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Abstract

Acute myeloid leukaemia (AML) is a clonal disorder of haematopoietic stem cells (HSCs),
characterised by the expansion of abnormal myeloblasts. AML arises from leukaemia stem
cells (LSCs) which clonally evolve to evade chemotherapy and mediate relapse. Survival rates
have improved over 50 years; however, the prognosis remains dismal for the elderly or those
harbouring adverse cytogenetic events. There’s an urgent unmet clinical need for targeted
efficacious drugs in AML which reduce side-effects and induce robust remissions. One
potential molecular drug target is B-catenin, the central mediator of Wnt signalling which is
frequently dysregulated in myeloid leukaemia. B-Catenin is overexpressed, mislocalised, and
overactive in AML, where it confers inferior patient survival and drives the emergence,
maintenance, and drug resistance of LSC. The level, localisation and activity of B-catenin is
governed heavily through protein interactions, and we recently characterised the first 3-
catenin interactome study in myeloid leukaemia cells. One putative novel interactor of B-
catenin identified was Wilms Tumour 1 (WT1) protein which is frequently mutated and
overexpressed in AML. This study explored the physical and functional interaction between
-catenin and WT1 in myeloid leukaemia cells. This thesis identified a non-direct, RNA
independent association between B-catenin and WT1 in a variety of myeloid cell lines, and
primary AML blasts. Functionally, WT1 knockdown significantly decreased B-catenin nuclear
expression and Wnt signalling in the KG-1 cell line. Furthermore, induction of WT1 mutations
(exons 8 and 9) increased B-catenin expression and augmented Wnt signalling output.
Reciprocally, we showed that B-catenin knockdown repressed WT1 expression and signalling
which was at least party transcriptionally driven. Following on from interactome analyses we
validated B-catenin interaction with two RNA binding proteins (RBP; MSI2 and LIN28B), and
isolated B-catenin from initiation complexes in polysome profiling suggesting 3-catenin might
influence post-transcriptional gene expression. To assess which RNAs are associated with [3-
catenin we performed RBP immunoprecipitation (RIP) for [-catenin coupled to RNA
sequencing (RIP-seq) and transcripts related to critical processes such as myeloid
differentiation, IL-18 signalling and the canonical Wnt signalling pathway itself. Overall, this
study reports the first physical and functional interaction between B-catenin and WT1 in AML
and reveals a potential novel role for B-catenin in the regulation of post-transcriptional gene

control, both of which could inform novel B-catenin targeting strategies in AML.
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Chapter 1 Introduction

1.1 Normal Haematopoiesis
Haematopoiesis is the generation of all terminally differentiated blood cells within the body

from embryonic development to adulthood (Rieger & Schroeder, 2012). This process
originates in the bone marrow with a rare pool of tissue-specific stem cells known as
hematopoietic stem cells (HSCs), that reside in a niche to promote stem cell maintenance and
regulation. Analysis of the localisation of these cells in tissue sections showed that most HSCs
reside adjacent to sinusoidal blood vessels in the bone marrow and spleen. Essential growth
factors including CXCL12, and stem cell factor (SCF) were found to be expressed mainly by
perivascular stromal cells and endothelial cells that are associated with sinusoids. When these
growth factors are deleted, HSCs are substantially depleted from adult bone marrow and
there is a loss of all quiescence and serially transplantable HSCs (Crane et al., 2017). However
several other bone marrow cell types including megakaryocytes, monocytes and
macrophages can directly or indirectly regulate HSC niche to provide a dormant HSC reservoir

(Blank & Karlsson, 2015).

As shown in Figure 1, these HSCs have the capacity to both self-renew and give rise to
multipotent progenitors (MPPs) that progressively lose self-renewal capacity as they form
differentiating progeny that proliferate extensively. Blood formation is believed to develop
through MPPs differentiating into the common lymphoid progenitor (CLP) or common
myeloid progenitor (CMP) in a step-wise manner (Blank and Karlsson, 2015). However, this
model is based on pre-defined flow sorted populations and more recently early
haematopoiesis is believed to be formed of a cellular continuum of low prime
undifferentiated (CLOUD)-HSCs. This subpopulation contains MPPs which do not differentiate
into discrete progenitor types but instead represent transitory states (Velten et al., 2017). In
some cell state transitions, lineage combinations will be more favoured than others, and
therefore implies haematopoiesis is not as rigid as once thought. This is further supported by
platelet bias of HSCs which has identified platelet-restricted lineage output as a key feature
of HSC aging and directly contributes to the age-associated imbalance between myeloid and
lymphoid leucocyte output (Grover et al., 2016). Furthermore platelet-primed HSCs have

long-term myeloid lineage bias and can self-renew to lymphoid-biased HSCs and therefore

16



subtypes can be organised into a cellular hierarchy with platelet primed HSCs at the apex

(Sanjuan-Pla et al., 2013).

The balanced production of haematopoietic cells is regulated by several cellular processes
including quiescence, apoptosis, self-renewal, and differentiation to ensure the right cell is
made at the right time. This is regulated by several genes including GATA1 a master regulator
of erythrocyte development and suppressor of myeloid fate and PU.1 a regulator of myeloid
development and suppressor of erythroid development. These two genes work in a molecular
shift pattern so there is a constant balance between the production of erythroid and myeloid
cells (Jagannathan-Bogdan & Zon, 2013). Cytokines also contribute to normal haematopoiesis
for example transforming growth factor-B (TGF-B) regulates homeostasis of the immune
system to quiescence by upregulating cyclin dependent kinases such as p15'"** and
regulation of SMAD proteins for self-renewal of HSCs (Blank & Karlsson, 2015). Also growth
factors such as granulocyte-macrophage colony stimulating growth factor (GM-CSF) is an
important immune regulator in haematopoiesis by recruiting circulating neutrophils,
monocytes and lymphocytes to enhance their functions in defence (Shi et al., 2006). Signalling
pathways are also involved in regulating haematopoiesis, including the notch pathway which
has shown importance in regulating the cellular fate of HSCs in mice, the BMP pathway in
regulating self-renewal in embryogenesis (Kim et al., 2014) and the Wnt/B-catenin

pathway which can regulate HSC stemness and differentiation (Han et al., 2016).
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Figure 1: Normal haematopoiesis and the leukemic stem cell

In normal haematopoiesis, stem cells (HSCs) have the ability to self-renewal (circle arrow) and
give rise to multipotent progenitors (MPPs) but these only have limited self-renewal abilities.
The MPPs differentiate into common lymphoid and myeloid lineages (CLPs, CMPs). The
formation of a leukemic stem cell (LSC) can arise from mutations in cells and form a) chronic
myeloid leukaemia (CML), b) blast crisis of CML and acute myeloid patients (AML), c) AML
LSCs arising from more differentiated HSCs, d) in a pre-leukemic phase, genetically unstable,
self-renewing LSCs can clonally expand allowing for further mutations, e) the development of

different leukemic clones (Riether et al., 2015).

