTG colonies.  

 

 Sanger sequencing to screen for ligation of oligonucleotides in 
FgH1tUTG 

Sanger sequencing was employed to screen for ligation of sgRNAs with FgH1tUTG 

previously described (refer to 2.9.6), using the H1 primer targeted towards a region 
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of FgH1tUTG, 5’ adjacent to sgRNA scaffold site (H1 primer sequence: 

TCGCTATGTGTTCTGGGAAA).  

 

 Generation of FUCas9mCherry and FgH1tUTG-sgRNA lentivirus via 
transfection of HEK-293T cells 

Lentivirus containing either FUCas9mCherry or FgH1tUTG-sgRNA were generated as 

previously described (2.16.15), using lentiviral packaging vectors pMD2.G, 

pMDL/pRRE and pRSV-Rev. Quantities of expression plasmid and packaging vectors 

were prepared in a 1:1 molar ratio (Table 2.35).  

 

Table 2.35 – Volume of reagents used for generation of lentivirus  
Plasmid name Plasmid size 

(bp) 
Quantity for 1:1 
molar ratio (µg) 

pMD2.G 5,824 1.6 

pMDL/pRRE 8,895 2.4 

pRSV-Rev 4,174 1.1 

FgH1tUTG-sgRNA 10,968 3.5 

or 

FUCas9mCherry 10,948 3.5 
 

 

 Transfection of RS4;11 cells with FUCas9mCherry and FgH1tUTG-
sgRNA lentiviruses 

RS4;11 cells were transfected with FUCas9mCherry lentivirus as previously described 

(2.18.6). Following incubation, mCherry positive cells were collected by FACS 

(2.10.1).  

Sorted cells were cultured for 1 week before undergoing transfection with FgH1tUTG-

sgRNA as previously described (2.18.6). Due to high transfection efficiency of 

FgH1tUTG-sgRNA plasmids, mCherry and GFP double-positive cells were collected 

by FACS only if transfection efficiency was <75% (2.10.1). Cell populations generated 

are provided in Table 2.36.  
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Table 2.36 – Cell lines generated by transduction of FUCas9mCherry and 
FgH1tUTG sgRNA for genome editing by CRISPR/Cas9 system 
Cell line name Transduced plasmids Purpose 
RS4;11 Cas9 FUCas9mCherry Parental RS4;11 control  

RS4;11 TP53+/- #1 FUCas9mCherry 
FgH1tUTG-TP53-sgRNA-1 

Heterozygous knockout of TP53 
using sgRNA 1 

RS4;11 TP53+/- #2 FUCas9mCherry 
FgH1tUTG-TP53-sgRNA-2 

Heterozygous knockout of TP53 
using sgRNA 2 

 
 

 Induction of FgH1tUTG sgRNA expression with doxycycline 

RS4;11 cells transduced with FUCas9mCherry and FgH1tUTG sgRNA were treated 

with doxycycline (1 µg/mL) (Sigma-Aldrich) and cultured for 72 hours in complete cell 

culture media (2.2). Control cells transduced only with FUCas9mCherry were treated 

alongside experimental cells.  

 

 T7 endonuclease I mismatch cleavage assay to identify targeted 
mutagenesis in RS4;11 cell lines 

Following doxycycline activation of FgH1tUTG, RS4;11 cell lines were assessed for 

targeted genome editing events using the T7 endonuclease I (T7E1) mismatch 

cleavage assay. In this assay, gDNA from edited cells is used as a direct PCR 

template for amplification with primers specific to the targeted region. The PCR 

product is then denatured and reannealed to produce heteroduplex mismatches where 

double-stranded breaks have occurred. T7E1 catalyses the cleavage of DNA 

mismatches, producing DNA fragments that can be visualised by agarose gel 

electrophoresis.  

gDNA from doxycycline-treated cell lines was extracted as previously described 

(2.9.7) and PCR was performed to amplify targeted genomic regions with primers 

designed within intronic sequences flanking the target exon (Table 2.37). PCR 

protocol is provided in Table 2.38. 
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Table 2.37 – Primer sequences for PCR of TP53 exon 4 targeted by CRISPR/Cas9 
Target Primers 
TP53 exon 4 Forward primer: TCCTCTGACTGCTCTTTTCACCCAT 

Reverse primer: AATATTCAACTTTGGGACAGGAGTCAGAGA 
 
 
Table 2.38 – Volume of components for PCR amplification of TP53 exon 4 
Component Final concentration Volume for 1 sample (µL) 
5X Q5 Reaction Buffer (NEB) 1x 8 µL 

10 mM dNTP 200 µM 0.8 µL 

10 µM Forward primer 500 nM 2 µL 

10 µM Reverse primer 500 nM 2 µL 

Template DNA 100 ng 2 µL 

Q5 High-Fidelity DNA 
polymerase (NEB) 

0.4 unit 0.2 µL 

Nuclease-free water - To 40 µL 

Final volume - 40 µL 
 
PCR cycling conditions: 

1. 98oC for 30 sec 

2. 98oC for 5 sec 

3. 69oC for 10 sec 

4. 72oC for 20 sec 

5. Repeat steps 2-4, 34 cycles total 

6. 72oC for 2 min 

7. 4oC for ∞ 

 

The entire volume (40 µL) of each PCR was electrophoresed with 15 µL Gel Loading 

Dye (NEB) on a 1% agarose gel containing GelRed (Biotium) for 70 min at 110 V. 

Bands corresponding to amplified exons were excised using a scalpel and LED 

Transilluminator (Maestrogen). Gels were not imaged prior to excision to prevent UV-

induced DNA damage. DNA was gel extracted using the Silica Bead DNA Gel 

Extraction Kit (Thermo Scientific) according to manufacturer’s instructions, with final 

elution volumes between 14 to 20 µL. Purified samples were then used for Sanger 

sequencing to determine mutations present, as previously described (2.9.6).  
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Chapter Appendices 
Appendix 2.1 – DDX3X-MLLT10 fusion sequence 

TTAGCAGCGGAAGACTCCGAGTTCTCGGTACTCTTCAGGGATGAGTCATGTGGCAGTGGAAAATGCGCTCGGGCT

GGACCAGCAGTTTGCTGGCCTAGACCTGAACTCTTCAGATAATCAGAGTGGAGGAAGTACAGCCAGCAAAGGGCG

CTATATTCCTCCTCATTTAAGGAACCGAGAAGCTACTAAAGGTATTTATAACAGCAATGATGTAGCAGTATCGTT

TCCAAATGTAGTATCTGGCTCGGGATCTAGTACTCCTGTCTCCAGCTCTCACTTACCTCAGCAGTCTTCTGGGCA

TTTGCAACAAGTAGGAGCGCTCTCTCCCTCAGCTGTGTCATCTGCAGCCCCTGCTGTTGCTACAACTCAGGCAAA

TACTCTATCTGGATCTTCTCTCAGTCAGGCACCATCTCATATGTATGGCAATAGATCAAATTCATCAATGGCAGC

TCTTATAGCTCAGTCTGAAAACAATCAAACAGATCAAGATCTTGGAGACAATAGCCGCAACCTAGTTGGCAGAGG

AAGCTCACCCCGAGGAAGTCTCTCGCCACGATCCCCTGTAAGCAGCTTACAGATTCGCTATGATCAACCAGGCAA

CAGCAGTTTGGAAAATCTGCCTCCAGTAGCAGCCAGCATAGAACAGCTTTTGGAGAGGCAGTGGAGTGAAGGACA

GCAATTTTTACTAGAACAGGGTACTCCTAGTGACATTTTAGGAATGCTGAAGTCATTACACCAACTTCAAGTTGA

AAACCGAAGATTAGAGGAACAAATTAAAAACTTGACTGCCAAAAAGGAACGGCTTCAGTTATTGAATGCACAGCT

TTCAGTGCCTTTTCCAACAATAACAGCAAATCCTAGTCCGTCTCATCAAATACACACATTTTCAGCACAGACTGC

TCCTACTACTGATTCCTTGAACAGCAGTAAGAGCCCTCATATAGGAAACAGCTTTTTACCTGATAATTCTCTTCC

TGTATTAAATCAGGACTTAACCTCCAGTGGACAAAGTACCAGCAGCTCATCAGCTCTTTCTACCCCACCTCCTGC

TGGGCAGAGTCCGGCTCAACAAGGCTCAGGAGTGAGTGGAGTTCAGCAGGTCAATGGCGTGACAGTGGGGGCACT

AGCTAGTGGAATGCAGCCTGTAACTTCCACCATTCCTGCCGTGTCTGCAGTGGGTGGAATAATTGGAGCTTTGCC

AGGTAACCAACTGGCAATTAATGGCATTGTAGGAGCTTTAAATGGGGTTATGCAGACTCCTGTCACAATGTCCCA

GAACCCTACCCCTCTCACCCACACAACCGTACCACCTAATGCAACACATCCAATGCCAGCTACACTGACTAACAG

TGCCTCAGGACTAGGATTACTTTCTGACCAGCAACGACAAATACTTATTCATCAACAGCAGTTTCAGCAGTTGTT

AAATTCTCAACAGCTCACACCAGAACAACATCAAGCCTTTTTGTATCAGTTAATGCAACATCACCACCAGCAGCA

CCACCAACCTGAACTTCAGCAGCTGCAGATCCCTGGACCAACACAAATACCCATAAACAACCTTCTTGCAGGTAC

ACAGGCACCCCCACTTCACACAGCTACCACCAACCCATTTCTCACCATCCATGGAGATAATGCAAGTCAGAAAGT

AGCAAGACTTAGTGATAAAACTGGGCCTGTAGCTCAAGAGAAAAGTTGACACCTGAGAAACATCTAGAAATTGCC

TATCCTGCTGTTCTAGCACTTCATCTGGCTGCCTTTGCAG 

Appendix 2.1 – DDX3X-MLLT10 fusion sequence 
The sequence of DDX3X-MLLT10 is provided, with primers used to PCR-amplify the 

fusion from patient-derived cDNA highlighted in yellow (forward) and green (reverse). 

The entire coding sequence is 1,659 bp long, with the 5’ DDX3X sequence in blue and 

the 3’ MLLT10 sequence in black. The entire PCR product size including primer 

sequences is 1,767 bp long. The start (ATG) and stop (TGA) codons are underlined. 
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Appendix 2.2 – PICALM-MLLT10 fusion sequence 

GACTCTAGAGCAGAGATGTCCGGCCAGAGCCTGACGGACCGAATCACTGCCGCCCAGCACAGTGTCACCGGCTCT

GCCGTATCCAAGACAGTATGCAAGGCCACGACCCACGAGATCATGGGGCCCAAGAAAAAGCACCTGGACTACTTA

ATTCAGTGCACAAATGAGATGAATGTGAACATCCCACAGTTGGCAGACAGTTTATTTGAAAGAACTACTAATAGT

AGTTGGGTGGTGGTCTTCAAATCTCTCATTACAACTCATCATTTGATGGTGTATGGAAATGAGCGTTTTATTCAG

TATTTGGCTTCAAGAAACACGTTGTTTAACTTAAGCAATTTTTTGGATAAAAGTGGATTGCAAGGATATGACATG

TCTACATTTATTAGGCGGTATAGTAGATATTTAAATGAGAAAGCAGTTTCATACAGACAAGTTGCATTTGATTTC

ACAAAAGTGAAGAGAGGGGCTGATGGAGTTATGAGAACAATGAACACAGAAAAACTCCTAAAAACTGTACCAATT

ATTCAGAATCAGATGGATGCACTTCTTGATTTTAATGTTAATAGCAATGAACTTACAAATGGGGTAATAAATGCT

GCCTTCATGCTCCTGTTCAAAGATGCCATTAGACTGTTTGCAGCATACAATGAAGGAATTATTAATTTGTTGGAA

AAATATTTTGATATGAAAAAGAACCAATGCAAAGAAGGTCTTGACATCTATAAGAAGTTCCTAACTAGGATGACA

AGAATCTCAGAGTTCCTCAAAGTTGCAGAGCAAGTTGGAATTGACAGAGGTGATATACCAGACCTTTCACAGGCC

CCTAGCAGTCTTCTTGATGCTTTGGAACAACATTTAGCTTCCTTGGAAGGAAAGAAAATCAAAGATTCTACAGCT

GCAAGCAGGGCAACTACACTTTCCAATGCAGTGTCTTCCCTGGCAAGCACTGGTCTATCTCTGACCAAAGTGGAT

GAAAGGGAAAAGCAGGCAGCATTAGAGGAAGAACAGGCACGTTTGAAAGCTTTAAAGGAACAGCGCCTAAAAGAA

CTTGCAAAGAAACCTCATACCTCTTTAACAACTGCAGCCTCTCCTGTATCCACCTCAGCAGGAGGGATAATGACT

GCACCAGCCATTGACATATTTTCTACCCCTAGTTCTTCTAACAGCACATCAAAGCTGCCCAATGATCTGCTTGAT

TTGCAGCAGCCAACTTTTCACCCATCTGTACATCCTATGTCAACTGCTTCTCAGGTAGCAAGTACATGGGGAGAT

GCTGTTGATGATGCCATTCCAAGCTTAAATCCTTTCCTCACAAAAAGTAGTGGTGATGTTCACCTTTCCATTTCT

TCAGATGTATCTACTTTTACTACTAGGACACCTACTCATGAAATGTTTGTTGGATTCACTCCTTCTCCAGTTGCA

CAGCCACACCCTTCAGCTGGCCTTAATGTTGACTTTGAATCTGTGTTTGGAAATAAATCTACAAATGTTATTGTA

GATTCTGGGGGCTTTGATGAACTAGGTGGACTTCTCAAACCAACAGTGGCCTCTCAGAACCAGAACCTTCCTGTT

GCCAAACTCCCACCTAGCAAGTTAGTATCTGATGACTTGGATTCATCTTTAGCCAACCTTGTGGGCAATCTTGGC

ATCGGAAATGGAACCACTAAGAATGATGTAAATTGGAGTCAACCAGGTGAAAAGAAGTTAACTGGGGGATCTAAC

TGGCAACCAAAGGTTGCACCAACAACCGCTTGGAATGCTGCAACAATGGCACCCCCTGTAATGGCCTATCCTGCT

ACTACACCAACAGGCATGATAGGATATGGAATTCCTCCACAAATGGGAAGTGTTCCTGTAATGACGCAACCAACC

TTAATATACAGCCAGCCTGTCATGAGACCTCCAAACCCCTTTGGCCCTGTATCAGGAGCACAGAGATGTGAACTT

TGTCCCCATAAGGATGGAGCTTTAAAAAGAACAGATAATGGGGGTTGGGCCCATGTGGTTTGTGCCCTGTATATT

CCAGAGGTACAATTTGCCAATGTTTCCACAATGGAACCAATTGTTTTACAGTCTGTTCCGCATGATCGTTATAAT

AAGACTTGCTACATTTGTGATGAACAAGGAAGAGAAAGCAAAGCAGCCACTGGTGCTTGCxATGACATGTAATAA

ACATGGATGTCGACAGGCTTTCCATGTAACATGCGCTCAGTTTGCCGGACTGCTTTGTGAAGAAGAAGGTAATGG

TGCCGATAATGTCCAATACTGTGGCTACTGTAAATACCATTTTAGTAAGCTGAAAAAGAGCAAACGGGGATCTAA

TAGGTCATATGATCAAAGTTTAAGTGATTCTTCCTCTCACTCTCAGGATAAACATCATGAGAAAGAGAAAAAAAA

ATATAAAGAGAAGGACAAACACAAACAGAAACACAAGAAGCAGCCAGAACCATCACCTGCATTGGTTCCATCCTT

GACTGTTACTACAGAAAAAACTTATACAAGCACTAGCAACAACTCTATATCTGGATCATTGAAGCGCTTGGAAGA

TACTACTGCACGATTTACAAATGCAAATTTCCAGGAAGTCTCTGCACACACCTCTAGTGGAAAAGATGTTTCAGA

GACTAGAGGGTCAGAGGGCAAAGGGAAGAAATCTTCAGCTCACAGCTCAGGTCAAAGGGGAAGAAAGCCTGGTGG

TGGAAGAAATCCAGGAACAACTGTGTCAGCAGCTAGCCCTTTTCCTCAAGGCAGTTTTTCAGGAACTCCAGGCAG

TGTAAAGTCATCTTCTGGAAGTTCAGTGCAGTCTCCCCAGGATTTCCTGAGCTTTACAGACTCAGATCTGCGTAA

TGACAGTTACTCTCACTCCCAACAGTCATCAGCAACCAAAGATGTACATAAAGGAGAGTCTGGAAGCCAGGAAGG
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GGGGGTAAATAGTTTTAGTACCTTAATTGGCCTCCCTTCAACCTCAGCTGTTACTTCACAGCCTAAAAGCTTTGA

AAATTCACCTGGAGATTTGGGTAATTCCAGCCTTCCTACAGCAGGATATAAGCGGGCTCAAACTTCTGGCATAGA

AGAAGAAACTGTAAAGGAAAAGAAAAGGAAAGGAAATAAACAAAGTAAGCATGGGCCTGGCAGACCCAAAGGAAA

CAAAAATCAAGAGAATGTTTCTCATCTCTCAGTTTCTTCTGCTTCACCAACATCATCTGTAGCATCAGCTGCAGG

AAGCATAACAAGCTCTAGTCTGCAGAAATCTCCTACATTGCTCAGGAATGGAAGTTTACAGAGCCTCAGTGTTGG

CTCATCTCCAGTTGGTTCAGAAATTTCCATGCAGTATCGGCATGATGGAGCTTGCCCAACAACTACGTTCTCAGA

GTTGCTGAATGCAATACACAACGGTATTTATAACAGCAATGATGTAGCAGTATCGTTTCCAAATGTAGTATCTGG

CTCGGGATCTAGTACTCCTGTCTCCAGCTCTCACTTACCTCAGCAGTCTTCTGGGCATTTGCAACAAGTAGGAGC

GCTCTCTCCCTCAGCTGTGTCATCTGCAGCCCCTGCTGTTGCTACAACTCAGGCAAATACTCTATCTGGATCTTC

TCTCAGTCAGGCACCATCTCATATGTATGGCAATAGATCAAATTCATCAATGGCAGCTCTTATAGCTCAGTCTGA

AAACAATCAAACAGATCAAGATCTTGGAGACAATAGCCGCAACCTAGTTGGCAGAGGAAGCTCACCCCGAGGAAG

TCTCTCGCCACGATCCCCTGTAAGCAGCTTACAGATTCGCTATGATCAACCAGGCAACAGCAGTTTGGAAAATCT

GCCTCCAGTAGCAGCCAGCATAGAACAGCTTTTGGAGAGGCAGTGGAGTGAAGGACAGCAATTTTTACTAGAACA

GGGTACTCCTAGTGACATTTTAGGAATGCTGAAGTCATTACACCAACTTCAAGTTGAAAACCGAAGATTAGAGGA

ACAAATTAAAAACTTGACTGCCAAAAAGGAACGGCTTCAGTTATTGAATGCACAGCTTTCAGTGCCTTTTCCAAC

AATAACAGCAAATCCTAGTCCGTCTCATCAAATACACACATTTTCAGCACAGACTGCTCCTACTACTGATTCCTT

GAACAGCAGTAAGAGCCCTCATATAGGAAACAGCTTTTTACCTGATAATTCTCTTCCTGTATTAAATCAGGACTT

AACCTCCAGTGGACAAAGTACCAGCAGCTCATCAGCTCTTTCTACCCCACCTCCTGCTGGGCAGAGTCCGGCTCA

ACAAGGCTCAGGAGTGAGTGGAGTTCAGCAGGTCAATGGCGTGACAGTGGGGGCACTAGCTAGTGGAATGCAGCC

TGTAACTTCCACCATTCCTGCCGTGTCTGCAGTGGGTGGAATAATTGGAGCTTTGCCAGGTAACCAACTGGCAAT

TAATGGCATTGTAGGAGCTTTAAATGGGGTTATGCAGACTCCTGTCACAATGTCCCAGAACCCTACCCCTCTCAC

CCACACAACCGTACCACCTAATGCAACACATCCAATGCCAGCTACACTGACTAACAGTGCCTCAGGACTAGGATT

ACTTTCTGACCAGCAACGACAAATACTTATTCATCAACAGCAGTTTCAGCAGTTGTTAAATTCTCAACAGCTCAC

ACCAGAACAACATCAAGCCTTTTTGTATCAGTTAATGCAACATCACCACCAGCAGCACCACCAACCTGAACTTCA

GCAGCTGCAGATCCCTGGACCAACACAAATACCCATAAACAACCTTCTTGCAGGTACACAGGCACCCCCACTTCA

CACAGCTACCACCAACCCATTTCTCACCATCCATGGAGATAATGCAAGTCAGAAAGTAGCAAGACTTAGTGATAA

AACTGGGCCTGTAGCTCAAGAGAAAAGTTGACACCTGAGAAACATCTAGAGGATCCAATTG 

Appendix 2.2 – PICALM-MLLT10 fusion sequence 
The sequence of PICALM-MLLT10 sequence is provided, with primers used to PCR-

amplify the fusion from patient-derived cDNA highlighted in yellow (forward) and green 

(reverse). The entire coding sequence is 4,892 bp long. The truncated clathrin binding 

region of PICALM is shown in purple (corresponding to amino acid residues 414-641), 

and the full-length OM-LZ coding sequence of MLLT10 is in green (residues 720-791). 

The entire PCR product size including primer sequences is 4,941 bp long. The start 

(ATG) and stop (TGA) codons are underlined. 

  



Chapter 2 – Methods 

 118 

Appendix 2.3 – KMT2A-AFF1 fusion sequence 

ATGGCGCACAGCTGTCGGTGGCGCTTCCCCGCCCGACCCGGGACCACCGGGGGCGGCGGCGGCGGGGGGCGCCGG

GGCCTAGGGGGCGCCCCGCGGCAACGCGTCCCGGCCCTGCTGCTTCCCCCCGGGCCCCCGGTCGGCGGTGGCGGC

CCCGGGGCGCCCCCCTCCCCCCCGGCTGTGGCGGCCGCGGCGGCGGCGGCGGGAAGCAGCGGGGCTGGGGTTCCA

GGGGGAGCGGCCGCCGCCTCAGCAGCCTCCTCGTCGTCCGCCTCGTCTTCGTCTTCGTCATCGTCCTCAGCCTCT

TCAGGGCCGGCCCTGCTCCGGGTGGGCCCGGGCTTCGACGCGGCGCTGCAGGTCTCGGCCGCCATCGGCACCAAC

CTGCGCCGGTTCCGGGCCGTGTTTGGGGAGAGCGGCGGGGGAGGCGGCAGCGGAGAGGATGAGCAATTCTTAGGT

TTTGGCTCAGATGAAGAAGTCAGAGTGCGAAGTCCCACAAGGTCTCCTTCAGTTAAAACTAGTCCTCGAAAACCT

CGTGGGAGACCTAGAAGTGGCTCTGACCGAAATTCAGCTATCCTCTCAGATCCATCTGTGTTTTCCCCTCTAAAT

AAATCAGAGACCAAATCTGGAGATAAGATCAAGAAGAAAGATTCTAAAAGTATAGAAAAGAAGAGAGGAAGACCT

CCCACCTTCCCTGGAGTAAAAATCAAAATAACACATGGAAAGGACATTTCAGAGTTACCAAAGGGAAACAAAGAA

GATAGCCTGAAAAAAATTAAAAGGACACCTTCTGCTACGTTTCAGCAAGCCACAAAGATTAAAAAATTAAGAGCA

GGTAAACTCTCTCCTCTCAAGTCTAAGTTTAAGACAGGGAAGCTTCAAATAGGAAGGAAGGGGGTACAAATTGTA

CGACGGAGAGGAAGGCCTCCATCAACAGAAAGGATAAAGACCCCTTCGGGTCTCCTCATTAATTCTGAACTGGAA

AAGCCCCAGAAAGTCCGGAAAGACAAGGAAGGAACACCTCCACTTACAAAAGAAGATAAGACAGTTGTCAGACAA

AGCCCTCGAAGGATTAAGCCAGTTAGGATTATTCCTTCTTCAAAAAGGACAGATGCAACCATTGCTAAGCAACTC

TTACAGAGGGCAAAAAAGGGGGCTCAAAAGAAAATTGAAAAAGAAGCAGCTCAGCTGCAGGGAAGAAAGGTGAAG

ACACAGGTCAAAAATATTCGACAGTTCATCATGCCTGTTGTCAGTGCTATCTCCTCGCGGATCATTAAGACCCCT

CGGCGGTTTATAGAGGATGAGGATTATGACCCTCCAATTAAAATTGCCCGATTAGAGTCTACACCGAATAGTAGA

TTCAGTGCCCCGTCCTGTGGATCTTCTGAAAAATCAAGTGCAGCTTCTCAGCACTCCTCTCAAATGTCTTCAGAC

TCCTCTCGATCTAGTAGCCCCAGTGTTGATACCTCCACAGACTCTCAGGCTTCTGAGGAGATTCAGGTACTTCCT

GAGGAGCGGAGCGATACCCCTGAAGTTCATCCTCCACTGCCCATTTCCCAGTCCCCAGAAAATGAGAGTAATGAT

AGGAGAAGCAGAAGGTATTCAGTGTCGGAGAGAAGTTTTGGATCTAGAACGACGAAAAAATTATCAACTCTACAA

AGTGCCCCCCAGCAGCAGACCTCCTCGTCTCCACCTCCACCTCTGCTGACTCCACCGCCACCACTGCAGCCAGCC

TCCAGTATCTCTGACCACACACCTTGGCTTATGCCTCCAACAATCCCCTTAGCATCACCATTTTTGCCTGCTTCC

ACTGCTCCTATGCAAGGGAAGCGAAAATCTATTTTGCGAGAACCGACATTTAGGTGGACTTCTTTAAAGCATTCT

AGGTCAGAGCCACAATACTTTTCCTCAGCAAAGTATGCCAAAGAAGGTCTTATTCGCAAACCAATATTTGATAAT

TTCCGACCCCCTCCACTAACTCCCGAGGACGTTGGCTTTGCATCTGGTTTTTCTGCATCTGGTACCGCTGCTTCA

GCCCGATTGTTTTCGCCACTCCATTCTGGAACAAGGTTTGATATGCACAAAAGGAGCCCTCTTCTGAGAGCTCCA

AGATTTACTCCAAGTGAGGCTCACTCTAGAATATTTGAGTCTGTAACCTTGCCTAGTAATCGAACTTCTGCTGGA

ACATCTTCTTCAGGAGTATCCAATAGAAAAAGGAAAAGAAAAGTGTTTAGTCCTATTCGATCTGAACCAAGATCT

CCTTCTCACTCCATGAGGACAAGAAGTGGAAGGCTTAGTAGTTCTGAGCTCTCACCTCTCACCCCCCCGTCTTCT

GTCTCTTCCTCGTTAAGCATTTCTGTTAGTCCTCTTGCCACTAGTGCCTTAAACCCAACTTTTACTTTTCCTTCT

CATTCCCTGACTCAGTCTGGGGAATCTGCAGAGAAAAATCAGAGACCAAGGAAGCAGACTAGTGCTCCGGCAGAG

CCATTTTCATCAAGTAGTCCTACTCCTCTCTTCCCTTGGTTTACCCCAGGCTCTCAGACTGAAAGAGGGAGAAAT

AAAGACAAGGCCCCCGAGGAGCTGTCCAAAGATCGAGATGCTGACAAGAGCGTGGAGAAGGACAAGAGTAGAGAG

AGAGACCGGGAGAGAGAAAAGGAGAATAAGCGGGAGTCAAGGAAAGAGAAAAGGAAAAAGGGATCAGAAATTCAG

AGTAGTTCTGCTTTGTATCCTGTGGGTAGGGTTTCCAAAGAGAAGGTTGTTGGTGAAGATGTTGCCACTTCATCT

TCTGCCAAAAAAGCAACAGGGCGGAAGAAGTCTTCATCACATGATTCTGGGACTGATATTACTTCTGTGACTCTT

GGGGATACAACAGCTGTCAAAACCAAAATACTTATAAAGAAAGGGAGAGGAAATCTGGAAAAAACCAACTTGGAC
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CTCGGCCCAACTGCCCCATCCCTGGAGAAGGAGAAAACCCTCTGCCTTTCCACTCCTTCATCTAGCACTGTTAAA

CATTCCACTTCCTCCATAGGCTCCATGTTGGCTCAGGCAGACAAGCTTCCAATGACTGACAAGAGGGTTGCCAGC

CTCCTAAAAAAGGCCAAAGCTCAGCTCTGCAAGATTGAGAAGAGTAAGAGTCTTAAACAAACCGACCAGCCCAAA

GCACAGGGTCAAGAAAGTGACTCATCAGAGACCTCTGTGCGAGGACCCCGGATTAAACATGTCTGCAGAAGAGCA

GCTGTTGCCCTTGGCCGAAAACGAGCTGTGTTTCCTGATGACATGCCCACCCTGAGTGCCTTACCATGGGAAGAA

CGAGAAAAGATTTTGTCTTCCATGGGGAATGATGACAAGTCATCAATTGCTGGCTCAGAAGATGCTGAACCTCTT

GCTCCACCCATCAAACCAATTAAACCTGTCACTAGAAACAAGGCACCCCAGGAACCTCCAGTAAAGAAAGGACGT

CGATCGAGGCGGTGTGGGCAGTGTCCCGGCTGCCAGGTGCCTGAGGACTGTGGTGTTTGTACTAATTGCTTAGAT

AAGCCCAAGTTTGGTGGTCGCAATATAAAGAAGCAGTGCTGCAAGATGAGAAAATGTCAGAATCTACAATGGATG

CCTTCCAAAGCCTACCTGCAGAAGCAAGCTAAAGCTGTGAAAAAGAAAGAGAAAAAGTCTAAGACCAGTGAAAAG

AAAGACAGCAAAGAGAGCAGTGTTGTGAAGAACGTGGTGGACTCTAGTCAGAAACCTACCCCATCAGCAAGAGAG

GATCCTGCCCCAAAGAAAAGCAGTAGTGAGCCTCCTCCACGAAAGCCCGTCGAGGAAAAGAGTGAAGAAGGGAAT

GTCTCGGCCCCTGGGCCTGAATCCAAACAGGCCACCACTCCAGCTTCCAGGAAGTCAAGCAAGCAGGTCTCCCAG

CCAGCACTGGTCATCCCGCCTCAGCCACCTACTACAGGACCGCCAAGAAAAGAAGTTCCCAAAACCACTCCTAGT

GAGCCCAAGAAAAAGCAGCCTCCACCACCAGAATCAGGTCCAGAGCAGAGCAAACAGAAAAAAGTGGCTCCCCGC

CCAAGTATCCCTGTAAAACAAAAACCAAAAGAAAAGGAAAAACCACCTCCGGTCAATAAGCAGGAGAATGCAGGC

ACTTTGAACATCCTCAGCACTCTCTCCAATGGCAATAGTTCTAAGCAAAAAATTCCAGCAGATGGAGTCCACAGG

ATCAGAGTGGACTTTAAGCAGACCTACTCCAATGAAGTCCATTGTGTTGAAGAGATTCTGAAGGAAATGACCCAT

TCATGGCCGCCTCCTTTGACAGCAATACATACGCCTAGTACAGCTGAGCCATCCAAGTTTCCTTTCCCTACAAAG

GACTCTCAGCATGTCAGTTCTGTAACCCAAAACCAAAAACAATATGATACATCTTCAAAAACTCACTCAAATTCT

CAGCAAGGAACGTCATCCATGCTCGAAGACGACCTTCAGCTCAGTGACAGTGAGGACAGTGACAGTGAACAAACC

CCAGAGAAGCCTCCCTCCTCATCTGCACCTCCAAGTGCTCCACAGTCCCTTCCAGAACCAGTGGCATCAGCACAT

TCCAGCAGTGCAGAGTCAGAAAGCACCAGTGACTCAGACAGTTCCTCAGACTCAGAGAGCGAGAGCAGTTCAAGT

GACAGCGAAGAAAATGAGCCCCTAGAAACCCCAGCTCCGGAGCCTGAGCCTCCAACAACAAACAAATGGCAGCTG

GACAACTGGCTGACCAAAGTCAGCCAGCCAGCTGCGCCACCAGAGGGCCCCAGGAGCACAGAGCCCCCACGGCGG

CACCCAGAGAGTAAGGGCAGCAGCGACAGTGCCACGAGTCAGGAGCATTCTGAATCCAAAGATCCTCCCCCTAAA

AGCTCCAGCAAAGCCCCCCGGGCCCCACCCGAAGCCCCCCACCCCGGAAAGAGGAGCTGTCAGAAGTCTCCGGCA

CAGCAGGAGCCCCCACAAAGGCAAACCGTTGGAACCAAACAACCCAAAAAACCTGTCAAGGCCTCTGCCCGGGCA

GGTTCACGGACCAGCCTGCAGGGGGAAAGGGAGCCAGGGCTTCTTCCCTATGGCTCCCGAGACCAGACTTCCAAA

GACAAGCCCAAGGTGAAGACGAAAGGACGGCCCCGGGCCGCAGCAAGCAACGAACCCAAGCCAGCAGTGCCCCCC

TCCAGTGAGAAGAAGAAGCACAAGAGCTCCCTCCCTGCCCCCTCTAAGGCTCTCTCAGGCCCAGAACCCGCGAAG

GACAATGTGGAGGACAGGACCCCTGAGCACTTTGCTCTTGTTCCCCTGACTGAGAGCCAGGGCCCACCCCACAGT

GGCAGCGGCAGCAGGACTAGTGGCTGCCGCCAAGCCGTGGTGGTCCAGGAGGACAGCCGCAAAGACAGACTCCCA

TTGCCTTTGAGAGACACCAAGCTGCTCTCACCGCTCAGGGACACTCCTCCCCCACAAAGCTTGATGGTGAAGATC

ACCCTAGACCTGCTCTCTCGGATACCCCAGCCTCCCGGGAAGGGGAGCCGCCAGAGGAAAGCAGAAGATAAACAG

CCGCCCGCAGGGAAGAAGCACAGCTCTGAGAAGAGGAGCTCAGACAGCTCAAGCAAGTTGGCCAAAAAGAGAAAG

GGTGAAGCAGAAAGAGACTGTGATAACAAGAAAATCAGACTGGAGAAGGAAATCAAATCACAGTCATCTTCATCT

TCATCCTCCCACAAAGAATCTTCTAAAACAAAGCCCTCCAGGCCCTCCTCACAGTCCTCAAAGAAGGAAATGCTC

CCCCCGCCACCCGTGTCCTCGTCCTCCCAGAAGCCAGCCAAGCCTGCACTTAAGAGGTCAAGGCGGGAAGCAGAC

ACCTGTGGCCAGGACCCTCCCAAAAGTGCCAGCAGTACCAAGAGCAACCACAAAGACTCTTCCATTCCCAAGCAG

AGAAGAGTAGAGGGGAAGGGCTCCAGAAGCTCCTCGGAGCACAAGGGTTCTTCCGGAGATACTGCAAATCCTTTT
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CCAGTGCCTTCTTTGCCAAATGGTAACTCTAAACCAGGGAAGCCTCAAGTGAAGTTTGACAAACAACAAGCAGAC

CTTCACATGAGGGAGGCAAAAAAGATGAAGCAGAAAGCAGAGTTAATGACGGACAGGGTTGGAAAGGCTTTTAAG

TACCTGGAAGCCGTCTTGTCCTTCATTGAGTGCGGAATTGCCACAGAGTCTGAAAGCCAGTCATCCAAGTCAGCT

TACTCTGTCTACTCAGAAACTGTAGATCTCATTAAATTCATAATGTCATTAAAATCCTTCTCAGATGCCACAGCG

CCAACACAAGAGAAAATATTTGCTGTTTTATGCATGCGTTGCCAGTCCATTTTGAACATGGCGATGTTTCGTTGT

AAAAAAGACATAGCAATAAAGTATTCTCGTACTCTTAATAAACACTTCGAGAGTTCTTCCAAAGTCGCCCAGGCA

CCTTCTCCATGCATTGCAAGAAGCACAGGCACACCATCCCCTCTTTCCCCAATGCCTTCTCCTGCCAGCTCCGTA

GGGTCCCAGTCAAGTGCTGGCAGTGTGGGGAGCAGTGGGGTGGCTGCCACTATCAGCACCCCAGTCACCATCCAG

AATATGACATCTTCCTATGTCACCATCACATCCCATGTTCTTACCGCCTTTGACCTTTGGGAACAGGCCGAGGCC

CTCACGAGGAAGAATAAAGAATTCTTTGCTCGGCTCAGCACAAATGTGTGCACCTTGGCCCTCAACAGCAGTTTG

GTGGACCTGGTGCACTATACACGACAGGGTTTTCAGCAGCTACAAGAATTAACCAAAACACCTTAA 

Appendix 2.3 – KMT2A-AFF1 fusion sequence 
The sequence of KMT2A-AFF1 sequence is provided. The entire coding sequence is 

6,816 bp long. The start (ATG) and stop (TAA) codons are underlined.  
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3.1 Introduction 

Genome-wide comparisons of ALL leukaemic blasts have revealed that the presence 

of a KMT2Ar is associated with distinct gene expression1,2 and epigenetic3 profiles. 

Most notably, upregulation of the HOXA cluster genes HOXA7-10 and HOX cofactor 

MEIS1 are well-characterised features of KMT2Ar acute leukaemia4. However, the 

aetiology and precise molecular mechanisms underlying KMT2Ar-mediated 

leukaemogenesis are still poorly understood. KMT2Ar AML was recently successfully 

modelled in CD34+ human cord blood cells5, and KMT2Ar B-ALL in CD34+ human 

foetal liver cells6, but no reliable transgenic models of KMT2Ar T-ALL currently exist. 

A transgenic model of KMT2Ar T-ALL would further our understanding of the biology 

and therapeutic sensitivities of KMT2Ar T-ALL, as these models enable the study of 

genomic lesions in isolation.  

In addition to KMT2Ar, there are other ALL-associated fusion genes that have not yet 

been successfully modelled. MLLT10r T-ALL is a poorly characterised entity, despite 

accounting for approximately 10% of newly diagnosed T-ALL cases7. Wild-type 

KMT2A and MLLT10 have closely related functions in epigenetic regulation of gene 

expression, and MLLT10r T-ALL cases share the HOXA dysregulated profile exhibited 

by KMT2Ar8,9. Unlike KMT2Ar, MLLT10r are never identified in B-ALL (except for 

KMT2A-MLLT10)10, and appear to only induce T-ALL, AML, or on rare occasions 

MPAL9. As with KMT2Ar, a pre-clinical model of MLLT10r T-ALL does not yet exist. A 

transgenic murine model of PICALM-MLLT10 yielded disease with a predominantly 

myeloid phenotype and occasional aberrant T-cell marker expression11. A clear T-ALL 

phenotype was not observed in any mouse, despite expression of PICALM-MLLT0 in 

the thymus as well as the bone marrow under the vav promoter. Further investigation 

into the aetiology of MLLT10r T-ALL would therefore improve the understanding of 

how genomic aberrations in epigenetic regulatory genes can induce acute leukaemia 

with different immunophenotypes.  
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3.2 Approach 

This chapter characterises and compares the phenotypic changes induced by 

expression of DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1 in the MOHITO 

cell line, and KMT2A-AFF1 expression in the Ba/F3 cell line. The Ba/F3 and MOHITO 

cell lines are both murine model systems used to interrogate the oncogenic potential 

and associated downstream signalling pathways of cancer-associated genomic 

aberrations12,13. KMT2A-AFF1 was studied as it is the most common KMT2Ar in ALL, 

and DDX3X-MLLT10 and PICALM-MLLT10 were studied as they are the two most 

common MLLT10r identified in ALL. 

DDX3X-MLLT10 and PICALM-MLLT10 were identified in the leukaemic blasts of 

patients diagnosed with T-ALL. The fusion genes were PCR-amplified from patient-

derived cDNA and cloned into the pCR®-Blunt II-TOPO® amplification vector, and 

then subcloned into the pRUFiG2 retroviral expression vector. KMT2A-AFF1-

pRUFiG2 was commercially synthesised due to technical cloning difficulties. The 

resulting constructs were transduced into the CD4+CD8+ T-cell cell line MOHITO, and 

KMT2A-AFF1 was also expressed in pro-B Ba/F3 cells. DDX3X-MLLT10 and 

PICALM-MLLT10 were not investigated in the Ba/F3 cell line, as these fusions do not 

occur in B-ALL. 

In these cell lines, the molecular phenotype of KMT2Ar and MLLT10r T-ALL were 

characterised and compared. The effect of host cell lineage on KMT2A-AFF1-

mediated leukaemogenesis was also assessed, where B-ALL and T-ALL cell lines 

expressing KMT2A-AFF1 were compared. Cell lines expressing each fusion were 

investigated by luminescence-based cell viability assays to assess cytokine-

independent and dependent changes in cell proliferation. Differential expression of 

HOXA cluster genes was assessed by qRT-PCR, and surface marker staining was 

performed to determine cell immunophenotype and differentiation stage. Activation of 

kinase-associated signalling pathways was investigated by phospho-flow cytometry.  
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3.3 Results 

3.3.1 KMT2A-AFF1 expression promotes increased cytokine-dependent 
proliferation in MOHITO cells 

Using molecular subcloning, the DDX3X-MLLT10 and PICALM-MLLT10 fusion genes 

were successfully PCR amplified from patient cDNA (Figure 3.1) and ligated into the 

pCR®-Blunt II-TOPO® amplification vector. The fusions were then isolated from the 

pCR®-Blunt II-TOPO® amplification vector and subcloned into the mammalian-

expressing pRUFiG2 retroviral vector. KMT2A-AFF1 could not be PCR-amplified due 

to its large size and G-C rich 5’ region, so it was obtained as a commercially 

synthesised vector. Presence of the full-length fusion was confirmed by restriction 

enzyme digest (Figure 3.2A) and Sanger sequencing was performed across the entire 

length of each fusion sequence (breakpoints are shown in Figure 3.2B).  

Vectors were transfected into HEK-293T cells with the pEQ-Eco packaging vector to 

generate retroviral particles. Wild-type MOHITO and Ba/F3 cells were exposed to viral 

supernatant, resulting in successful transduction based on GFP analysis by flow 

cytometry (Figure 3.3). GFP+ cells were collected by FACS and cultured for ongoing 

experiments. The transduction efficiency of KMT2A-AFF1-pRUFiG2 was low due to 

the large size of the fusion construct, and consequently cells were re-sorted by FACS 

to obtain a predominantly GFP+ population (Figure 3.3E and G). Following flow 

cytometric confirmation of >90% GFP+ cells, RNA was extracted and RT-PCR 

performed across each fusion’s breakpoint to confirm expression (Figure 3.4).  

CellTiter-Glo® luminescent cell viability assays were performed on MOHITO (Figure 
3.5) and Ba/F3 (Figure 3.6) cell lines to quantify ATP levels, as a measure of 

metabolic activity. Assays were performed both in the presence and absence of the 

cytokines required for each cell line’s growth (IL-2 and IL-7 for MOHITO cells, and IL-

3 for Ba/F3 cells). In the presence of cytokines, there were no significant differences 

in the proliferation rate of MOHITO cells expressing empty vector, DDX3X-MLLT10 or 

PICALM-MLLT10, doubling 2.9 (±0.2), 2.8 (±0.1) and 2.9 (±0.2) times over four days 

respectively. MOHITO cells expressing KMT2A-AFF1 exhibited a significant increase 

in proliferation in the presence of IL-2 and IL-7, doubling 4.0 (±0.4) times (p=0.004, 

compared to empty vector cells). Positive control MOHITO cells expressing the known 

pathogenic variant NRASG12D doubled 4.1 (±0.3) times (p=0.003, compared to empty 
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vector) (Figure 3.5A). However, expression of KMT2A-AFF1 in Ba/F3 cells did not 

induce any cytokine-dependent changes in proliferation (Figure 3.6A). In the absence 

of cytokine, empty vector MOHITO and Ba/F3 cell lines lost all detectable metabolic 

activity within 48 hours (Figures 3.5B and 3.6B respectively). Positive control 

MOHITO and Ba/F3 cell lines expressing the pathogenic NRASG12D variant doubled 

3.7 (±0.2) and 1.8 (±0.4) times respectively in the absence of cytokines (p<0.01 for 

both MOHITO and Ba/F3 cell lines) (Figures 3.5B and 3.6B). No fusion was capable 

of promoting cytokine-independent proliferation in either MOHITO or Ba/F3 cells.  
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Figure 3.1 – Isolation of PICALM-MLLT10 and DDX3X-MLLT10 fusion genes from 
patient cDNA 

DNA agarose gels of purified PCR products. PICALM-MLLT10 (left, 4,880 bp) and 

DDX3X-MLLT10 (right, 1,767 bp) were amplified from patient material and purified, 

then electrophoresed to verify successful purification prior to subcloning into the 

pCR®-Blunt II-TOPO® amplification vector. Abbreviations: MW, molecular weight 

marker.  
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Figure 3.2 – Restriction digest and Sanger sequencing confirm presence of 
DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1 fusion genes in pRUFiG2 
retroviral expression vector 

(A) DNA agarose gels and (B) Sanger sequencing of fusion breakpoints confirm the 

presence of the correct fusion sequence within the pRUFiG2 expression vector. 

Abbreviations: MW, molecular weight marker. 



Chapter 3 – In vitro models of KMT2Ar and MLLT10r ALL 

   129 

  

(A) Flow cytometry gating strategy (B) pRUFiG2 empty vector MOHITO
Pre-sort One week post-sort

(C) DDX3X-MLLT10 MOHITO
Pre-sort One week post-sort

(D) PICALM-MLLT10 MOHITO
Pre-sort Two weeks post-sort

GFP+

62.4%
GFP+

95.7%

GFP+

97.8%
GFP+

20.6% GFP+

1.1%
GFP+

97.1%

Co
un

t

Co
un

t

Co
un

t

SS
C-

A

FSC-A



Chapter 3 – In vitro models of KMT2Ar and MLLT10r ALL 

   130 

 

Figure 3.3 – MOHITO and Ba/F3 cells transduced with fusion-pRUFiG2 constructs express GFP 

MOHITO cells were analysed and sorted based on GFP positivity using the BD FACSMelodyTM approximately 1 week following 

retroviral transduction. GFP analysis was then repeated approximately 1-2 weeks post-sorting, to determine the efficiency of FACS. 
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Expression of GFP indicates successful integration and expression of retroviral constructs. (A) Gating strategy used for flow cytometry 

analysis and sorting of GFP+ cells. (B-E) GFP analysis of MOHITO cells transduced with (B) empty pRUFiG2 vector, (C) DDX3X-

MLLT10-pRUFiG2, (D) PICALM-MLLT10-pRUFiG2 and (E) KMT2A-AFF1-pRUFiG2. (F-G) GFP analysis of Ba/F3 cells transduced 

with (F) empty pRUFiG2 vector and (G) KMT2A-AFF1-pRUFiG2. 
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Figure 3.4 – MOHITO and Ba/F3 cells transduced with pRUFiG2 constructs 
express the correct fusion genes 

Gel electrophoresis of RT-PCR products from (A) PICALM-MLLT10 and DDX3X-

MLLT10 expressing MOHITO cells, and (B) KMT2A-AFF1 expressing MOHITO and 

Ba/F3 cells, using primers specific for each fusion gene. Red rectangles highlight the 

presence of each fusion gene in their respective cell lines. ACTB was used as a 

positive control for PCR. Abbreviations: MW, molecular weight marker; -RT, no reverse 

transcriptase control; NTC, no template control; ACTB, actin.  
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Figure 3.5 – Expression of KMT2A-AFF1, but not MLLT10r, promotes a cytokine-
dependent increase in proliferation of MOHITO cells 

MOHITO cell lines were cultured in technical duplicate for 5 days (A) in the presence 

of growth-supporting cytokines IL-2 and IL-7, and (B) in cytokine-free media. Cellular 

proliferation was quantified daily with the CellTiter-Glo® cell luminescent viability kit. 

Cytokine-independent MOHITO cells expressing NRASG12D were used as a positive 

control. Change in proliferation is expressed as mean log2-fold change in absorbance, 

as measured by a PerkinElmer 2030 VICTOR X4 multilabel plate reader. All statistics 

represent one-way ANOVA, and statistically significant p-values are denoted by 

asterisks (**p<0.01, n.s.=not significant). Error bars represent mean ± SD of 3 

biological replicates.  
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Figure 3.6 – Expression of KMT2A-AFF1 does not alter proliferation of Ba/F3 
cells 

Ba/F3 cell lines were cultured for 4 days (A) in the presence of growth-supporting 

cytokine (IL-3) and (B) in cytokine-free media. Cellular proliferation was quantified daily 

using the CellTiter-Glo® cell luminescence viability kit. Change in proliferation is 

expressed as mean log2-fold change in absorbance, as measured by a PerkinElmer 

2030 VICTOR X4 multilabel plate reader. Cytokine-independent Ba/F3 cells 

expressing NRASG12D were used as a positive control. All statistics represent one-way 

ANOVA, and statistically significant p-values are denoted by asterisks (**p<0.01, 

***p<0.001, n.s.=not significant). Error bars represent mean ± SD of 3 biological 

replicates.  
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3.3.2 The repertoire of HOXA gene cluster dysregulation induced by KMT2A-
AFF1 expression depends on parental cell lineage 

HOXA gene cluster dysregulation is a hallmark feature of KMT2Ar and MLLT10r B-

ALL and AML9,14, and subsequently this is a reliable validation tool for KMT2Ar and 

MLLT10r models. Using SYBR® Green qRT-PCR analysis, differential expression 

levels of several HOXA gene cluster members were quantified.  

No changes in HOXA gene expression were observed between wild-type MOHITO 

cells and cells expressing DDX3X-MLLT10 (Figure 3.7A) or PICALM-MLLT10 (Figure 
3.7B). Increased expression of HOXA9 was observed in Ba/F3 cells expressing 

KMT2A-AFF1 (p=0.007) (Figure 3.8A). KMT2A-AFF1 MOHITO cells exhibited 

significantly increased expression of HOXA3, HOXA5 and MEIS1 (p=0.003, <0.001 

and 0.001 respectively) compared with wild-type (Figure 3.8B). Significant differences 

in expression levels of HOXA3, HOXA5, HOXA9 and MEIS1 (p=0.003, 0.01, 0.009 and 

0.004 respectively) were observed between wildtype Ba/F3 and MOHITO cells and 

cells expressing KMT2A-AFF1 (Figure 3.8C). 
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Figure 3.7 – Expression of MLLT10r in MOHITO cells does not induce changes 
in HOXA gene cluster expression 

RNA was extracted from MOHITO cells (pRUFiG2 empty vector, DDX3X-MLLT10 and 

PICALM-MLLT10), and cDNA synthesised for SYBR® Green qRT-PCR analysis of 

HOXA gene cluster members. Comparison of ΔCt values between empty vector and 

(A) DDX3X-MLLT10 and (B) PICALM-MLLT10 are shown. ΔCt values were calculated 

by normalising Ct values to the ACTB housekeeping gene. A lower ΔCt value indicates 

higher expression. All statistics represent Student’s t-tests (n.s.=not significant). Error 

bars represent mean ± SD of at least 3 biological replicates.  
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Figure 3.8 – Expression of KMT2A-AFF1 confers a distinct HOXA gene 
expression profile in B-ALL and T-ALL 

RNA was extracted from MOHITO and Ba/F3 cells (pRUFiG2 empty vector and 

KMT2A-AFF1), and cDNA synthesised for SYBR® Green qRT-PCR analysis of HOXA 

gene cluster members. (A-B) Comparison of ΔCt (cycle threshold) values between 

empty vector and KMT2A-AFF1 expressing cells are shown for (A) MOHITO and (B) 
Ba/F3 cell lines, normalised to ACTB housekeeping gene. (C) Comparison of MOHITO 

and Ba/F3 KMT2A-AFF1 cell lines are displayed as log-expression fold change (2-

ΔΔCt). All statistics represent Student’s t-tests, and statistically significant p-values are 

denoted by asterisks (**p<0.01, ***p<0.001, n.s.=not significant). Error bars represent 

mean ± SD of at least 3 biological replicates. 
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3.3.3 Expression of DDX3X-MLLT10, PICALM-MLLT10 or KMT2A-AFF1 
induces unique changes in surface marker expression  

The role of HOXA dysregulation in KMT2Ar and MLLT10r acute leukaemia suggests 

that cellular differentiation may play an important role in leukaemogenesis. Surface 

marker staining was performed on fusion-expressing Ba/F3 and MOHITO cell lines to 

explore cellular differentiation. All gating strategies were determined based on isotype 

control samples (Supplementary Figure 3.1). Wild-type and KMT2A-AFF1 expressing 

Ba/F3 cells were analysed for expression of the pan-haematopoietic surface marker 

CD45, and B-cell associated markers CD43, CD19, B220, CD24 and BP-1. Wild-type 

Ba/F3 cells exhibited a pro/pre-B immunophenotype (CD45+CD43+B220dimCD19-

CD24-BP-1dim)15,16 (Figure 3.9). A significant reduction in B220 expression was noted 

in the KMT2A-AFF1 Ba/F3 cell line (p=0.015). No expression of the myeloid marker 

CD13, or stem cell markers c-Kit, Sca-1 or CD34 was observed in either cell line 

(Figure 3.10).  

Parental MOHITO cells exhibited a T-cell CD45+CD25+CD44dimCD2+CD8a+CD4+CD5-

sCD3- phenotype. c-Kit and Sca-1 were expressed, but not CD34 or CD13. The 

immunophenotype of wild-type MOHITO cells was compared to MOHITO cells 

expressing DDX3X-MLLT10, PICALM-MLLT10 or KMT2A-AFF1. All MOHITO cell lines 

retained a CD45+CD2+sCD3- phenotype (Figures 3.11-3.12). Strong CD25 and weak 

CD44 expression was observed across all cell lines, but KMT2A-AFF1 expressing cells 

had significantly greater CD44 expression compared with wild-type (p=0.04) (Figure 
3.13). Marked loss of CD4 and CD8 was also observed in KMT2A-AFF1 cells 

(p<0.0001, compared to wild-type), but not in cells expressing MLLT10r (Figure 3.14). 

CD5 expression was significantly reduced in PICALM-MLLT10 cells compared with 

empty vector (p=0.04) (Figure 3.15). The haematopoietic stem cell markers c-Kit and 

Sca-1, but not CD34, were expressed in all cell lines, but Sca-1 expression was 

reduced in all three fusions compared to wild-type MOHITO cells (p=0.02, 0.005 and 

0.007 respectively) (Figures 3.15-3.16). 
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Figure 3.9 – KMT2A-AFF1 expressing Ba/F3 cells retain a pro-B 
immunophenotype, with reduced B220 expression 

Cell surface marker expression was analysed on Ba/F3 cells (pRUFiG2 empty vector 

and KMT2A-AFF1) on a BD LSRFortessaTM. Scatter plots and mean percentage 

positive (% positive) values for (A, B) CD19/CD43, (C, D) CD24/B220, and (E, F) 
CD45/BP-1 dual stained samples. Percentage positive values for each cell line were 

calculated as a proportion of live GFP+ cells and statistically compared by Student’s t-

test (n.s.=not significant). Scatter plots are representative of 3 biological replicates. 

Error bars represent mean ± SD of 3 biological replicates.  
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Figure 3.10 – Ba/F3 cells expressing empty vector or KMT2A-AFF1 do not 
express the myeloid marker CD13, or stem cell markers c-Kit, Sca-1 or CD34 

Cell surface marker expression was analysed on Ba/F3 cells (pRUFiG2 empty vector 

and KMT2A-AFF1) on a BD LSRFortessaTM. (A, C) Scatter plots and mean percentage 

positive (% positive) values for (A, B) Sca-1/c-Kit and (C, D) CD13/CD34 dual stained 

samples. Percentage positive values for each cell line were calculated as a proportion 

of live GFP+ cells and statistically compared by Student’s t-test (n.s.=not significant). 

Scatter plots are representative of 3 biological replicates. Error bars represent mean ± 

SD of 3 biological replicates.  
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Figure 3.11 – MOHITO cell lines expressing empty vector, DDX3X-MLLT10, 
PICALM-MLLT10 or KMT2A-AFF1 exhibit a CD45+sCD3- immunophenotype 

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) on a BD LSRFortessaTM. (A) 
Scatter plots for CD45/sCD3 dual stained samples. (B) Percentage positive (% 

positive) values for each cell line were calculated as a proportion of live GFP+ cells and 

statistically compared by one-way ANOVA (n.s.=not significant). sCD3 graph not 

shown as all values were <1%. Scatter plots are representative of at least 3 biological 

replicates, and gates are set based on isotype controls. Error bars represent mean ± 

SD of 3 biological replicates.  
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Figure 3.12 – MOHITO cell lines expressing empty vector, DDX3X-MLLT10, 
PICALM-MLLT10 or KMT2A-AFF1 express the T-cell marker CD2 

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) on a BD LSRFortessaTM. (A) 
Histograms for CD2 and isotype control single-stained samples. (B) Percentage 

positive (% positive) values for each cell line were calculated as a proportion of live 

GFP+ cells and statistically compared by one-way ANOVA (n.s.=not significant). 

Histograms are representative of at least 3 biological replicates, and gates are set 

based on isotype controls. Error bars represent mean ± SD of 3 biological replicates. 
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Figure 3.13 – Expression of KMT2A-AFF1 in MOHITO cells promotes increased 
CD44 expression 

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) on a BD LSRFortessaTM. (A) 
Scatter plots for CD25/CD44 dual stained samples. (B) Percentage positive (% 

positive) values for each cell line were calculated as a proportion of live GFP+ cells and 

statistically compared by one-way ANOVA. Statistically significant values are denoted 

with asterisks (*p<0.05, n.s.=not significant). Scatter plots are representative of at least 

3 biological replicates, and gates are set based on isotype controls. Error bars 

represent mean ± SD of 3 biological replicates. 
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Figure 3.14 – MOHITO cells expressing KMT2A-AFF1 exhibit an immature CD4-

CD8- immunophenotype 

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) on a BD LSRFortessaTM. (A) 
Scatter plots for CD4/CD8 dual stained samples. (B) Percentage positive (% positive) 

for CD4+CD8+ (DP), CD4-CD8- (DN), CD4+CD8- (SP4) and CD4-CD8+ (SP8) values for 

each cell line were calculated as a proportion of live GFP+ cells and statistically 

compared by one-way ANOVA with Tukey’s multiple comparisons. Statistically 

significant values are denoted with asterisks (***p<0.001, ***p<0.0001, n.s.=not 

significant). Scatter plots are representative of at least 3 biological replicates, and gates 

are set based on isotype controls. Error bars represent mean ± SD of 3 biological 

replicates. 

  

Empty vector DDX3X-MLLT10 PICALM-MLLT10 KMT2A-AFF1
C

D
4

(A
PC

-C
y7

)

CD8a (AF700)

(A)

(B) DP DN SP4 SP8

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

***n.s.
n.s.

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

***n.s.
n.s.

(B) CD4 CD8a

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

****n.s.
n.s.

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

****n.s.
n.s.

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

n.s. (all)

Em
pty

 ve
ct

or

DDX3X
-M

LLT
10

PIC
ALM-M

LLT
10

KMT2A
-A

FF1
0

20

40

60

80

100

%
 p

os
iti

ve

n.s. (all)



Chapter 3 – In vitro models of KMT2Ar and MLLT10r ALL 

   146 

 

Figure 3.15 – MOHITO cell lines expressing PICALM-MLLT10 exhibit reduced 
CD5 expression 

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) by flow cytometry on a BD 

LSRFortessaTM. (A) Scatter plots for CD34/CD5 dual stained samples. (B) Percentage 

positive (% positive) values for each cell line were calculated as a proportion of live 

GFP+ cells and statistically compared by one-way ANOVA. Statistically significant 

values are denoted with asterisks (*p<0.05, n.s.=not significant). Scatter plots are 

representative of at least 3 biological replicates, and gates are set based on isotype 

controls. Error bars represent mean ± SD of 3 biological replicates. 
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Figure 3.16 – MOHITO cell lines expressing DDX3X-MLLT10, PICALM-MLLT10 
and KMT2A-AFF1 express c-Kit and reduced Sca-1  

Cell surface marker staining was performed on MOHITO cells (pRUFiG2 empty vector, 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1) by flow cytometry on a BD 

LSRFortessaTM. (A) Scatter plots for Sca-1/c-Kit dual stained samples. (B) Percentage 

positive (% positive) values for each cell line were calculated as a proportion of live 

GFP+ cells and statistically compared by one-way ANOVA. Statistically significant 

values are denoted with asterisks (*p<0.05, **p<0.01, n.s.=not significant). Scatter 

plots are representative of at least 3 biological replicates, and gates are set based on 

isotype controls. Error bars represent mean ± SD of 3 biological replicates. 
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3.3.4 Expression of DDX3X-MLLT10, PICALM-MLLT10 or KMT2A-AFF1 does 
not activate common leukaemia-associated signal transduction 
pathways 

Activation of leukaemia-associated signal transduction pathways was investigated in 

cell lines by intracellular phospho-flow cytometry. The targets investigated and 

associated signalling pathways are summarised in Table 3.1.  

 

Table 3.1 – Common leukaemia-associated signal transduction pathways, and 
targets investigated by phospho-flow cytometry 

Signalling pathway Target investigated 
PI3K/AKT/mTOR AKT17, S617,18 

RAS/MAP-Kinase ERK19,20 

JAK/STAT STAT521 

BCR SYK22,23, ZAP7022,24 
 

Aberrant activation of signalling pathways typically results from genomic aberrations 

affecting members or regulators of a specific pathway, such as activating JAK1-3 

mutations that result in constitutive JAK/STAT activation21. While KMT2Ar or MLLT10r 

are not direct members of the signalling pathways listed in Table 3.1, both KMT2A and 

MLLT10 are epigenetic regulators that result in broadly aberrant transcriptional 

profiles, and therefore may potentially indirectly alter the expression of signalling 

pathway members. For example, a recent study identified that MLLT10r induces 

JAK/STAT activation in an AML model through increased expression of JAK125. 

Signalling pathway activation was quantified in MOHITO (Figure 3.17) and Ba/F3 

(Figure 3.18) cell lines by intracellular flow cytometry following a 5-hour cytokine 

starvation in 2% foetal calf serum (FCS). AKT, STAT5, SYK and S6 were significantly 

activated in all cell lines (p<0.05), and non-significant activation of ERK and ZAP70 

was observed. However, the presence of KMT2A-AFF1, DDX3X-MLLT10 or PICALM-

MLLT10 did not lead to a statistically significant difference in activation levels 

compared to empty vector cells (Figure 3.17). No significant activation of any signalling 

pathway was observed in KMT2A-AFF1 expressing Ba/F3 cells (Figure 3.18).  
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Figure 3.17 – MLLT10r or KMT2Ar expression in MOHITO cells does not induce 
changes in the activation of leukaemia-associated signalling pathways 

Signalling pathway activation was investigated by flow cytometric analysis of 

phosphorylated AKT, ERK, STAT5, SYK, S6 and ZAP70 in MOHITO cells expressing 

DDX3X-MLLT10, PICALM-MLLT10, KMT2A-AFF1, and control empty vector. Cells 

were incubated in 2% FCS for 5 hours prior to fixation. P-values were calculated by 

one-way ANOVA, comparing isotype and phospho-antibody (pAntibody) (*p<0.05, 

**p<0.01, n.s.=not significant). pAntibody MFI values for each fusion-expressing cell 

line were also compared to empty vector pAntibody by one-way ANOVA, and no 

statistically significant values were identified (annotations not shown on graph). 

Abbreviations: MFI, mean fluorescence intensity. Error bars represent mean ± SD of 3 

biological replicates. Histograms are provided in Supplementary Figure 3.2. 
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Figure 3.18 – Expression of KMT2A-AFF1 in Ba/F3 cells does not induce changes 
in the activation of leukaemia-associated signalling pathways 

Signalling pathway activation was investigated by flow cytometric analysis of 

phosphorylated AKT, ERK, STAT5, SYK, S6 and ZAP70 in Ba/F3 empty vector (EV) 

and KMT2A-AFF1 expressing cells. Cells were incubated in 2% FCS for 5 hours prior 

to fixation. P-values were calculated using one-way ANOVA with Tukey’s multiple 

comparisons. Abbreviations: MFI, mean fluorescence intensity, n.s.=not significant. 

Error bars represent mean ± SD of 3 biological replicates. Histograms are provided in 

Supplementary Figure 3.3.  
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3.4 Discussion 

3.4.1 KMT2A-AFF1 expression promotes increased cytokine-dependent 
MOHITO cell proliferation 

KMT2A-AFF1 expression promoted a significant increase in cytokine-dependent 

proliferation of MOHITO cells (Figure 3.5A). However, expression of KMT2A-AFF1 in 

Ba/F3 cells did not induce any changes in proliferation (Figure 3.6A). The ability of 

KMT2A-AFF1 to confer a proliferative advantage in MOHITO cells indicates activation 

of oncogenic pathways. Positive control NRASG12D expressing cells were cytokine 

independent in both Ba/F3 and MOHITO cells, demonstrating assay validity (Figure 
3.5B and Figure 3.6B).  

KMT2A-AFF1, DDX3X-MLLT10 and PICALM-MLLT10 are recurrently identified 

oncogenes. Therefore, the inability of these fusions to induce cytokine independence 

indicates that the oncogenic signalling pathways activated do not involve constitutive 

kinase activation. However, increased cytokine-dependent proliferation is induced by 

KMT2A-AFF1 expression in MOHITO cells in the absence of constitutive activation of 

downstream effectors, demonstrates that classical kinase-associated pathways are 

not required to induce an aggressive ALL phenotype. Ba/F3 cells are transformed to 

cytokine independence by overexpression of kinase activating mutations such as 

JAK2V617F, EGFRG719S/L858R and MYB-TYK226-28. Similarly, MOHITO cells can be 

transformed to cytokine independence by the overexpression of JAK1A634D or BCR-

ABL113. Importantly, all of these genomic aberrations result in constitutive activation 

of a kinase signalling pathway, resulting in cytokine independence. KMT2A-AFF1 and 

MLLT10r do not have established associations with constitutive kinase activation, 

which explains the inability of these fusions to induce cytokine independence.  
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3.4.2 Expression of KMT2A-AFF1, but not MLLT10r, induces lineage-specific 
dysregulation of HOXA cluster genes 

Dysregulation of the HOXA gene cluster is a characteristic feature of both KMT2Ar 

and MLLT10r acute leukaemia. HOX genes are key regulators of haematopoietic stem 

cell differentiation29. It is likely that HOXA dysregulation induces KMT2Ar and 

MLLT10r-mediated leukaemogenesis, by inducing a stem cell-like phenotype that 

promotes increased self-renewal, growth and survival advantages4,30. Knockdown of 

either HOXA7, HOXA9, HOXA10 or MEIS1 resulted in impaired engraftment of the 

KMT2A-AFF1 B-ALL RS4;11 cell line in mice, demonstrating that these genes are both 

important and non-redundant31. Loss of HOXA5 in PICALM-MLLT10-expressing 

murine bone marrow cells reduces serial replating capacity, suggesting an important 

role for HOXA5 in MLLT10r leukaemia30. 

Here, the expression of KMT2A-AFF1 induced specific changes in expression of 

individual HOXA genes between Ba/F3 and MOHITO cells. Only HOXA9 expression 

was increased in KMT2A-AFF1 Ba/F3 cells compared to empty vector Ba/F3 cells 

(Figure 3.8A), consistent with existing evidence that HOXA9 is the most consistently 

upregulated gene in KMT2Ar B-ALL patient leukaemic blasts4,32,33. Expression levels 

of HOXA3, HOXA5, and HOX cofactor MEIS1, but not HOXA9, were significantly 

increased in KMT2A-AFF1 MOHITO cells compared with empty vector MOHITO cells 

(Figure 3.8B). HOXA3 and HOXA5 are upregulated in leukaemic blasts from patients 

with KMT2Ar or MLLT10r T-ALL32, whereas upregulation of these HOX genes is not 

typically reported in KMT2Ar B-ALL cohorts4,32,33. This suggests a potential lineage-

specific role for HOXA3 or HOXA5 in T-ALL, a notion confirmed by the results 

presented here. 

It is well-established that leukaemic blasts from patients with MLLT10r T-ALL and AML 

exhibit HOXA dysregulation32,34-37. However, no changes in HOXA expression were 

observed in either DDX3X-MLLT10 or PICALM-MLLT10 expressing MOHITO cells 

compared with empty vector control cells (Figure 3.7). The lack of HOXA cluster 

upregulation observed here, in addition to lack of changes in proliferation and 

immunophenotype, indicates the MOHITO cell line is an incomplete model of MLLT10r 

T-ALL.  
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3.4.3 KMT2A-AFF1 expressing Ba/F3 cells exhibit loss of pan-B-cell marker 
B220  

Immunophenotyping of cell lines expressing MLLT10r or KMT2A-AFF1 enabled 

exploration of changes in cell differentiation. Parental Ba/F3 cells exhibited a pro/pre-

B immunophenotype (Figures 3.8-3.9). Haematopoietic stem cell markers c-Kit, Sca-

1 and CD34, and myeloid marker CD13, were not expressed (Figure 3.10). Surface 

marker expression throughout immature B-cell development is summarised in Figure 
3.19.  

Ba/F3 cells expressing KMT2A-AFF1 lost expression of the pan-B cell marker B220 

(Figure 3.9). Lack of B220 indicates that KMT2A-AFF1 alters Ba/F3 cells from a pro-

B to a B-progenitor phenotype. A non-statistically significant reduction in BP-1 surface 

expression was also observed in KMT2A-AFF1 Ba/F3 cells, consistent with loss of B-

cell lineage identity (Figure 3.9). 

 
 

 

Figure 3.19 – Surface marker expression of murine B-lymphocytes at various 
stages of development 

Lineage-negative (Lin-) haematopoietic stem cells (HSCs) mature into B-lymphocytes 

in the bone marrow. Various surface markers are expressed at different stages of 

development, enabling immunophenotyping of B-ALL leukaemic blasts to determine 

stage of differentiation arrest. Figure compiled based on information from 

references16,38-40.  
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3.4.4 Immunophenotypic changes are induced by expression of KMT2A-
AFF1 or MLLT10r in MOHITO cells 

Empty vector MOHITO cells possessed a mature CD4+CD8+ T-cell phenotype, 

consistent with the original published MOHITO immunophenotype13. The surface 

marker repertoire on each cell line is shown in Table 3.2. Expression of surface 

markers at various stages of thymic lymphocyte development are shown in Figure 
3.20, and recognised EGIL T-ALL subsets are provided in Table 3.3.  

 

Table 3.2 – Immunophenotype of MOHITO cell lines expressing DDX3X-MLLT10, 
PICALM-MLLT10 or KMT2A-AFF1 

Marker Parental 
MOHITO13 

Empty 
vector 

DDX3X-
MLLT10 

PICALM-
MLLT10 

KMT2A-
AFF1 

CD45 + + + + + 

sCD3 - - - - - 

CD25 + + + + + 

CD44 NA Dim Dim Dim + 

CD4 +/- + + + - 

CD8 + + + + - 

CD2 NA + + + + 

CD5 NA + + - + 

CD34 - - - - - 

c-Kit + + + + + 

Sca-1 + + Dim Dim Dim 
Differences in surface marker expression level from empty vector are highlighted in green. 
Abbreviations: NA, data not available.  
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Figure 3.20 – Surface marker expression of murine lymphocytes at various 
stages of thymic development 

Lin- HSCs migrate to the thymus, where they undergo T-lymphocyte development. 

Figure was compiled based on information from references41-45. Abbreviations: Lin-, 

lineage negative; HSC, haematopoietic stem cells; DN, double negative; DP, double 

positive; SP, single positive.  