Regulation of normal haematopoiesis occurs through the careful balance of cellular
processes, activation/repression of genes and induction/suppression of signalling pathways
essential for the development of functional blood cells. Disruptions in any of these factors
contributes to dysregulated cell fate and function and consequently results in the

development of haematological disorders, including acute myeloid leukaemia (AML).
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1.2 Acute myeloid leukaemia (AML)

1.2.1 AML statistics and diagnosis
Acute myeloid leukaemia (AML) is a heterogenous disorder of haematopoietic

stem/progenitor cells (HSPC) characterised by the clonal expansion of immature myeloid
committed blasts (Kumar, 2011). These cells accumulate in the bone marrow and can spill
into the peripheral blood and can support leukemic cell progression by communicating with
immune cells in reprogramming mesenchymal stromal cells in the bone marrow
microenvironment (Aberger et al., 2017). AML predominates in adults aged 65 or over (De
Kouchkovsky & Abdul-Hay, 2016), however does also present in 15-20% of acute leukaemia
cases during infancy and adolescence (Lagunas-Rangel et al., 2017). In the UK alone around
3,200 people are diagnosed every year and survival rates are drastically low with 70% dying
within the first year of diagnosis (Meyers et al., 2013) and patients older than 60 only having
a 5-15% 5-year survival rate (Watts & Nimer, 2018). Patients typically experience a rapid onset
of symptoms originating from impaired myelopoiesis including immunosuppression and

severe anaemia, resulting in bone marrow failure (Kantarjian et al., 2021).

Diagnosis of AML is confirmed when 20% or more myeloid blasts (myeloblasts, monoblasts or
megakaryoblasts) are present in the peripheral blood or bone marrow (Short et al., 2018)
diagnosed through a variety of tests including immunophenotyping looking for common
markers; CD13, CD33 and CD117 (Kaleem et al., 2003) and cytogenetic profiling. Overall
outcome for AML patients is heavily dictated by their cytogenetic and molecular genetic
profiles. Cytogenetically normal AML (CN-AML) is the largest subgroup of AML and represents
45% of adult patients with AML diagnosed younger than 60 years old. However, with further
research this subgroup can be subdivided with mutations which heavily dictate prognosis and

treatment options (Krauth et al., 2015).

1.2.2 AML classification and cytogenetics
AML is classified by two common systems known as the World Health Organisation (WHO)

based on morphology, gene mutation and previous medical history whilst the French-
American-British (FAB) system based solely on morphology of the disease and these eight

categories are shown in Table 1.
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Table 1: The French-American-British (FAB) classification of Acute Myeloid Leukemia

The FAB subtype is classified by the morphology and the % of cases for each class are

displayed (Kumar, 2011).

FAB Morphological classification % of all AML

subtype cases

AML-MO Undifferentiated acute myeloblastic leukemia 5

AML-M1 Acute myeloblastic leukemia with minimal 15
maturation

AML-M2 Acute myeloblastic leukemia with maturation 25
AML-M3 Acute promyelocytic leukemia 10
AML-M4 Acute myelomonocytic leukemia 20
AML-M4 Acute myelomonocytic leukemia with 5
eos eosinophilia

AML-MS5 Acute monocytic leukemia 10
AML-M6 Acute erythroid leukemia 5
AML-M7 Acute megakaryoblastic leukemia 5

The WHO classification was developed to include molecular markers and chromosomal
translocations. In 2016, AML was defined to six major disease entities, first AML with
recurrent genetic abnormalities such as t(8;21) and t(15;17) and the production of chimeric
proteins including RUNX1 and PML-RARa. The second classification was AML with
myelodysplasia related changes, the third was therapy-related myeloid neoplasms, then AML
with myeloid sarcoma, AML with myeloid proliferation due to down syndrome. Finally, AML
not otherwise specified (De Kouchkovsky & Abdul-Hay, 2016). Therefore, understanding the
cytogenetic profile including AML mutations and chromosomal aberrations will help in

designing treatment plans.

AML mutations can confer a proliferative and survival advantage and hence impair normal
haematopoiesis resulting in leukemic blast cells as shown in Figure 1A-E (Lagunas-Rangel et
al., 2017). These key oncogenic events are often classified according to the two-hit model of
leukemogenesis (Figure 2). Class | mutations present in approximately two-thirds of AML

cases and make up the most common mutational subset in AML and are characterised by
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enhancing LSC proliferation (FLT3, K/NRAS, c-KIT and TP53) (Patel et al., 2012). Class Il
mutations have shown to block normal differentiation and apoptosis (NPM1 and CEBPA)
(DiNardo & Cortes, 2016). The final class without classification (DNMT3A, TET2, IDH1/2 and
WT1) have shown to heavily influence the epigenetic regulation of LSCs and can affect both

cellular proliferation and differentiation (Patel et al., 2012).

CLASS|
PROLIFERATIVE AND SURVIVAL
ADVANTAGES
FLT3
KIT
RAS
PNPN11
JAK2
cBL

WITHOUT

CLASSIFICATION
PROMUEVE EPIGENETIC
MODIFICATIONS
DNMT3a
TET2
IDH1
IDH2
ASXL1
WT1

CLASS I
ALTERATION OF CELLULAR
DIFERENTIATION AND
SUBSEQUENT APOPTOSIS
PML-RARA
RUNX1-RUNX1T1
CBFB-MYH11
MLL
CEBPA
NPM1

AML

Figure 2: Mutations associated with AML.

Model of cooperation between mutations associated with AML (Lagunas-Rangel et al., 2017).

A study of AML mutations identified 5234 mutations involving 76 genes or regions in 1540
patients (Figure 3). Mutations in genes such as DNMT3A and IDH1/2 were acquired earliest
but were never found in isolation and were often linked with secondary mutations events
occurring in NPM1. This data highlights development of AML occurs through evolutionary
steps and patients could thereofre be screened early for certain mutations to improve overall

treatment plans (Papaemmanuil et al., 2016).

21



[ ELN favorable risk [ ELN intermediate-Il risk [ ELN risk not available
5004 [ ELN intermediate-I risk [ ELN adverse risk

20
4004 (L 154
10

3004
5_.

e —

0 4
AN P @ P RS W T D
SR YN WS WTE ;’Qg«’%’g,\c‘@ WO

No. of Unique Patients with Driver Mutation

l- = e
sili= =
- = | | | =
0 .
.<‘:‘p Fv&v\.} ‘\°‘%°\>‘¢va \‘\4,0\\’\ ) Q’k\@\\‘\« Yf“\ \‘}*\« (,’\r.,g\\.,\} A :{\ o a0 A ‘\'léi ;\ > Q) Q‘NOQY’}Q O‘NQ*C :ﬂ‘b&x:‘\, ) 6;\’;
R R T R T T BT g T
X 3

Figure 3: Driver mutation events in AML

Panel displaying mutations in 1540 patients with AML. Each bar presents a distinct driver
lesion; the lesions include gene mutations, chromosomal aneuploidies, fusion genes, and
complex karyotypes. The colours in each bar indicate the molecular risk according to the

European Leukaemia Net (ELN) classification (Papaemmanuil et al., 2016).

AML mutations both independently and in conjunction with chromosmal translocations can
contribute to the development of AML. Commonly one or more cytogenetic abnormalities
are found in approximately 55% of patients with AML (Lagunas-Rangel et al., 2017). Currently
patients can be classified into three classes for cytogenetics: favourable, intermediate, and
unfavourable. Patients presenting with 1(8;21)(q22;922) with fusion product
RUNX1/RUNX1T1 are favourable despite inhibiting the core binding factor (CBF) proteins,
which are required as key regulators of haematopoietic development (Paschka & Doéhner,
2013). Whereas patients with t(9;11)(g22;923) have an intermediate prognosis and are
associated with monocytic leukaemia and involve fusion of the MLL and MLLT3 genes. Finally,
patients with t(6;9)(p23;934) present with an unfavourable prognosis and are linked with
basophilia and multilineage dysplasia (Lagunas-Rangel et al., 2017).

Overall cytogenetics in conjunction with fusion proteins act as a transcriptional repressor
disrupting gene expression programmes including differentiation, apoptosis, and self-
renewal, therefore allowing for LSCs to emerge, evolve and expand (Figure 1). Furthermore,

both a mutation and chromosomal translocation can be present at the same time, for
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example the class | mutation c-KIT has been associated with t(8;21) or inv(16) translocations
(De Kouchkovsky & Abdul-Hay, 2016) and WT1 mutations have been linked with t(15;17)
(Yoon et al., 2017). Furthermore the t(15;17) translocation is often associated with the fusion
protein PML-retinoic acid receptor alpha (PML-RARa) fusion protein which contributes to

leukomogenesis through inteference with promyeolytic differentation.

1.2.3 AML treatment and survival
Current treatment plans include chemotherapy with seven days of infusion with cytarabine

and three days with anthracycline agents. However only eligible patients (patients <60 years
old with good performance status, normal creatinine, albumin, and platelet count) would
undergo induction therapy (initial chemotherapy) to achieve a blast count of <5% of total non-
erythroid cells in the bone marrow (Estey, 2014). For patients aged over 65 this treatment
method is unfavourable as they generally present with a more adverse cytogenetic risk profile
and are more susceptible to treatment-related cytotoxicity and even in areas where patients
received this chemotherapy only 20% patients were alive at 2 years (Estey, 2014). Instead
treatments are now focusing on targeting molecular abbertaions specific to the patient, these
include midostaurin for FLT3 mutant AML, venetoclax for raised BCL2
AML, ivosidenib/enasidenib for IDH mutant AML or gemtuzumab ozogamicin for CD33* AML
(Dohner et al., 2021; Kayser & Levis, 2021). There are also several clinical trials ongoing for
further targeted therapies as shown in table 2 (AML clinical trials, cancer research UK, 2022).
The first being an AML vaccine, which will involve putting 2 genes B7.1 and IL-2 into leukemia
cells, followed by treatment with radiation to stop division, the cells are then injected into
the body and the genes should stimulate the body to attack the leukaemia cells. Also the
proteins p300 and CBP are required for LSC growth and the inhibitor CCS1477 blocks their
activity as shown in the MOLM-16 (AML) model which demonstrated superior growth
inhibition compared to cytarabine treatment (Ash conference, 2021).

Other treatments include combination chemotherapy treatments, with venetoclax and
azacitidine which have previously shown to increase overall survival by 3.8 months versus
commonly used AML treatments (Dombret et al., 2015). Furthermore imporvements are
being made for children with AML including the MyeChild01 trial which has shown to reduce

blasts without imposing major side affects (Niktoreh et al., 2019).
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Table 2: Ongoing clinical trials in AML

Clinical trial Phase Number of Inclusion criteria
patients
Vaccine (RFUSIN2- 12 Recruiting those
AML) who have had a
transplant
CCs1477 1/1 90 AML or MDS that

has returned

Venetoclax with low Il 156 NPM1 gene change
dose cytarabine and CD33 marker
Venetoclax with 11 396 New diagnosis of
azacitidine AML and now in
remission after
chemotherapy
Gemtuzumab 1 69 Between 12 weeks
o0zogamicin with and 11 months old
chemotherapy for with either AMIL,
children MDS or isolate

myeloid sarcoma

Therefore, emphasising the importance of novel agents is key in the ongoing development of
targeted therapies. One molecule and pathway heavily dysregulated in AML but not

completely understood is Wnt/B-catenin signalling.

1.3 Canonical Wnt signalling
The Wnt/B-catenin pathway is an evolutionary conserved signal transduction cascade

important in the development and homeostasis of blood and immune cells and adult stem
cells in several organ systems including the colon, skin, liver and mammary glands (Nusse &
Clevers, 2017). Wnts, their receptors and active B-catenin are highly expressed in embryonic
hematopoietic tissues indicating an essential role for this pathway in developmental
haematopoiesis (Tarafdar et al., 2013).
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In the absence of the Wnt ligand bound to the LRP/Frizzled receptors as shown in Figure 4,
cytoplasmic levels of B-catenin are kept low as B-catenin is constantly degraded by the
destruction complex (DC), made of the scaffolding protein axin, the tumour suppressor
adenomatous polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3
(GSK3pB) (MacDonald et al., 2009). The latter two phosphorylate the amino terminal region of
B-catenin, CK1 phosphorylates at the Ser45 residue which in turns activates GSK3p
phosphorylation at the N-terminal residues Thr41, Ser37 and Ser33 (Li et al., 2012). This
creates a docking site for B-transducin repeat containing protein (B-TrCP) an E3 ubiquitin
ligase to bind to B-catenin and initiate ubiquitination and proteasomal degradation (Staal et
al., 2016). This elimination of B-catenin in the cytoplasm prevents B-catenin from reaching
the nucleus and avoids its ability to serve as a co-factor for T-cell factor/lymphoid enhancer
factor (TCF/LEF) mediated transcription, thereby leaving them Groucho-bound and Wnt

targets repressed (MacDonald et al., 2009).