 

Table 3.3 – ETP-ALL and recognised European Group for the Immunological 
Classification of Leukaemias (EGIL) T-ALL subsets, and associated T-ALL 
surface marker expression 

T-ALL stage Surface marker expression 
ETP cCD3+, CD7+, CD1a-, CD5dim/-, sCD3-, CD4-, CD8-, and expression of at 

least one myeloid or stem cell antigen (c-Kit/CD117, HLA-DR, CD13, 
CD33, CD11b, CD65)  

Immature cCD3+, CD7+, CD1a-, CD2+ and/or CD5+, CD8+ or CD4+ 

Early cortical cCD3+, CD7+, CD4+ and CD8+, CD5+, CD2+, CD1a-, sCD3- 

Cortical cCD3+, CD7+, CD1a+, sCD3- 

Late cortical cCD3+, CD7+, CD1a+, sCD3+ 

Mature cCD3+, CD7+, CD1a-, sCD3+, and CD8a+ and/or CD4+/- 

Table compiled with information from references38,46,47 
 

 

All three fusion-expressing cell lines exhibited a significant reduction in Sca-1 

expression compared with empty vector MOHITO cells (Figure 3.16). Sca-1 is a 

marker of murine HSCs in combination with c-Kit48, but the human equivalent of Sca-

1 is not known48. Sca-1 expression is variable in murine haematopoietic cells 
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depending on differentiation stage: HSCs exhibit strong expression of Sca-1, which is 

lost at the DN1 stage of thymocyte development. DP and SP thymocytes, and 

peripheral T-cells, then regain Sca-1 expression48 (Figure 3.20). In one study, Sca-1 

expression correlated with aggressive murine leukaemia, quantified by a shorter time 

to engraftment than low Sca-1 expressing disease49. However, further data is lacking, 

particularly since the human equivalent of Sca-1 is not known.  

c-Kit expression was observed in all MOHITO cell lines (Figure 3.16). c-Kit is 

expressed in approximately 10% of T-ALLs overall50,51, most frequently in immature 

ETP and pro-T cases (50% and 67% of cases respectively50). CD34 is a common 

marker of ALL, present in approximately 50% of T-ALL cases overall52,53, but CD34 

was not expressed by any MOHITO cell line. Despite being important markers of 

HSCs, CD34 and c-Kit are not reliable markers of immature disease alone. Indeed, 

other lineage-specific markers such as CD5, CD4 and CD8 are required to adequately 

immunophenotype T-ALL cases. 

KMT2A-AFF1 expression in MOHITO cells induced a less mature immunophenotype, 

specifically loss of CD4 and CD8 (Figure 3.14), and increased CD44 expression 

(Figure 3.13). This immunophenotype is most similar to immature T-cells at the DN2 

stage of development (Figure 3.20), and is consistent with an early thymic precursor 

(ETP) ALL phenotype due to strong c-Kit and dim CD5 expression (Figure 3.20, Table 
3.3). Both MLLT10r cell lines retained CD4 and CD8 (Figure 3.14), but PICALM-

MLLT10 MOHITO cells lost CD5 expression, a hallmark feature of ETP-ALL. CD4 and 

CD8 are expressed in 53% and 60% of T-ALL cases overall50, but there is currently 

no published data comparing the immunophenotype of T-ALL between different 

genomic subtypes.  

CD44 expression is associated with poor outcomes across a range of malignancies, 

including adult T-ALL54, AML55, and various solid tumours56,57. DN1-2 immature 

thymocytes are CD44+, then expression is lost in the DN3-4 stages, and later regained 

at the DP stage (Figure 3.20)56. CD44 is expressed in >90% of T-ALL cases, but 

intensity of expression is widely variable50. One study associated high CD44 

expression with T-ALL cases that harboured mutations in N/KRAS or FBXW756. 

However, this study only categorised cases by mutations in NOTCH1, FBXW7, TLX3 
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and N/KRAS, and the STIL-TAL1 gene fusion, so the role of CD44 in KMT2Ar T-ALL 

remains unclear. 

Dim or absent CD5 is a defining feature of ETP-ALL. In normal thymic lymphocytes, 

CD5 expression is low throughout DN stages, and then increases in the DP and SP 

stages (Figure 3.20). In one study, inhibition of CD5 in patient MNCs was associated 

with increased IL-2 production and increased survival after 48 h in culture, suggesting 

that lack of CD5 expression may promote cancer cell survival58. While CD5 negative 

T-ALL is normally indicative of an immature phenotype, the PICALM-MLLT10 

MOHITO cells described here also express the mature T-cell markers CD4 and CD8, 

demonstrating an unusual T-ALL immunophenotype.  

ETP-ALL was historically associated with poor outcomes when compared with non-

ETP T-ALL cases59,60, but studies of large T-ALL cohorts that describe 

immunophenotype and genomic subtype together are currently lacking. One published 

cohort included three infants with KMT2Ar T-ALL, of which two had EGIL stage T-III 

and one had T-IV disease, indicating no association between KMT2Ar and ETP-ALL 

in infants61. However, one study established that HOXA deregulated T-ALL is 

overrepresented within ETP-ALL in non-infants62, and another identified that PICALM-

MLLT10 is overrepresented within the ETP-ALL immunophenotype63.  

To summarise, expression of KMT2A-AFF1 and MLLT10r in the MOHITO cell line 

induced fusion-specific changes in immunophenotype that do not clearly correlate with 

established EGIL T-ALL subsets. Most notably, expression of KMT2A-AFF1 induced 

loss of the mature T-cell markers CD4 and CD8, and increased expression of the 

immature T-cell marker CD44, overall indicating a less mature phenotype. PICALM-

MLLT10 and DDX3X-MLLT10 cells retained CD4 and CD8 positivity, but cells 

expressing PICALM-MLLT10 exhibited loss of CD5, a distinctive marker of ETP-ALL. 

Further immunophenotyping of leukaemic blasts from T-ALL patients, and 

identification of genomic subtype-specific patterns in surface marker expression, are 

required to validate these results. The immunophenotype of MLLT10r T-ALL is 

explored further in chapter 4. 
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3.4.5 Expression of KMT2A-AFF1, DDX3X-MLLT10 or PICALM-MLLT10 does 
not induce activation of common cancer-associated signalling 
pathways 

To further investigate signalling pathway activation in KMT2A-AFF1 and MLLT10r cell 

lines, activation of six common cancer-associated signalling pathways were explored 

through phospho-flow cytometry (Figure 3.17 and Figure 3.18). All MOHITO cell lines 

exhibited significant activation of AKT, STAT5, SYK and S6 (Figure 3.17). STAT5 

activation may occur due to the presence of the novel JAK1S1042I kinase domain 

mutation in the parental MOHITO cell line, although this mutation alone is incapable 

of inducing cytokine independence13. No significant changes in activation of ERK, 

STAT5, SYK, S6, AKT or ZAP70 were observed between empty vector and KMT2A-

AFF1 expressing Ba/F3 cells. These results demonstrate that expression of KMT2A-

AFF1 or MLLT10r does not induce changes in activation of signalling pathways 

involving ERK, STAT5 SYK, S6, AKT or ZAP70 kinase signalling.  

 

3.4.6 Summary of chapter findings 

This chapter demonstrates that expression of KMT2A-AFF1 induces HOXA 

dysregulation and an immature T-ALL immunophenotype when expressed in the T-

lineage MOHITO cell line. Taken together, these results suggest that phenotypic 

differentiation changes underpin leukaemogenesis driven by KMT2A-AFF1. The 

differentiation stage of leukaemic blasts is known to adversely affect prognosis, as 

ETP-ALL was historically associated with poor outcomes compared with other 

subtypes of T-ALL64. Subsequent intensification of ETP-ALL induction treatment 

protocols has resulted in improved outcomes64,65. This demonstrates the importance 

of identifying high-risk patients, based either on genomics or immunophenotype, to 

provide suitably intensified therapies to improve outcomes. 

The Ba/F3 and MOHITO cell models are undoubtedly useful tools in characterising 

the biology of leukaemia-associated oncogenes. A notable benefit of these systems is 

they enable the study of genomic aberrations in isolation, ie. in the absence of each 

patient’s complex and unique genomic landscape. However, cooperative mutations 

affect biology and therapeutic sensitivities, making it critical to identify and 

characterise recurrent co-occurring mutations. It is also important to note that direct 
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comparison of changes induced by a fusion’s expression in Ba/F3 and MOHITO cells 

is not ideal, as they differ both in differentiation stage as well as lineage. MOHITO cells 

express the stem cell markers c-Kit and Sca-1, whereas Ba/F3 cells do not express c-

Kit or Sca-1 (Figure 3.10 and Figure 3.16 respectively). It is therefore not clear 

whether the differences induced by KMT2A-AFF1 expression – specifically, changes 

in proliferation and HOXA gene cluster expression – are specific to lineage (B vs T-

lineage) or differentiation stage (cKit-Sca-1- vs c-Kit+Sca-1+). 

KMT2A-AFF1 expression in Ba/F3 cells induced hallmark upregulation of HOXA9, but 

did not induce any proliferative or immunophenotypic changes indicative of the 

aggressive pro-B ALL observed in patients. As KMT2A-AFF1 is a well-characterised 

predictor of poor outcomes in B-ALL patients of all ages, it is clear that the Ba/F3 cell 

line is not an appropriate in vitro system for the modelling of KMT2Ar. Modelling 

KMT2Ar B-ALL has proven a major challenge in the field of ALL research for decades, 

and it is only very recently that KMT2A-AFF1 pro-B ALL was successfully recapitulated 

in a transgenic model in human CD34+ foetal liver cells6. It is possible that this was 

not only a consequence of the parent cell’s foetal gene expression signature, but also 

because the reciprocal AFF1-KMT2A fusion gene was expressed in this model. 

Further investigation of KMT2A-AFF1 and AFF1-KMT2A transformation in 

haematopoietic progenitor cells may provide further progress towards understanding 

the aetiology of KMT2Ar B- and T-ALL. 

The expression of DDX3X-MLLT10 or PICALM-MLLT10 did not induce any changes 

in proliferation indicative of oncogenic transformation in MOHITO cells. MLLT10r are 

poorly characterised, and transgenic models of MLLT10r T-ALL are lacking. It is 

possible that, as demonstrated in KMT2Ar, parental cell lineage is a critical factor in 

modelling the disease. However, MLLT10r other than KMT2A-MLLT10 do not occur 

in B-ALL, indicating there must be key biological differences between MLLT10r and 

KMT2Ar. An alternative model system to characterise the biology of MLLT10r T-ALL 

is discussed in chapter 4. The role of cooperative mutations should also be considered 

as a potential explanation for the inability of MLLT10r to transform MOHITO cells. A 

case series has described four patients with DDX3X-MLLT10 T-ALL, where all four 

patients harboured a NOTCH1 mutation, and two had CDKN2A/B deletions37. It is 

possible that cooperative events are required to induce MLLT10r ALL, a potential 
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explanation for the lack of transformation observed here. The mutational landscape of 

MLLT10r and KMT2Ar ALL is discussed further in chapter 5.  

The data within this chapter demonstrates that expression of a KMT2Ar does not 

transform Ba/F3 cells, a common system used to model oncogenic fusion genes. This 

chapter also describes the first in vitro murine models of KMT2Ar and MLLT10r T-ALL, 

using the MOHITO T-cell line, and establishes that expression of KMT2A-AFF1 is 

sufficient to induce increased expression of specific HOXA genes and de-

differentiation into an immature T-ALL immunophenotype. Moving forward, this model 

of KMT2Ar T-ALL serves as a useful tool in pre-clinical drug discovery and screening, 

to establish more efficacious targeted therapies to treat this high-risk subtype.  
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3.5 Supplementary Figures 

Supplementary Figure 3.1 
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Supplementary Figure 3.1 – Isotype control scatter plots for MOHITO surface 
marker staining 

All MOHITO surface marker staining gates were set according to fluorescence 

intensity of cells stained with relevant isotype control antibodies. All scatter plots are 

representative of 3 independent biological replicates.  
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Supplementary Figure 3.2 
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Supplementary Figure 3.2 – Phospho-flow analysis of signalling pathway 
activation in MOHITO cells  

Signalling pathway activation was investigated by intracellular flow cytometric analysis 

of phosphorylated AKT, ERK, STAT5, SYK, S6 and ZAP70 in MOHITO cells 

expressing DDX3X-MLLT10, PICALM-MLLT10, KMT2A-AFF1, and control empty 

vector cells. All cells were incubated in 2% serum media for 5 hours prior to fixation. 

The prostate cancer cell line LNCaP was used as a positive control. 
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Supplementary Figure 3.3 
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Supplementary Figure 3.3 – Phospho-flow analysis of signalling pathway 
activation in Ba/F3 cells  

Signalling pathway activation was investigated by intracellular flow cytometric analysis 

of phosphorylated AKT, ERK, STAT5, SYK, S6 and ZAP70 in MOHITO cells 

expressing DDX3X-MLLT10, PICALM-MLLT10, KMT2A-AFF1, and control empty 

vector cells. All cells were incubated in low-serum media for 5 hours prior to fixation. 

The prostate cancer cell line LNCaP was used as a positive control.  
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 Introduction 

DDX3X-MLLT10 and PICALM-MLLT10 are poorly characterised recurrent genomic 

aberrations identified in approximately 10% of newly diagnosed T-ALL cases. To date, 

there are no published in vitro or in vivo models of MLLT10r T-ALL, and expression of 

PICALM-MLLT10 in non-lineage committed haematopoietic precursors induces a 

myeloid or mixed phenotype1. Furthermore, no commercially available human T-ALL 

cell lines are known to express either DDX3X-MLLT10 or PICALM-MLLT10. U937 

cells express PICALM-MLLT10, exhibit an AML phenotype2, and possess additional 

clinically relevant genomic aberrations including homozygous TP53 loss-of-function, 

which is rare in PICALM-MLLT10 T-ALL3,4. The AML phenotype and presence of 

additional genomic aberrations are likely to influence cancer biology and treatment 

response5, making U937 a suboptimal system to study MLLT10r T-ALL. Generating a 

pre-clinical model of T-lymphoid-lineage MLLT10r leukaemia would enable the study 

of the biology and therapeutic sensitivities of MLLT10r in a T-ALL context. 

In chapter 3, expression of DDX3X-MLLT10 or PICALM-MLLT10 in the murine 

CD4+CD8+ T-cell line MOHITO did not induce convincing evidence of oncogenicity. 

The occurrence of a MLLT10r may not be sufficient to induce leukaemogenesis alone; 

rather, certain cooperative mutations may be required to induce MLLT10r T-ALL. 

Alternatively, the MOHITO T-cell line may not serve as an appropriate model system 

for MLLT10r, potentially due to the CD4+CD8+ phenotype. CD4 and CD8 are 

expressed in 53% and 60% of T-ALL cases respectively6, but there is currently no 

published data defining the expression of these markers specifically in MLLT10r T-

ALL. 

In this chapter, T-lineage cell models expressing DDX3X-MLLT10 or PICALM-MLLT10 

were developed using less mature murine CD4-CD8- thymocyte-derived cells 

harvested from p19Arf null C57BL/6J (Arf-/-) mice. Cells were retrovirally transduced 

with DDX3X-MLLT10-pRUFiG2 or PICALM-MLLT10-pRUFiG2 and transplanted into 

sub lethally irradiated 6-week-old NOD.Cg-PrkdcscidIl2rgtm1Wjl/Sz (NSG) mice, to 

assess engraftment in vivo. The use of CD4-CD8- thymocyte-derived cells enables 

exploration of the leukaemogenic potential of MLLT10r in an immature T-cell setting. 
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 Approach 

CD4-CD8-TER119- thymocytes were harvested from Arf-/- mice and retrovirally 

transduced with pRUFiG2 constructs using RetroNectin® to generate stable cell lines 

expressing DDX3X-MLLT10 or PICALM-MLLT10, or control pRUFiG2 empty vector 

(refer to methods section 2.17). Cells were expanded by sterile culture with OP9-DL1 

stromal cells7, and GFP+ cells were collected by FACS using a BD FACSFusionTM. 

The OP9-DL1 cell line is a bone-marrow-derived stromal cell line that ectopically 

expresses the Notch ligand, Delta-like 1 (DL1). With the addition of murine FLT3-

ligand (mFLT3-L) and murine IL-7 (mIL-7), OP9-DL1 cells provide an appropriate 

microenvironment to promote lineage commitment, differentiation and proliferation of 

T-cells from murine haematopoietic progenitor cells8,9. 

To establish an in vivo model of MLLT10r T-ALL, NSG mice approximately 6 weeks of 

age were exposed to a sub lethal dose of radiation (200 cGy), and each was 

administered with 3x106 transduced cells by tail vein injection. Mice were monitored 

for engraftment by daily clinical assessment and fortnightly tail vein bleeds to monitor 

circulating GFP+ cells in the peripheral blood. Mice were humanely killed when they 

appeared moribund, and haematopoietic organs were harvested for 

immunophenotyping, qRT-PCR of HOX genes, and histological analysis. 
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 Results 

4.3.1 Generation of stable-expressing MLLT10r Arf-/- murine T-lineage cells 

Thymocytes were harvested from Arf-/- mice aged 4-12 weeks. Cells were co-stained 

for TER119 (erythrocyte lineage marker), CD4 and CD8a (mature T-cell lineage 

markers), and negative cells were collected by FACS (Figure 4.1). Cells were cultured 

with OP9-DL1 stromal cells for 3 days, prior to retroviral transduction with pRUFiG2 

constructs. FACS was performed to determine transduction efficiency and collect 

GFP+ cells, and FACS was repeated to enrich the proportion of GFP+ cells to >90% 

(Figure 4.2).  

RNA was extracted for qRT-PCR of fusion breakpoints, confirming that DDX3X-

MLLT10 and PICALM-MLLT10 are expressed at similar levels in transduced cells 

(Figure 4.3). qRT-PCR revealed no significant difference in the expression of HOX 

cluster genes between empty vector, DDX3X-MLLT10 and PICALM-MLLT10 

expressing cells (Figure 4.4). Immunophenotyping confirmed a heterogenous 

population of immature T-lineage cells and haematopoietic progenitors, prior to 

cryopreservation for later injection into mice. (Figure 4.5). The proportion of CD44+ 

and CD5+ cells was lower in PICALM-MLLT10 expressing cells in comparison to 

DDX3X-MLLT10 or empty vector, and expression of either fusion induced increased 

Sca-1 expression compared to empty vector cells. Statistical analysis was not 

performed, as there was only sufficient material for one replicate.  
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Figure 4.1 – FACS of CD4-CD8a-TER119- thymocytes harvested from p19Arf null 
C57BL/6J (Arf-/-) mice 

Thymocytes were co-stained for CD4-PE, CD8a-PE and TER119-PE, and PE 

negative (PE-) cells were collected by FACS using a BD FACSFusionTM. (A) Sorting 

gate was set around the PE- population as determined by unstained negative control 

cells, and (B) purity of sorted cells was confirmed immediately post-sort.  
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Figure 4.2 – CD4-CD8a-TER119- Arf-/- thymocytes transduced with fusion-
pRUFiG2 constructs express GFP and are a homogenous population after 
sorting. 

GFP+ cells were collected by FACS using either a BD FACSFusionTM or 

FACSMelodyTM and further expanded by OP9-DL1 co-culture. Cells were expanded 

for one week, and FACS was repeated to obtain a population of >90% live GFP+ cells.  
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Figure 4.3 – DDX3X-MLLT10 and PICALM-MLLT10 pRUFiG2 constructs are 
expressed at similar levels in Arf-/- thymocytes 

RNA was extracted from Arf-/- thymocytes (DDX3X-MLLT10 and PICALM-MLLT10), 

and cDNA synthesised for SYBR® Green qRT-PCR analysis of fusion breakpoints. 

ΔCt values were calculated by normalising Ct values to ACTB housekeeping gene. A 

lower ΔCt value indicates higher expression. Neither fusion was expressed in empty 

vector cells. Statistical significance was determined by Student’s t-test (n.s.=not 

significant). Error bars represent mean ± SD of 3 biological replicates.  
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Figure 4.4 – Expression of MLLT10r does not induce changes in the expression 
of HOX genes in Arf-/- thymocytes 

RNA was extracted from Arf-/- thymocytes (pRUFiG2 empty vector, DDX3X-MLLT10 

and PICALM-MLLT10), and cDNA synthesised for SYBR® Green qRT-PCR analysis 

of HOX genes. ΔCt values were calculated by normalising Ct values to ACTB 

housekeeping gene. A lower ΔCt value indicates higher expression. Differences in 

gene expression were statistically assessed by one-way ANOVA t-tests, and no 

significant differences were identified. Error bars represent mean ± SD of 3 biological 

replicates.  

HOXA1

HOXA3

HOXA5

HOXA7

HOXA9

HOXA10

MEIS1

HOXB1
0

5

10

15
Δ

C
t

Empty vector
DDX3X-MLLT10
PICALM-MLLT10

N
ot

 e
xp

re
ss

ed



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 

 179 

 
Figure 4.5 – Transduced Arf-/- thymocytes maintain a T-lineage 
immunophenotype 

Cell surface marker staining was analysed on GFP+ Arf-/- thymocytes on the day of 

cryopreservation using a BD FACSFortessaTM. Gates were set based on isotype 

controls (Supplementary Figure 4.1), to determine proportion of positive single cells 

for each marker. Data represents one biological replicate only, as there was 

insufficient material for additional replicates.   
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4.3.2 Transduced Arf-/- thymocytes induce T-ALL in immunodeficient mice 

A total of 3x106 live cells per mouse were injected into sub lethally irradiated NSG 

mice. Fifteen mice were included in the experiment (5 mice in each cohort: empty 

vector, DDX3X-MLLT10 and PICALM-MLLT10). Mice were monitored for engraftment 

by daily clinical monitoring and fortnightly tail vein bleeds to assess for GFP+ cells, and 

were humanely killed when they appeared moribund. Photographs documenting 

external organ morphology, FSC/SSC scatter plots and GFP expression histograms 

are provided for individual mice in Appendices 4.1-4.3. In all scatter plots, each 

mouse is depicted with a unique colour that is reported consistently throughout this 

chapter. 

Empty vector, DDX3X-MLLT10 and PICALM-MLLT10 mice survived for a median of 

117, 132 and 149 days post-injection respectively, indicating no significant difference 

in median survival (Figure 4.6). Three empty vector mice and one DDX3X-MLLT10 

mouse died without evidence of GFP+ cell engraftment (discussed further in sections 

4.4.9 and 4.4.10). Peripheral blood, bone marrow from hind limbs and peripheral 

organs (spleen, liver and thymus if present) were harvested for analysis of GFP 

expression (Figure 4.7). Two empty vector mice demonstrated evidence of GFP+ 

engraftment. EV-5 was culled due to clinical signs of illness on day 138, likely due to 

a grossly enlarged thymus containing 57.3% GFP+ cells (Appendix 4.1E). EV-4 was 

culled at the experimental endpoint on day 234, and there was no evidence of GFP+ 

cells in peripheral blood 1 week prior to humane killing. 

Flow cytometric analyses revealed that all five PICALM-MLLT10 mice exhibited >90% 

GFP+ live single cells in all organs. In contrast, localisation of GFP+ engraftment was 

variable within the DDX3X-MLLT10 cohort. One mouse did not meet the criteria for 

leukaemic engraftment (DDX3X-1, Appendix 4.2A). The remaining mice exhibited 

thymus-predominant (DDX3X-2 and 5) or bone marrow-predominant (DDX3X-3 and 

4) disease. DDX3X-2 and 5 had grossly enlarged thymi containing 97.0% and 41.0% 

GFP+ cells, with minimal bone marrow involvement (1.5% and 9.7%) (Appendix 4.2B 

& E). In contrast, GFP+ engraftment was observed in the bone marrow of DDX3X-3 

and 4 (65.6% and 95.7%). GFP+ cells were also identified in the thymi of DDX3X-3 

and 4 (30.5% and 72.6%), but thymi were comparatively smaller, less fibrous and 

yielded few live cells (Appendix 4.2C-D).  
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No significant difference in liver or spleen weight (Figure 4.8), total white cell count 

(WCC), lymphocytes, neutrophils, red blood cells (RBC) or haemoglobin (Hb) (Figure 
4.9) was observed between cohorts. Median organ weights, total WCC, lymphocyte 

count and neutrophil count were elevated, and RBC count and Hb were consistently 

low, relative to NSG reference values (Supplementary Table 4.1).  

Sections of liver, spleen, thymus and femur were fixed in 10% formalin, prior to 

paraffin-embedding and sectioning for immunohistochemical staining with 

hematoxylin and eosin (H&E) and GFP antibody (Figure 4.10). All PICALM-MLLT10 

mice demonstrated widespread populations of densely packed small round cells with 

large nuclei in the bone marrow, liver, spleen and thymus, with diffuse GFP+ staining 

evident. DDX3X-MLLT10 mice with bone marrow predominant disease also 

demonstrated leukaemic infiltration in the liver. The thymi of DDX3X-MLLT10 mice 

with thymus-predominant disease were infiltrated with GFP+ lymphoblasts, whereas 

their bone marrow, liver and spleen retained normal structural features, with only 

minimal GFP staining evident in the bone marrow. IHC from empty vector mice with 

GFP+ engraftment (mice EV-4 and EV-5) revealed scant GFP+ cells in the bone 

marrow, liver and spleen (Figure 4.11). 

RNA was extracted from liver specimens for quantification of HOX expression (Figure 
4.12), revealing no statistically significant difference in HOX expression between 

cohorts. The liver was chosen as the comparator organ as this tissue demonstrated 

the most consistent leukaemic infiltration across cohorts. RT-PCR confirmed that the 

relevant fusion was expressed in each mouse except for DDX3X-1 (Figure 4.13). 

Neither fusion was detected in empty vector mice, confirming the absence of cross-

contamination or endogenous fusion expression (Figure 4.14). The presence of empty 

pRUFiG2 multiple cloning site (MCS) was confirmed by RT-PCR and Sanger 

sequencing in mice transplanted with empty vector cells (Supplementary Figure 
4.2A-B). The expected 245 bp sequence corresponding to the pRUFiG2 MCS was 

amplified in all mice except EV-3, with only faint bands observed in EV-1 and EV-2. 

An additional ~500 bp sequence was amplified in the positive control and EV-2, and 

Sanger sequencing confirmed non-specific amplification of a region from mouse 

chromosome 11 (Supplementary Figure 4.2C).   
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Figure 4.6 – Mice transplanted with Arf-/- thymocytes expressing empty vector, 
DDX3X-MLLT10 or PICALM-MLLT10 survived for a median of 117, 132 and 149 
days respectively 

Kaplan-Meier curves depicting the survival of mice transplanted with cells expressing 

control empty vector, DDX3X-MLLT10 or PICALM-MLLT10. No statistically significant 

difference in survival was identified (log rank test). Data points marked with x represent 

mice who did not meet the criteria for leukaemic engraftment (criteria for leukaemic 

engraftment: total WCC >25 K/µL or >20% GFP+ live single cells in any organ). One 

empty vector mouse, marked by #, was culled at the experiment’s endpoint of 234 

days post-injection.   
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Figure 4.7 – Arf-/- thymocytes expressing PICALM-MLLT10 induce greater 
engraftment in peripheral blood and haematopoietic organs, compared with 
cells expressing empty vector or DDX3X-MLLT10 

Single cells were harvested from each organ and analysed for GFP expression on a 

BD FACSFortessaTM or BD FACSCantoTM. Percentage of GFP+ cells was calculated 

as a proportion of total live cells. Each data point represents one animal, and the 

median of each cohort is represented by a horizontal bar. All statistics represent 

Kruskal-Wallis tests (*p<0.05, **p<0.01, ***p<0.001, n.s.=not significant). Hollow data 
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points ○ and △ represent mice who did not meet the criteria for leukaemic engraftment. 

Abbreviations: BM, bone marrow; PB, peripheral blood; LIV, liver; SPL, spleen; THY, 

thymus. Percentage of GFP+ cells in each organ for individual mice are provided in 

Supplementary Table 4.2. 
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Figure 4.8 – Expression of DDX3X-MLLT10 or PICALM-MLLT10 does not induce 
significant changes in spleen or liver weight, compared with empty vector 

Mouse spleens and livers were weighed following dissection. Statistical significance 

was assessed by Kruskal-Wallis tests (n.s.=not significant). Each data point 

represents one animal, and the median of each cohort is represented by a horizontal 

bar. Hollow data points ○ and △ represent mice who did not meet the criteria for 

leukaemic engraftment.  
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Figure 4.9 – Mice transplanted with Arf-/- thymocytes expressing empty vector, 
DDX3X-MLLT10 or PICALM-MLLT10 exhibit abnormal blood profiles 

Whole blood from each mouse was analysed using the HEMAVET® 950 veterinary 

haematology system to obtain values for (A) total white cell count, (B) neutrophil count, 

(C) lymphocyte count, (D) red cell count and haemoglobin concentration. Two empty 

vector mice did not have blood collected due to technical issues. NSG reference 

ranges are annotated on each graph10. No statistically significant difference between 

cohorts was observed, as determined by Kruskal-Wallis tests. Each data point is 

representative of one animal, and the median of each cohort is represented by a 

horizontal bar. Hollow data points ○ and △ represent mice who did not meet the criteria 

for successful GFP+ cell engraftment. Abbreviations: K/µL, thousand cells per 

microlitre; Hb, haemoglobin; LY, lymphocytes; M/µL, million cells per µL; NE, 

neutrophils; RCC, red cell count; WCC, white cell count. Blood profile values for each 

mouse are provided in Supplementary Table 4.1.  
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Figure 4.10 – Mice transplanted with PICALM-MLLT10 or DDX3X-MLLT10 
expressing cells exhibit histological evidence of leukaemia 

Representative (A) H&E and (B) GFP staining of bone marrow, spleen, liver and 

thymus sections from PICALM-MLLT10 and DDX3X-MLLT10 mice. Images analysed 

at 40x magnification with CaseViewer software. A representative no primary GFP 

antibody control is provided in Supplementary Figure 4.3. Abbreviations: N/A, not 

applicable.  
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Figure 4.11 – Empty vector Arf-/- thymocytes engrafted in two mice  

Representative H&E and GFP staining of sections from EV mice 4 and 5 bone marrow, 

spleen and liver. Images analysed at 40x magnification with CaseViewer software. 
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Figure 4.12 – HOX gene expression remains consistent in cells harvested from 
murine organs following transplantation 

Liver RNA was extracted from each mouse, and cDNA synthesised for SYBR® Green 

qRT-PCR analysis of HOX genes. Comparison of ΔCt values between DDX3X-

MLLT10 and PICALM-MLLT10 are shown, where Ct values were normalised to ACTB 

housekeeping gene. Differences in gene expression were statistically assessed by 

one-way ANOVA t-tests, and no significant differences were identified. Error bars 

represent mean ± SD for each cohort.
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Figure 4.13 – DDX3X-MLLT10 or PICALM-MLLT10 are expressed in cells 
harvested from engrafted mice 

Gel electrophoresis of RT-PCR fusion breakpoint products from mice transplanted 

with cells expressing (A) DDX3X-MLLT10 (334 bp) and (B) PICALM-MLLT10 (615 

bp). Liver RNA was extracted from each mouse, and cDNA synthesised for PCR. Red 

rectangles highlight the presence of each fusion gene breakpoint in positive control 

samples. ACTB was used as a positive control for PCR. Abbreviations: MW, molecular 

weight marker; ACTB, actin.   

0.5–

1.0 –

MW
(kb)

0.3–
0.2–

100 bp 
DNA 

ladder
DDX3X-
MLLT10 

Arf-/-

1.5 – DDX3X 
#1

DDX3X 
#2

DDX3X 
#3

DDX3X 
#4

DDX3X 
#5

DDX3X-MLLT10 breakpoint

DDX3X-
MLLT10 

Arf-/-

ACTB

DDX3X 
#1

DDX3X 
#2

DDX3X 
#3

DDX3X 
#4

DDX3X 
#5

0.5–

1.0 –

MW
(kb)

0.3–

0.2–

100 bp 
DNA 

ladder
PICALM
-MLLT10 

Arf-/-

1.5 – PICALM 
#1

PICALM 
#2

PICALM 
#3

PICALM 
#4

PICALM 
#5

PICALM-MLLT10 breakpoint

PICALM
-MLLT10 

Arf-/-

ACTB

PICALM 
#1

PICALM 
#2

PICALM 
#3

PICALM 
#4

PICALM 
#5

(A)

(B)



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 

 192 

 

Figure 4.14 – Mice transplanted with pRUFiG2 empty vector expressing Arf-/- 
cells do not express DDX3X-MLLT10 or PICALM-MLLT10 

Gel electrophoresis of RT-PCR products from empty vector mice. Liver RNA was 

extracted from each mouse, and cDNA synthesised for PCR of (A) DDX3X-MLLT10 

and (B) PICALM-MLLT10 breakpoints. Red rectangles highlight the presence of each 

fusion gene breakpoint in positive control samples. ACTB was used as a positive 

control for PCR. Abbreviations: MW, molecular weight marker; ACTB, actin. 
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4.3.3 Cells expressing PICALM-MLLT10 or DDX3X-MLLT10 retain a 
CD4+CD8+ T-ALL immunophenotype with aberrant stem cell marker 
expression 

GFP+ cells were immunophenotyped as per the protocol described in Table 2.11. 

Surface marker staining was performed on cells harvested from bone marrow (or 

peripheral blood where bone marrow material was insufficient) (Figure 4.15), and 

thymi when sufficient material was present (Figure 4.16).  

Cells harvested from both fusion cohorts retained an immunophenotype most 

consistent with early cortical T-ALL, based on the CD2+CD4+CD8+CD5+sCD3-/dim 

phenotype observed (Table 3.3). In humans, CD1a is a key marker that defines the 

early cortical subtype, but this was not examined here as mice do not express the 

CD1a isoform11. A striking loss of CD25 expression was observed in cells harvested 

from mice (median <10% CD25+ cells for both cohorts), in comparison to pre-injection 

levels (>96% CD25+). One exception was noted, a PICALM-MLLT10 mouse that 

exhibited 75.7% (bone marrow) and 33.1% (thymus) CD25+ cells. CD44 expression 

was variable and a trend towards lower CD44 expression in the thymi of PICALM-

MLLT10 mice was observed, but this was not statistically significant.  

The stem cell markers CD34, c-Kit and Sca-1 were aberrantly expressed. PICALM-

MLLT10 cells exhibited a trend towards greater CD34 expression (bone marrow: 

37.9% vs 98.8% and thymus: 72.9% vs 99.7%, DDX3X-MLLT10 vs PICALM-MLLT10, 

not statistically significant). DDX3X-MLLT10 cells exhibited a trend towards greater 

expression of c-Kit (bone marrow: 48.9% vs 25.0% and thymus: 52.4% vs 15.8%, 

DDX3X-MLLT10 vs PICALM-MLLT10, not statistically significant). Sca-1 expression 

was significantly greater in DDX3X-MLLT10 thymi than PICALM-MLLT10 thymi 

(92.6% vs 56.8%, p=0.04) (Figure 4.16).  

EV-5 was the only empty vector mouse with sufficient engraftment of GFP+ cells for 

immunophenotyping, where >20% GFP+ cells were identified in the peripheral blood, 

thymus and liver (Supplementary Table 4.2). GFP+ cells from the peripheral blood of 

EV-5 exhibited an unusual mixed/ETP phenotype, including expression of myeloid 

marker CD13, mature T-cell marker sCD3 and stem cell markers Sca-1 and c-Kit, and 

heterogenous CD34 and CD2 (Figure 4.18).  
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Figure 4.15 – GFP+ cells expressing DDX3X-MLLT10 or PICALM-MLLT10 
harvested from murine bone marrow or peripheral blood exhibit a T-ALL 
immunophenotype 

Cell surface marker staining was analysed on GFP+ cells harvested from the bone 

marrow or peripheral blood of mice, using a BD FACSFortessaTM. Gating was set 

based on isotype controls to determine the proportion of positive cells for each marker 

(Supplementary Figure 4.1). Each data point represents one mouse, and the median 

of each cohort is represented by a horizontal bar. No statistically significant difference 

between cohorts was identified by Mann Whitney U tests. Immunophenotyping data 

for each mouse is provided in Supplementary Tables 4.3-4.4.  
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Figure 4.16 – GFP+ cells expressing DDX3X-MLLT10 or PICALM-MLLT10 
harvested from murine thymi exhibit a T-ALL immunophenotype 

Cell surface marker staining was analysed on GFP+ single cells using a BD 

FACSFortessaTM. Gating was set based on isotype controls, to determine percentage 

of positive cells for each marker. Each data point represents one animal, and the 

median of each cohort is represented by a horizontal bar. CD2 was not investigated 

due to external limitations relating to antibody availability at the time of assay. 