Upon binding of the Wnt ligand to the LRP/frizzled co-receptors, with the recruitment of
scaffolding protein Dishevelled (Dvl), the LRP5/6 tail is phosphorylated and axin binds. Dvl
becomes activated and inhibits GSK3[, causing the proteasome and BTrCP to dissociate from
the DC and hence lose its function. These events allow for newly synthesised B-catenin to
accumulate in the cytosol and eventually translocate into the nucleus through a variety of
context-dependent mechanisms (Morgan et al., 2014). B-Catenin can then bind TCF/LEF and
activate several Wnt target genes such as MYC (He et al., 1998), BIRC5 (Zhang et al., 2001)
and CCND1 (Shtutman et al., 1999).

There are also several context dependent mechanisms built in which ensure the appropriate
dose and duration of Wnt signalling in specific cellular systems. These include the presence
of transmembrane E3 ubiquitin ligases such as RNF43/ZNRF3 controlling Wnt receptor
turnover (de Lau et al., 2014) and the secretion of Wnt antagonists such as dickkopf (DKK),
Whnt inhibitory factor (WIF) or secreted FZD-related proteins (sFRP) which either block Wnt
receptors or sequester Wnts away from targets (Pehlivan et al., 2018). The presence of
dominant negative isoforms of TCF/LEF which may bind DNA but lack the B-catenin binding
domains necessary to transduce a Wnt signal (Hovanes et al., 2001). The Wnt pathway can

also mediate its own intensity through the activation of Wnt target genes that are either
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positive (LEF1, LGR5, FZD7, WNT3A) (Santiago et al., 2017) (Chai et al., 2011) (Fernandez et
al., 2014; He et al., 2015) or negative (AXIN2, DKK1, SFRP2, RNF43/ZNRF3) (Lustig et al., 2002)
(Alfaro et al., 2008; Paluszczak et al., 2015) regulators of the pathway. Crosstalk between B-
catenin and notch has also been highlighted between haematopoietic/leukaemia cells and
stromal components. Using both co-culture and repopulation assays in mice, Kadekar et al.
showed that mesenchymal stromal cells (MSCs) supported HSC expansion by preventing
apoptosis of primitive MSCs through higher expression of B-catenin and Notch1 (Kadekar et
al., 2015). The same phenomenon occurs in LSCs where studies showed higher levels of Notch
signalling were required to maintain the leukemic role of the canonical Wnt, in which
leukaemia cell proliferation, survival and chemoresistance increased (Takam Kamga et al.,
2020) Therefore, all the above mechanisms could be targeted to create a tailored level of Wnt

signalling and B-catenin appropriate for the biological demand.
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Figure 4: A schematic representation of the canonical Wnt signal transduction cascade.

On the left-hand side in the absence of the Wnt ligand, the destruction complex made of Axin,
adenomatous polyposis coli (APC), casein kinase 1 (CK1) and glycogen synthase kinase 3
(GSK3p) targets B-catenin for degradation. On the right-hand side, the ligand Wnt binds to
the Fz receptor and LRP5/6 co-receptor, the destruction complex falls apart and B-catenin is
stabilised allowing for translocation of B-catenin to the nucleus. The TCF/LEF complex can
then be activated to mediate transcriptional induction of target genes; MYC, BIRC5, CCND1,
LEF1 and AXIN2 (Nusse and Clevers, 2017).

1.4 B-Catenin
B-Catenin is a multifunctional and evolutionary conserved molecule which exerts many roles

in development and homeostatic processes (Valenta et al., 2012). It was originally identified
in cell adherens junctions where it could bridge the cytoplasmic domain of cadherins to a-
catenin and the actin cytoskeleton (Hilsken et al., 1994). The 781 amino acid protein contains

a central structural core of 12 armadillo repeats (residues 138-664) and the positive charged
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groove that spans this entire region constitutes the primary binding surface for B-catenin
partners to participate in cellular functions including transcription (Xing et al., 2008). The
amino terminus contains the phospho-degron site which mediates the molecules stability,
whilst the carboxyl terminus provides specificity and harbours a transactivation domain
(Huber et al., 1997). The B-catenin molecule lacks any canonical nuclear localisation signal
(NLS) or nuclear export signal (NES), and instead nuclear entry/exit is facilitated by a host of
NLS/NES containing chaperone proteins that act in a tissue-dependent manner (Morgan et
al., 2014). The role of B-catenin in haematopoiesis remains unclear as strong adhesion

junctions are typical role of epithelial, but not haematopoietic cells.

1.5 B-Catenin in normal haematopoiesis
From the late 1990’s it was demonstrated that secreted Wnt ligands such as WNT1, WNT2B,

WNT3A and WNT10B (which ultimately stabilise B-catenin expression) were expressed in

bone marrow stroma and are capable of significantly expanding HSC number in vitro.

Whnt signalling is essential in normal haematopoiesis for self-renewal of HSCs and studies have
shown Wnt proteins can be generated by the HSCs themselves and used in an
autocrine/paracrine manner. Functional studies have shown that Wnt proteins can bind with
steel factors to promote the growth and inhibit differentiation of murine HSCs and B-catenin
and WNT3A can promote self-renewal and enhance the ability to reconstitute the
haematopoietic system of lethally irradiated mice (Reya et al., 2003). Whilst loss of B-catenin
led to reduced long-term growth and maintenance of HSC (Zhao et al., 2007). B-Catenin can
also direct embryonic stem cells to form hematopoietic progenitors with erythrocyte
potential and induces genes involved in maintaining stem cell pluripotency (Tarafdar et al.,
2013). Overall B-catenin promotes stem cell maintenance and self-renewal across many

tissues including the breast, stomach, gut and skin (Nusse & Clevers, 2017).

In contrast other studies have shown B-catenin is dispensable for haematopoiesis. Inducible
Cre-loxP-mediated inactivation of the B-catenin gene in bone marrow progenitors does not
impair the ability to self-renew and reconstitute lineages including myeloid, erythroid, or
lymphoid (Cobas et al., 2004; Koch et al., 2008). However, in some of these models residual

TCF activity remained or was not checked and therefore Wnt signalling may not have been
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completely absent. Modulation of upstream Wnt signalling components known to increase B-
catenin stability have introduced contradictory results for example inactivation of APC led to
impaired HSC self-renewal potential (Famili et al., 2016; Lane et al., 2010). Whilst PORCN
deletion (controlling Wnt ligand secretion) was dispensable altogether for HSC self-renewal,

proliferation, and differentiation (Kabiri et al., 2015).