Statistical significance was determined by Mann Whitney U tests (*p<0.05). On plots 

where statistical annotation is not present, the results were not significant. 

Immunophenotyping data for each mouse is provided in Supplementary Tables 4.3-
4.4. 
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Figure 4.17 – Summary of DDX3X-MLLT10 and PICALM-MLLT10 Arf-/- thymocyte 
surface marker expression  

A summary of CD4, CD8, Sca-1, c-Kit, CD34, CD5, CD25 and CD44 expression is 

provided for Arf-/- thymocytes expressing DDX3X-MLLT10 or PICALM-MLLT10. Each 

data point represents one animal, and the median of each cohort is represented by a 

horizontal bar. Abbreviations: BM, cells harvested from murine bone marrow; Pre, 

immunophenotype of cells pre-injection; THY, cells harvested from murine thymi.  
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Figure 4.18 – GFP+ cells harvested from empty vector mouse EV-5 exhibit a 
mixed myeloid/T immunophenotype  

Cell surface marker staining was analysed on GFP+ cells harvested from the 

peripheral blood of empty vector mouse EV-5 using a BD FACSFortessaTM. Gating 

was set based on isotype controls to determine the proportion of positive cells for each 

marker (Supplementary Figure 4.1). Percentage of positive cells for each marker are 

annotated above each bar. 
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4.3.4 GFP-negative T-lineage malignancies developed in three control empty 
vector mice 

Three control mice (EV-1, 2 and 3) developed clinical signs of illness at 20-22 weeks 

of age and were humanely killed on days 86, 110 and 117 post-transplantation. Signs 

of leukaemic infiltration were present in haematopoietic organs, including an enlarged 

thymus, liver and spleen, and pale bone marrow indicative of anaemia 

(Supplementary Figure 4.1A-C). Flow cytometry revealed FSC/SSC properties 

indicative of lymphocyte populations in the peripheral blood, spleen, liver, thymus and 

bone marrow (Supplementary Figure 4.1A-C). However, no evidence of GFP+ cell 

engraftment was identified in any haematopoietic site by flow cytometry (Figure 4.7). 

A complete blood count (CBC) was performed for one mouse, revealing an extremely 

high lymphocyte count of 236 K/µL, 98-fold greater than the upper limit of normal for 

NSG mice (2.6 K/µL) (Figure 4.9 & Supplementary Table 4.1). H&E staining revealed 

dense infiltration of leukaemic blasts, and GFP staining was negative (Figure 4.19). 

Immunophenotyping was relatively consistent between the three affected mice, 

demonstrating expression of T-lineage markers CD8, CD4 and CD5, and stem cell 

marker CD34 (Figure 4.20).  
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Figure 4.19 – Three empty vector mice exhibit histological evidence of a GFP-
negative haematopoietic malignancy 

Representative H&E and GFP staining of sections from an empty vector mouse who 

developed a GFP-negative T-cell malignancy. Images analysed at 40x magnification 

with CaseViewer software.  
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(A) 

 
 

(B) 

Marker EV-1 EV-2 EV-3 Published 
phenotype12 

CD8 + + + + or -  
CD4 + + + + 
CD25 Heterogenousx + Heterogenous + or -  
CD44 - Dim Heterogenous - 
CD45 + + + + 
sCD3 - - - ND 
CD5 + + + + or -  
CD34 + + + ND 
Sca-1 Dim* + - ND 
c-Kit - Dim - - 
CD13 - - - ND 

 

Figure 4.20 – Immunophenotype of white blood cells harvested from control 
mice is consistent with T-cell leukaemia/lymphoma 

(A) Cell surface marker staining was analysed on all live single cells from the livers of 

empty vector mice EV-1, 2 and 3, using a BD FACSFortessaTM. Gating was set based 

on isotype controls, to determine percentage of positive cells for each marker. Each 

data point represents one animal, and the median is represented by a horizontal bar. 

(B) A table summarising the immunophenotype of the three affected mice, compared 

with a published case series of sporadic T-lineage leukaemias/lymphomas in NSG 

mice12. xHeterogenous expression is defined when there are two clearly discernible 

populations of positive and negatively stained cells. *Dim expression is defined when 
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a population of cells has weak expression of a marker, but the population is not clearly 

distinguished from the negative population (Supplementary Figure 4.1). 

Abbreviations: ND, no data.  
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 Discussion 

In this chapter, Arf-/- thymocytes expressing DDX3X-MLLT10, PICALM-MLLT10 or 

control empty vector were transplanted into NSG mice to explore the oncogenic 

potential of MLLT10r in vivo. Haematopoietic material was harvested from mice and 

interrogated by surface marker staining, immunohistochemistry (IHC) and qRT-PCR.  

 

4.4.1 Expression of MLLT10r does not change HOX gene expression in Arf-/- 
thymocytes  

No statistically significant difference in HOX expression was identified between 

cohorts for any assessed gene in vitro (Figure 4.4) or ex vivo (Figure 4.12), indicating 

that MLLT10r expression does not induce upregulation of HOX cluster genes in Arf-/- 

thymocytes. The lack of HOX gene upregulation has important implications for the 

validity of this model system, as HOX upregulation is a well-established characteristic 

of MLLT10r leukaemia13-17. Expression of HOXA1, 3, 5, 10 and MEIS1 decreased 

relative to pre-injection cells, whereas HOXA9 and HOXB1 expression levels 

remained constant (Supplementary Table 4.5). HOX expression was variable 

between mice, likely due to the differences in proportion of GFP+ cells present in each 

sample. The percentage of GFP+ cells in murine livers varied between 50-99.6%, but 

the quantity of cells harvested from organs with low GFP expression was too small for 

FACS collection of a pure GFP+ population. It is therefore difficult to accurately 

compare HOX expression between mice and pre-injection values, as is likely that 

these results are skewed by the varying proportion of GFP-negative endogenous 

murine cells in each sample. 

All HOXA genes except HOXA7 were expressed, indicating a relatively immature 

parent cell differentiation stage. It is possible that since most HOXA genes are sufficiently 

expressed in Arf-/- thymocytes, a further increase in expression is not necessary to induce 

leukaemogenesis in vivo. In both MLLT10r and empty vector thymocytes, HOXA1, 

HOXA3, HOXA5 and MEIS1 have higher expression (ΔCt values of <10) than HOXA7-

10 (ΔCt values of 10-15). In chapter 3, HOXA1, HOXA3, HOXA5 and MEIS1 expression 

was significantly increased in KMT2A-AFF1 MOHITO cells relative to empty vector 

MOHITO cells (Figure 3.8B), whereas HOXA7-10 expression did not change. HOXA3 

and HOXA5 are upregulated in leukaemic blasts from patients with KMT2Ar or 
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MLLT10r T-ALL14, and also in two published models of murine PICALM-MLLT10 

AML18,19. Taken together, these data support the suggestion that HOXA1, HOXA3 and 

HOXA5 play important lineage-specific roles in myeloid and T-lineage haematopoiesis 

and malignancies. 

 

4.4.2 Murine-derived CD4-CD8-TER119- thymocytes retain a T-cell 
immunophenotype but regain CD8 and CD4 expression in culture 

Surface marker staining of Arf-/- thymocytes prior to transplantation into mice 

confirmed an immunophenotype consistent with T-ALL (Figure 4.5). Cells were >90% 

CD8+ and 32-50% CD4+ prior to injection, despite the initial collection of CD4-CD8- 

(PE-negative) cells (Figure 4.1). It is likely that cells were initially CD4-CD8-, and 

gradually differentiated over the 37 days spent in culture. This differentiation is 

supported by the OP9-DL1 co-culture protocol published by Holmes et al.8, where it 

was observed that cultured murine bone marrow-derived CD44-CD25-CD4-CD8- 

HSCs differentiated over time, with 39% CD4+CD8+ cells present after 16 days in 

culture. The cells used in this study were cultured for 37 days due to the time required 

to transduce and expand cell populations. The high percentage of further 

differentiated, but still primitive, CD4+CD8+ T-cells is therefore expected after 

extended time in culture. Holmes et al. also demonstrate that differentiation kinetics 

are accelerated in lymphocyte progenitors, in contrast to less mature HSCs. As CD4-

CD8- cells were collected, it is likely that a mixed population of CD4-CD8-CD44+/-

CD25+/- progenitors were present in culture, resulting in more accelerated 

differentiation than if a pure population of CD44-CD25-CD4-CD8- cells were collected.  

It was hypothesised that transplantation of the mixed CD4 and CD8 expressing 

population would result in competitive outgrowth of the cell differentiation stage that is 

most susceptible to leukaemic transformation by MLLT10r. Immunophenotyping on 

harvested material from engrafted mice would determine whether CD4 and CD8 

positive or negative cells induced disease. Sorting of CD4-CD8- cells was therefore 

not performed prior to transplantation, and the bulk population of cells were 

transplanted into sub lethally irradiated NSG mice. 
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4.4.3 Expression of PICALM-MLLT10 induces leukaemia with widespread 
organ penetrance 

All PICALM-MLLT10 mice exhibited >90% GFP+ live single cells in all organs 

analysed, indicating a malignancy with aggressive organ penetrance (Figure 4.7). 

PICALM-5 also presented with enlarged, pale kidneys with white patches, which was 

not observed in any other cohort. IHC revealed infiltration of GFP+ cells in the kidney 

tissue of PICALM-5, but not PICALM-3 (Supplementary Figure 4.4), demonstrating 

this was an additional site of leukaemic involvement in PICALM-5 only, indicative of a 

particularly aggressive malignancy in this mouse. Renal involvement of ALL is a rare 

occurrence that typically presents as bilateral kidney enlargement and acute renal 

failure20-23. Enlarged kidneys at diagnosis was historically associated with poor 

outcomes in childhood ALL24,25, but it is not clear whether this remains the case with 

modern intensified treatment protocols.  

Mice engrafted with cells expressing DDX3X-MLLT10 exhibited engraftment of 

predominantly either the thymus or bone marrow (Figure 4.10 and Appendix 4.2), 

indicating a reduced ability of DDX3X-MLLT10 expressing cells to penetrate 

secondary organs in comparison to PICALM-MLLT10 cells. Thymus size did not 

correlate with percentage of GFP+ cells or onset of disease. DDX3X-4 had a small 

thymus that yielded very few cells, of which 72.6% were GFP+, whereas DDX3X-5 had 

a comparatively larger thymus that was only 41.0% GFP+. The low proportion of GFP+ 

in DDX3X-5 may be the result of non-malignant cells involved in the thymus structure 

and microenvironment, required to support the organ’s large size.  

It is not clear why DDX3X-MLLT10 expressing cells exhibited variable homing 

patterns. It is possible that different clones emerged in each mouse, potentially driven 

by the acquisition of distinct cooperative alterations. This could be further explored in 

cells harvested from individual mice by mRNA-seq. Alternatively, there may be a 

fusion-specific functional mechanism underlying this phenomenon, where the 5’ fusion 

partner, DDX3X or PICALM, may promote cell homing and dissemination by distinct 

mechanisms.  

It was expected that transplanted thymocytes would initially home to the thymus. NSG 

mice undergo thymic atrophy, where a thymus is typically only visible until 

approximately 12 weeks of age26. Thymic atrophy also normally occurs in humans, 
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where functional lymphopoietic tissue is replaced by adipose tissue over time as a 

normal part of the ageing process27. Despite thymic atrophy, NSGs are capable of 

supporting thymopoiesis in response to engraftment of human or murine thymocytes26. 

This is supported by the presence of GFP+ cells in the thymi of all mice engrafted with 

fusion-expressing cells, despite some thymi being small (particularly DDX3X-3 and 4). 

However, a thymus could not be identified in EV-4, despite >20% GFP+ cells in the 

liver and spleen but only 3.3% in the bone marrow, suggesting the liver and spleen 

may be involved in the initial homing of transplanted cells. A bioluminescent imaging 

system, such as luciferase imaging, would assist in identifying homing patterns of 

transplanted cells throughout engraftment, particularly establishing whether the 

thymus is a site of initial leukaemic engraftment, and whether cell homing differs 

between fusions (discussed further in 4.4.11). 

Despite a high percentage of GFP+ cells in PICALM-MLLT10 mice, no significant 

difference in liver or spleen weight (Figure 4.8) or blood profile (Figure 4.9) was 

observed between cohorts. Abnormal blood results were observed across all three 

cohorts, with high WCC indicative of leukaemic involvement. RBC count and Hb were 

consistently low relative to NSG reference values, indicating anaemia potentially 

induced by RBC depletion due to leukaemic infiltration. 

 

4.4.4 Two empty vector mice engrafted with GFP+ disease 

Empty vector mice EV-4 and 5 both demonstrated evidence of GFP+ engraftment by 

flow cytometry (Appendix 4.1D-E) and IHC (Figure 4.11). EV-5 was humanely killed 

due to clinical signs of illness on day 138, whereas EV-4 was humanely killed at the 

experimental endpoint on day 234, based on absence of GFP+ cells in peripheral blood 

1 week prior to termination. It is likely that EV-4 would have eventually developed 

clinical signs of leukaemia, as 58.1% and 20.5% GFP+ cells were evident in the liver 

and spleen respectively (Supplementary Table 4.2). 

As analysis of only two GFP+ empty vector mice was possible, who died at vastly 

different time points, it is not clear whether control Arf-/- thymocytes engraft with a 

similar latency and localisation in comparison to cells expressing MLLT10r.  
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4.4.5 An unusual mixed/ETP phenotype developed in one empty vector 
mouse 

Curiously, EV-5 was the only mouse where high expression of the myeloid marker 

CD13 occurred (95% CD13+, Figure 4.18), indicating a mixed myeloid/T-ALL 

phenotype. CD13 is a myeloid antigen identified in >50% of ETP-ALL cases28,29. As 

this experiment involved the transduction of a pool of CD4-CD8- precursor cells, it is 

possible that expansion of a primitive precursor with myeloid differentiation potential 

occurred. GFP+ cells from this mouse also exhibited expression of mature T-cell 

marker sCD3 and stem cell markers Sca-1 and c-Kit, and heterogenous CD34 and 

CD2 expression, which is different from the immunophenotype observed in the 

MLLT10r cohorts. However, this finding is difficult to interpret as only one mouse was 

affected, and further replicates are required to determine whether this unusual 

phenotype is consistently recapitulated by empty vector Arf-/- thymocytes, or if it was 

an isolated incident. 

 
4.4.6 Cells expressing PICALM-MLLT10 or DDX3X-MLLT10 are CD4+CD8+ 

following transplantation 

Cells harvested from MLLT10r mice were consistently CD4+CD8+. The proportion of 

CD8 and CD4 positive cells pre- and post-injection is summarised in Figure 4.5. CD8 

expression was maintained in vivo, whereas the proportion of CD4+ cells increased in 

the bone marrow and thymus. The CD4+CD8+ immunophenotype was specific to 

fusion-expressing cells, whereas GFP+ cells from the peripheral blood of EV-5 were 

CD4+CD8- (Figure 4.18). CD4 and CD8 expression is variable in human T-ALL, 

positive in 53% and 60% of cases respectively6, and CD4+CD8+ double-positive 

disease is identified in approximately 40% of cases30,31, including in PICALM-MLLT10 

T-ALL32. As CD4 and CD8 expression are variable within human T-ALL, additional 

factors external of fusion expression are likely involved in determining T-ALL 

immunophenotype. 
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4.4.7 Cells expressing PICALM-MLLT10 or DDX3X-MLLT10 exhibit aberrant 
stem cell marker expression 

The stem cell markers CD34, Sca-1 and c-Kit were aberrantly expressed in cells 

expressing DDX3X-MLLT10 and PICALM-MLLT10. Differences in stem cell marker 

expression are summarised in Figure 4.5. DDX3X-MLLT10 cells harvested from thymi 

exhibited a higher percentage of Sca-1+ cells compared to PICALM-MLLT10, 

suggesting a potential role for this murine stem cell marker in DDX3X-MLLT10 T-ALL 

pathogenesis. Sca-1 expression correlates with more aggressive murine leukaemia, 

quantified by a shorter time to engraftment than Sca-1low/- disease in one study33, but 

no significant difference in time to engraftment was observed here. It is possible that 

Sca-1+ precursors may represent a primitive cell type that permits increased growth 

within the thymus but not extra-thymic dissemination of engrafted cells. The clinical 

relevance of Sca-1 expression in human leukaemia is unclear, as the human 

equivalent of Sca-1 is unknown. 

There were trends toward increased expression of c-Kit in DDX3X-MLLT10 cells and 

CD34 in PICALM-MLLT10 cells. CD34 is the most frequently identified stem cell 

marker expressed on ALL blasts, present in >50% of T-ALL cases34,35, including 75% 

of ETP-ALL, 83% of pro-T, and 20-50% of pre-T, cortical and mature T-ALL cases6. c-

Kit is expressed in approximately 10-20% of T-ALLs overall6,36, predominantly in 

immature ETP and pro-T cases (50% and 67% of new diagnoses respectively6). 

Overall, these results indicate that stem cell marker expression is variable in MLLT10r 

pathogenesis. Further comprehensive immunophenotyping of MLLT10r patient 

cohorts would provide further insight into the functional significance of stem cell marker 

expression in MLLT10r T-ALL. 
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4.4.8 Changes in expression of T-cell markers CD25, CD44 and CD5 
occurred in MLLT10r cells 

Expression of CD25, CD44 and CD5 in DDX3X-MLLT10 and PICALM-MLLT10 cells 

are summarised in Figure 4.5. One mouse from either fusion cohort exhibited a CD25+ 

(PICALM-1) or CD44- (DDX3X-4 and PICALM-2) immunophenotype, demonstrating 

variable expression of these markers. CD25 and CD44 are immature T-cell markers 

that define the stage of double negative (DN) thymocyte differentiation. CD25 is 

expressed in 13% of AML37 and 43-54% of adult B-ALL diagnoses38,39 and is 

disproportionately associated with BCR-ABL1 positive B-ALL39, but incidence in T-ALL 

is not known. Investigating the expression of CD44 and CD25 in T-ALL patients would 

establish whether these markers have an association with genomic subtype or 

outcomes.  

CD5 expression was notably greater in DDX3X-MLLT10 cells pre-injection (median % 

CD5+ cells = 83.8% vs 54.7%, DDX3X-MLLT10 vs PICALM-MLLT10), suggesting that 

PICALM-MLLT10 is capable of inducing a less mature immunophenotype indicative of 

ETP-ALL40. However, engrafted cells were consistently CD5+ in the bone marrow and 

thymus, suggesting that lack of CD5 expression is not an important contributor to 

leukaemic engraftment in this context.  

 

4.4.9 Likely familial T-lineage malignancies developed in three control empty 
vector mice 

Three control mice (EV-1, 2 and 3) developed clinical signs of illness at 20-22 weeks 

of age and were humanely killed on days 86, 110 and 117 post-injection. CBC analysis 

(Figure 4.9), IHC (Figure 4.19) and flow cytometry (Figure 4.20) revealed a GFP-

negative T-lymphoid malignancy that infiltrated the liver, spleen, thymus, bone marrow 

and peripheral blood.  

As all three affected mice were littermates, the occurrence of a familial genetic 

abnormality is possible. One published case series describes sporadic haematopoietic 

malignancies in 12 NSG mice aged 20 to 38 weeks12, that presented with grossly 

enlarged spleen, liver, thymus, bone marrow and/or lymph nodes. 

Immunophenotyping revealed that all mice had acquired T-cell lymphoblastic 
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leukaemia/lymphomas (T-LBL). Consistent with this evidence, the immunophenotype 

of the three mice affected in this experiment are indicative of a T-cell malignancy 

(Figure 4.20). 

It is not clear why sporadic lymphomas/leukaemias develop in NSG mice. Tillman et 

al. propose that malignant lymphocytosis may evolve as an alternative maturation 

mechanism in mice where normal physiologic processes are perturbed. They also 

report concurrent viral infections in some of the affected mice, which may serve as a 

trigger for T-cell malignancies12. As the three affected mice were housed in the same 

cage, it is possible that a viral infection was sustained. The mice developed ALL within 

a close time frame (within 31 days of each other), potentially suggesting the 

involvement of a contagious entity. However, considering that NSGs are severely 

immunocompromised and therefore highly susceptible to infection, it is unlikely that 

the other two mice housed in the same cage would remain unaffected. It is therefore 

unlikely that viral infection was the solitary cause of these malignancies, but the 

combination of a genetic predisposition and a viral infection cannot be excluded as 

potential causes. 

Ultimately, it is likely that these three mice developed leukaemia/lymphoma with a 

familial genetic basis. The development of an aggressive disease in short succession 

in three littermates, but not the other two unrelated (not littermate) mice who were 

housed in the same cage and transplanted with the same empty vector cells, is strong 

evidence to suggest a familial basis for this phenomenon.  

 

4.4.10 One DDX3X-MLLT10 mouse died of likely unrelated causes 

DDX3X-1 is the only mouse in either of the fusion cohorts who did not develop 

leukaemia. This mouse exhibited intermittent eye redness and swelling for three 

months, but no other signs of clinical deterioration were evident until 2 weeks prior to 

termination, when gradual weight loss and declining activity occurred. Some GFP+ cell 

engraftment was noted in the liver and spleen (LIV 16.2% and SPL 12.1%, 

Supplementary Table 4.2), but organs were of normal size and morphology 

(Appendix 4.2A). RT-PCR of RNA harvested from the liver failed to detect the 

DDX3X-MLLT10 breakpoint (Figure 4.13). The relatively low proportion of GFP+ cell 

engraftment is sufficient to establish that systemic leukaemia was not the cause of 
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illness. The intermittent eye swelling observed raised the possibility of ocular 

infiltration of transplanted cells. Optic nerve infiltration is a rarely reported occurrence 

in ALL41,42, but IHC of the optic nerve from both the affected and unaffected eye did 

not reveal any evidence of leukaemic infiltration (Supplementary Figure 4.5). Unlike 

the three GFP- EV mice who developed a GFP-negative T-cell malignancy, this mouse 

did not exhibit any other signs of haematopoietic illness. A normal blood profile (Figure 
4.8) and normal organ morphology (Appendix 4.2A) were observed. IHC reveals 

absence of GFP+ lymphoblasts, except for scant staining in the spleen 

(Supplementary Figure 4.6). The cause of deterioration in this mouse is therefore 

unknown, and while no evidence of a systemic infection was identified (such as 

elevated WCC), the ongoing eye problems indicate a potential eye infection that may 

have induced systemic deterioration in this immunocompromised mouse. 

 

4.4.11 Limitations and future directions 

Some limitations and technical difficulties were encountered in developing this model. 

For further studies, the following changes would be implemented.  

 

1. Addressing the issue of CD4+CD8+ differentiation in culture 

In future experiments, optimisation of transduction protocols to limit the time that cells 

spend in culture (ideally to <2 weeks) to minimise CD4+CD8+ differentiation is 

warranted. Immature cells could also be re-selected immediately prior to injection, to 

enrich the population of immature lymphoid precursors. This methodology was utilised 

in one published study, where CD4-CD8- thymocytes were collected, and then CD44-

CD25-CD4-CD8- cells were re-selected by FACS immediately prior to injection into 

mice7.  

In the present experiment, cells were passaged and media replenished every 3 days, 

with one replenishment after 6 days at 22 days post-transduction (due to external 

limitations). The 6 day incubation without media change may have affected cellular 

differentiation, as low IL-7 concentration accelerates CD4+CD8+ differentiation of OP9-

DL1 cultured cells8. More frequent and regular media replenishment may delay cell 

differentiation, by ensuring exposure to consistent quantities of IL-7.  
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2. Introducing a bioluminescence imaging system to track cell homing and 
engraftment in organs  

Leukaemic engraftment was monitored in mice by fortnightly tail vein bleeds. Mice 

exhibited very low levels of circulating GFP+ cells in the peripheral blood throughout 

the experiment. In many cases, <1% circulating GFP+ cells were identified by tail vein 

bleed and flow cytometric analysis 1 week prior to a mouse being culled due to clinical 

deterioration. Most mice exhibited >60% GFP+ cells in the peripheral blood at the time 

of culling, suggesting that circulation of GFP+ cells in the peripheral blood occurred at 

a late stage in disease development. As a result, tail vein bleeds were not an 

informative means of monitoring disease progression throughout the experiment. 

Introducing a bioluminescent imaging system, such as a luciferase vector, would 

enable live cell imaging to track cell homing and engraftment within organs such as 

the bone marrow, thymus, liver and spleen. This would allow tracking of overall 

disease burden within each mouse and provide an understanding of the homing 

patterns of transplanted cells. 

 

3. Understanding the engraftment of empty vector expressing cells 

In this experiment, 3/5 empty vector control mice were affected by a likely familial T-

cell malignancy, a rare but recognised phenomenon in NSG mice. The remaining two 

mice developed GFP+ cell engraftment, but at vastly different time points (138 and 234 

days post-injection). Consequently, it is not clear whether control Arf-/- thymocytes 

consistently engraft with a similar latency and immunophenotype of MLLT10r 

expressing cells. It is therefore necessary to repeat the experiment, to confirm that the 

GFP-negative disease developed by three control mice was indeed a sporadic event, 

and to clarify the engraftment potential and immunophenotype of empty vector-

expressing Arf-/- thymocytes.  

 

4. Generating a secondary xenograft from harvested cells 

Generating a secondary xenograft mouse model using GFP+ cells harvested from 

primary xenografts would provide further insight into the role of MLLT10r in T-ALL 
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development and clonal selection43. Harvested cells expressing DDX3X-MLLT10, 

PICALM-MLLT10 or empty vector would be transplanted into NSG mice to assess 

time to engraftment, organ penetrance and immunophenotype. mRNA-seq would also 

provide insight into clonal selection by characterising the landscape of acquired 

secondary genomic alterations in engrafted cells. 

 

4.4.12 Summary of chapter findings 

This chapter describes, for the first time, an in vivo model of MLLT10r T-ALL. Mice 

transplanted with Arf-/- thymocytes expressing PICALM-MLLT10 developed a 

widespread haematopoietic malignancy, affecting the thymus, bone marrow, liver, 

spleen and peripheral blood. In contrast, DDX3X-MLLT10 expressing cells induced 

disease that resided predominantly in either the bone marrow or thymus. Overall, this 

indicates that while no significant difference in survival were observed, PICALM-

MLLT10 expression induces a comparatively aggressive T-ALL, characterised by 

widespread disease dissemination, and a trend towards increased CD34 expression. 

The results in this chapter demonstrate that MLLT10r fusion gene retroviral constructs 

are able to be stably expressed in murine Arf-/- thymocytes, that induce leukaemia 

when transplanted into NSG mice. This represents a promising system to investigate 

the biology of genomic aberrations associated with T-ALL, and pre-clinically test 

targeted therapies.   
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 Supplementary Figures 

 

Supplementary Figure 4.1 – Flow cytometry gating strategies  

(A) (1) Singlets were isolated on FSC-H vs FSC-A density plot and (2) live cells 

isolated by excluding cells positive for the dead cell stain DAPI. (3a) Granularity and 

size of live single cells was assessed on SSC-A vs FSC-A density plots and (3b) 
proportion of GFP+ cells within the total live cell population was determined. (B-C) 
Immunophenotyping was performed by antibody staining for surface markers. Gating 

on live GFP+ cells was first performed as described in (A), except for EV mice 1-3, 

where all live cells were included in analysis. Negative gates were set for each 

antibody analysed based on isotype control-stained samples. A population was 

considered positive for a marker if >80% of cells stained positive (CD34, panel B), and 

cells were negative for a marker if <10% of cells stained positive (Sca-1, panel B and 

CD25, panel C). (C) Samples were categorised as having dim expression if 10-79.9% 

of cells were positive for an antigen, but the positive and negative populations were 

not clearly discernible (CD44). (D) Samples were categorised as having heterogenous 
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expression if 10-79.9% of cells were positive for an antigen, and the positive and 

negative populations were clearly discernible (sCD3). 
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Supplementary Figure 4.2 – Validation of the pRUFiG2 multiple cloning site from 
empty vector expressing Arf-/- cells  

(A) Gel electrophoresis of RT-PCR products from empty vector mice. Liver RNA was 

extracted from each mouse, and cDNA synthesised for PCR of the empty vector MCS. 

Red rectangles highlight the 245 bp fragment corresponding to the size of the MCS. 

ACTB was used as a positive control for PCR. (B) The 245 bp fragment corresponding 

to the empty vector MCS was purified and Sanger sequenced to confirm the intact 

MCS. (C) The ~500 bp fragment amplified in EV-2 was purified and Sanger 

sequenced, revealing 100% homology with a region of mouse chromosome 11. 

Abbreviations: ACTB, actin; MCS, multiple cloning site; MW, molecular weight marker.  
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Supplementary Figure 4.3 – Representative no primary GFP antibody control for 
IHC of formalin-fixed mouse tissue 

Murine tissues were fixed in 10% formalin, prior to paraffin-embedding and sectioning 

for immunohistochemical staining with a GFP primary monoclonal antibody. For each 

stained section, a control section was performed alongside, which was treated with 

the antigen retrieval and secondary antibody agents, but not stained with the primary 

GFP antibody. This control confirms the absence of background GFP staining. A 

representative section of murine bone marrow is provided to demonstrate the 

difference between the non-primary antibody stained (left) and primary antibody 

stained (right) samples.  

Without primary antibody With primary antibody
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Supplementary Figure 4.4 – Evidence of leukaemic engraftment is present in the 
kidneys of PICALM-5 

Photographs and IHC staining of kidney sections from PICALM-MLLT10 mice 

PICALM-5 (left) and PICALM-3 (right). Images analysed at 40x magnification with 

CaseViewer software.  
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Supplementary Figure 4.5 – H&E and GFP staining of eye sections harvested 
from DDX3X-1 do not reveal evidence of leukaemic engraftment 

H&E and GFP staining of optic nerve sections from DDX3X-1. Images analysed at 20x 

magnification with CaseViewer software.   
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Supplementary Figure 4.6 – One mouse transplanted with DDX3X-MLLT10 cells 
did not demonstrate histological evidence of leukaemic engraftment  

H&E and GFP staining of organ sections from DDX3X-1. Images analysed at 40x 

magnification with CaseViewer software.  

H&E GFP
B

on
e 

m
ar

ro
w

 (4
0x

)
Sp

le
en

 (4
0x

)
Li

ve
r (

40
x)



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 

 220 

Supplementary Table 4.1 – CBC values for mice on the day of organ harvest   

 Empty vector DDX3X-
MLLT10 PICALM-MLLT10 

Reference 
ranges 
(LLN - ULN) 

Total white cell 
count (WCC) 
K/µL  

EV-1: ND DDX3X-1: 0.6 PICALM-1: 44.5 

0.5 - 2.6 

EV-2: ND DDX3X-2: 36.8 PICALM-2: 25.2 
EV-3: 294.8 DDX3X-3: 76.4 PICALM-3: 28.2 
EV-4: 4.5 DDX3X-4: 75.0 PICALM-4: 97.4 
EV-5: 91.6 DDX3X-5: 91.9 PICALM-5: 158.0 

Median (range) 91.6 (4.5-294.8)  75.0 (0.6-91.9) 44.5 (25.2-158.0) 

Total neutrophil 
count (NE) 
K/µL  

1: ND 1: 1.2 1: 18.1 

0.4 - 2.2 

2: ND 2: 15.8 2: 18.9 
3: 44.4 3: 43.1 3: 16.6 
4: 2.7 4: 42.8 4: 31.7 
5: 55.9 5: 31.4 5: 16.6 

Median (range) 44.4 (2.7-55.9)  31.4 (1.2-43.1) 18.1 (16.5-31.7) 

Total 
lymphocyte 
count (LY) 
K/µL  

1: ND 1: 0.6 1: 18.7 

0.1 - 0.5 

2: ND 2: 15.8 2: 0.8 
3: 236.0 3: 7.2 3: 4.2 
4: 1.0 4: 8.4 4: 43.6 
5: 8.2 5: 52.7 5: 128.0 

Median (range) 8.2 (1.0-236.0)  8.4 (0.6-52.7) 18.7 (0.8-128.0) 

Total monocyte 
count (MO) 
K/µL 

1: ND 1: 0.1 1: 2.0 

0.0 - 0.6 

2: ND 2: 3.7 2: 0.0 
3: 12.3 3: 2.6 3: 1.3 
4: 0.2 4: 13.1 4: 14.6 
5: 6.8 5: 5.7 5: 10.4 

Median (range) 6.8 (0.2-12.3)  3.7 (0.1-13.1) 2.0 (0.0-14.6) 

Total eosinophil 
count (EO) 
K/µL 

1: ND 1: 0.2 1: 4.0 

0.0 - 0.4 

2: ND 2: 1.4 2: 5.7 
3: 2.1 3: 16.2 3: 4.9 
4: 0.6 4: 9.3 4: 6.8 
5: 15.1 5: 2.1 5: 2.2 

Median (range) 2.1 (0.6-15.1)  2.1 (0.2-16.2) 4.9 (2.2-6.8) 

Total basophil 
count (BA) 
K/µL  

1: ND 1: 0.1 1: 1.3 

Unknown 

2: ND 2: 0.3 2: 1.3 
3: 0.2 3: 8.5 3: 1.2 
4: 0.6 4: 1.9 4: 0.9 
5: 5.8 5: 0.3 5: 0.8 

Median (range) 0.6 (0.2-5.8)  0.3 (0.1-8.5) 1.2 (0.8-1.3) 

Total red cell 
count (RCC) 
M/µL  

1: ND 1: 7.0 1: 6.6 

7.0 - 9.1 
2: ND 2: 5.8 2: 5.5 
3: 3.7 3: 7.7 3: 5.8 
4: 5.7 4: 4.3 4: 4.6 
5: 7.5 5: 3.9 5: 4.9 
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Median (range) 5.7 (3.7-7.5)  5.8 (3.9-7.7) 5.5 (4.6-6.6) 

Haemoglobin 
(Hb) 
g/dL  

1: ND 1: 8.1 1: 8.7 

12.1 - 15.0 

2: ND 2: 8.1 2: 6.6 
3: 6.0 3: 11.3 3: 7.3 
4: 7.8 4: 6.3 4: 6.3 
5: 11.5 5: 5.1 5: 6.0 

Median (range) 7.8 (6.0-11.5)  8.1 (5.1-11.3) 6.6 (6.0-8.7) 

Platelets (PLT) 
K/µL  

1: ND 1: 290 1: ND 

782 - 1166 

2: ND 2: 239 2: 225 
3: 816 3: 513 3: 204 
4: ND 4: 266 4: 189 
5: 382 5: 274 5: 522 

Median (range) 599.0 (382-816)  274 (239-513) 215 (189-522) 
 

Abbreviations: g/dL, grams per decilitre; K/µL, thousand cells per microlitre; LLN, lower 

limit of normal; M/µL, million cells per microlitre; ND, no data; ULN, upper limit of 

normal   
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Supplementary Table 4.2 – GFP expression in mouse organs 

Organ % positive 
Empty vector DDX3X-MLLT10 PICALM-MLLT10 

PB 

EV-1: ND DDX3X-1: 9.4 PICALM-1: 94.3 
EV-2: 10.8 DDX3X-2: 89.0 PICALM-2: 87.0 
EV-3: 0.1 DDX3X-3: 20.3 PICALM-3: 90.9 
EV-4: 12.1 DDX3X-4: 73.7 PICALM-4: 69.2 
EV-5: 30.3 DDX3X-5: 36.9 PICALM-5: 92.1 

Median (range) 11.5 (0.1-30.3) 36.9 (9.4-89.0) 88.0 (69.2-94.3) 

BM 

1: 0.2 1: 1.0 1: 99.1 
2: 0.2 2: 1.5 2: 97.2 
3: 0.0 3: 61.0 3: 98.2 
4: 3.3 4: 89.3 4: 82.1 
5: 8.7 5: 9.7 5: 98.4 

Median (range) 0.2 (0.0-8.7) 9.7 (1.0-89.3) 98.2 (82.1-99.1) 

THY 

1: 2.2 1: ND 1: 99.4 
2: 0.0 2: 97.0 2: 98.2 
3: 0.1 3: 30.5 3: 98.7 
4: ND 4: 72.6 4: 98.2 
5: 57.3 5: 41.0 5: 97.0 

Median (range) 1.1 (0.0-57.3) 37.6 (29.0-97) 98.2 (97.0-99.4) 