These results present a varied view of B-catenin’s role in haematopoiesis; however one
important study highlights the importance of Wnt signalling dose (Luis et al., 2012). This study
proved that in the presence of a conditional deletion of APC, a gradient of five different Wnt
signalling levels in vivo was determined. This model demonstrated that only very low levels
of Wnt signalling (B-catenin) were required to sustain normal HSCs with elevated levels
observed during myeloid and T-cell development. Very high levels of Wnt signalling impaired
HSC self-renewal and differentiation potential, showing such low levels of Wnt/B-catenin
signalling is required for normal haematopoiesis, this makes B-catenin an attractive
therapeutic target for AML since much of its overactivity could be safely eradicated with
minimal myelotoxicity. Furthermore, LSCs have shown to hijack the Wnt pathway for efficient
self-renewal and proliferation which caused dysregulated Wnt signalling leading to

leukemogenesis and is therefore an ideal route for targeted therapy (Staal et al., 2016).

1.6 B-catenin in AML
Over the past twenty years a plethora of studies have demonstrated dysregulated Wnt/B-

catenin signalling in AML which can be split into intrinsic and extrinsic roles.

1.6.1 Cell intrinsic roles
Several studies have confirmed B-catenin to be overexpressed generally in AML blasts or cell

lines versus normal HSC (Simon et al., 2005) which is commonly most associated with poor
survival (Ysebaert et al., 2006). Studies examining specific AML subtypes have demonstrated
dysregulated B-catenin (Griffiths et al., 2015) and/or the merit of targeting the molecule, such
as the targeting FLT3 mutant which resulted in reduced levels of the Wnt target gene MYC
(Jiang et al., 2018). A further subtype associated with B-catenin is deletion of chromosome 5q
[del(5q)], one of the most common cytogenetic abnormalities involved in therapy-related
AML. Research has shown that B-catenin inhibition either by indomethacin or shRNA

knockdown induced apoptosis and blocked in vitro proliferation and was detrimental to AML
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cells with del(5q) (L. Li et al., 2017). The del(5q) abnormality is also present in 10-20% of
primary myelodysplastic syndromes (MDS) which can transform to AML. B-Catenin expression
was shown to be increased in patients harbouring the PML-retinoic acid receptor alpha (PML-
RARa) fusion protein, a result of t(15;17), hypothesised to be a direct result of overexpressed
plakoglobin. Plakoglobin elevates B-catenin expression by helping it avoid degradation as it
interacts with APC and therefore may contribute to the observed induction of Wnt target
genes in hematopoietic cells (Muller-Tidow et al., 2004). Taken together these data highlight
the importance of exploring B-catenin as a potential therapeutic target due to its presence

and functional consequence for inferior patient survival in a variety of AML subtypes.

1.6.2 Cell extrinsic roles
In the normal bone marrow niche, targeted depletion of B-catenin in the stroma containing

adherent haematopoietic and mesenchymal cells, resulted in diminished HSC maintenance
and reconstituting capacity (Fleming et al., 2008; Nemeth et al., 2009). Whilst enforced B-
catenin expression in the microenvironment within bone marrow stromal mesenchymal stem
cells enhanced HSC self-renewal and maintenance in a contact-dependent fashion (Kim et al.,
2009). Given the existence of this relationship in normal haematopoietic development, its
perhaps unsurprising to see such an axis hijacked in leukaemia. Research has found that
nuclear localisation of B-catenin indicative of Wnt signalling was reported in osteoblastic cells
from 38% of patients with MDS or AML. Mouse models whereby targeted expression of a B-
catenin active mutant (exon 3 encoding the phosphor-degron site) not reported in AML but
in bone marrow osteoblasts led to AML with recurrent genetic abnormalities. Highlighting
how altered B-catenin signalling in neighbouring cells can have impact on haematopoietic
cells in close proximity. Furthermore, the rapid onset progression to AML may be due to the
differences in B-catenin levels, activation of downstream pathways including notch or the

targeted niche cell type (Stoddart et al., 2017) (Kode et al., 2014).

1.6.3 Mouse models of B-catenin
This functional concept of B-catenin in driving leukemogenesis has been explored in mouse

models. HOX genes have been identified to regulate normal stem cell self-renewal and when
co-expressed with MEISIA oncogenes in mouse models, the Wnt/B-catenin pathway is

required for self-renewal of HSCs. More specifically B-catenin is required for HOX-gene
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mediated transformation of HSC or MLL-AF9 mediated transformation of committed
progenitor cells. Lack of B-catenin in normal GMP limits the ability to transform committed
progenitor cells (Wang et al., 2010) This is further supported by the link between a complete
deletion of B-catenin in the MLL pre-LSC stage and a reduction of in vitro cloning ability. The
level of B-catenin required for MLL pre-LSCs and LSCs development is unknown but the
ablation of B-catenin at an early stage linked directly with impaired LSC function and reduced
growth of human MLL leukemic cells (Yeung et al., 2010) (Dietrich et al., 2014). However, in
many of these studies the activation of B-catenin alone was insufficient to induce leukaemia
as a single event, but rather cooperated with well-known driver mutations. Akt-activated B-
catenin (Perry et al., 2020), or presence of stem cell markers CD82, CD70 and CD27, both
accelerated Wnt/B-catenin pathway activation and overall leukomegenic potential (Riether
et al., 2017). In vivo models of MLL-induced AML seem to have particular dependence on -
catenin, but other studies have found its dispensable for MLL leukemogenesis (Zhao et al.,
2020) which could be explained by Wnt signalling dose as above, or may depend on the cell

type from which the AML originated from (Siriboonpiputtana et al., 2017).

1.6.4 B-catenin targeting approaches
Despite knowledge of [-catenin’s overexpression, overactivity, and mis localisation in AML

for over 15 years, an effective B-catenin inhibitor is lacking in this setting. Given its
transcriptional influence, it’s hardly surprising that many of the small molecular inhibitors
(SMI) designed for B-catenin to date have targeted its interaction with the TCF/LEF proteins
or other transcriptional co-activators as summarised in Table 3. Most of these inhibitors of -
catenin’s activity have shown to reduce LSC apoptosis and hence ability to self-renewal

therefore stress the importance of exploring B-catenin as a therapeutic target in AML.
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Table 3: Current therapeutic targets of B-catenin

Type of inhibitor

Mode of action

Effect

Reference

CGP049090 and Prevent B- Extinguish Wnt (Minke et al., 2009)
PFK115-584 catenin:TCF/LEF signalling output and
complex induce apoptosis
iCRT Inhibitor of B-catenin | Shown promise in (Dandekar et al.,
responsive normal karyotype 2014)
transcription by AML
preventing [3-
catenin:TCF/LEF
complex
ICG-001 Disrupts B-catenin and | Positive response in (Zhou et al., 2018)
p300 cells overexpressing
PRL-3 with success in
CML
BC2059 Abolished TBL1:B- Degraded B-catenin (Fiskus et al., 2015)
catenin interaction and abrogated Wnt
target gene
expression in AML
BC2059 with JAK1/2 Inhibit B-catenin:TCF4 | Works against (Saenz et al., 2019)

inhibitor ruxolitinib

signalling

secondary AML from
post-
myeloproliferative
neoplasms

BC2059 with BET
protein degrader ARV-
771

Inhibit B-catenin:TCF4
signalling

Works against
secondary AML from
post-
myeloproliferative
neoplasms

(Saenz et al., 2019)

WNT974

PRCN inhibitor

Decreased B-catenin
target gene
expression in primary
AML samples and limit
LSC self-renewal
without impacting
apoptosis

(Pepe et al., 2022)

Idarubicin and 5-Aza-
2'-deoxycytidine

Methylation inhibitor

Induce apoptosis and
reduce growth in AML
and reduced
expression of -
catenin and its target

(K. Li et al., 2014)

genes
Anti RSPO3 Inhibit RSPO3-LGR4 Reduced LSC content (Salik et al., 2020)
axis of primary AML
samples and

suppressed nuclear B-
catenin activity
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For B-catenin’s stability, localisation and transcriptional role in AML, several protein partners
could be involved at any given time and a particular combination of these interactions will
elicit B-catenin’s activity. Therefore, identifying these novel partners could provide important

molecular information for other methods of targeting B-catenin (Siapati et al., 2011).

1.7 The B-catenin interactome
The B-catenin interactome has been classified in solid tumours (Zhang & Wang, 2020),

however in a myeloid context this is poorly understood and requires more exploration for
designing therapeutic agents targeting B-catenin and its network. Recently we designed an
interactome screen of cytosolic and nuclear B-catenin interacting partners (Figure 5) from
representative Wnt responsive (K562 and HEL) and Wnt unresponsive (ML1) cell lines so that
we could shortlist factors potentially involved in the nuclear localisation of B-catenin (Morgan

et al., 2019).
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Wnt-responsive Wnt-unresponsive

leukemia cell lines (K562 and HEL, n=3) leukemia cell line (ML1, n=3)
l l

B-Cat stabilization (CHIR99021 treatment) B-Cat stabilization (CHIR99021 treatment)
l |

Subcellular fractionation Subcellular fractionation
Cytosol Nuclear Cytosol Nuclear
" & " "
IgG Co-IP B-Cat Co-IP IgG Co-IP p-Cat Co-IP 1gG Co-IP B-Cat Co-IP IgG Co-IP B-Cat Co-IP
1£6 1217N 1218N 12180 12£N 12190 l 1£1

Tandem Mass Tag (TMT) peptide labeling (8 isobaric mass tags)

Combine all fractions, fractionate, clean-up, mass spectrometry analysis

l

Quantitative identification of p-catenin cytoplasmic/nuclear
protein interactions in myeloid leukaemia cells

Figure 5: Experimental strategy for analysis of B-catenin interaction partners.

Wnt responsive K562/HEL cells and Wnt-unresponsive cells ML-1 were treated with
CHIR99021 to stabilise B-catenin prior to cytosolic and nuclear fractionation. From these
fractions either an IgG or B-catenin (B-cat) co-immunoprecipitation (co-IP) was performed
generating eight samples which were each TMT labelled with a unique isobaric mass tag. All
samples were pooled, fractionated, cleaned, and analysed by mass spectrometry. Mass
intensities from each tag report the relative peptide abundance in each sample. Quantitative
fold enrichment of B-catenin Co-IP was obtained by comparison with fraction-matched IgG

co-IP control (Morgan et al., 2019).

Mass spectrometry analysis of the two Wnt responsive cell lines versus the Wnt unresponsive
cell line highlighted an extensive plethora of 225 significantly enriched cytosolic interactions
and 118 nuclear interactions for K562 and only 38 and 26 respectively for ML-1 (data not

included). The two Wnt responsive cell lines were further analysed and several novel RNA
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binding proteins Mushashi-2 (MSI2), LIN28B, Pumilio-2 (PUM2), RNA binding motif protein-
15 (RBM15) and Wilms tumour protein (WT1) were identified in both cell lines (Figure 6).
These are all RNA binding proteins and have all previously documented roles in HSC, AML or

Whnt signalling biology.
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Figure 6: Proteomics analysis of Wnt responsive cell lines K562 and HEL.

RNA binding protein interactions detected in (A) K562 cytosolic, (B) K562 nuclear, (C) HEL
cytosolic, and (D) HEL nuclear fractions. Vertical dashed red line indicates the threshold for 2-
fold change in protein binding at log2 (=1) relative to IgG co-immunoprecipitation. Horizontal
red line represents threshold for significant interactions at P=0.05 on logl0scale (=1.3).
Highlighted red dots indicate statistically significant interactions and green highlighted

events/labels indicate known interactions/associations for B-catenin (Morgan et al., 2019).
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One protein of interest that arose was Wilms tumour 1 protein (WT1) due to its already
established role in AML. Furthermore, the Morgan group have previously validated an
association between WT1 and B-catenin in HEL cells but not SW620 cells which represent CRC
cells (Morgan et al., 2019). This is important as highlights their interaction could be context
dependent and hence interactions for B-catenin will vary between tissue types. As shown in
Figure 7A/B, B-catenin was successfully Co-IP’d in both HEL cytoplasmic and nuclear fractions
with WT1 (50 kDa) only detectable in the cytosol and nucleus of the AML cell line supporting

a potential context-dependent interaction for B-catenin in myeloid cells.
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Figure 7: Proteomics analysis reveals B-catenin interaction with WT1.

A) Scatterplots showing summary of B-catenin protein interactions. Vertical dashed red line
indicates the threshold for 2-foldchange in protein binding at log2(=1) relative to 1gG co-IP.
Horizontal red line represents threshold for significant interactions at p=0.05 on log10scale
(=1.3). Highlighted red does show all statistically significant interactions, blue dot shows B-
catenin bait and green dot WT1, black dot represents all other proteins. (B) Representative
immunoblots showing B-catenin and WT1 protein level from co-IPs pulled down from the

cytosol or nucleus of SW620 or HEL cells (ID = immunodepleted) (Morgan et al., 2019).
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1.8 Wilms tumour protein (WT1)

1.8.1 WT1 structure and function
The WT1 gene encodes a zinc finger transcription factor which plays essential roles in normal

urogenital and cancer pathogenesis (Zhou et al., 2020). WT1 was first identified as a tumour
suppressor gene responsible for the development of Wilms tumour (a paediatric kidney
cancer) as well as Denys-Drash syndrome (DDS) (Ho et al., 2010). WT1 has been reported as
overexpressed in the majority of AML cases and is frequently mutated which has led to
extensive work to determine its mechanistic role in AML (Cilloni et al., 2006) (Zhou et al.,
2020) The complex nature of WT1 being both overexpressed or mutated and the range of
isoforms and tissue specific expression allows for WT1 to act as both a tumour suppressor

and oncogene depending on the context (Rampal & Figueroa, 2016).