SPL 

1: 2.5 1: 12.1 1: 81.8 
2: 0.0 2: 22.5 2: 81.8  
3: 0.0 3: 87.9 3: 78.1 
4: 20.5 4: 98.9 4: 99.8 
5: 14.7 5: 28.0 5: 94.4 

Median (range) 2.5 (0.0-20.5) 28.0 (12.1-98.9) 94.4 (78.1-99.8) 

LIV 

1: 0.9 1: 16.2 1: 99.6 
2: 0.0 2: 50.4 2: 99.2 
3: 0.0 3: 89.8 3: 99.4 
4: 58.1 4: 96.6 4: 96.8 
5: 29.7 5: 50.9 5: 99.6 

Median (range) 0.9 (0.0-58.1) 50.9 (16.2-96.6) 99.4 (96.8-99.6) 
Abbreviations: ND, no data 
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Supplementary Table 4.3 – Immunophenotyping of mouse BM or PB 

Marker % positive 
Empty vector DDX3X-MLLT10 PICALM-MLLT10 

CD8 (AF700) 

EV-1: ND DDX3X-1: ND PICALM-1 (BM): 97.9  
EV-2: ND DDX3X-2 (PB): 99.1 PICALM-2 (BM): 98.1  
EV-3: ND DDX3X-3 (BM):100 PICALM-3 (BM): 96.0 
EV-4: ND DDX3X-4 (PB): 82.8 PICALM-4 (BM): 99.6  
EV-5 (PB): 11.6 DDX3X-5 (PB): 72.2 PICALM-5 (BM): 90.2 

Median (range) 11.6 90.3 (72.2-100.0) 97.9 (90.2-99.6) 

CD4 (APC-Cy7) 

1: ND 1: ND 1: 98.9 
2: ND 2: 92.8 2: 35.0 
3: ND 3: 99.8 3: 97.0 
4: ND 4: 89.5 4: 99.6 
5: 100 5: 99.9 5: 97.0 

Median (range) 100 96.3 (89.5-99.9) 97.0 (35.0-99.6) 

CD25 (APC) 

1: ND 1: ND 1: 33.1 
2: ND 2: 3.3 2: 1.2 
3: ND 3: 4.6 3: 2.4 
4: ND 4: 16.0 4: 1.3 
5: 13.5 5: 8.1 5: 1.4 

Median (range) 13.5 6.4 (3.3-16.0) 1.4 (1.2-33.1) 

CD44 (PE-Cy7) 

1: ND 1: ND 1: 74.8 
2: ND 2: 96.6 2: 26.2 
3: ND 3: 85.9 3: 97.6 
4: ND 4: 31.0 4: 71.7 
5: 99.7 5: 100.0 5: 77.2 

Median (range) 99.7 91.3 (31.0-100.0) 74.8 (26.2-97.6) 

CD45 (PerCP-
Cy5.5) 

1: ND 1: ND 1: 99.4 
2: ND 2: 99.4 2: 99.3 
3: ND 3: 100 3: 99.2 
4: ND 4: 98.4 4: 97.6 
5: 92.9 5: 94.6 5: 99.6 

Median (range) 92.9 98.9 (94.6-100.0) 99.3 (97.6-99.6) 

sCD3 (V450) 

1: ND 1: ND 1: 3.0 
2: ND 2: 13.2 2: 16.4  
3: ND 3: 8.6 3: 14.4 
4: ND 4: 7.9 4: 1.8 
5: 29.2 5: 56.1 5: 61.6 

Median (range) 29.2 10.9 (7.9-56.1) 14.4 (1.8-61.6) 

CD5 (APC) 

1: ND 1: ND 1: 92.0 
2: ND 2: 77.2 2: 99.9 
3: ND 3: 99.3 3: 97.5 
4: ND 4: 82.4 4: 80.8 
5: 81.4 5: 96.8 5: 94.4 

Median (range) 81.4 89.6 (77.2-93.3) 94.4 (80.8-99.9) 
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c-Kit (PE-Cy7) 

1: ND 1: ND 1: 25.0 
2: ND 2: 76.7 2: 59.8 
3: ND 3: 4.1 3: 22.4 
4: ND 4: 74.7 4: 39.7 
5: 99.2 5: 23.1 5: 59.8 

Median (range) 99.2 48.9 (4.1-76.7) 25.0 (6.7-59.8) 

CD34 (AF700) 

1: ND 1: ND 1: 98.8 
2: ND 2: 37.8 2: 99.0 
3: ND 3: 38.0 3: 99.3 
4: ND 4: 32.1 4: 94.4 
5: 50.6 5: 99.5 5: 89.2 

Median (range) 50.6 37.9 (32.1-99.5) 98.8 (89.2-99.3) 

Sca-1 (PE-CF594) 

1: ND 1: ND 1: 85.7 
2: ND 2: 99.0 2: 71.7  
3: ND 3: 19.8 3: 19.1 
4: ND 4: 95.0 4: 95.9 
5: 99.9 5: 90.2 5: 84.4 

Median (range) 99.9 92.6 (19.8-99.0) 84.4 (19.1-95.9) 

CD13 (BV650) 

1: ND 1: ND 1: 0.2 
2: ND 2: 14.9 2: 1.2 
3: ND 3: 0.3 3: 2.7 
4: ND 4: 22.6 4: 4.4 
5: 95.1 5: 14.8 5: 17.4 

Median (range) 95.1 14.9 (0.3-22.6) 2.7 (0.2-17.4) 

CD2 (PE) 

1: ND 1: ND 1: 100 
2: ND 2: ND 2: 99.9 
3: ND 3: 99.9 3: ND 
4: ND 4: ND 4: ND 
5: 47.6 5: ND 5: ND 

Median (range) 47.6 99.9 100.0 
Abbreviations: BM, bone marrow; ND, no data; PB, peripheral blood 
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Supplementary Table 4.4 – Immunophenotyping of mouse THY 

Marker % positive 
DDX3X-MLLT10 PICALM-MLLT10 

CD8 (AF700) 

DDX3X-1: ND PICALM-1: 98.7 
DDX3X-2: 93.9 PICALM-2: 97.0 
DDX3X-3: ND PICALM-3: 84.3 
DDX3X-4: ND PICALM-4: 81.3 
DDX3X-5: 73.8 PICALM-5: 87.8 

Median (range) 83.9 (73.8-93.9) 87.8 (81.3-98.7) 

CD4 (APC-Cy7) 

1: ND 1: 98.4 
2: 95.8 2: 33.0 
3: ND 3: 99.5 
4: ND 4: 99.9 
5: 99.8 5: 85.2 

Median (range) 97.8 (95.8-99.8) 98.4 (33.0-99.9) 

CD25 (APC) 

95.1c: ND 1: 75.7 
95.1d: 2.5 2: 2.8 
98.1a: ND 3: 1.9 
98.1b: ND 4: 0.3  
98.1c: 5.6 5: 0.4 

Median (range) 4.1 (2.5-5.6) 1.9 (0.3-75.7) 

CD44 (PE-Cy7) 

1: ND 1: 62.0 
2: 92.5 2: 30.8 
3: ND 3: 98.7 
4: ND 4: 56.2 
5: 99.8 5: 71.3 

Median (range) 96.2 (92.5-99.8) 62.0 (30.8-98.7) 

CD45 (PerCP-
Cy5.5) 

1: ND 1: 100.0 
2: 97.7 2: 100.0 
3: ND 3: 100.0 
4: ND 4: 100.0 
5: 99.6 5: 100.0 

Median (range) 98.7 (97.7-99.6) 100.0 

sCD3 (V450) 

1: ND 1: 16.0 
2: 11.5 2: 24.1 
3: ND 3: 14.4 
4: ND 4: 21.4 
5: 49.2 5: 34.3 

Median (range) 30.4 (11.5-49.2) 21.4 (14.4-34.3) 

CD5 (APC) 

1: ND 1: 99.1 
2: 75.5 2: 97.4 
3: ND 3: 97.5 
4: ND 4: 92.8 
5: 99.2 5: 96.7 

Median (range) 87.4 (75.5-99.2) 97.4 (92.8-99.1) 
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c-Kit (PE-Cy7) 

1: ND 1: 2.2 
2: 83.8 2: 35.3 
3: ND 3: 22.4 
4: ND 4: 6.4 
5: 20.9 5: 25.8 

Median (range) 52.4 (20.9-83.8) 15.8 (2.2-35.7) 

CD34 (AF700) 

1: ND 1: 99.9 
2: 45.8 2: 99.9 
3: ND 3: 99.7 
4: ND 4: 92.1 
5: 99.9 5: 98.9 

Median (range) 72.9 (45.8-99.9) 99.7 (92.1-99.9) 

Sca-1 (PE-CF594) 

1: ND 1: 56.8 
2: 99.7 2: 70.9 
3: ND 3: 19.1 
4: ND 4: 54.4 
5: 85.5 5: 69.7 

Median (range) 92.6 (85.5-99.7) 56.8 (19.1-70.9) 

CD13 (BV650) 

1: ND 1: 0.2 
2: 13.6 2: 3.8 
3: ND 3: 2.7 
4: ND 4: 0.6 
5: 7.4 5: 13.5 

Median (range) 10.5 (7.4-13.6) 2.7 (0.2-13.5) 

CD2 (PE) 

1: ND 1: 100.0 
2: ND 2: 98.5 
3: ND 3: ND 
4: ND 4: ND 
5: ND 5: ND 

Median (range) ND 99.3 (98.5-100.0) 
Abbreviations: ND, no data 
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Supplementary Table 4.5 – Comparison of HOX gene expression pre-injection 
vs post-injection 

 ΔCt, pre-injection cells 
+SD 

ΔCt, cells from murine liver* 
+SD 

EV DDX3X PICALM EVx DDX3X PICALM 

HOXA1 8.6 (3.0) 9.5 (1.8) 10.0 (1.6) 11.7 10.4 (4.0) 13.4 (1.3) 

HOXA3 6.4 (1.3) 6.2 (1.5) 7.4 (0.9) 10.0 10.1 (1.7) 14.0 (2.2) 

HOXA5 7.3 (1.5) 7.6 (1.2) 8.7 (1.3) 10.0 12.8 (4.3) 15.8 (0.9) 

HOXA7 NE NE NE NE NE NE 

HOXA9 12.7 (1.6) 12.5 (2.7) 11.8 (0.9) 7.8 10.7 (3.8) 11.7 (6.7) 

HOXA10 12.7 (0.5) 12.3 (0.4) 13.5 (0.6) NE NE NE 

MEIS1 6.6 (2.4) 6.9 (1.8) 7.5 (1.4) 10.4 11.0 (4.0) 12.0 (6.8) 

HOXB1 10.3 (1.7) 10.2 (0.9) 9.4 (0.8) 9.0 9.1 (1.5) 10.3 (3.7) 
Data presented as mean ΔCt values (+SD), where a lower ΔCt indicates higher expression. 

*Except for EV-5, where spleen RNA was used. 
xSD not provided as only one EV mouse was analysed. 

Abbreviations: EV, empty vector; NE, not expressed; SD, standard deviation.  
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Appendix 4.1 
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Appendix 4.1 – External haematopoietic organ morphology and properties of cells harvested from mice injected with Arf-/- 

thymocytes expressing empty vector 

Peripheral blood (PB), liver (LIV), spleen (SPL), thymi (THY) and bone marrow from hind limbs (BM) were harvested from mice for 

analysis. PB was not harvested from EV-2, and no THY was identified in EV-4. Organs were documented with photographs, and live 

cells were assessed for size and granularity (FSC vs SSC) and GFP expression (histogram) by flow cytometry on a BD FACSCantoTM 

or BD FACSFortessaTM.  
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Appendix 4.2 
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Appendix 4.2 – Documentation of external haematopoietic organ morphology and properties of cells harvested from mice 

injected with Arf-/- thymocytes expressing DDX3X-MLLT10  

Peripheral blood (PB), liver (LIV), spleen (SPL), thymi (THY) and bone marrow from hind limbs (BM) were harvested from euthanised 

mice for analysis. Organs were documented with photographs, and live cells were assessed for size and granularity (FSC vs SSC) 

and GFP expression (histogram) by flow cytometry on a BD FACSCantoTM or BD FACSFortessaTM.  
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Appendix 4.3 
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(B) PICALM-2 

 

FSC

SS
C

GFP

BM

LIV SPL

FSC

SS
C

GFP FSC

SS
C

GFP

PB

FSC

SS
C

GFP

(B) PICALM #2

THY

FSC

SS
C

GFP



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 
 

 245 

(C) PICALM-3 
 

 
  

FSC

SS
C

GFP

BM

LIV
SPL

FSC

SS
C

GFP FSC

SS
C

GFP

PB

FSC

SS
C

GFP

(C) PICALM #3

THY

FSC

SS
C

GFP FSC
SS

C
GFP

KID



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 
 

 246 

(D) PICALM-4 

 
 
 

FSC

SS
C

GFP

BM

LIV SPL

FSC

SS
C

GFP FSC

SS
C

GFP

PB

FSC

SS
C

GFP

(D) PICALM #4

THY

FSC

SS
C

GFP



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 
 

 247 

(E) PICALM-5 
 

  

FSC

SS
C

GFP

BM

LIV
SPL

FSC

SS
C

GFP FSC

SS
C

GFP

PB

FSC

SS
C

GFP

KID

(E) PICALM #5

FSC
SS

C
GFP

THY

FSC

SS
C

GFP



Chapter 4 – Generating an in vivo model of MLLT10r T-ALL 
 

 248 

Appendix 4.3 – Documentation of external haematopoietic organ morphology and properties of single cells harvested from 

mice injected with Arf-/- thymocytes expressing PICALM-MLLT10 

Peripheral blood (PB), liver (LIV), spleen (SPL), thymi (THY) and bone marrow from hind limbs (BM) were harvested from euthanised 

mice for analysis. Kidneys (KID) were harvested from PICALM-3 and PICALM-5 only. Organs were documented with photographs, 

and live single cells were assessed for size and granularity (FSC vs SSC) and GFP expression (histogram) by flow cytometry on a 

BD FACSCantoTM or BD FACSFortessaTM.  
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5.1 Introduction 

Co-operative genomic alterations are often present in ALL at diagnosis. These 

alterations include structural aberrations (insertions, deletions and inversions), copy 

number alterations (CNAs) and single nucleotide variants (SNVs) affecting oncogenes 

and tumour suppressors1, that co-operate with initiating alterations (typically fusion 

genes) to induce ALL2.  

The high incidence of KMT2Ar in infant ALL (approximately 70% of newly-diagnosed 

infant ALL cases3) suggests a unique aetiology that is distinct from other recurrent 

genomic subtypes. Infant KMT2Ar ALL carries a very low mutational burden, and in 

many cases no co-operative genomic events are identified4-7. The absence of co-

operative alterations in infants indicates that KMT2Ar are highly pathogenic lesions, 

as additional genomic events are not required to induce leukaemia. It was recently 

demonstrated that human foetal liver haematopoietic stem and progenitor cells 

(HSPCs) provide a molecular environment that is integral to the distinct gene 

expression profile of KMT2A-AFF1 infant B-ALL, which differs from the expression 

profile of non-infant paediatric KMT2A-AFF1 B-ALL8. The mutational landscape of 

non-infant KMT2Ar ALL is poorly characterised, so it is unknown whether KMT2Ar co-

occur with other genomic events to induce ALL in non-infant patients. Detailing the 

genomic landscape of non-infant KMT2Ar ALL is critical for understanding the 

aetiology and biology of KMT2Ar ALL. 

MLLT10r T-ALL is another high-risk ALL subtype where co-operative mutations are 

currently poorly characterised. In chapters 3 and 4, two different murine models 

expressing MLLT10r did not induce the HOXA cluster dysregulation observed in the 

leukaemic blasts of MLLT10r positive ALL patients, raising the possibility that 

additional genomic events are required. Activating NOTCH1 (60-80% of T-ALL 

diagnoses)9,10, frameshift and non-frameshift insertions affecting PTEN (14-23%)9,11, 

deletion of cell cycle regulators CDKN2A/B (70-78%)9,10 and JAK-STAT signalling 

pathway variants (25%)9 are common alterations identified in T-ALL12, including in 

HOXA-deregulated cases. It is difficult to establish the mutational landscape of 

MLLT10r T-ALL from existing published studies, as the HOXA-deregulated T-ALL 

subtype also includes other fusions such as KMT2Ar and SET-NUP214. Further 

interrogation of the co-operative lesions present in MLLT10r T-ALL may assist in 
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developing a model of MLLT10r T-ALL for pre-clinical studies of disease biology and 

therapeutic sensitivities.  

The role of aberrant epigenetic profiles has emerged as an important consideration in 

ALL13. DNA methylation profiling suggests that different genomic ALL subtypes 

possess overlapping but distinct DNA methylation signatures14. Therapies targeted 

towards the epigenome have subsequently emerged, including inhibitors of DOT1L15, 

BET16,17 and histone deacetylases (HDACs)18, and DNA demethylating agents such 

as azacitidine. The identification of mutations in genes associated with epigenetic 

regulation are of interest, to understand the causal mechanisms of epigenetic 

dysregulation in ALL and predict sensitivity to epigenome-targeted therapies.  

This chapter explores the genomic landscape of non-infant KMT2Ar B-ALL and 

MLLT10r T-ALL at diagnosis. Two primary aims are addressed: 

1. Identify clinically relevant SNVs and CNAs in genes associated with leukaemia 

in KMT2Ar B-ALL and MLLT10r T-ALL, to identify potentially co-operative 

genomic variants that may influence leukaemogenesis. 

2. Identify novel or known SNVs within genes that have a known epigenetic 

regulatory function, that may be associated with epigenetic dysregulation or 

response to therapies targeted towards the epigenome. 
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5.2 Approach 

All methods are described in detail in section 2.15. Patient MNCs were collected from 

peripheral blood or bone marrow and RNA was extracted. Multiplex-ligation dependent 

probe amplification (MLPA) was performed to screen for CNAs in a panel of ALL-

associated genes, and mRNA-seq was performed and bioinformatically analysed for 

fusion transcripts and SNVs. Insertion/deletion mutations (INDELs) were also 

investigated for the T-ALL cohort using mRNA-seq, as this data was readily available. 

INDELs were not investigated for the B-ALL cohort due to extraneous limitations in 

data availability, but this was not considered a major limitation as clinically relevant 

small gene insertions or deletions are relatively rare in B-ALL at diagnosis, relative to 

SNVs and whole gene CNVs19.  

Selected genes were interrogated based on previously published studies, to identify 

SNVs (B-ALL and T-ALL) and INDELs (T-ALL only) in leukaemia-associated genes9,11 

(Supplementary Table 5.1) and SNVs within epigenetic regulators20 

(Supplementary Table 5.2). Bioinformatically filtered SNVs and INDELs were 

manually interrogated using the COSMIC21 database to obtain the FATHMM22 score 

(SNVs only) and establish whether alterations had been previously identified in 

cancer, and VarSome23 to determine the American College of Medical Genetics 

(ACMG) classification of variant pathogenicity24. SNVs occurring in leukaemia-

associated genes were included in analysis if they were classified as pathogenic or 

likely pathogenic by FATHMM or ACMG. Variants of uncertain significance were also 

included in the analysis of SNVs affecting epigenetic regulators, as these may be 

potentially relevant novel variants. FATHMM scores are not applicable for INDELs, so 

a pathogenic/likely pathogenic ACMG classification or previously published reports of 

the INDEL in T-ALL was required for inclusion in analysis. 

An age-matched cohort of BCR-ABL1 positive B-ALL was utilised for comparison with 

the KMT2Ar B-ALL cohort, to identify trends in genomic alterations. BCR-ABL1 was 

selected as the comparator genomic subtype as it is another high-risk B-ALL subtype 

that occurs in both children and adults.  
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5.3 Results 

Cohort demographics are specified in Table 5.1. ALL-associated SNVs and CNAs 

were interrogated in KMT2Ar and BCR-ABL1 B-ALL (Figures 5.1-5.2), and the 

alterations present in each case are specified in Supplementary Tables 5.3 
(KMT2Ar) and 5.4 (BCR-ABL1). At least one alteration was identified in 34.7% (8/23) 

of KMT2Ar ALL cases, compared with 69.6% (16/23) of BCR-ABL1 cases (p=0.03, 

Figure 5.2). The most common CNA in the KMT2Ar cohort was PAR1 deletion (15.0% 

or 3/20 for whom MLPA data were available). Heterozygous deletion of ETV6, IKZF1 

or PAX5 occurred in 2 cases each (10.0%, 2/20). In the BCR-ABL1 cohort, deletions 

of CDKN2A/B and IKZF1 were common (50%, 11/22 and 55%, 12/22 respectively) but 

were rarely observed in KMT2Ar patients (5.0%, 1/20 and 10.0%, 2/20 respectively).  

Alterations identified in MLLT10r ALL are summarised in Figure 5.3, and the 

alterations present in each case are specified in Supplementary Table 5.5. At least 

one clinically relevant alteration was identified in all MLLT10r cases. NOTCH1 

alterations (71.4%, 5/7), frameshift and non-frameshift alterations of PTEN (42.9%, 

3/7), CDKN2A/B deletion (33.3%, 2/6 with MLPA available) and RAS pathway 

alterations (42.9%, 2/7) were recurrent events. Comprising the five NOTCH1 

alterations were three SNVs, and one frameshift insertion and one non-frameshift 

insertion, that all result in NOTCH1 activation. Four PTEN alterations were identified 

across three patients, where one patient (ID: AYAI0082) harboured both PTEN 

p.A418fs (frameshift insertion) and p.P421delinsLS (non-frameshift insertion). 

 

Table 5.1 – Cohort demographics 

Characteristic KMT2Ar B-ALL MLLT10r ALL BCR-ABL1 B-ALL 
N = 23 7 23 

% female 61% 28.6%^ 52% 

Age 
Mean (range) 

33.6 (11-74)* 20 (15-75)x 35.0 (8-71) 

*Age unknown for 1 patient 

xAge unknown for 4 patients 

^T-ALL affects males more than females, so this percentage is expected25 
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Figure 5.1 – Non-infant KMT2Ar B-ALL harbours few leukaemia-associated SNVs and CNAs at diagnosis, in comparison to 
BCR-ABL1 B-ALL 

SNVs and CNAs were interrogated in the leukaemic blasts of patients diagnosed with KMT2Ar or BCR-ABL1 B-ALL. RNA was 

extracted from patient MNCs. Fusion genes and SNVs were identified within a panel of leukaemia-associated genes by mRNA-seq, 
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and MLPA was performed to detect CNAs. SNVs with a variant allele frequency (VAF) of >0.2 were included in analysis. Grey shading 

indicates samples that do not have MLPA data and no SNVs or INDELs were identified. *No in-frame reciprocal fusion (for example 

AFF1-KMT2A) was identified in these cases. A summary of variants identified in each case are provided in Supplementary Tables 
5.3-5.4. 
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Figure 5.2 – Leukaemia-associated genomic alterations (CNAs and SNVs) are 

rare in KMT2Ar B-ALL, relative to BCR-ABL1 B-ALL leukaemic blasts 

SNVs and CNAs were identified in the leukaemic blasts of patients diagnosed with 

KMT2Ar or BCR-ABL1 B-ALL by mRNA-seq (SNVs) and MLPA (CNAs). The number 

of patients with at least one pathogenic or likely pathogenic alteration was 

documented. Statistical significance was determined by Mann-Whitney U test 

(*p<0.05). 
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Figure 5.3 – Leukaemic blasts from patients diagnosed with MLLT10r acute 

leukaemia harbour co-operative genomic alterations at diagnosis 

SNVs, INDELs and CNAs were identified in the leukaemic blasts of patients diagnosed 

with MLLT10r ALL. RNA was extracted from patient MNCs. Fusion genes, SNVs and 

INDELs were identified by mRNA-seq and MLPA was performed to detect CNAs. 

SNVs and INDELs with a VAF of >0.2 were included in analysis. A summary of variants 

identified in each case is provided in Supplementary Table 5.5. Abbreviations: MPAL, 

mixed phenotype acute leukaemia; TF, transcription factors. *Reciprocal fusion 
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(MLLT10-DDX3X) was not detected by mRNA-seq in this case. #VAF=0.16, but this 

variant was reported due to being a highly pathogenic SNV. ▢Two concurrent SNVs 

within JAK3 were identified in this sample. △Both a frameshift and non-frameshift 

PTEN insertion were identified in this sample.  
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SNVs within epigenetic regulators were interrogated in the leukaemic blasts of patients 

with KMT2Ar or BCR-ABL1 B-ALL (Figure 5.4 & Supplementary Tables 5.3-5.4). 

The FATHMM and ACMG scores for each identified variant are provided in 

Supplementary Table 5.7. WHSC1 (also known as NSD2 or MMSET) p.E1099K was 

identified in 39.1% (9/23) of KMT2Ar and 8.7% (2/23) of BCR-ABL1 cases (p=0.035). 

H1F0 p.A89P and MCM7 p.A433P were each identified in 17.4% (4/23) KMT2Ar B-

ALL cases, whereas only H1F0 p.A89P was identified in one (4.3%) BCR-ABL1 case 

(p=not significant). In the MLLT10r cohort, DNMT3A p.G298E and HDAC3 p.H135Q 

were both identified once. Three patients each harboured a different EZH2 variant 

(p.V679M, p.A255T and p.D185H) (Figure 5.5).   
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Figure 5.4 – Recurrent SNVs within epigenetic regulatory genes occur in 

leukaemic blasts from patients diagnosed with KMT2Ar B-ALL 

KMT2Ar or BCR-ABL1 B-ALL blasts were interrogated for SNVs within selected 

epigenetic regulatory genes. SNVs with a FATHMM or ACMG prediction of 

pathogenic, likely pathogenic or uncertain significance were included in analysis. (A) 

The frequency of SNV identification in each gene is provided, with the number of 

patients from either genomic subtype annotated above each bar. (B) Protein domain 

maps demonstrating the location of variants identified in (i) WHSC1, (ii) H1F0 and (iii) 

MCM7. Protein domains were mapped with amino acid coordinates provided by St 

Jude ProteinPaint software26. Statistical significance was determined by Mann-

Whitney U test (*p<0.05). Abbreviations: MCM, minichromosome maintenance 

complex domain; SET, Su(var)3-9, Enhancer-of-zeste, Trithorax; WHSC1, Wolf-

Hirschhorn Syndrome Candidate 1.  
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Figure 5.5 – Leukaemic blasts from patients diagnosed with MLLT10r T-ALL 

harbour SNVs within epigenetic regulatory genes 

MLLT10r ALL leukaemic blasts were interrogated for SNVs within a panel of epigenetic 

regulatory genes. SNVs with an ACMG or FATHMM prediction of pathogenic, likely 

pathogenic or uncertain significance were included in analysis. SNVs were identified 

in (A) DNMT3A (n=1 patient), (B) EZH2 (n=3) and (C) HDAC3 (n=1). Protein domains 

were mapped with amino acid coordinates provided by St Jude ProteinPaint 

software26. Abbreviations: PWWP, proline-tryptophan-tryptophan-proline; SET, 

Su(var)3-9, Enhancer-of-zeste, Trithorax; HDAC, histone deacetylase; MCM, 

minichromosome maintenance complex; PRC2 domain, Polycomb repressive 

complex 2 tri-helical domain.   
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5.4 Discussion 

This chapter interrogates the genomic landscape of genomic alterations present at 

diagnosis in non-infant KMT2Ar B-ALL and MLLT10r T-ALL, two subgroups of ALL 

patients that are poorly characterised. The KMT2Ar B-ALL genomic landscape was 

compared to an age-matched cohort of BCR-ABL1 B-ALL cases. INDELs (T-ALL 

only), SNVs and CNAs within leukaemia-associated genes were identified, with each 

case summarised in Supplementary Tables 5.3-5.5. Evidence supporting the 

pathogenic or likely pathogenic status of each reported SNV is provided in 

Supplementary Table 5.6. SNVs within epigenetic regulatory genes were identified, 

with variant details provided in Supplementary Table 5.7.  

 

5.4.1 Non-infant KMT2Ar B-ALL blasts harbour few clinically relevant 

genomic aberrations at diagnosis 

The low incidence of mutations in the KMT2Ar B-ALL cohort supports the notion that 

KMT2Ar are sufficiently pathogenic to induce leukaemia in the absence of co-

operative mutations, as observed in published infant cohorts4-7. It was recently 

identified that a foetal-specific gene expression signature underlies infant B-ALL, 

which is distinct from non-infant, paediatric KMT2A-AFF1 ALL8. This distinct foetal 

gene expression program is proposed to explain the short latency and absence of co-

operative events observed in infant ALL8. The data presented in Figure 5.1 

establishes that non-infant KMT2Ar B-ALL lacks recurrent leukaemia-associated 

CNAs and SNVs that are common in other subtypes of B-ALL, indicating a highly 

aggressive aetiology in KMT2Ar patients of all ages. The BCR-ABL1 comparator 

cohort more frequently harbours co-operative genomic events than KMT2Ar, and in 

the majority of cases these alterations are CNAs. BCR-ABL1 is a pathogenic fusion 

gene that is capable of transforming Ba/F3 cells to cytokine independence, suggesting 

that BCR-ABL1 expression is sufficient to induce ALL alone27. Indeed, no co-operative 

genomic events were identified in 30.4% (7/23) of BCR-ABL1 cases (Figure 5.1). 

While KMT2A-AFF1 does not induce Ba/F3 cytokine independence, its association 

with high-risk ALL is sufficient evidence to demonstrate its pathogenicity. The finding 

that KMT2Ar cases harbour cooperative genomic events even less frequently than 

BCR-ABL1 cases demonstrates that KMT2Ar B-ALL is a uniquely aggressive entity. 
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Three or more leukaemia-associated aberrations were identified in three KMT2Ar 

cases. One case (ID: ADI0133) harboured the rare KMT2A-EPS15 fusion in addition 

to multiple alterations: NRAS p.Q61K (VAF=0.30) and heterozygous deletion of EBF1, 

ETV6, IKZF1, PAX5, CDKN2A and PAR1. Two KMT2A-MLLT1 cases also possessed 

multiple alterations: ADI0043 harboured amplification of PAX5 and the PAR1 region, 

and ADII00135 harboured deletions of ETV6, PAX5 and PAR1. Multiple alterations 

were not identified in any KMT2A-AFF1 case, suggesting that rare KMT2Ar such as 

KMT2A-EPS15 and KMT2A-MLLT1 require additional genomic events to induce 

leukaemia, whereas KMT2A-AFF1 does not, but further studies on larger cohorts are 

required. This theory is supported by one T-ALL study, where 2/4 KMT2A-MLLT4 and 

2/2 KMT2A-MLLT1 T-ALL patients had additional alterations of clinical relevance, 

most commonly NOTCH1 and EZH2 variants12. 

Other than case ADI0133, no RAS pathway variants were identified in the B-ALL 

cohort (total incidence in KMT2Ar B-ALL cohort = 4.3%). This is consistent with one 

study that identified K/NRAS SNVs in 8% of adult KMT2Ar ALL cases28, rarer than the 

incidence in infant KMT2Ar ALL (approximately 50%)29-32. NRAS p.Q61K is a clinically 

relevant, pathogenic SNV33 that confers sensitivity of KMT2Ar ALL to MEK inhibitors 

such as selumetinib in pre-clinical studies34. A clinical trial is currently recruiting 

patients to evaluate the role of selumetinib in relapsed/refractory RAS-mutated 

paediatric and adult ALL (NCT03705507, refer to Tables 1.1-1.2). 

The RUNX1 p.L56S single nucleotide variant (SNV) was identified in two KMT2Ar 

patients. The p.L56S variant is located within the KMT2A-interacting domain35, but it 

is currently unclear whether L56S is a benign single nucleotide polymorphism (SNP) 

or leukaemia-predisposing variant. One study reports an increased incidence of the 

L56S variant in MDS/AML (incidence of 4.9% in MDS/AML patients, compared with 

1.7% the general European population, not statistically analysed)35. However, an 

independent study did not establish any significant differences in p.L56S incidence 

between AML patients and healthy controls36. The p.L56S variant impairs recruitment 

of KMT2A by RUNX1 to target gene promoter regions in a KMT2A wild-type human 

erythroleukaemia cell line37 but it is not certain how this process is affected when a 

KMT2Ar is present. It would be interesting to co-express KMT2Ar and RUNX1 p.L56S 

to explore the functional significance of this variant in a KMT2Ar context but this 

examination is outside the scope of this study. 
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Overall, this study establishes that ALL-associated SNVs and CNAs are uncommon 

in non-infant KMT2Ar B-ALL, indicating a low mutational burden similar to that 

observed in infant KMT2Ar ALL. This supports the notion that KMT2Ar are sufficiently 

pathogenic to induce B-ALL without the requirement of co-operative genomic 

alterations, demonstrating an aggressive aetiology regardless of patient age. A 

clinically actionable variant was identified in one KMT2Ar patient, the NRAS p.Q61K 

variant that confers sensitivity to MEK inhibition. 

 

5.4.2 Clinically relevant co-operative mutations are present in MLLT10r T-

ALL blasts at diagnosis 

NOTCH1, PTEN and CDKN2A/B alterations were identified in 71.4%, 42.9% and 

33.3% of patients respectively (Figure 5.3). The incidence of NOTCH1 alterations in 

the present study is consistent with other publications describing T-ALL cohorts. 

Activating NOTCH1 signalling is one of the most prevalent genomic events in T-ALL, 

reported in approximately 70% of new T-ALL diagnoses overall. PTEN is a tumour 

suppressor gene that is inactivated in various malignancies, including in 14-23% of T-

ALL cases9,11. CDKN2A/B deletions appear to be underrepresented in the present 

study, previously reported to occur in >70% of paediatric and adolescent T-ALLs9,38 

and 30% of adult T-ALLs39. The age of four MLLT10r patients described in this chapter 

are unknown, but it is possible that the low incidence of CDKN2A/B deletion could be 

explained if the patients are adults. Interestingly, existing data suggests that CDKN2A 

deletions are very rare in MLLT10r T-ALL. In one study, no CDKN2A deletions were 

identified in 23 PICALM-MLLT10 T-ALL patients by Southern blot analysis40. In an 

adult T-ALL cohort, 11.1% (1/9) of HOXA deregulated cases harboured a CDKN2A/B 

deletion, compared with 28.3% (15/53) of the cohort overall39.  

RAS pathway alterations were identified in 42.9% of MLLT10r cases. NRAS p.G12V 

and KRAS p.G12A were identified in one DDX3X-MLLT10 and PICALM-MLLT10 case 

respectively. K/NRAS G12V and G12A variants are canonical hotspot variants that 

occur in a GTP-binding region, that result in K/NRAS inhibition and subsequent 

downstream MEK pathway activation. K/NRAS p.G12 variants confer pre-clinical 

sensitivity to MEK inhibition in B-ALL, indicating this as a potential therapeutic avenue 

for these patients34,41. An additional patient had heterozygous inactivation of NF1, 
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which also confers sensitivity to MEK inhibitors42,43. T-ALL patients are eligible for 

participation in a currently recruiting trial assessing selumetinib in relapsed/refractory 

RAS-mutated ALL (NCT03705507, refer to Tables 1.1-1.2), which will provide insight 

into the clinical benefit of MEK inhibition in ALL.  

The JAK3 p.M511I and p.R657Q activating SNVs were identified in one PICALM-

MLLT10 case (ID: A4316-18229), and ADI0389 had p.M511I with a low VAF (0.16). 

JAK3 mutations are present in 15-20% of T-ALL diagnoses9,44, typically the pathogenic 

p.M511I and p.A573V variants45. R657Q is comparatively rare, previously reported in 

isolated T-ALL incidences44,46, and is an activating variant as it confers STAT5 

activation and cytokine independence in Ba/F3 cells47. Ectopic co-expression of 

HOXA9 and JAK3 p.M511I induces leukaemia in vivo with a shorter latency than either 

HOXA9 or JAK3 p.M511I expression alone48. As MLLT10r induces HOXA 

dysregulation, there may be a co-operative advantage conferred by MLLT10r and 

JAK3 activation. The therapeutic relevance of JAK3 inhibitors in ALL should be further 

investigated, but it is important to note the presence of activating mutations does not 

necessarily confer clinically significant inhibitor sensitivity, particularly in cases where 

VAF is low (<0.2). One case report describes a T-ALL patient with DDX3X-MLLT10 

and two JAK3 variants (p.R657W and p.M511I), who failed to respond to the 

JAK1/JAK3 inhibitor tofacitinib44.  