The nature and functional consequence of WT1 is related to its structure, WT1 is combined
of four zinc finger domains located at exons 7-10 which are characteristic for transcription
factors involved in regulation and differentiation (Morrison et al., 2008). As shown in Figure
8, the WT1 protein contains an N-terminal transactivation domain and a C-terminus with four
zinc-fingers N-terminal domains that are involved in either repressing or activating several
target genes, resulting in differentiation, apoptosis and cellular growth (Toska & Roberts,
2014). Different WT1 isoforms can arise from alternative splicing, first at exon 5 which causes
a 17 amino acid insertion between the trans-regulatory domain and the zinc finger domain
have been found more commonly in relapsed AML samples (Gu et al., 2010). The second splice
event involves addition of three amino acids — lysine (K), threonine (T) and serine (S) between
exons 9 and 10 resulting in significant reduction of DNA binding ability whilst enriching RNA
binding (Bor et al., 2006; Morrison et al., 2006). This regulation of RNA processes could also
be linked to the different isoforms of WT1 as could have different functional roles in different

contexts.
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Figure 8: A schematic representation of the WT1 protein.

The N terminal domain consists of a dimerisation domain (1-180), a transcriptional activation
(181-250) and repression domain (84-124) and a putative RNA recognition motif (RRM; 11-
72). Alternative splicing results in four main WT1 isoforms: cassette exon 5 includes 17 amino
acids in the middle of the protein. The second splicing factor arises at exon 9 with the addition
of amino acids KTS at the C-terminal end of zinc finger 3. DNA and RNA binding motifs are

meditated by the zinc-finger domains (Morrison et al., 2008).

1.8.2 WT1 in normal haematopoiesis
The specific role of WT1 in haematopoiesis is still unknown, studies have shown preferentially

expressed in CD34* haematopoietic progenitors and is down-regulated in more differentiated
cells. More specifically WT1 has been implicated to regulate apoptosis, proliferation and
differentiation and due to its absent expression in mature white blood cells suggests a role in
normal haematopoiesis (Ariyaratana & Loeb, 2007). In human normal bone marrow cells only
1.2% of HSCs express WT1 representing a very quiescent population (Hosen et al., 2002).
However this protein could still be a functional target as when WT1 was ectopically expressed,
inhibited proliferation of CD34* progenitors was observed (Svedberg et al., 2001) and in later
studies when knocked out in mouse embryonic cells a reduced hematopoietic potential was
caused by vascular endothelial growth factor (Vegf-a) (Cunningham et al., 2013) and therefore
proves WT1 as a target in regulating haematopoiesis. Furthermore, the absence of WT1 in
HSCs led to functional growth defects with a 75% reduction in erythroid blast-forming unit
(BFU-E) and erythroid colony-forming unit (CFU-E) (Alberta et al., 2003). Overall implying WT1

has a role in HSC development and growth.
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1.8.3 WT1 in AML
WT1 is overexpressed in the majority of AML patients and in MDS the expression of WT1 is

associated with higher blast counts and increased progression to AML (Tamaki et al., 1999).
Furthermore, the increased levels of WT1 are often linked with resistance to therapy, higher
chance of relapse and poor survival rates (Barragan et al., 2004). To understand the role of
WT1 expression, WT1 was downregulated in K562 cells and AML patients in chronic and blast
crisis which resulted in inhibition of cell growth (Yamagami et al., 1996). Also, studies have
identified that downregulation of the WT1 isoform 17+ induced apoptosis and normal levels

of WT1 +17 resulted in a decrease of proapoptotic Bak (Ito et al., 2006).

To understand the role of WT1 overexpression in leukemogenesis, Nishida and colleagues
established a transgenic murine model of overexpressed WT1 combined with the AML1-ETO
fusion product, which by itself is unable to produce AML. However, when combined this led
to rapid onset of leukaemia (Nishida et al., 2006). Furthermore, WT1 is highly expressed in
LSCs and facilitates the maintenance of leukaemia in the murine MLL-AF9 induced mouse
model of AML (Zhou et al., 2020) and therefore highlights the potential functional overlap of
WT1 and B-catenin. Some inhibitors of WT1 have already been established in an AML context
as shown in table 4 and have shown to inhibit proliferation and self-renewal of LSCs and are

therefore a good, targeted therapy to explore.

Table 4: Current WT1 targeted therapies

Type of inhibitor

Mode of action

Effect

Reference

WP1130

Inhibits WT1-BCL,L,
axis

Inhibits proliferation
and self-renewal of
LSCs

(Zhou et al., 2020)

galinpepimut-S

WT1 peptide vaccine

Overall survival rate of
>34% at 3 years

(Maslak et al., 2018)

WT1 126 and 134

WT1 peptide vaccine

10 stable diseases
with 50% blast
reduction

(Keilholz et al., 2009)

WT1 235 and 243

WT1 peptide vaccine

One patient with
morphological CR and
one with molecular CR

(Yasukawa et al.,
2009)
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WT1 mutations are also associated with leukemogenesis and appear in approximately 6-15%
of de novo AML (Hou et al., 2010). These mutations are often associated with younger age
(Hou et al., 2010) and in the presence of FLT3-ITD mutations (Renneville et al., 2009) and
CEBPA mutations (Gaidzik et al., 2009). WT1 mutations occur primarily in exons 1, 7 and 9
resulting in the creation of a stop codon and expression of a truncated protein lacking the zinc
finger domain (King-Underwood et al., 1996). Frameshift mutations at exons 7, 8 and 9 were
explored by the Bonifer group as shown in Figure 8 which resulted in a truncated protein at
different Zn?* domains 1, 2 and 3 respectively. Most interestingly the presence of mutation 8
resulted in increased growth and clonogenicity (Potluri et al., 2021). Furthermore, WT1
mutant transcripts with frameshift mutations are subject to mediated RNA decay without
expression of the truncated protein (Abbas et al., 2010). This could result in a loss of DNA
binding ability due to the formation of a truncated unfunctional protein, emphasising that

mutations will have specific roles dependent on the context.

Overall due to the overlap of regulatory roles of B-catenin and WT1 in normal HSC and the
fact they are both linked with poor prognosis in AML and driving leukemogenesis emphasises

the importance of exploring their association.