In addition to JAK3 p.R657Q and p.M511I, patient A4316-18229 also harbours 

heterozygous deletion of SUZ12, a critical component of the Polycomb Repressor 

Complex 2 (PRC2) that epigenetically regulates transcriptional repression49,50. 

Inactivation of SUZ12 cooperates with JAK3 p.M511I to induce T-ALL through 

activation of PI3K/mTOR, VEGF and WNT signalling pathways, inducing an 

aggressive leukaemia in vivo49. This leukaemia is sensitive to inhibitors of 

PI3K/mTOR, VEGF receptor, HDAC and HSP90, indicating novel pre-clinical 

therapeutic targets for patients with co-occurring SUZ12 inactivating and JAK3 

activating alterations49. This study also reported that PRC2 mutations, including 

inactivating mutations of SUZ12, were disproportionately common in HOXA mutated 

cases, relative to T-ALL subtypes49. Together, these data suggest that JAK3 activation 

and/or PRC2 complex dysregulation may cooperate with HOXA dysregulation to 

induce T-ALL in some cases, identifying a potential opportunity for novel therapeutic 

approaches in these patients.  
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In summary, clinically relevant alterations were identified in all MLLT10r cases, 

including five NOTCH1 alterations, four PTEN frameshift and non-frameshift 

insertions, three activating RAS pathway alterations, two CDKN2A/B deletions, and 

two JAK3 activating variants. The RAS and JAK3 variants may be actionable with 

clinically available inhibitors such as selumetinib (MEK inhibitor) or tofacitinib (JAK3 

inhibitor), but further pre-clinical and clinical trial data of inhibitor efficacy is required in 

a T-ALL setting. Overall, this suggests that alterations affecting cell cycle and cell 

signalling contribute to MLLT10r-mediated leukaemogenesis, which should be 

considered when generating pre-clinical models of MLLT10r T-ALL.  

 

5.4.3 Known and novel SNVs in epigenetic regulatory genes were identified 

in non-infant KMT2Ar B-ALL 

Recurrent SNVs within epigenetic regulatory genes were identified in KMT2Ar B-ALL, 

that were uncommon or absent in the BCR-ABL1 cohort. WHSC1 p.E1099K was 

identified in nine KMT2Ar B-ALL cases, compared to two BCR-ABL1 cases (p=0.035, 

Figure 5.4). WHSC1 is a histone lysine methyltransferase51, and the E1099K variant 

is frequently reported in lymphoid malignancies including 5-10% of paediatric B-ALL 

cases51-53. The p.E1099K variant functionally disrupts the SET domain of WHSC153 

(Figure 5.4A), and the presence of p.E1099K in human ALL cell lines is associated 

with enhanced H3K36me2 activity and aberrant global chromatin methylation 

profiles54. Induction of heterozygous WHSC1 p.E1099K by CRISPR/Cas9 into SEM 

(KMT2Ar) and RCH-ACV (KMT2A-WT) B-ALL cell lines resulted in shortened disease 

latency and increased incidence of brain infiltration in murine xenografts, compared 

with wild-type cells52. These findings indicate that WHSC1 may serve as an important 

genomic event in some cases of B-ALL. No direct inhibitors of WHSC1 are clinically 

available, but sinefungin derivatives have demonstrated preliminary promise as 

inhibitors of WHSC1 function55. As the p.E1099K variant is disproportionately common 

in the KMT2Ar cohort compared with the BCR-ABL1 cohort, the co-operative potential 

of KMT2Ar and WHSC1 p.E1099K should be investigated, particularly as they are both 

lysine methyltransferases that induce widespread changes in gene expression 

profiles51,56.  
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H1F0 p.A89P was more common in KMT2Ar than BCR-ABL1 cases (17.4%, 4/23 vs 

4.3%, 1/23 patients). H1F0 encodes the H1.0 linker histone that is essential in 

nucleosome-DNA stabilisation57. H1.0 deletion results in transcriptional upregulation 

of gene programs associated with enhanced cell self-renewal, such as PRC2 

components57. The functional effect of the p.A89P variant on H1.0 function is currently 

unknown but is bioinformatically classified as deleterious. A89 is a highly conserved 

residue that occurs within the histone linker domain of H1.0 (Figure 5.4B), and the 

amino acid substitution of non-polar alanine to polar proline likely induces significant 

alteration in protein structure and function. 

MCM7 p.A433P was identified in 17.4% (4/23 patients) KMT2Ar, but not in any BCR-

ABL1 cases. MCM7 is a critical component of the mini-chromosome maintenance 

(MCM) complex, the putative replicative helicase complex that ensures ‘once per 

cycle’ DNA replication58. MCM proteins 2-7 are highly conserved, and ectopic 

upregulation results in enhanced tumour development in mice58. The p.A433P variant 

is located within the functional MCM domain of MCM7 (Figure 5.4C), and the amino 

acid change of non-polar alanine to polar proline likely induces a change in protein 

folding and subsequently impact protein function. However, no further functional 

understanding of this variant is currently available.  

In summary, potentially clinically relevant SNVs were recurrently identified in the 

KMT2Ar B-ALL cohort. The pathogenic WHSC1 p.E1099K variant, and novel variants 

MCM7 p.A433P and H1F0 p.A89P were identified more frequently in KMT2Ar than in 

BCR-ABL1 B-ALL. Further investigation of these variants in KMT2Ar ALL is required 

to establish their role in leukaemic development and therapeutic sensitivity. 

 

5.4.4 SNVs in epigenetic regulatory genes were identified in MLLT10r ALL  

Five potentially relevant SNVs within epigenetic regulators were identified in the 

leukaemic blasts of four MLLT10r cases. DNMT3A is a DNA methyltransferase with 

important roles in haematopoietic cell differentiation. The p.G298E variant occurred in 

one MLLT10r patient and is likely pathogenic, as it resides in the regulatory 

PWWP/catalytic methyltransferase domain of DNMT3A59 (Figure 5.5A). DNMT3A 

SNVs are identified in adults with AML, T-ALL and MPAL with an incidence of 

approximately 20-30%. The presence of a variant at DNMT3A p.R882 is associated 
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with significantly shorter overall survival in AML60. DNMT3A p.R882 variants also 

sensitise AML cells to the DNA methyltransferase inhibitor azacitidine61, which is 

currently in ALL clinical trials (Table 1.2). However, the prognostic or functional 

relevance of DNMT3A p.G298E is uncertain59,62.  

EZH2 encodes the PRC2 protein EZH263. The p.V679M variant is considered a 

pathogenic variant as it occurs within the highly conserved SET domain, responsible 

for histone-lysine methyltransferase activity64 (Figure 5.5B). SET domain gain-of-

function variants occur in 7-22% of B-cell lymphomas, including one report of a sub 

clonal V679M variant64. The p.D185H variant occurs within the PRC2 domain that is 

associated with interaction with members of the PRC2 complex and subsequent 

epigenetic silencing65 (Figure 5.5B). The p.D185H variant is often observed as a 

germline variant and has been associated with an increased risk of myeloid 

malignancies66. The p.A255T variant resides close to the PRC2 domain (Figure 5.5B). 

No functional studies or published reports of p.A255T in cancer have been identified, 

warranting further investigation. EZH2 alterations have been identified in isolated 

instances of T-ALL45, including in one study that reports EZH2 variants in 4/15 (27%) 

of PICALM-MLLT10 T-ALL/AML cases, compared with 0/12 non-PICALM-MLLT10 

cases67. EZH2 inhibitors such as tazometostat are currently in clinical trials for a range 

of malignancies including B-cell lymphomas (NCT03456726), and efficacy of such 

inhibitors in ALL should be tested68.  

HDAC3 p.H135Q was identified in one MLLT10r case (Figure 5.5C). HDAC3 encodes 

a histone deacetylase that is overexpressed in a range of cancers69. HDAC3 p.H135 

is a highly conserved residue that resides near the Zn ion binding site, and the H135A 

substitution completely inactivates HDAC3 function in HEK283T cells70. While no 

functional studies have been published on the H135Q variant, it is likely that the 

substitution of histidine (polar charged/basic) with glutamine (polar neutral) would 

induce a change in protein structure and/or Zn ion binding affinity. HDAC inhibitors 

such as panobinostat and vorinostat have pre-clinical efficacy across a range of solid 

tumours and haematological malignancies69,71, and functional studies investigating the 

role of HDAC p.H135 variants in HDAC activity and sensitivity to HDAC inhibitors 

would be clinically useful.  



Chapter 5 – Genomic landscape of KMT2Ar and MLLT10r ALL 

 269 

Interestingly, EZH2 p.V679M and DNMT3A p.G298E occurred in the same patient (ID: 

A3350) (Figure 5.3). EZH2 interacts with DNMT3A to regulate promoter methylation 

of EZH2 target genes (such as MYT1, WNT1 and CRN1)72. The known interaction of 

EZH2 and DNMT3A raises the possibility that dysregulation of both these targets may 

induce a co-operative leukaemic effect. Further functional studies on EZH2 p.V679M 

and DNMT3A p.G298E should therefore be performed. It would also be insightful to 

examine EZH2 target gene expression levels in the leukaemic blasts of patients that 

possess EZH2 p.V679M or DNMT3A p.G298E, to establish whether these variants 

have functional consequences on target gene expression. 

In summary, 57.1% (4/7) MLLT10r cases harboured an SNV of interest within an 

epigenetic regulatory gene. The presence of a mutation in DNMT3A, SUZ12 or EZH2 

has been previously shown to confer inferior overall survival in ETP-ALL73, indicating 

that the role of these variants in T-ALL leukaemogenesis, and the viability of 

therapeutic targeting, should be further investigated.  

 

5.4.5 Limitations 

1. INDELs were not investigated in the B-ALL cohort 

INDELs were not analysed in the B-ALL cohort due to extraneous limitations in data 

availability. This was not considered a major limitation as clinically relevant small gene 

insertions or deletions are relatively rare in B-ALL at diagnosis, relative to SNVs and 

whole gene CNVs19. However, it is likely that some rare instances of INDELs occurred 

in the B-ALL cohort, such as in the tumour suppressor gene TP53. In one study of 

TP53 alterations in ALL, 18.2% of identified TP53 mutations were alterations other 

than missense SNVs, including frameshift INDELs (7.2%), non-frameshift INDELs 

(4.5%), splice-site alterations (2.7%), and nonsense mutations (3.6%)74. It is therefore 

likely that the frequency of clinically relevant variants in tumour suppressor genes such 

as TP53 is underreported here. 

 

2. Unable to differentiate germline and somatic variants 

A matched remission or otherwise non-leukaemic sample was not available for 

differentiation of germline and somatic variants. This issue was overcome in one study 
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by using a “likely germline” approach, where germline lesions were predicted based 

on a VAF of >0.44, after adjusting for chromosome copy number75. A similar analysis 

could be conducted here to allow for identification of germline variants.  

 

5.4.6 Concluding remarks 

The genomic landscapes of non-infant KMT2Ar B-ALL and MLLT10r T-ALL were 

interrogated for known leukaemia-associated variants and SNVs within epigenetic 

regulatory genes. In chapters 3 and 4, expression of DDX3X-MLLT10 or PICALM-

MLLT10 in the MOHITO cell line (chapter 3) or primary Arf-/- thymocytes (chapter 4) 

did not induce HOXA deregulation, which is a characteristic feature of MLLT10r ALL. 

Furthermore, expression of KMT2A-AFF1 in Ba/F3 cells (chapter 3) did not induce a 

phenotype reflective of the aggressive B-ALL observed in patients. These findings 

raised the possibility that co-operative lesions may be involved in MLLT10r or KMT2Ar 

leukaemogenesis, and investigation of co-operative lesions in these subtypes was 

conducted to inform disease aetiology and pre-clinical modelling design and cell type. 

Leukaemia-associated co-operative mutations were identified in significantly fewer 

cases of KMT2Ar B-ALL when compared with BCR-ABL1, another high-risk genomic 

subtype of B-ALL (34.7%, 8/23 vs 69.6%, 16/23 Figures 5.1-5.2). Despite a low 

incidence of leukaemia-associated alterations, recurrent SNVs within epigenetic 

regulators were identified in KMT2Ar patients (Figure 5.4). The known pathogenic 

WHSC1 p.E1099K SNV occurred in 39.1% of KMT2Ar patients (vs 4.3% of BCR-

ABL1). Two potentially relevant novel variants were also identified: H1F0 p.A89P 

(17.4% KMT2Ar vs 4.3% BCR-ABL1) and MCM7 p.A433P (17.4% KMT2Ar vs 0% 

BCR-ABL1). Further functional studies are required to assess the functional 

significance of these variants in cooperation with KMT2Ar. Induction of heterozygous 

SNVs by CRISPR/Cas9 into human KMT2Ar cell lines such as SEM and RS4;11 and 

subsequent in vivo transplantation would provide insight into the influence of these 

variants on disease latency and dissemination, to establish the role of these variants 

in leukaemogenesis52.  

Co-operative leukaemia-associated alterations were identified in all seven cases of 

MLLT10r ALL (Figure 5.3), which is a substantially higher frequency than in the 

KMT2Ar and BCR-ABL1 B-ALL cohorts investigated. NOTCH1 alterations (71.4% of 
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patients), frameshift and non-frameshift insertions affecting PTEN (42.9%), RAS 

pathway activating alterations (42.9%) and CDKN2A/B deletion (33.3%) were 

recurrent events in the MLLT10r cohort. These results suggest that co-operative 

variants, particularly those involved in cell signalling and cell cycle regulation, are 

relevant genomic events in MLLT10r ALL, and this must be considered when 

generating pre-clinical models of MLLT10r ALL. In addition to these known leukaemia-

associated co-operative events, 4/7 MLLT10r cases harboured at least one potentially 

relevant SNV within an epigenetic regulatory gene, including three patients with EZH2 

variants. Further investigation on the incidence of identified variants in other subtypes 

of T-ALL, and their role in T-ALL leukaemogenesis, is warranted. 

These results demonstrate that:  

a. Similar to infant KMT2Ar B-ALL, non-infant KMT2Ar B-ALL has a low incidence 

of leukaemia-associated co-operative variants, when compared to BCR-ABL1 

B-ALL cases 

b. Variants within epigenetic regulatory genes WHSC1, H1F0 and MCM7 are 

recurrent events in non-infant KMT2Ar B-ALL 

c. Co-operative genomic events are common in MLLT10r T-ALL, particularly 

NOTCH1 and RAS pathway activating alterations, PTEN frameshift and non-

frameshift insertions, and CDKN2A/B deletions 

d. Variants within epigenetic regulatory genes occur in MLLT10r T-ALL, including 

DNMT3A, EZH2 and HDAC3, but the clinical relevance of these variants is 

currently unknown  
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5.5 Supplementary Materials 

Supplementary Table 5.1 – List of genes commonly altered in ALL9,11 

ABL1 ERG KRAS PTPN11  

ABL2 ETV6 LEF1 RB1  

BCL11B FBXW7 LMO1 RPL10  

BCOR FLT3 LMO2 RUNX1  

BRAF GATA2 MTOR STAT5B  

CBL GATA3 NF1 SH2B3  

CDKN2A IDH1 NOTCH1 STIL  

CDKN2B IDH2 NOTCH2 TP53  

CNOT3 IKZF1 NRAS WT1  

CRLF2 IL7R PAR1 

 

 

CSF1R JAK1 PAX5 

 

 

EBF1 JAK2 PHF6 

 

 

EPOR JAK3 PTEN 
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Supplementary Table 5.2 – List of genes used to interrogate variants within 

epigenetic regulators20 

Gene Function Gene Function Gene Function 
ACTA1 remodel BMI1 writer CECR2 reader 
ACTB remodel BPTF bind_eraser CENPA histone 
ACTL6A remodel BRCA1 bind_writer CENPB remodel 
ACTL6B remodel BRCA2 bind_writer CENPC1 remodel 
ACTR3B remodel BRCC3 writer CENPE remodel 
ACTR5 remodel BRD1 reader CENPF remodel 
ACTR6 reader BRD2 reader CENPH remodel 
ACTR8 remodel BRD3 reader CENPI remodel 
AEBP2 bind_writer BRD4 reader CENPJ remodel 
AIRE reader BRD7 reader CENPK remodel 
AP2A1 bind_writer BRD8 reader CENPL remodel 
APBB1 reader BRD9 reader CENPM remodel 
ARID1A remodel BRDT reader CENPN remodel 
ARID1B remodel BRE writer CENPO remodel 
ARID2 remodel BRPF1 reader CENPP remodel 
ASCL2 reader BRPF3 reader CENPQ remodel 
ASF1A reader BRWD1 reader CENPT remodel 
ASF1B reader BRWD3 reader CENPV remodel 
ASH1L writer C14orf169 eraser CENPW remodel 
ASH2L bind_writer C16orf53 bind_writer CHAF1A dna_mod 
ASXL1 bind_eraser C20orf20 reader CHD1 reader 
ASXL2 bind_eraser CARM1 writer CHD1L reader 
ASXL3 bind_eraser CBX1 reader CHD2 reader 
ATAD2 reader CBX2 bind_writer CHD3 bind_eraser 
ATAD2B reader CBX3 reader CHD4 bind_eraser 
ATAT1 writer CBX4 bind_writer CHD5 reader 
ATF2 writer CBX5 reader CHD6 reader 
ATF7IP bind_writer CBX6 bind_writer CHD7 remodel 
ATF7IP2 bind_writer CBX7 bind_writer CHD8 reader 
ATM writer CBX8 bind_writer CHRAC1 remodel 
ATR writer CCDC101 reader CHUK writer 
ATRX reader CDC6 dna_mod CLOCK writer 
ATXN7 bind_writer CDK17 writer CREBBP writer 
ATXN7L3 bind_writer CDK3 writer CSNK2A1 writer 
AURKB writer CDK5 writer CXXC1 bind_writer 
BABAM1 reader CDY1 writer DAPK3 writer 
BAP1 bind_writer CDY1B writer DAXX bind_writer 
BAZ1A reader CDY2A writer DMAP1 dna_mod 
BAZ1B writer CDY2B writer DNA2 dna_mod 
BAZ2A reader CDYL writer DNMT1 dna_mod 
BAZ2B reader CDYL2 writer DNMT3A dna_mod 
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Gene Function Gene Function Gene Function 
DNMT3B dna_mod GFI1B bind_eraser HIST1H1B histone 
DNMT3L dna_mod GLYR1 reader HIST1H1C histone 
DOT1L writer GSG2 writer HIST1H1D histone 
DPF1 remodel GTF3C4 writer HIST1H1E histone 
DPF2 remodel H1F0 histone HIST1H1T histone 
DPF3 remodel H1FNT histone HIST1H2AA histone 
DPY30 bind_writer H1FOO histone HIST1H2AB histone 
DSN1 remodel H1FX histone HIST1H2AC histone 
DTX3L writer H2AFB1 histone HIST1H2AD histone 
EED bind_writer H2AFB2 histone HIST1H2AE histone 
EHMT1 writer H2AFB3 histone HIST1H2AG histone 
EHMT2 writer H2AFJ histone HIST1H2AH histone 
ELP3 writer H2AFV histone HIST1H2AI histone 
ENY2 bind_writer H2AFX histone HIST1H2AJ histone 
EP300 writer H2AFY histone HIST1H2AK histone 
EP400 bind_writer H2AFY2 histone HIST1H2AL histone 
EPC1 bind_writer H2AFZ histone HIST1H2AM histone 
EPC2 remodel H2BFM histone HIST1H2BA histone 
ERCC6 dna_mod H2BFWT histone HIST1H2BB histone 
ESCO1 dna_mod H3F3A histone HIST1H2BC histone 
ESCO2 dna_mod H3F3B histone HIST1H2BD histone 
EYA1 eraser H3F3C histone HIST1H2BE histone 
EYA2 eraser HAT1 writer HIST1H2BF histone 
EZH1 writer HCFC1 bind_writer HIST1H2BG histone 
EZH2 writer HDAC1 eraser HIST1H2BH histone 
FAM175A reader HDAC10 eraser HIST1H2BI histone 
FAM175B bind_writer HDAC11 eraser HIST1H2BJ histone 
FBXL19 bind_writer HDAC2 eraser HIST1H2BK histone 
FEN1 dna_mod HDAC3 eraser HIST1H2BL histone 
FOXA1 dna_mod HDAC4 eraser HIST1H2BM histone 
FOXA2 dna_mod HDAC5 eraser HIST1H2BN histone 
FOXA3 dna_mod HDAC6 eraser HIST1H2BO histone 
FOXO1 dna_mod HDAC7 eraser HIST1H3A histone 
FOXO3 dna_mod HDAC8 eraser HIST1H3B histone 
FOXO4 dna_mod HDAC9 eraser HIST1H3C histone 
FOXP1 dna_mod HDGF dna_mod HIST1H3D histone 
FOXP2 dna_mod HDGFL1 dna_mod HIST1H3E histone 
FOXP3 dna_mod HDGFRP2 dna_mod HIST1H3F histone 
FOXP4 dna_mod HDGFRP3 dna_mod HIST1H3G histone 
GATAD2A reader HIRA reader HIST1H3H histone 
GATAD2B reader HIST1H1A histone HIST1H3I histone 
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Gene Function Gene Function Gene Function 
HIST1H3J histone ING4 reader KMT2C writer 
HIST1H4A histone ING5 reader KMT2D writer 
HIST1H4B histone INO80 remodel KMT2E writer 
HIST1H4C histone INO80B remodel KMT2F writer 
HIST1H4D histone INO80C remodel KMT2G writer 
HIST1H4E histone INO80D remodel KNTC1 remodel 
HIST1H4F histone INO80E remodel L3MBTL1 bind_writer 
HIST1H4G histone INTS12 dna_mod L3MBTL2 bind_writer 
HIST1H4H histone JAK2 writer L3MBTL3 bind_writer 
HIST1H4I histone JARID2 bind_writer L3MBTL4 bind_writer 
HIST1H4J histone JHDM1D eraser LMNA dna_mod 
HIST1H4K histone JMJD1C eraser LMNB1 dna_mod 
HIST1H4L histone JMJD5 eraser LMNB2 dna_mod 
HIST2H2AA3 histone JMJD6 eraser LRWD1 reader 
HIST2H2AA4 histone KAT2A writer MAP3K12 writer 
HIST2H2AB histone KAT2B writer MAZ bind_eraser 
HIST2H2AC histone KAT5 writer MBD1 bind_writer 
HIST2H2BE histone KAT6A writer MBD2 reader 
HIST2H3A histone KAT6B writer MBD3 dna_mod 
HIST2H3C histone KAT7 writer MBD4 dna_mod 
HIST2H3D histone KAT8 writer MBD5 dna_mod 
HIST2H4A histone KDM1A eraser MBD6 dna_mod 
HIST2H4B histone KDM1B eraser MBTD1 reader 
HIST3H2A histone KDM2A eraser MCM2 dna_mod 
HIST3H2BB histone KDM2B eraser MCM3 dna_mod 
HIST3H3 histone KDM3A eraser MCM4 dna_mod 
HIST4H4 histone KDM3B eraser MCM5 dna_mod 
HJURP dna_mod KDM4A eraser MCM6 dna_mod 
HLCS writer KDM4B eraser MCM7 dna_mod 
HLTF remodel KDM4C eraser MCRS1 bind_writer 
HMG20B bind_eraser KDM4D eraser MDC1 reader 
HMGA1 dna_mod KDM4DL eraser MEAF6 bind_writer 
HMGN1 reader KDM5A eraser MECOM reader 
HMGN2 reader KDM5B eraser MeCP2 dna_mod 
HMGN3 reader KDM5C eraser MEN1 bind_writer 
HMGN4 dna_mod KDM5D eraser MGEA5 writer 
HMGN5 reader KDM6A eraser MINA eraser 
HUWE1 writer KDM6B eraser MIS12 remodel 
ING1 reader KEAP1 reader MIS18A remodel 
ING2 reader KMT2A writer MIS18BP1 remodel 
ING3 reader KMT2B writer MLL writer 
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Gene Function Gene Function Gene Function 
MLL2 writer ORC1 bind_writer PHF5A reader 
MLL3 writer PADI4 eraser PHF6 reader 
MLL4 writer PAF1 reader PHF7 reader 
MLL5 writer PAK2 writer PHF8 reader 
MLLT6 reader PARP1 writer PHIP reader 
MORF4L1 reader PARP10 writer PKN1 writer 
MORF4L2 reader PARP11 writer POLE3 remodel 
MSH6 dna_mod PARP12 writer PPP4C eraser 
MSL2 bind_writer PARP14 writer PPP5C eraser 
MSL3 reader PARP15 writer PRDM1 writer 
MST1 writer PARP16 writer PRDM10 writer 
MTA1 bind_eraser PARP2 writer PRDM11 writer 
MTA2 bind_eraser PARP3 writer PRDM12 writer 
MTA3 bind_eraser PARP4 writer PRDM13 writer 
MTF1 bind_writer PARP6 writer PRDM14 writer 
MTF2 bind_writer PARP8 writer PRDM15 writer 
MUM1 reader PARP9 writer PRDM16 writer 
MUM1L1 reader PBRM1 remodel PRDM2 writer 
MYC bind_writer PCGF1 bind_writer PRDM4 writer 
MYSM1 eraser PCGF2 bind_writer PRDM5 writer 
NAT10 writer PCNA reader PRDM6 writer 
NBN reader PHC1 bind_writer PRDM7 writer 
NCOA1 writer PHC2 bind_writer PRDM8 writer 
NCOA3 writer PHC3 bind_writer PRDM9 writer 
NCOA6 writer PHF1 reader PRKCB writer 
NCOR1 bind_eraser PHF10 remodel PRKCD writer 
NCOR2 bind_eraser PHF11 remodel PRKDC writer 
NDC80 remodel PHF12 bind_eraser PRMT1 writer 
Nek6 writer PHF13 remodel PRMT2 writer 
Nek9 writer PHF14 reader PRMT3 writer 
NFE2 bind_writer PHF15 reader PRMT5 writer 
NFRKB remodel PHF16 reader PRMT6 writer 
NFYA bind_writer PHF17 reader PRMT7 writer 
NFYB bind_writer PHF19 reader RAD18 reader 
NFYC bind_writer PHF2 reader RAD51 remodel 
NSD1 writer PHF20 reader RAD54B remodel 
NSD2 writer PHF20L1 reader RAD54L remodel 
NSL1 remodel PHF21A reader RAG1 reader 
NUF2 remodel PHF21B reader RAG2 reader 
OGT writer PHF23 reader RAI1 remodel 
OIP5 remodel PHF3 reader RBBP4 bind_writer 
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Gene Function Gene Function Gene Function 
RBBP5 bind_writer SIRT5 eraser SUV420H2 writer 
RBBP7 bind_writer SIRT6 eraser SUZ12 bind_writer 
RCOR1 bind_eraser SIRT7 eraser TADA1 bind_writer 
REST bind_eraser SKA1 remodel TADA2B bind_writer 
RING1 writer SKA2 remodel TADA3 bind_writer 
RNF168 writer SKA3 remodel TAF1 writer 
RNF17 reader SLK writer TAF10 writer 
RNF2 writer SMARCA1 reader TAF12 writer 
RNF20 writer SMARCA2 reader TAF1L writer 
RNF40 writer SMARCA4 reader TAF3 writer 
RNF8 writer SMARCA5 reader TAF5L writer 
RPS6KA4 writer SMARCAD1 reader TAF6L writer 
RPS6KA5 writer SMARCAL1 reader TAF9 writer 
RSF1 dna_mod SMARCB1 reader TDRD3 reader 
RUVBL1 reader SMARCC1 reader TERF2 dna_mod 
RUVBL2 reader SMARCC2 remodel TET1 dna_mod 
SAP30 bind_eraser SMARCD1 remodel TET2 dna_mod 
SCMH1 bind_writer SMARCD2 remodel TET3 dna_mod 
SCML2 bind_writer SMARCD3 remodel TFPT remodel 
SERPINE1 reader SMARCE1 remodel TP53BP1 reader 
SET writer SMC1A reader TRIM24 reader 
SETD1A writer SMC1B remodel TRIM28 reader 
SETD1B writer SMYD1 writer TRIM33 writer 
SETD2 writer SMYD2 writer TRIM66 reader 
SETD3 writer SMYD3 writer TRRAP bind_writer 
SETD4 writer SMYD4 writer UBE2A writer 
SETD5 writer SMYD5 writer UBE2B writer 
SETD6 writer SP100 dna_mod UBR1 writer 
SETD7 writer SP140 reader UBR2 writer 
SETD8 writer SP140L reader UBR3 writer 
SETDB1 writer SPC24 remodel UBR4 writer 
SETDB2 writer SPC25 remodel UBR5 writer 
SETMAR writer SRC writer UBR7 writer 
SFMBT1 reader SRCAP reader UCHL5 writer 
SFMBT2 reader SSRP1 dna_mod UHRF1 writer 
SHPRH writer STK4 writer UHRF2 writer 
SIN3A dna_mod SUPT3H bind_writer UIMC1 bind_writer 
SIRT1 eraser SUPT7L bind_writer UNG dna_mod 
SIRT2 eraser SUV39H1 writer USP12 eraser 
SIRT3 eraser SUV39H2 writer USP16 eraser 
SIRT4 eraser SUV420H1 writer USP21 eraser 
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Gene Function 
USP22 eraser 
USP3 eraser 
USP46 eraser 
USP7 eraser 
UTY eraser 
VPS72 reader 
VRK1 writer 
WDR5 bind_writer 
WDR82 bind_writer 
WHSC1 writer 
WHSC1L1 writer 
YEATS4 bind_writer 
YY1 dna_mod 
ZAK writer 
ZBTB33 dna_mod 
ZBTB38 dna_mod 
ZBTB4 dna_mod 
ZMYM1 reader 
ZMYM2 bind_eraser 
ZMYM3 bind_eraser 
ZMYM4 reader 
ZMYM5 reader 
ZMYM6 reader 
ZMYND11 reader 
ZMYND8 reader 
ZW10 remodel 
ZWILCH remodel 
  

Note: In genes where multiple names are commonly used, all gene names were listed 

where possible (eg. MLL/KMT2A, MLL2/MLL4/KMT2D, NSD2/WHSC1).   
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Supplementary Table 5.3 – Variants present at diagnosis in KMT2Ar B-ALL 

patient leukaemic blasts 

Patient 
number 

Sex Age Fusion Reciprocal* Variants & copy number 
alterationsx 

CH_A5528 F UNK KMT2A-AFF1 Y H1F0 p.A89P (VAF=0.32) 
MCM7 p.A433P (0.32) 
WHSC1 p.E1099K (0.51) 

QCTB1179 F 11 KMT2A-AFF1 Y TP53 p.R248Q (0.48) 
RUNX1 p.L56S (0.41) 

CHII0723 M 14 KMT2A-AFF1 N Nil 

POW020 F 17 KMT2A-AFF1 Y Nil 

AYAI0248 F 18 KMT2A-AFF1 Y Nil 

AYAIB42PM M 20 KMT2A-AFF1 N H1F0 p.A89P (0.32) 
WHSC1 p.E1099K (0.45) 

R180071 F 27 KMT2A-AFF1 Y PAR1 region amplification 

AYAII0298 M 28 KMT2A-AFF1 Y Nil 

AYAII0557 M 29 KMT2A-AFF1 Y RUNX1 p.L56S (0.51) 

AYAIIBT-
10AW 

F 29 KMT2A-AFF1 Y IKZF1 ex 1-10 het. 
deletion 

AYAII0748 M 29 KMT2A-AFF1 Y Nil 

RNS042 M 34 KMT2A-AFF1 Y Nil 

AYAII0418 F 35 KMT2A-AFF1 Y Nil 

AYAII0003 F 37 KMT2A-AFF1 Y WHSC1 p.E1099K (0.43) 

AYAII0268 F 37 KMT2A-AFF1 Y Nil 

AYAII0715 M 38 KMT2A-AFF1 Y Nil 

ADI0022 F 40 KMT2A-AFF1 Y PAR1 region amplification 
WHSC1 p.E1099K (0.43) 

ADI77TK M 42 KMT2A-AFF1 Y MCM7 p.A433P (0.34) 
WHSC1 p.E1099K (0.44) 

ADI0163 F 51 KMT2A-AFF1 Y H1F0 p.A89P (0.31) 
MCM7 p.A433P (0.35) 
WHSC1 p.E1099K (0.40) 

AYAII0266 F 22 KMT2A-MLLT1 N Nil 

ADI0043 F 60 KMT2A-MLLT1 N PAR1 region amplification 
PAX5 ex 1-10 
amplification  
WHSC1 p.E1099K (0.40) 
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ADII0135 F 74 KMT2A-MLLT1 N ETV6 ex 1, PAX5 ex 1-10 
and PAR1 region het. 
deletion 
WHSC1 p.E1099K (0.35) 

ADI0133 F 47 KMT2A-EPS15 Y NRAS p.Q61K (0.31) 
EBF1 ex 1, ETV6 ex 1-8, 
IKZF1 ex 1-8, PAX5 ex 1-
10, CDKN2A ex 2-4 and 
PAR1 region het. deletion 
H1F0 p.A89P (0.36) 
MCM7 p.A433P (0.35) 
WHSC1 p.E1099K (0.44) 

*Refers to whether in-frame reciprocal KMT2Ar (ie. AFF1-KMT2A) was detected by mRNA-

seq 

xVAF is reported in brackets for each SNV 

Abbreviations: ex, exon; het., heterozygous; UNK, unknown 
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Supplementary Table 5.4 – Variants present at diagnosis in BCR-ABL1 B-ALL 

patient leukaemic blasts 

Patient Sex Age Variants & copy number alterationsx 

CHI0200 M 8 IKZF1 ex. 4-7, PAX5 ex. 2-10 & CDKN2A/B het. deletion 

CHII0090 F 15 Nil 

CHII0400 M 15 IKZF1 ex 1 & 4-7, PAX5 ex 1-10 het. deletion 
CDKN2A/B hom. deletion 

ALL5RPA20 M 18 CDKN2A/B het. deletion 

AYAII0445 M 22 Nil 

AYAII0358 F 22 CDKN2A/B hom. deletion 
PAR1 duplication 

AYAII0063 F 27 RUNX1 p.L59S (0.48) 
IKZF1 ex 1-8, PAX5 ex. 2-5 & CDKN2A/B het. deletion  

AYAII0138 M 28 H1F0 p.A89P (0.34) 
WHSC1 p.E1099K (0.43) 

ALL5CCH05 M 29 Nil 

AYAII0346 F 34 Nil 

AYAII0060 F 36 IKZF1 ex. 1-8 het. del 

AYAII0072 M 36 CDKN2A/B het. deletion & ETV6 ex 1-8 duplication 

AYAII0106 F 37 IKZF1 ex 1-3, PAX5 ex 1-10, ETV6 ex 1-8, JAK2 ex 23 & 
CDKN2A/B het. del 
IKZF1 ex 4-7 hom. del 

AYAII0490 F 38 IKZF1 ex 4-7 het. deletion 

AYAII0396 M 39 IKZF1 ex 1-8, PAX5 ex 1-10, JAK2 ex 23 & CDKN2A/B het. 
deletion 
PAR1 duplication 

ADI0064 M 41 Nil 

ADI0209 F 42 IKZF1 ex 2-8 & RB1 ex 19-26 het. deletion 
WHSC1 p.E1099K (0.42) 

ADI0440 M 43 IKZF1 ex 1-8, PAX5 ex 1-10, JAK2 ex 23 & CDKN2A/B het. 
deletion 

ADI0061 M 45 Nil 

ADI0067 F 47 IKZF1 ex 4-7, ETV6 ex 1-8, JAK2 ex 23, PAX5 ex 1-10 & RB1 
ex 19-26 het. deletion 
CDKN2A/B hom. deletion 

ADI0025 F 51 ETV6 ex 1-8 het. deletion 
PAR1 duplication 

ADI0212 F 60 IKZF1 ex 1-8, PAX5 ex 2-10 & CDKN2A/B het. deletion 
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ADII0065 F 71 IKZF1 ex 1-8 het. deletion 

Note: “CDKN2A/B deletion” (het. or hom.) refers to deletion of CDKN2A ex. 2 & 4, and 

CDKN2B ex. 2 

xVAF is reported in brackets for each SNV 

Abbreviations: ex, exon; het., heterozygous; UNK, unknown  
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Supplementary Table 5.5 – Variants present at diagnosis in MLLT10r patient 

leukaemic blasts  

Patient Sex Age Fusion Reciprocal* Variants & copy number 
alterationsx 

QCTB0861 M 15 DDX3X-MLLT10 Y EZH2 p.A255T (VAF=0.46) 
NOTCH1 p.I1680N (0.46) 
NRAS p.G12V (0.58) 
WT1 p.R353fs/R370fs 
(0.48) 

A3350 F UNK DDX3X-MLLT10 Y DNMT3A p.G298E (0.52) 
EZH2 p.V679M (0.49) 
IDH1 p.V178I (0.62) 
PTEN p.F241fs (0.51) 

AYAI0082 M 20 DDX3X-MLLT10 N* NOTCH1 p.L1678Q (0.51) 
PTEN p.A418fs (0.23)  
PTEN p.P421delinsLS 
(0.64) 
WT1 p.R369fs (0.93) 

ADI0389 F 75 PICALM-MLLT10 Y JAK3 p.M511I (VAF=0.16)# 

NOTCH1 p.P401L (0.30) 
Duplication of ERG and 
PAR1 region 

A4316-
18229 

M UNK PICALM-MLLT10 Y EZH2 p.D185H (0.57) 
JAK3 p.R657Q (0.47) 
JAK3 p.M511I (0.31) 
KRAS p.G12A (0.51) 
NF1 ex 26 & 58 het. del  
SUZ12 ex 10 & 15 het. del 

A5649-
25219 

M UNK PICALM-MLLT10 Y CDKN2A/B hom. del^ 

HDAC3 p.H135Q (0.58) 
NOTCH1 p.I2456fs (0.36) 

A2165 M UNK PICALM-MLLT10 Y Duplication of MYB 

CDKN2A hom. del 
CDKN2B, MLLT3 ex 1 & 7, 
and MTAP ex 1 het. del 
IDH1 p.V178I (0.88) 
NOTCH1 p.L2468fs (0.57) 
PTEN p.G129delinsGRL 
(0.38) 
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Note: “CDKN2A/B deletion” (het. or hom.) refers to deletion of CDKN2A ex. 2 & 4 and CDKN2B 

ex. 2 

*Refers to whether in-frame reciprocal MLLT10r (ie. MLLT10-DDX3X/PICALM) was detected 

by mRNA-seq. For AYAI0082, DDX3X-MLLT10 (chrX-chr10) was identified by mRNA-Seq. 

The LACTB-DDX3X (chr15-chrX) gene fusion was also identified. Cytogenetics indicated 

there was a 4-way translocation between chromosomes 10, 15, 17, X. However, mRNA-Seq 

did not identify a clinically relevant gene fusion involving chr17 

xVAF is reported in brackets for each SNV and INDEL 

#Variant is below VAF cut-off (0.2), but was reported as it is a highly pathogenic and recurrent 

variant identified in T-ALL 

Abbreviations: ex, exon; het., heterozygous; UNK, unknown 
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Supplementary Table 5.6 – Evidence of pathogenicity for cancer-associated 

SNVs and indels included in analysis 

Variant 
Frequency 

(%)x 
Evidence of pathogenicity* 

K B M 

IDH1 p.V178I  0 0 28.6 

ACMG: Benign 
FATHMM: Pathogenic (0.99) 
19 counts in COSMIC, of which 5 occurred in 
haematopoietic and lymphoid malignancies 

JAK3 p.M511I 0 0 14.3 

ACMG: Likely pathogenic 
FATHMM: Pathogenic (0.95) 
76 counts in COSMIC, all of which occurred in 
haematopoietic and lymphoid malignancies 

JAK3 p.R657Q  0 0 14.3 

ACMG: Uncertain significance/likely pathogenic 
FATHMM: Pathogenic (0.99) 
41 counts in COSMIC, of which 36 occurred in 
haematopoietic and lymphoid malignancies 

KRAS p.G12A 0 0 14.3 

ACMG: Pathogenic  
FATHMM: Pathogenic (0.98) 
2520 counts in COSMIC, of which 73 occurred 
in haematopoietic and lymphoid malignancies 

NOTCH1 p.I1680N 0 0 14.3 

ACMG: Likely pathogenic  
FATHMM: Pathogenic (0.96) 
21 counts in COSMIC, of which 20 occurred in 
haematopoietic and lymphoid malignancies 

NOTCH1 p.L1678Q 0 0 14.3 

ACMG: Likely pathogenic 
FATHMM: N/R 
8 counts in COSMIC, of which all occurred in 
haematopoietic and lymphoid malignancies 

NOTCH1 p.P401L  0 0 14.3 

ACMG: Likely pathogenic 
FATHMM: Pathogenic (0.97) 
3 counts in COSMIC, of which 1 occurred in a 
haematopoietic and lymphoid malignancy 

NOTCH1 p.I2456fs 0 0 14.3 

ACMG: Pathogenic 
Non-frameshift insertion that occurs in a 
mutational hotspot. Alternate frameshifts at this 
location previously reported in T-ALL9,76 

NOTCH1 p.L2468fs  0 0 14.3 
ACMG: Pathogenic 
Frameshift insertion, previously identified in T-
ALL9 

NRAS p.G12V 0 0 14.3 
ACMG: Pathogenic 
FATHMM: Pathogenic (0.92) 
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Widely recognised oncogenic variant; 135 
counts in COSMIC, of which 102 occurred in 
haematopoietic and lymphoid malignancies 

NRAS p.Q61K 4.3 0 0 

ACMG: Pathogenic 
FATHMM: Pathogenic (0.99) 
1423 counts in COSMIC, of which 218 occurred 
in haematopoietic and lymphoid malignancies 

PTEN 
p.G129delinsGRL  0 0 14.3 

ACMG: Likely pathogenic 
Non-frameshift insertion that introduces two 
electrically charged residues. Occurs within 
mutation hotspot 

PTEN p.F241fs  0 0 14.3 
ACMG: Pathogenic 
Frameshift insertion, occurs within mutation 
hotspot77 

PTEN p.A418fs 0 0 14.3 
ACMG: Pathogenic 
Frameshift insertion, residue lies within 
conserved PTEN domain 

PTEN 
p.P421delinsLS  0 0 14.3 

ACMG: Likely pathogenic 
Non-frameshift insertion, residue lies within 
conserved PTEN domain 

RUNX1 p.L56S 8.7 8.7 0 

ACMG: Uncertain significance 
FATHMM: Pathogenic (0.90) 
18 counts in COSMIC, of which 17 occurred in 
haematopoietic and lymphoid malignancies 

TP53 p.R248Q 4.3 0 0 

ACMG: Pathogenic 
FATHMM: Pathogenic (0.98) 
>1400 counts in COSMIC, of which 134 
occurred in haematopoietic and lymphoid 
malignancies 

WT1 
p.R353fs/R370fs  0 0 14.3 

ACMG: Pathogenic 
Frameshift insertion, occurs in hotspot within 
conserved WT1 domain. Previously identified in 
T-ALL78 

WT1 p.R369fs  0 0 14.3 
ACMG: Pathogenic 
Frameshift insertion, previously reported in T-
ALL79 

xRefers to the percentage of patients in which each variant was identified (K, KMT2Ar B-ALL; 

B, BCR-ABL1 B-ALL; M, MLLT10r T-ALL). Abbreviations: N/R, not reported. 

*SNVs with a FATHMM score of deleterious or pathogenic (>0.5), or an ACMG classification 

of likely pathogenic or pathogenic according to VarSome, were included in analysis. For 

INDELs, a pathogenic/likely pathogenic ACMG classification or previously published reports 

of the INDEL in T-ALL was required for inclusion in analysis.  
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Supplementary Table 5.7 – SNVs identified within epigenetic regulators 

Variant 
Frequency (%)x 

Evidence of pathogenicity* 
K B M 

DNMT3A p.G298E 0 0 14.3 ACMG: Likely pathogenic 
FATHMM: Pathogenic (0.99) 
2 counts in COSMIC, including 1 in a 
haematopoietic malignancy 
Resides in the regulatory region 
(PWWP/catalytic methyltransferase domain)59 

EZH2 p.D185H 0 0 14.3 ACMG: Pathogenic 
FATHMM: Pathogenic (1.0) 
98 counts in COSMIC, including 9 in 
haematopoietic and lymphoid malignancies. 
Known cancer predisposition variant, 
previously identified in T-ALL80  

EZH2 p.A255T 0 0 14.3 ACMG: Likely pathogenic 
FATHMM: Pathogenic (0.92) 
5 counts in COSMIC, including 3 in 
haematopoietic and lymphoid malignancies 

EZH2 p.V679M 0 0 14.3 ACMG: Likely pathogenic 
FATHMM: Pathogenic (0.99) 
11 counts in COSMIC, all in haematopoietic 
malignancies 
Occurs within catalytic SET domain64  

H1F0 p.A89P 17.4 4.3 0 ACMG: Variant of uncertain significance 
FATHMM: N/R 
Highly conserved position, change of A to P is 
likely to structurally change protein due to 
proline secondary structure 

HDAC3 p.H135Q 0 0 14.3 ACMG: Pathogenic 
FATHMM: N/R 
Occurs at a highly conserved, catalytically 
important residue involved in Zn binding. 
Substitution with alanine completely 
inactivates HDAC3 enzyme activity70  

MCM7 p.A433P 17.4 0 0 ACMG: Variant of uncertain significance/likely 
pathogenic 
FATHMM: N/R 
Bioinformatically predicted as pathogenic by 
9/12 callers, but no functional data available 

WHSC1 p.E1099K 39.1 8.7 0 ACMG: Likely pathogenic  
FATHMM: Pathogenic (1.00) 
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50 counts in COSMIC, including 34 in 
haematopoietic malignancies 
Occurs within a highly conserved residue 
within the SET domain53 

xRefers to the percentage of patients in which each variant was identified (K, KMT2Ar 

B-ALL; B, BCR-ABL1 B-ALL; M, MLLT10r T-ALL).  

*SNVs with a FATHMM score of deleterious or pathogenic (>0.5), or an ACMG 

classification of uncertain significance/likely pathogenic or pathogenic according to 

VarSome, were included in analysis.  

Abbreviations: N/R, not reported.  
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Abstract. The presence of a TP53 mutation is a predictor of 
poor outcome in leukaemia, and efficacious targeted therapies 
for these patients are lacking. The curaxin CBL0137 has 
demonstrated promising antitumour activities in multiple 
cancers such as glioblastoma, acting through p53 activation, 
NF-κB inhibition and chromatin remodelling. In the present 
study, it was revealed using Annexin‑V/7‑AAD apoptosis 
assays that CBL0137 has efficacy across several human acute 
leukaemia cell lines with wild-type TP53, but sensitivity is 
reduced in TP53‑mutated subtypes. A heterozygous TP53 
loss-of-function mutation in the KMT2A-AFF1 human RS4;11 
cell line was generated, and it was demonstrated that heterozy-
gous TP53 loss‑of‑function is sufficient to cause a significant 
reduction in CBL0137 sensitivity. To the best of our knowl-
edge, this is the first evidence to suggest a clinically significant 
role for functional p53 in the efficacy of CBL0137 in acute 
leukaemia. Future CBL0137 clinical trials should include 
TP53 mutation screening, to establish the clinical relevance of 
TP53 mutations in CBL0137 efficacy.

Introduction

Despite recent improvements in long‑term survival rates for 
acute lymphoblastic leukaemia (ALL) (1) and acute myeloid 
leukaemia (AML) (2), subgroups of patients continue to experi-
ence poor long‑term outcomes. TP53 alterations are a high‑risk 
genomic feature present in 16% of newly diagnosed ALL (3,4) 
and 13% of newly diagnosed AML cases (4). The presence 
of a TP53 alteration is associated with poor long‑term overall 
survival compared with TP53 wild‑type (TP53WT) cases in 
both ALL (24 months vs. not reached, P=0.001) and AML 
(6 vs. 26 months, P<0.001) (3). To date, no targeted therapies 
are currently available to treat TP53‑mutated (TP53MUT) acute 
leukaemia outside of clinical trials, and more efficacious thera-
peutic options are required to improve long‑term outcomes.

CBL0137 is a small molecule curaxin that epigenetically 
modulates multiple cancer‑related signalling pathways (5,6), 
including casein kinase 2 (CK2)‑mediated activation of the 
TP53‑encoded p53 protein through the Facilitates Chromatin 
Transcription (FACT) complex (7). CBL0137 is effective in 
pre‑clinical ALL patient‑derived xenograft (PDX) models, 
most notably in infant KMT2A‑rearranged (KMT2Ar) 
ALL (8,9). KMT2Ar is present in 5‑10% of newly‑diagnosed 
acute leukaemia cases overall (10), including 70‑80% of 
infant ALL and 35‑50% of infant AML diagnoses (11), and 
TP53 mutations occur in ~16% of KMT2Ar ALL cases (4). 
Outcomes for KMT2Ar leukaemia are exceptionally poor 
across all age groups, with five‑year event‑free survival (EFS) 
rates of 30‑50% (12). Evidently, advances in treatment options 
are required to improve patient outcomes.

In a study by Lock et al (8), CBL0137 induced complete 
remission in a KMT2Ar infant ALL PDX model, and partial 
responses were observed in several B‑cell ALL (B‑ALL) and 
T‑cell ALL (T‑ALL) models of unknown genomic subtype. 
Somers et al (9) similarly reported CBL0137 efficacy in infant 
KMT2Ar B‑ALL PDX models, with responses ranging from 
delayed cancer progression to maintained complete remis-
sion. These early data suggested that the role of CBL0137 
deserves further exploration. For instance, the presence of 
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loss-of-function TP53 alterations, a reasonably common event 
in KMT2Ar B‑ALL, may reasonably be expected to confer 
resistance. Furthermore, given its in vitro efficacy against 
KMT2Ar B‑ALL, CBL0137 is also likely to be active against 
other subtypes of B‑ALL. In the present study, it was confirmed 
that CBL0137 induces leukaemic cell apoptosis in a number 
of cell lines with various driver alterations, including those 
with KMT2A rearrangements, with LC50 concentrations in the 
range of 166 to 676 nM. Notably, it was also demonstrated that 
the potency of CBL0137 is attenuated in the presence of loss 
of function TP53 alterations.

Materials and methods

Cell line maintenance. U‑937 (CRL‑1593.2), MV4;11 
(CRL‑9591), Jurkat (TIB‑152), THP‑1 (TIB‑202) and RS4;11 
(CRL‑1873) cell lines were purchased from the American 
Type Culture Collection (ATCC). RCH‑ACV (ACC 548), REH 
(ACC 22) and NALM‑19 (ACC 522) cell lines were purchased 
from DSMZ. All cell lines were maintained in culture at 37˚C 
in RPMI‑1640 media (cat. no. R0883; Sigma‑Aldrich; Merck) 
containing foetal calf serum (FCS) (AU‑FBS/SF; CellSera), 
5 mM L‑glutamine, 50 U/ml penicillin and 50 µg/ml strepto-
mycin. THP‑1 cells were cultured in 20% FCS, and all other 
cell lines were cultured in 10% FCS. Cells up to 20 passages 
from the original stock were used for experiments.

Inhibitor storage. CBL0137 (cat. no. S0507; Selleck Chemicals) 
was stored long‑term at 10 mM in DMSO at ‑80˚C and diluted 
in DMSO immediately prior to use.

Generation of CRISPR/Cas9 TP53 knock-out RS4;11 cell 
lines. Vectors FUCas9mCherry and FgH1tUTG were a gift 
from Professor Marco Herald (Walter and Eliza Hall Institute 
of Medical Research, Melbourne, Australia) (13). Two inde-
pendent single guide RNA (sgRNA) targets were designed, to 
account for off‑target effects. sgRNA target sequences were 
designed to generate random indel and frameshift mutations in 
exon 4 of TP53, to disrupt the p53 protein prior to the critical 
DNA‑binding domain, where deleterious TP53 mutations 
identified in human leukaemia cell lines are located (Fig. 1A). 
sgRNA oligonucleotides were designed with online Benchling® 
Software (Benchling) and purchased from Sigma‑Aldrich; 
Merck KGaA: TP53 Oligo 1 forward, 5'‑TCC CAC CAG CAG 
CTC CTA CAC CGG‑3' and reverse, 5'‑AAA CCC GGT GTA 
GGA GCT GCT GGT‑3'; and TP53 Oligo 2 forward, 5'‑TCC 
CCC ATT GTT CAA TAT CGT CCG‑3' and reverse, 5'AAA CCG 
GAC GAT ATT GAA CAA TGG‑3'.

TP53 FgH1tUTG sgRNA vectors were generated by 
BsmBI digestion and T4 DNA ligation, incubated overnight 
at 4˚C and transformed by 42˚C heat shock for 2 min in 
DH5a™‑T1R chemically competent E. coli (Thermo Fisher 
Scientific, Inc.), and selected based on ampicillin resistance 
(50 µg/ml) conferred by transformation of the FgH1tUTG 
plasmid. Successful ligation of inserts was confirmed by 
Sanger sequencing with the BigDye™ Terminator v3.1 Cycle 
Sequencing Kit (used according to manufacturer's protocol) 
and SeqStudio™ Genetic Analyser System (both from Thermo 
Fisher Scientific, Inc.). DNA chromatogram results were anal-
ysed using online Benchling® Software.

293T cells (CRL‑3216; purchased from ATCC) were 
co‑transfected with FUCas9mCherry (4.2 µg) or FgH1tUTG 
sgRNA (4.2 µg) vectors, and 2nd generation lentiviral pack-
aging vectors pMD2.G (1.6 µg), pMDLg/pRRE (2.4 µg) and 
pRSV‑Rev (1.1 µg) (Addgene, Inc.). Each transfection was 
prepared in 450 µl Opti‑MEM™ Reduced Serum Media and 
30 µl Lipofectamine™ 2000 transfection reagent (both from 
Thermo Fisher Scientific, Inc.), and incubated for 1 h at room 
temperature prior to application to 293T cells. Viral superna-
tant was harvested from 293T cultures 48 h post‑transfection 
(MOI not quantified), and RS4;11 cells were transduced by 
spinfection in the presence of 4 mg/ml Polybrene® (Santa Cruz 
Biotechnology, Inc.) at 220 x g for 1 h at room temperature 
in six‑well tissue culture plates. One week post‑transduction, 
GFP and mCherry double‑positive populations were sorted 
with a BD FACSFusion flow cytometer (BD Biosciences). 
Sorted populations were activated with doxycycline (1 µg/ml) 
for 3 days, and genomic DNA was extracted by phenol‑chlo-
roform to confirm induction of frameshift mutations by PCR 
amplification of TP53 exon 4 using Q5® High‑Fidelity DNA 
Polymerase (cat. no. M0491; New England Biolabs, Inc.) and 
the following primers: TP53 intron 4 forward, 5'‑TCC TCT 
GAC TGC TCT TTT CAC CCA T‑3' and reverse, 5'‑AAT ATT 
CAA CTT TGG GAC AGG AGT CAG AGA‑3'. Thermocycling 
conditions were as follows: 98˚C for 1 min, followed by 
33 cycles at 98˚C for 10 sec, 64˚C for 15 sec and 72˚C for 
2 min, followed by 1 cycle at 72˚C for 10 min. Samples were 
then stored at 4˚C until they were visualised in 2% agarose gel 
containing 1:10,000 GelRed (Biotium, Inc.).

Sanger sequencing was utilised to identify the profile of 
mutations present (Fig. S1). Sanger sequencing was performed 
using the BigDye™ Terminator v3.1 Cycle Sequencing Kit 
according to manufacturer's instructions (Thermo Fisher 
Scientific, Inc.) and SeqStudio™ Genetic Analyser System 
(Thermo Fisher Scientific, Inc.). DNA chromatogram results 
were analysed using online Benchling® Software. RNA was 
harvested after 7 and 14 days in culture, to quantify TP53 
expression by quantitative reverse transcription‑quantitative 
PCR (RT‑qPCR). As a comparator, RS4;11 cells expressing 
Cas9 vector only were used as a TP53WT control in all relevant 
experiments. RT‑qPCR thermocycling conditions were as 
follows: 10 min at 95˚C for one cycle, followed by 40 cycles 
at 95˚C for 15 sec and 60˚C for 60 sec. RT‑qPCR cycling 
reactions were performed on a QuantStudio 7 Real‑Time PCR 
system (Thermo Fisher Scientific, Inc.).

Apoptosis detection via Annexin V/7-Aminoactinomycin D 
staining. Cells were seeded at 2x105 cells/ml and treated for 
72 h with a range of CBL0137 doses in 0.3% DMSO, and 
incubated in 96‑well tissue culture plates at 37˚C/5% CO2 
for 72 h. Treated cells were harvested at room temperature 
by centrifugation at 220 x g for 5 min, washed twice in flow 
cytometry binding buffer (Hank's Balanced Salt Solution (cat. 
no. H9394; Sigma‑Aldrich; Merck KGaA), 10 mM HEPES, 
5 mM CaCl2), and cells in each well stained with Annexin V 
(cat. no. 556421; BD Biosciences) and 7‑Aminoactinomycin 
(7‑AAD) (cat. no. A1310; Thermo Fisher Scientific, Inc.) 
according to the supplier's protocol (BD Biosciences), and 
incubated on ice for 30 min. Assays were analysed on a BD 
FACSCanto flow cytometer (BD Biosciences) and data were 
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Figure 1. CBL0137 induces apoptosis in acute leukaemia cell lines, and LC50 are higher in TP53-mutated cell lines. (A) TP53 mutations identified in leukaemia 
cell lines. Data was obtained from the Broad Institute Cancer Cell Line Encyclopedia portal. (B) Protein domain schematic of p53, with mutations identified 
in cell lines annotated. Exons are denoted by dotted lines. (C) Human acute leukaemia cell lines were exposed to increasing doses of CBL0137 in duplicate 
and apoptosis was measured by Annexin‑V/7‑AAD staining after 72 h. Concentration‑response curves and logLC50 values were extrapolated using non‑linear 
regression analysis in GraphPad Prism. Data are mean + SD for 3 biological replicates. (D) Mean CBL0137 logLC50 values for each cell line are shown. LC50 
values are provided in Table SII. For statistical analysis, *P<0.05 for comparison of TP53 wild‑type (TP53WT) and mutated (TP53MUT) mean logLC50, 
Kruskal‑Wallis test with multiple comparisons. (E) Representative immunoblot of total p53 protein in DMSO vehicle‑treated (‑) and 1 µM CBL0137‑treated 
(+) cell lines. AML, acute myeloid leukaemia; AMoL, acute monocytic leukaemia; B‑ALL, B‑lineage acute lymphoblastic leukaemia; MUT, mutated; WT, 
wild‑type; T‑ALL, T‑lineage acute lymphoblastic leukaemia; TAD, transactivation domain; NLS, nuclear localisation signal; Tetra, Tetramerisation motif.
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analysed using FlowJo version 10 software (FlowJo LLC) to 
determine apoptotic (Annexin V and/or 7‑AAD positive) and 
non‑apoptotic (Annexin V and 7‑AAD negative) populations.

The in vitro efficacy of CBL0137 to induce apoptosis was 
assessed on four TP53WT (RS4;11, RCH‑ACV, NALM‑19, 
MV4;11) and four TP53MUT (REH, Jurkat, U‑937 and THP‑1) 
human acute leukaemia cell lines using Annexin‑V/7‑AAD. 
The U‑937 cell line was initially classified as histiocytic 
lymphoma (14) but is now classified as acute monocytic 
leukaemia (AMoL) and is therefore referred to as such 
throughout the manuscript (15). TP53 mutations present in 
each cell line investigated are provided in Fig. 1A, obtained 
from the Broad Institute Cancer Cell Line Encyclopedia 
portal (16) (https://sites.broadinstitute.org/ccle/). All identified 
TP53 mutations within the cell lines utilised are predicted to be 
deleterious according to COSMIC (17) (https://cancer.sanger.
ac.uk) or ClinVar (18) (https://www.ncbi.nlm.nih.gov/clinvar/) 
databases. Later, the in vitro efficacy of CBL0137 to induce 
apoptosis was assessed on CRISPR/Cas9 TP53 knock-out 
RS4;11 cell lines.

RNA analysis. RNA was extracted from 5x106‑1x107 cells 
using TRIzol® reagent (Thermo Fisher Scientific, Inc.). 
RNA concentration and purity were quantified with a 
NanoDrop 2000 Spectrophotometer (Thermo Fisher 
Scientific, Inc.). The QuantiTect reverse transcription kit 
(Qiagen GmbH) was used to synthesise cDNA from 1 µg 
of RNA as per manufacturer's instructions. RT‑qPCR reac-
tions were prepared in duplicate as follows: 12.5 µl RT2 
SYBR® Green ROX™ qPCR Mastermix (Qiagen GmbH), 
400 nM each of forward and reverse primers, 1 µl cDNA, 
nuclease‑free H2O to 25 µl final volume. Cycling reactions 
were performed on a QuantStudio 7 Real‑Time PCR system 
(Thermo Fisher Scientific, Inc.) with the following primers: 
TP53 qPCR forward, 5'‑GAAGGAAATTTGCGTGTGG‑3' 
and reverse, 5'‑TGTTACACATGTAGTTGTAGTGG‑3'. 
Values were normalised against housekeeping gene ACTB 
(forward, 5'‑GATCATTGCTCCTCCTGAGC‑3' and reverse, 
5'‑TCTGCGCAAGTTAGGTTTTGTC‑3'). The thermocycling 
conditions were as aforementioned. Relative gene expression 
was calculated by the ∆∆Cq method and fold‑change expres-
sion (2‑∆∆Cq) was calculated relative to Cas9 (TP53‑WT) 
control (19).

Protein analysis. Cells were treated for 6 h in either 0.3% 
DMSO or 1 µM CBL0137 (0.3% DMSO) final concentration in 
RPMI‑1640 + 2% FCS + 50 U/ml penicillin + 50 µg/ml strep-
tomycin. Cells were pelleted by centrifugation at 10,000 x g 
for 10 min at 4˚C and lysed in 60 µl 1% NP‑40 (IGEPAL®) 
buffer (Sigma‑Aldrich; Merck KGaA). Protein concentra-
tion was determined by generating a standard curve using a 
bicinchoninic acid (BCA) assay. Lysates were denatured and 
60 µg protein was electrophoresed on 4‑15% pre‑cast gels 
(Bio‑Rad Laboratories, Inc.). Proteins were transferred to 
polyvinylidene difluoride membranes (Bio‑Rad Laboratories, 
Inc.) and blocked with 1X Intercept blocking buffer (LI‑COR 
Biosciences) for 1 h at room temperature before incubation 
with primary antibodies (mouse anti‑p53, product no. 2524; 
rabbit anti‑p21, product no. 2947; and rabbit anti‑GAPDH, 
product no. 2118) at 4˚C for 17‑48 h. All primary antibodies 

were purchased from Cell Signaling Technology, Inc. and 
diluted at 1:1,000 in 1X Intercept blocking buffer. After 
washing with TBS‑T (containing 0.1% Tween‑20) and TBS, 
membranes were incubated with secondary antibodies 
[IRDye® 800CW anti‑mouse (1:10,000) or IRDye® 800CW 
anti‑rabbit (1:10,000)] (cat nos. 926‑32212 and 925‑32213, 
respectively; LI‑COR Biosciences) for 2 h in the dark at 
room temperature and visualised on the LI‑COR Odyssey® 
fluorescent scanner. For calculation of p21 expression fold 
change, Empiria Studio® Software version 2.0 (https://www.
licor.com/bio/empiria-studio/) was used to normalise protein 
expression to housekeeping GAPDH protein. Fold expression 
change was then calculated for CBL0137‑treated samples, 
relative to untreated samples for each respective cell line.

Statistical analysis. All calculations and statistical analysis of 
data were performed using GraphPad Prism Version 9.2.0 for 
Mac OS (GraphPad Software, Inc.). Kruskal‑Wallis test with 
Dunn's multiple comparison post hoc test or Mann‑Whitney 
U tests were performed to compare mean logLC50 values 
between each cell line tested. LogLC50 and LC50 values were 
extrapolated using non‑linear regression analysis. All data was 
generated from 3 independent biological replicates. P<0.05 
was considered to indicate a statistically significant difference.

Results

All identified TP53 mutations within the cell lines REH, 
Jurkat, U‑937 and THP‑1 occur within a critical region of 
the p53 DNA binding domain (Fig. 1A and B). The presence 
of TP53 loss‑of‑function genomic alterations significantly 
reduced the sensitivity of cells to CBL0137, independent of 
other genomic lesions present in each cell line (Fig. 1C and D). 
The aggregate mean logLC50 was greater for TP53MUT cell lines 
compared with TP53WT cell lines (mean logLC50=2.38 nM 
vs. 2.75 nM, P=0.046; Fig. 1D), with a more than two‑fold 
increase in LC50 (Table SI). Notably, the KMT2A WT B‑ALL 
cell lines NALM‑19 and RCH‑ACV exhibited low logLC50 
values (logLC50=2.39 and 2.48 nM respectively; Fig. 1C). The 
KMT2Ar cell line THP‑1 was the most resistant cell line inves-
tigated (logLC50=2.83 nM; Fig. 1C and D). A total of four cell 
lines, including two TP53WT and two TP53MUT were probed 
for the presence of total p53 protein, demonstrating increased 
levels of p53 following CBL0137 treatment in TP53WT cell 
lines only (Fig. 1E).

To further investigate the role of p53 in CBL0137 efficacy, 
heterozygous TP53 loss‑of‑function cell lines (TP53+/‑) were 
generated using CRISPR/Cas9 in the human KMT2A-AFF1 
ALL cell line RS4;11. The RS4;11 cell line was selected as 
a representative of KMT2Ar cell lines as it is highly sensi-
tive to CBL0137 and expresses KMT2A-AFF1, the most 
common KMT2Ar identified in B‑ALL (10). Heterozygous 
TP53 loss‑of‑function was confirmed in cell lines by 
RT‑qPCR and immunoblot analysis (Fig. 2A and B). Both 
TP53+/‑ cell lines exhibited a significant reduction in TP53 
expression by RT‑qPCR, compared with control TP53WT 
RS4;11 cells (Fig. 2A). Immunoblot analysis demonstrated 
that treatment with 1 µM CBL0137 stimulated p53 expres-
sion in WT RS4;11 and positive control NALM‑19 cells, but 
this effect was abrogated in both TP53+/‑ RS4;11 cell lines 
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(Fig. 2B). The p53 effector protein p21 was upregulated 
~two‑fold in CBL0137‑treated TP53WT RS4;11 cells but 
not TP53MUT cells, demonstrating that heterozygous TP53 

loss‑of‑function is sufficient to abrogate activation of down-
stream p53 pathways (Fig. 2C). The cell senescence effector 
protein p21 is a well‑characterised p53 effector protein, where 

Figure 2. Heterozygous loss of TP53 (TP53+/‑) promotes CBL0137 resistance in KMT2Ar ALL. (A) Reverse transcription‑quantitative PCR analysis of TP53 
expression in RS4;11 cell lines validated heterozygous loss of TP53 expression. Data are mean 2‑∆∆Cq + SD, relative to Cas9 control RS4;11 cells. Baseline 
expression refers to TP53 expression in TP53WT RS4;11 cells. (B) Representative immunoblot of total p53 protein in DMSO vehicle‑treated (‑) and 1 µM 
CBL0137‑treated (+) RS4;11 cell lines. (C) Representative immunoblot of total p21 protein in DMSO vehicle‑treated (‑) and 1 µM CBL0137‑treated (+) 
RS4;11 cell lines. Fold change in p21 expression following CBL0137 treatment was calculated relative to untreated samples, after normalizing to GAPDH. 
(D and E) CBL0137 dose‑response and logLC50 for TP53WT and TP53MUT RS4;11 cell lines, measured by Annexin‑V/7‑AAD apoptosis assay. LC50 values are 
provided in Table SII. Data are presented as the mean + SD. For all statistical analysis, *P<0.05 and **P<0.01, for comparison of cell lines by Kruskal‑Wallis 
test with multiple comparisons. All data is representative of 3 independent biological replicates. KMT2Ar, KMT2A‑rearranged; ALL, acute lymphoblastic 
leukaemia; TP53WT TP53-wild type; TP53MUT, TP53‑mutated; n.s., non‑significant.
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p21 is rapidly activated following p53 activation, to induce 
cellular senescence and apoptosis (20,21). Annexin‑V/7‑AAD 
staining of TP53+/‑ cell lines revealed a ~two‑fold increase 
in CBL0137 logLC50 (mean logLC50 WT=2.32 nM vs. 
TP53+/‑ #1=2.59 nM, P=0.043; WT vs. TP53+/‑ #2=2.62 nM, 
P=0.021; Fig. 2D and E), indicating that heterozygous TP53 
loss‑of‑function is sufficient to cause a significant reduction in 
the sensitivity of cell lines to CBL0137.

Discussion

In the present study, it was demonstrated that CBL0137 has 
similar potency in all tested TP53WT acute leukaemia cell 
lines, regardless of the presence of any additional genomic 
lesions, including KMT2Ar. However, the presence of a TP53 
loss‑of‑function mutation significantly increased CBL0137 
LC50, with a ~2‑fold increase (range 1.7‑4.0‑fold) compared 
with TP53WT cell lines, regardless of genotype. It was also 
demonstrated, for the first time to the best of our knowledge, 
that heterozygous TP53 loss‑of‑function is alone sufficient to 
cause a significant increase in the LC50 of CBL0137 in the 
KMT2Ar B‑ALL cell line RS4;11.

These results suggested that CBL0137 is indeed a prom-
ising therapy which may be broadly applicable in acute 
leukaemia. These data also indicated that cytotoxicity of 
CBL0137 is not specific to KMT2Ar, but rather the target 
depends on the presence or absence of functional TP53. 
Reduced sensitivity is expected in the context of TP53 mutated 
malignancies, and further testing is warranted to understand 
the clinical significance of TP53 mutation status in CBL0137 
efficacy. It is important to note that thus far, all ALL xenograft 
models tested by the Pediatric Preclinical Testing Program 
were TP53WT (8). An additional 6/31 paediatric solid tumour 
models exhibited tumour growth delay, and 5/6 of these were 
TP53WT (8). This should also be investigated through further 
pre‑clinical testing, and anticipated in its clinical development 
program. For instance, two recently completed Phase I studies 
of CBL0137 reported acceptable tolerability and some clinical 
activity against cancers of the liver, prostate, uterus, breast 
and ovary (22,23). The TP53 mutational status would opti-
mise patient selection and target those most likely to benefit 
from this drug for further clinical testing. It is possible that 
mutations in p53 downstream mediators may also influence 
CBL0137 potency. However, alterations within p53 down-
stream mediators such as CDKN1A (p21) and BCL2 (BCL‑2) 
are rarely reported in acute leukaemia. It is also possible that 
alterations within CK2 or the FACT complex may influence 
CBL0137 potency, as CBL0137‑mediated activation of p53 
occurs via these pathways (7), but data on the occurrence of 
mutations in these pathways in acute leukaemia is currently 
lacking (24).

The present findings highlighted the importance of p53 
activation in CBL0137 efficacy in acute leukaemia, indicating 
that TP53 mutation status is an important factor in the clinical 
application of CBL0137. There is an ongoing need to iden-
tify therapeutic strategies for patients with high‑risk acute 
leukaemia, such as those with TP53 mutations, to improve 
outcomes for these patients. The data of the present study 
indicated that CBL0137 is a promising anticancer therapy 
that depends on WT p53 activity, which thus far has not been 

therapeutically targetable. The clinical feasibility of CBL0137 
across both TP53MUT and TP53WT malignancies will become 
evident as further clinical trials are performed. In the present 
study, it was clearly demonstrated that the potency profile of 
CBL0137 is tightly linked to TP53 mutation status, and it was 
revealed for the first time that heterozygous TP53 loss-of-func-
tion alone significantly affects response to CBL0137 in vitro. 
These results support the need for accurate determination of 
TP53 mutation status for patients enrolling in future CBL0137 
clinical trials.

Acknowledgements

The authors would like to thank Dr Randall Grose (SAHMRI, 
Adelaide, Australia) for his technical assistance with flow 
cytometric experiments.

Funding

The present study was supported in part by the National Health 
and Medical Research Council (NHMRC), the Bristol‑Meyers 
Squibb company, the Tour de Cure Australia, the Leukaemia 
Foundation Australia and the University of Adelaide.

Availability of data and materials

The datasets used and/or analysed in the present study are 
available from the corresponding author on reasonable 
request.

Authors' contributions

MOF conceptualised the presented idea. MOF performed 
experiments and constructed the manuscript in consultation 
with BJM, ECP, DTY, LNE and DLW. MOF and BJM confirm 
the authenticity of all the raw data. All authors provided 
critical feedback and helped shape the manuscript. All authors 
read and approved the final manuscript.

Ethics approval and consent to participate

The present study was performed under the International 
Bioethics Committee (IBC) certification number BC02/2018, 
and all work contained within the present study was approved 
by the Royal Adelaide Hospital HREC committee (approval 
no. HREC/15/RAH/54).

Patient consent for publication

Not applicable.

Competing interests

DLW receives research support from Bristol‑Meyers Squibb, 
and Honoraria from Bristol‑Meyers Squibb and Amgen. 
DTY receives research support from Bristol‑Meyers Squibb 
and Novartis, and Honoraria from Bristol‑Meyers Squibb, 
Novartis, Pfizer and Amgen. None of these agencies have had 
a role in the preparation of this manuscript. All other authors 
declare that they have no competing interests.



303 
 

 
  

ONCOLOGY REPORTS  47:  99,  2022 7

References

 1. Inaba H and Mullighan CG: Pediatric acute lymphoblastic 
leukemia. Haematologica 105: 2524‑2539, 2020.

 2. Shallis RM, Wang R, Davidoff A, Ma X and Zeidan AM: 
Epidemiology of acute myeloid leukemia: Recent progress and 
enduring challenges. Blood Rev 36: 70‑87, 2019.

 3. Stengel A, Kern W, Haferlach T, Meggendorfer M, Fasan A and 
Haferlach C: The impact of TP53 mutations and TP53 deletions 
on survival varies between AML, ALL, MDS and CLL: An 
analysis of 3307 cases. Leukemia 31: 705‑711, 2017.

 4. Stengel A, Schnittger S, Weissmann S, Kuznia S, Kern W, 
Kohlmann A, Haferlach T and Haferlach C: TP53 mutations occur 
in 15.7% of ALL and are associated with MYC‑rearrangement, 
low hypodiploidy, and a poor prognosis. Blood 124: 251‑258, 
2014.

 5. Kantidze OL, Luzhin AV, Nizovtseva EV, Safina A, Valieva ME, 
Golov AK, Velichko AK, Lyubitelev AV, Feofanov AV, 
Gurova KV, et al: The anti‑cancer drugs curaxins target spatial 
genome organization. Nat Commun 10: 1441, 2019.

 6. Dallavalle S, Mattio LM, Artali R, Musso L, Aviñó A, Fàbrega C, 
Eritja R, Gargallo R and Mazzini S: Exploring the interaction of 
curaxin CBL0137 with G‑quadruplex DNA oligomers. Int J Mol 
Sci 22: 6476, 2021.

 7. Gasparian AV, Burkhart CA, Purmal AA, Brodsky L, Pal M, 
Saranadasa M, Bosykh DA, Commane M, Guryanova OA, 
Pal S, et al: Curaxins: Anticancer compounds that simultane-
ously suppress NF-κB and activate p53 by targeting FACT. Sci 
Transl Med 3: 95ra74, 2011.

 8. Lock R, Carol H, Maris JM, Kolb EA, Gorlick R, Reynolds CP, 
Kang MH, Keir ST, Wu J, Purmal A, et al: Initial testing (stage 1) 
of the curaxin CBL0137 by the pediatric preclinical testing 
program. Pediatr Blood Cancer 64: e26263, 2017.

 9. Somers K, Kosciolek A, Bongers A, El‑Ayoubi A, Karsa M, 
Mayoh C, Wadham C, Middlemiss S, Neznanov N, 
Kees UR, et al: Potent antileukemic activity of curaxin CBL0137 
against MLL‑rearranged leukemia. Int J Cancer 146: 1902‑1916, 
2020.

10. Forgione MO, McClure BJ, Eadie LN, Yeung DT and White DL: 
KMT2A rearranged acute lymphoblastic leukaemia: Unravelling 
the genomic complexity and heterogeneity of this high‑risk 
disease. Cancer Lett 469: 410‑418, 2020.

11. Muntean AG and Hess JL: The pathogenesis of mixed‑lineage 
leukemia. Annu Rev Pathol 7: 283‑301, 2012.

12. Marks DI, Moorman AV, Chilton L, Paietta E, Enshaie A, 
DeWald G, Har r ison CJ,  Field ing AK, Foroni L, 
Goldstone AH, et al: The clinical characteristics, therapy 
and outcome of 85 adults with acute lymphoblastic leukemia 
and t(4;11)(q21;q23)/MLL‑AFF1 prospectively treated in the 
UKALLXII/ECOG2993 trial. Haematologica 98: 945‑952, 
2013.

13. Aubrey BJ, Kelly GL, Kueh AJ, Brennan MS, O'Connor L, 
Milla L, Wilcox S, Tai L, Strasser A and Herold MJ: An induc-
ible lentiviral guide RNA platform enables the identification of 
tumor‑essential genes and tumor‑promoting mutations in vivo. 
Cell Rep 10: 1422‑1432, 2015.

14. Ralph P, Moore M and Nilsson K: Lysozyme synthesis by estab-
lished human and murine histiocytic lymphoma cell lines. J Exp 
Med 143: 1528‑1533, 1976.

15. Chanput W, Peters V and Wichers H: THP‑1 and U937 cells. In: 
The Impact of Food Bioactives on Health. Verhoeckx K, Cotter P, 
López‑Expósito I, Kleiveland C, Lea T, Mackie A, Requena T, 
Swiatecka D and Wichers H (eds). Springer, Cham, pp147‑159, 
2015.

16. Barretina J, Caponigro G, Stransky N, Venkatesan K, 
Margolin AA, Kim S, Wilson CJ, Lehár J, Kryukov GV, 
Sonkin D, et al: The cancer cell line encyclopedia enables 
predictive modelling of anticancer drug sensitivity. Nature 483: 
603‑607, 2012.

17. Tate JG, Bamford S, Jubb HC, Sondka Z, Beare DM, Bindal N, 
Boutselakis H, Cole CG, Creatore C, Dawson E, et al: COSMIC: 
The catalogue of somatic mutations in cancer. Nucleic Acids 
Res 47 (D1): D941‑D947, 2019.

18. Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, 
Chitipiralla S, Gu B, Hart J, Hoffman D, Jang W, et al: ClinVar: 
Improving access to variant interpretations and supporting 
evidence. Nucleic Acids Res 46 (D1): D1062‑D1067, 2018.

19. Zhang JD, Ruschhaupt M and Biczok R: ddCt method for 
qRT‑PCR data analysis. Bioconductor, 2013. http://www.biocon-
ductor.org/packages/release/bioc/vignettes/ddCt/inst/doc/rtPCR.
pdf. Accessed October 26, 2021.

20. He G, Siddik ZH, Huang Z, Wang R, Koomen J, Kobayashi R, 
Khokhar AR and Kuang J: Induction of p21 by p53 following DNA 
damage inhibits both Cdk4 and Cdk2 activities. Oncogene 24: 
2929‑2943, 2005.

21. Xia M, Knezevic D and Vassilev LT: p21 does not protect cancer 
cells from apoptosis induced by nongenotoxic p53 activation. 
Oncogene 30: 346‑355, 2011.

22. Sarantopoulos J, Mahalingam D, Sharma N, Iyer RV, Ma WW, 
Ahluwalia MS, Johnson S, Purmal A, Shpigotskaya P, 
Hards A, et al: Results of a completed phase I trial of 
CBL0137 administered intravenously (IV) to patients (Pts) 
with advanced solid tumors. J Clin Oncol 38 (Suppl 15): 
S3583, 2020.

23. Fedyanin M, Tryakin A, Lisyanskaya AS, Solovyeva E, 
Fadeeva N, Gladkov O, Moiseyenko V, Cheporov SV, 
Shpigotskaya P, Purmal A, et al: Results of a completed 
first‑in‑human phase Ib dose‑escalation study of oral CBL0137 
in patients with advanced solid tumors. J Clin Oncol 38 
(Suppl 15): S3607, 2020.

24. Chua MMJ, Lee M and Dominguez I: Cancer‑type dependent 
expression of CK2 transcripts. PLoS One 12: e0188854, 2017.



304 
 

 
  

Figure S1. Sanger sequencing reveals heterozygous TP53 deletion and frameshift mutations induced in CRISPR/Cas9-edited 
RS4;11 cells. Genomic DNA was extracted from RS4;11 cell lines transduced with TP53 sgRNA constructs, following doxy-
cycline activation. TP53 exon 4 was PCR‑amplified and purified, and Sanger sequencing of the purified PCR product verified 
the presence of mutations in cells transduced with (A) TP53 sgRNA #1 and (B) TP53 sgRNA #2. A heterogenous population 
of alterations were present in both cell lines, where an indel size of 0 denotes wild-type sequence. In TP53 sgRNA #1 cells, the 
dominant isoform is p.Ala78_Pro87del (40% of cells). In TP53 sgRNA #2 cells, the dominant isoform is p.Lys101?fs*192 (33% 
of cells). sgRNA, single guide RNA.
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Table SI. One-way ANOVA reveals significant differences between TP53-mutated and TP53 wild-type human 
leukaemia cell lines.  
Cell lines (A) 
vs. (B) 

logLC50 
(A) (nM) 

logLC50  
(B) (nM) 

Mean 
difference 

Significance P-value 

RS4;11 vs. 
NALM-19 

2.222 2.386 -0.1642 No 0.4579 

RS4;11 vs. 
MV4;11 

2.222 2.430 -0.2078 No 0.1376 

RS4;11 vs. 
RCH-ACV 

2.222 2.476 -0.2535 Yes 0.0260 

RS4;11 vs. 
REH 

2.222 2.652 -0.4298 Yes 0.0023 

RS4;11 vs. 
Jurkat 

2.222 2.719 -0.4968 Yes <0.0001 

RS4;11 vs. 
THP-1 

2.222 2.833 -0.6107 Yes <0.0001 

RS4;11 vs. U-
937 

2.222 2.749 -0.5269 Yes <0.0001 

NALM-19 vs. 
MV4;11 

2.386 2.430 -0.04359 No 0.4579 

NALM-19 vs. 
RCH-ACV 

2.386 2.476 -0.08931 No 0.1376 

NALM-19 vs. 
REH 

2.386 2.652 -0.2656 Yes 0.0209 

NALM-19 vs. 
Jurkat 

2.386 2.719 -0.3326 Yes 0.0015 

NALM-19 vs. 
THP-1 

2.386 2.833 -0.4465 Yes <0.0001 

NALM-19 vs. 
U-937 

2.386 2.749 -0.3627 Yes 0.0004 

MV4;11 vs. 
RCH-ACV 

2.430 2.476 -0.04572 No 0.4579 

MV4;11 vs. 
REH 

2.430 2.652 -0.2220 No 0.1171 

MV4;11 vs. 
Jurkat 

2.430 2.719 -0.2890 Yes 0.0150 

MV4;11 vs. 
THP-1 

2.430 2.833 -0.4029 Yes 0.0004 

MV4;11 vs. U-
937 

2.430 2.749 -0.3191 Yes 0.0047 

RCH-ACV vs. 
REH 

2.476 2.652 -0.1763 No 0.4095 

RCH-ACV vs. 
Jurkat 

2.476 2.719 -0.2433 No 0.0909 

RCH-ACV vs. 
THP-1 

2.476 2.833 -0.3572 Yes 0.0047 

RCH-ACV vs. 
U-937 

2.476 2.749 -0.2734 Yes 0.0373 

REH vs. Jurkat 2.652 2.719 -0.06705 No 0.3865 
REH vs. THP-1 2.652 2.833 -0.1809 Yes 0.0455 
REH vs. U-937 2.652 2.749 -0.09715 No 0.2085 
Jurkat vs. THP-
1 

2.719 2.833 -0.1139 No 0.2568 

Jurkat vs. U-
937 

2.719 2.749 -0.03010 No 0.6952 

THP-1 vs. U- 2.833 2.749 0.08377 No 0.4579 
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937 
Human acute leukaemia cell lines were exposed to increasing doses of CBL0137 in duplicate and apoptosis 
was measured by Annexin-V/7-AAD staining after 72 h. Mean CBL0137 logLC50 values were calculated 
from 3 independent biological replicates. Kruskal-Wallis tests with multiple comparisons tests were 
performed to compare mean logLC50 values between each cell line tested. Comparisons between TP53-wild-
type and TP53-mutated cell lines are highlighted in yellow. 
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Table SII. LogLC50 and LC50 for CBL0137 in acute leukaemia cell lines.  
Cell line logLC50 (nM) LC50 (nM) 

RS4;11 2.22 166.0 

RCH-ACV 2.48 302.0 

NALM-19 2.39 245.5 

MV4;11 2.43 269.2 

REH 2.65 446.7 

Jurkat 2.72 524.8 

U-937 2.75 562.3 

THP-1 2.83 676.1 

RS4;11 Cas9 2.32 208.9 

RS4;11 TP53MUT #1 2.59 389.1 

RS4;11 TP53MUT #2 2.62 416.9 

Human acute leukaemia cell lines were exposed to increasing 
doses of CBL0137 in duplicate and apoptosis was measured by 
Annexin-V/7-AAD staining after 72 h. Mean CBL0137 logLC50 
values were calculated from 3 independent biological replicates. 
LogLC50 and LC50 values were extrapolated using non-linear 
regression analysis. 
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7.1 Introduction 

Rearrangements of the KMT2A gene (KMT2Ar) induce highly aggressive ALL 

associated with poor outcomes, yet little is known about the biology of KMT2Ar ALL. 

MLLT10 rearrangements (MLLT10r) are another subtype of ALL with poorly 

characterised biology, despite being one of the most common fusion genes identified 

in T-ALL (approximately 10% of new T-ALL diagnoses). KMT2Ar and MLLT10r 

leukaemic blasts both feature transcriptional dysregulation of the HOXA cluster, 

suggesting a similar aetiology. An improved understanding of the biology of KMT2Ar 

and MLLT10r ALL is required to develop precision medicine approaches to improve 

outcomes and limit toxicities for these subtypes.  

The research presented in this thesis:  

1. Generates and compares in vitro models of KMT2Ar B-ALL and T-ALL  

2. Generates and characterises in vitro and in vivo models of MLLT10r T-ALL 

3. Interrogates the genomic landscape of non-infant KMT2Ar B-ALL and MLLT10r 

ALL 

4. Establishes the clinical scope of the curaxin CBL0137, an inhibitor with pre-

clinical promise in KMT2Ar infant ALL 
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7.2 Major findings 

7.2.1 Parent cell identity is critical in modelling KMT2A-AFF1 in vitro  

The data presented in chapter 3 support the notion that parent cell identity and maturity 

are critical in the transformative capacity of KMT2A-AFF1. KMT2A-AFF1 expression 

in B-lineage (Ba/F3) and T-lineage (MOHITO) cell lines induced differential changes in 

proliferation, HOXA gene expression and surface marker expression. The in vitro 

models generated and characterised in this thesis are summarised in Figure 7.1. 

 

 

Figure 7.1 – Summary of findings from generation and interrogation of in vitro 
MLLT10r and KMT2A-AFF1 models 

The MOHITO and Ba/F3 murine cell lines were utilised to generate in vitro models of 

DDX3X-MLLT10, PICALM-MLLT10 and KMT2A-AFF1 B-ALL and T-ALL. The ability of 

fusion expression to induce changes in cellular proliferation, differentiation (surface 

marker expression) and HOXA expression are summarised. Image created with 

BioRender.com.  
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Extensive clinical data has clearly established KMT2A-AFF1 as an aggressive driver 

of pro-B ALL, yet no convincing evidence of oncogenic transformation was observed 

in pro-B Ba/F3 cells, other than increased expression of HOXA9. While Ba/F3 cells are 

a useful and widely accepted system used for in vitro modelling of kinase-associated 

genomic alterations, they are not appropriate for studying KMT2Ar, where leukaemic 

transformation likely occurs through influencing cellular differentiation rather than 

kinase signalling pathways. This is a critical point, as it emphasises an important 

limitation of the Ba/F3 system in testing the oncogenicity of genomic aberrations. 

KMT2A-AFF1 expression induced hallmark indications of transformation in the murine 

CD4+CD8+ T-ALL MOHITO cell line, most notably increased cytokine-dependent 

cellular proliferation and upregulation of the HOXA genes HOXA1, HOXA3 and 

HOXA5, and HOX cofactor MEIS1. KMT2A-AFF1 expression induced an immature T-

lineage immunophenotype, characterised by loss of mature T-cell surface markers, 

CD4 and CD8, and increased expression of the immature T-cell marker CD44. High 

CD44 expression is associated with poor outcomes in T-ALL1 as well as other 

haematopoietic and solid tumours2-4, while the prognostic significance of CD4 and CD8 

expression in T-ALL patients is unknown. Importantly, this is the first described in vitro 

model of KMT2A-AFF1 T-ALL, which will be particularly useful in the pre-clinical 

screening of targeted therapies, to improve therapeutic options for patients with 

KMT2Ar T-ALL. 

The different phenotypic outcomes induced by KMT2A-AFF1 expression in MOHITO 

and Ba/F3 cells is likely a consequence of parent cell differentiation stage and 

background genetic alterations, rather than cell lineage. It is clear from clinical data 

that KMT2A-AFF1 is a recurrent lesion that induces aggressive B-ALL. It is likely that 

the different maturity stages of Ba/F3 and MOHITO cells is the underlying cause of the 

transformative discrepancies observed, where expression of stem cell markers such 

as Sca-1, c-Kit and/or CD34 are likely to be important in the initiation of KMT2Ar ALL5. 

Indeed, expression of the haematopoietic stem cell markers c-Kit and Sca-1 in 

MOHITO cells but not Ba/F3 cells may be a contributing factor to the differences in 

leukaemic transformation induced by KMT2A-AFF1 expression. It is also possible that 

cell-type specific collaborative genomic events may influence the phenotype induced 

by KMT2A-AFF1 expression. For example, NOTCH1-3 and STAT5 genes are involved 

in maintaining quiescence of HSCs, but promote survival and proliferation in other 
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haematopoietic cell types6,7, suggesting that some genomic alterations identified in 

ALL are highly cell type-specific. 

Another important consideration when generating pre-clinical models of KMT2Ar ALL 

is the role of the reciprocal AFF1-KMT2A fusion. An in-frame reciprocal fusion is 

identified in most KMT2A-AFF1 B-ALL patients8, including 89.4% (17/19) of KMT2A-

AFF1 cases described in chapter 5. In instances where reciprocal expression was not 

detected, it is possible that fusions were complex rearrangements (for example, 3-way 

translocations that are common with KMT2A-MLLT19) rather than direct reciprocal 

translocations. Other groups have demonstrated that AFF1-KMT2A expression is 

critical in the transformation of KMT2Ar B-ALL8. Transplantation of Lin-Sca-1+ murine 

stem cells expressing AFF1-KMT2A alone induces pro-B ALL when transplanted into 

mice, albeit with a low penetrance (35%) and long latency (median = 233 days)10. In 

this study, expression of both reciprocal fusions together induced a less mature B/T 

precursor or mixed lineage leukaemia with similarly low penetrance and delayed 

latency, whereas KMT2A-AFF1 expression alone did not induce disease at all10. This 

study also emphasises the importance of parent cell maturity when modelling KMT2Ar 

ALL, as Lin-Sca-1+ cells were utilised, whereas Ba/F3 cells are Lin+Sca-1-. Recent work 

by Rice et al. describes the first published pre-clinical model of KMT2A-AFF1 that 

recapitulates aggressive B-ALL11. In this study, t(4;11) was induced in CD34+ human 

foetal liver cells using CRISPR/Cas9, resulting in expression of both KMT2A-AFF1 and 

AFF1-KMT2A and inducing pro-B ALL when transplanted into mice, with a median 

latency of 18 weeks (approximately 126 days)11. The reciprocal fusion was not 

expressed in the in vitro models described in this thesis, which may explain the limited 

transformation observed in Ba/F3 cells. In light of these recent studies, it would be 

essential to establish whether AFF1-KMT2A expression in MOHITO cells induces 

further leukaemic changes, such as inducing cytokine-independent proliferation, 

HOXA9 upregulation or a shortening of disease latency in an in vivo transplantation 

model. 

The Rice et al. model also addressed the in utero origin of KMT2A-AFF1 in infants12, 

by modelling the fusion in human foetal liver cells, a source of primitive progenitors. 

This model supports the notion that a foetal-specific gene expression signature is 

critical in the development of aggressive and therapy-resistant infant KMT2Ar ALL, 

which is distinct from the gene expression signature of childhood KMT2Ar ALL10. This 



Chapter 7 – Discussion 

 313 

is supported by a study by Barrett et al., where conditional KMT2A-AFF1 expression 

enhanced murine B lymphoid repopulation and self-renewal capacity most prominently 

in the primitive lymphoid-primed multi-potential progenitor (LMPP) population13. 

KMT2A-AFF1 expression in human foetal liver derived LMPPs induces a distinct gene 

expression signature indicative of highly proliferative and oncogenic nature, including 

upregulation of cyclins and cyclin-dependent kinases, MTORC1 signalling pathway, 

and the proto-oncogenes MYC and MYCN14. However, KMT2Ar ALL is also an 

aggressive disease in non-infant patients, so there is a clear need to continue to seek 

alternate pre-clinical models to investigate this entity.  

The results described in this thesis have contributed to the complex challenge of pre-

clinically modelling KMT2Ar ALL. Critically, it is demonstrated that KMT2A-AFF1 does 

not transform Ba/F3 cells but does induce leukaemic changes in the MOHITO T-cell 

line, providing a potential model to investigate inhibitor efficacy in a KMT2Ar T-ALL 

setting. Further studies addressing the role of reciprocal fusion expression in B-

lineage, T-lineage and non-lineage committed parent cells is required elucidate the 

respective importance of reciprocal fusion expression and parent cell maturity.  

 

7.2.2 Arf-/- thymocytes expressing PICALM-MLLT10 or DDX3X-MLLT10 induce 
T-ALL in vivo 

The two most common MLLT10r identified in T-ALL, PICALM-MLLT10 and DDX3X-

MLLT10, were expressed in MOHITO cells to establish a model that would enable the 

exploration of biology and therapeutic sensitivity in a T-ALL context. No changes were 

observed in proliferation or HOXA dysregulation due to expression of either MLLT10r. 

Cells expressing PICALM-MLLT10 exhibited reduced expression of CD5 but retained 

expression of CD4 and CD8 in comparison to cells expressing DDX3X-MLLT10, which 

was more indicative of an ETP-like immunophenotype. Overall, no clear evidence of in 

vitro leukaemic transformation was induced in MOHITO cells by MLLT10r expression, 

indicating a need to explore alternate cellular model systems or co-expression of 

additional genomic aberrations (refer to section 7.2.3).  

DDX3X-MLLT10 and PICALM-MLLT10 were expressed in primary Arf-/- thymocytes 

and transplanted into NSG mice to assess in vivo leukaemic potential. The Arf-/- 

thymocyte system was utilised as it enabled the use of primary thymus-derived cells, 
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as opposed to the spleen-derived MOHITO cell line15. The Arf-/- system also enabled 

the collection of CD4-CD8- cells, that are less mature than the CD4+CD8+ MOHITOs, 

although some CD8 and CD4 expression was re-gained prior to injection of transduced 

cells. A summary of the findings obtained from in vivo experiments is summarised in 

Figure 4.2.  

 

 

Figure 4.2 – Summary of findings from generation and interrogation of in vitro 
MLLT10r and KMT2A-AFF1 models 

DDX3X-MLLT10 and PICALM-MLLT10 were expressed in primary Arf-/- thymocytes 

and transplanted into NSG mice to assess in vivo leukaemic potential. The ability of 

fusion expression to induce changes in time to engraftment, organ penetrance, HOXA 

expression, blood counts and immunophenotype are summarised. Image created with 

BioRender.com.  
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Transplantation of PICALM-MLLT10 expressing cells induced a widely disseminated 

malignancy with involvement of the spleen, liver, bone marrow and thymus, whereas 

mice transplanted with DDX3X-MLLT10 expressing cells induced disease that 

infiltrated predominantly either the bone marrow or thymus. It is interesting that 

DDX3X-MLLT10 and PICALM-MLLT10 expression induced distinct patterns in cell 

engraftment, since all MLLT10r are classified as the same entity in T-ALL patients 

(typically under the subtype of ‘HOXA-deregulated T-ALL’), regardless of 5’ fusion 

partner. A recent publication demonstrates that DDX3X-MLLT10 and PICALM-MLLT10 

lineage-ambiguous leukaemias cluster distinctly based on t-SNE analysis of gene 

expression data16. Taken together, these data suggest that the 5’ fusion partner may 

play a role in the engraftment of MLLT10r leukaemia, and further investigation is 

warranted to understand the influence of the 5’ MLLT10r fusion partner on biology and 

patient outcomes. This newly-developed in vivo model of DDX3X-MLLT10 and 

PICALM-MLLT10 will aid in further understanding the role of the 5’ fusion partner. 

Specifically, other MLLT10r can be modelled, such as HNRNPH1-MLLT10 and 

KMT2A-MLLT10, and ChIP-seq or mRNA-seq can be utilised to establish the 

differential gene expression profiles induced by MLLT10r in a T-ALL context, and the 

differences between thymic and bone marrow disease in the DDX3X-MLLT10 model. 

No changes in HOXA gene expression were observed in MOHITOs or Arf-/- thymocytes 

expressing MLLT10r, in comparison to empty vector cells. An important difference 

between the MOHITO and Arf-/- cells is that MOHITO cells have very low expression 

of HOXA genes, whereas primary Arf-/- thymocytes have intermediate expression 

levels. This may be a contributing factor in the ability of Arf-/- thymocytes expressing 

MLLT10r to engraft and induce leukaemia without requiring a further increase in HOXA 

expression. Alternatively, perhaps a less mature cell of origin is required to induce 

HOXA-dysregulated MLLT10r T-ALL. Expression of MLLT10r in CD34+ lymphoid 

lineage-primed cells or haematopoietic stem cells (such as cord blood or foetal liver 

cells) may provide further insight into the role of HOXA dysregulation in MLLT10r T-

ALL, as haematopoietic stem cells have higher expression of HOXA genes than 

lymphoid precursors17. 

There were some similarities and differences in surface marker expression between 

the MOHITO and Arf-/- MLLT10r in vitro models. In vitro, both models were 

CD45+CD2+CD25+CD8+sCD3-, indicative of a T-lineage immunophenotype. PICALM-
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MLLT10 expressing cells exhibited reduced CD5 expression relative to DDX3X-

MLLT10 cells in vitro but not in vivo, suggesting loss of CD5 expression is not important 

in the engraftment of PICALM-MLLT10 disease. Stem cell marker expression was 

widely variable across both models. Most prominently, CD34 expression was 

increased in PICALM-MLLT10 transplanted cells, indicating an important role for this 

marker in T-ALL engraftment. CD34 is the most frequently identified stem cell marker 

expressed on ALL blasts, present in >50% of T-ALL cases18,19. One study concludes 

that CD34+CD7+ T-ALL cells are enriched in leukemia-initiating activity compared with 

CD34-CD7+. In this study, CD34+CD7+ leukaemic blasts engrafted more readily into 

NSG mice than CD34-CD7+ cells, despite harbouring the same genomic abnormality 

(SIL-TAL1)20. This indicates that CD34 expression results in a more aggressive T-ALL 

phenotype, which is supported by a clinical correlation between CD34 expression and 

poor 5-year overall survival in paediatric T-ALL21. However, no clinical data has yet 

established whether CD34 expression varies between genomic subtypes of T-ALL. It 

is also important to note that the NSG mouse strain is by necessity a severely 

immunocompromised host, which is very different to the immune system of human 

hosts.  

It is evident that parent cell differentiation stage is important in MLLT10r 

leukaemogenesis, similar to KMT2Ar ALL. MLLT10 and KMT2A are functionally linked, 

as they are both epigenetic regulators of cellular differentiation associated with 

regulation of HOXA expression22. However, MLLT10r do not occur in B-ALL or infant 

leukaemia (other than KMT2A-MLLT10), indicating there must be some difference in 

transformation biology23. The in vivo model described in this thesis is the first known in 

vivo model of MLLT10r T-ALL, that has provided insight into the distinctly aggressive 

nature of PICALM-MLLT10 driven T-ALL, suggesting that further studies comparing 

MLLT10r with different 5’ fusion partners is worthwhile. 

 

7.2.3 Co-operative alterations are present at diagnosis in MLLT10r ALL 

At least one pathogenic leukaemia-associated cooperative alteration was identified in 

all MLLT10r cases where MLPA analysis was available. Most frequently these were 

NOTCH1 activating mutations (71.4% or 5/7 patients), RAS/JAK3 activating mutations 

(42.9% or 3/7), PTEN frameshift or non-frameshift INDELs (42.9% or 3/7), and/or 
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CDKN2A/B deletions (33.3% or 2/6). This suggests that a range of genomic alterations 

are important to consider when generating pre-clinical models of MLLT10r ALL. Five 

additional pathogenic variants within epigenetic regulatory genes were identified 

across four MLLT10r patients (affecting the genes DNMT3A, EZH2 and HDAC3). 

These alterations are sensitive to clinically available inhibitors, but the role of these 

variants is presently unknown in the aetiology of T-ALL. 

MOHITO cells and Arf-/- thymocytes both harbour clinically relevant genomic 

alterations. MOHITO cells are homozygous for the JAK1 p.S1042I variant that 

transforms Ba/F3 but not MOHITO cells to cytokine independence15. MOHITO cells 

also possess the pathogenic NOTCH1 p.I1708S variant within the heterodimerisation 

(HD) domain, and a truncating frameshift mutation (7463-64insC) in the PEST domain, 

that both result in increased NOTCH1 activity15,24. The data presented in this thesis 

indicates that JAK1 and NOTCH1 activation does cooperate with MLLT10r to induce 

T-ALL in MOHITO cells in vitro.  

Arf-/- thymocytes are homozygous for loss of murine p19Arf, a tumour suppressor 

encoded by CDKN2A25. Two MLLT10r patients (33.3%) in our cohort presented with 

whole gene deletions of CDKN2A, and consequently lack expression of p14Arf (the 

human equivalent of p19Arf) and p16Ink4a. The successful in vivo engraftment of 

PICALM-MLLT10 and DDX3X-MLLT10 expressing cells demonstrates that this 

combination of genomic events is sufficient to induce T-ALL in this system. However, 

it is necessary to repeat the in vivo experiment to establish the ability of empty vector 

Arf-/- cells to engraft, as 3/5 empty vector mice died due to a likely familial abnormality. 

A similar model should also be constructed to determine the cooperative potential of 

other alterations such as NOTCH1 or RAS pathway activation in a MLLT10r context, 

as not all MLLT10r patients present with CDKN2A deletion. CDKN2B was also deleted 

in both MLLT10r patients with CDKN2A deletion, where CDKN2B encodes the tumour 

suppressor p15 that also promotes leukaemogenesis26, and the role of CDKN2B 

deletion in MLLT10r ALL should therefore also be investigated.  
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7.2.4 Cooperative leukaemia-associated genomic alterations are rare at 
diagnosis in non-infant KMT2Ar B-ALL 

The results presented in chapter 5 demonstrate that the genomic landscape of non-

infant KMT2Ar B-ALL is largely devoid of known cooperative leukaemia-associated 

CNAs and SNVs, in comparison to an age-matched BCR-ABL1 B-ALL cohort. This 

demonstrated that non-infant KMT2Ar ALL has mutational landscape that is similar to 

that of infant KMT2Ar B-ALL, despite the different gene expression signatures 

identified in infant and paediatric KMT2Ar ALL11.  

Interrogation of epigenetic regulatory genes revealed three recurrent SNVs in KMT2Ar 

B-ALL, that were either uncommon or absent from the BCR-ABL1 cohort (H1F0 

p.A89P, MCM7 p.A433P and WHSC1 p.E1099K). KMT2Ar are known to induce 

widespread epigenetic dysregulation, which has generally been attributed to the direct 

dysregulation of WT KMT2A27,28. WHSC1 p.E1099K is known to shorten in vivo ALL 

latency in both KMT2Ar and KMT2A-WT cell lines29, indicating it is significant in the 

initiation of ALL. These data demonstrate that while KMT2Ar B-ALL lacks genomic 

alterations that are common in other subtypes of B-ALL, variants within epigenetic 

regulators are disproportionately common, that may contribute to the unique biology 

underlying KMT2Ar ALL. 

 

7.2.5 CBL0137 is a promising ALL therapy in TP53WT disease, independent of 
KMT2Ar status 

In response to two recent publications that cite particular sensitivity of KMT2Ar infant 

ALL PDX models to the curaxin CBL013730,31, the role of this promising targeted 

therapy in acute leukaemia was characterised. Findings presented here demonstrate 

that CBL0137 does not specifically confer therapeutic sensitivity to KMT2Ar ALL, 

relative to other genomic subtypes of ALL. Rather, using in vitro sensitivity assays, it 

was confirmed that wild-type p53 is required for optimal activity of CBL0137, 

demonstrating that CBL0137 may serve as a useful drug in TP53WT ALL overall. 

TP53 mutations are rare in infants with KMT2Ar ALL, identified in 4.3% (2/47) of infant 

KMT2Ar ALL cases at diagnosis in one study32. In non-infants, TP53 mutations occur 

in 15.7% of new ALL diagnoses overall, but variants are often subclonal at diagnosis 
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and emerge in the dominant clone at relapse33. In the non-infant KMT2Ar B-ALL cohort 

described in this thesis, only one TP53 variant (p.R248Q) was identified in one case of 

non-infant KMT2Ar ALL (overall incidence = 4.4%), noting indels were not investigated. 

The fact that most KMT2Ar patients are TP53WT indicates that CBL0137 is a promising 

therapeutic strategy. These findings emphasise the importance of a genome-wide 

approach to understanding the complete mutational landscape of each ALL patient, to 

optimise precision medicine approaches.  

 

7.2.6 Concluding remarks 

In this thesis, the first in vitro model of KMT2Ar T-ALL was established. This 

demonstrated that KMT2A-AFF1 expression is sufficient to induce oncogenic changes 

in MOHITO but not Ba/F3 cells, emphasising the importance of parent cell maturity in 

initiation of KMT2Ar ALL. The first in vivo model of MLLT10r T-ALL was also generated, 

demonstrating that DDX3X-MLLT10 and PICALM-MLLT10 induce T-ALL with distinct 

immunophenotypes and organ penetrance. The landscape of genomic alterations 

within non-infant KMT2Ar and MLLT10r ALL was interrogated, and it was established 

that while KMT2Ar ALL carries a very low burden of typical leukaemia-associated 

alterations, known and novel variants within epigenetic regulators were identified in 

KMT2Ar B-ALL and MLLT10r T-ALL, some of which are therapeutically targetable by 

clinically available inhibitors. In TP53WT infant and non-infant KMT2Ar ALL , therapeutic 

sensitivity to the curaxin and p53 activator CBL0137 was noted, highlighting the 

importance a complete genomic profile for precision medicine approaches. Novel 

approaches are required to accurately model genomic subtypes of ALL that rely on 

dysregulation of cellular differentiation, unlike classical kinase-associated alterations. 

Specifically, models should use immature/foetal-derived haematopoetic stem and 

progenitor cells, and address the importance of reciprocal fusion expression and co-

occurring genomic alterations. Ultimately, these studies give novel insight into the 

development of disease-representative in vitro and in vivo models of KMT2Ar and 

MLLT10r ALL to aid in the screening of targeted therapies, which is essential in 

improving outcomes and reducing treatment-related toxicities in ALL.  
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