Furthermore, the functional overlap of WT1 and Wnt signalling has been shown in
hepatocellular carcinoma (Tan et al., 2018), epithelial to mesenchymal transition (von Gise et
al., 2011) and WT1 as a negative regulator of Wnt signalling in osteosarcoma (Kim et al., 2010).
However, despite their considerable functional overlap, the relationship between these two
highly dysregulated proteins has not yet been studied previously in a haematopoietic context

and could aid understanding of their involvement in oncogenic roles in AML.

1.9 RNA binding partners (RBPs) of B-catenin
The functional overlap between WT1 and B-catenin suggests a role for B-catenin in RNA

biology. RNA binding proteins (RBPs) assemble with RNA to form ribonucleoprotein particles
(RNPs) and can therefore regulate processes including transcription, splicing, modification,
intracellular trafficking, translation, and decay (Gebauer et al., 2021). They are increasingly
appreciated as being essential for normal haematopoiesis and they are understood to act as

oncogenes or tumour suppressors in haematological malignancies. Alternative splicing has
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shown to contribute to specific lineages, and mutations in RBPs can lead to dysregulated
splicing. This emphasises the impact RBPs can have in haematological malignancies and hence

the importance of using them to develop new therapeutic modalities (Hodson et al., 2019)

The interaction of B-catenin and RBPs has been established in colon cancer as this protein has
shown to regulate mRNA splicing (Sato et al., 2005) and interact with the HuR protein (Kim et
al,, 2012) In normal haematopoiesis RBPs have shown to regulate self-renewal and
differentiation by controlling protein abundance of isoforms or through the regulation of non-
coding RNA. An emerging role of RBPs is their involvement in metabolism, thus genetic or
posttranslational changes to an individual RBP could have consequences for RNA targets
(Hodson et al., 2019) and understanding this network is vital for new therapeutic targets in
AML. Some of the RBPs which arose (Figure 6) included MSI2 a protein that when knocked
down induced apoptosis and overall AML chemosensitivity to daunorubicin is enhanced (Han
et al., 2015). LIN28B is a stem cell reprogramming factor, downregulating let-7 microRNAs
(mRNAs) and overexpression has been linked with AML (J. Zhou, C. Bi, et al., 2017). PUM2
contributes to the self-renewal of human embryonic stem cells (ESCs) (Naudin et al., 2017)
and RBM15 is an RNA recognition motif-encoding gene and when fused with t(1;22)(p13;q13)
increased AML progression (Ma et al., 2001).

Although little is known about B-catenin RBP or RNA association in a myeloid context,
exploring this route is important to the various roles RBP can have in cellular processes and

hence in driving the progression of AML.
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1.10 Aims and objectives
Our previous B-catenin interactome revealed several RBPs of interest and this thesis aimed

to validate and functionally assess these protein interactions with the overall aim of
discovering novel therapeutic strategies for targeting Wnt signalling in AML. We mainly
focused on the association with B-catenin and WT1 due to their previously documented roles

in AML, therefore this thesis had the following aims;

1. Validation of novel B-catenin interactions; WT1, MSI2, LIN28B, RBM15 and PUM?2 and
more specifically understanding the expression, clinical relevance, and co-localisation
of WT1 and B-catenin in a myeloid context

2. Understanding the functional relationship between B-catenin and WT1 in respect to
signalling activity using knockdown, overexpression, and induced mutant expression.

3. Identifying what RNA complexes B-catenin associates with and the potential cellular
processes and pathways this could implicate through RNA immunoprecipitation

(RIP)coupled to RNA sequencing.
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Chapter 2. Methods

2.1 Cell Culture

2.1.1 Suspension cell culture
The K562, HL60, HEL, U937, PLB-985, NOMO1 cell lines were obtained from European

collection of authenticated cell culture (ECACC, Salisbury, UK). MV4-11, NB4 and MonoMac6
were purchased from DSMZ-German collection of microorganisms and cell culture
(Braunschweig, Germany). OCI-AML3 cells were obtained from the Chevassut lab (Medical
research building, BSMS, University of Sussex, Brighton) and MOLM-13, EOLI cell lines from
the Sussex drug discovery centre (SDDC; University of Sussex, Brighton). Cell lines ML-1 and
THP-1 cells were obtained from the Darley Lab (University of Cardiff, Wales, UK). All cell lines
were maintained at 37°C, 5% CO; in Roswell Park Memorial Institute media (RPMI; Merck-
Millipore, Dorset, UK), supplemented with 2 mM L-glutamine (Merck Millipore), 100 mg/ml
penicillin/streptomycin (P/S; Merck Millipore) and 10% foetal bovine serum (FBS; Merck
Millipore) at a density of 1-3x10°/ml (cell line dependent). Cell lines KG-1 and KG-1a (ECACC)
were maintained in the same culture conditions but supplemented with 20% FBS at a density
of 2x10°/ml. Cells were cultured in 25-75cm? suspension flasks depending on the experiment

(Sarstedt, Numbrecht, Germany).

2.1.2 Adherent cell line culture
HEK293T cells were obtained from the Darley lab and cultured in Dulbecco’s Modified Eagle

Medium (DMEM; Merck Millipore), supplemented with 2mM L-glutamine, 100 mg/ml
streptomycin and 10% FBS in 25cm? or 75cm? adherent flasks (Thermo Fisher Scientific,

Oxford, UK).

2.1.3 Cell counting
The haemocytometer (Merk Millipore) and coverslip (Thermofisher Scientific) were cleaned

with 70% ethanol (Thermofisher Scientific) and the coverslip was affixed to the
haemocytometer. Flasks were swirled gently to ensure even distribution of cells and 7.5ul of
cell culture was loaded into the haemocytometer. Using the Olympus CK2 microscope

(Olympus, Southend on Sea, UK), the grid lines were focused using the 10X objective lens.
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Using a hand tally counter, live cells only contained within a square were counted in each
quadrant and an average was calculated. To calculate the number of cells/ml this average
number was multiplied by 10,000 (10%). If cells were too confluent under the microscope a

1:10 dilution of cells in respective media was used for the haemocytometer.

2.1.4 Cell freezing/thawing
The total number of cells was determined (2.1.3) and ~3-6x10%/ml cells were collected into a

universal container (UC; Thermofisher Scientific) and centrifuged at 1300rpm for 10 minutes.
The supernatant was removed, and the pellet resuspended in 1ml of respective media (2.1.1-
2) with 10% Dimethyl Sulfoxide (DMSO; Merck Millipore) and the cell suspension was added
to a cryogenic vial (Thermofisher Scientific). Tubes were then loaded into a cool cell freezing
container (Appleton Woods, Birmingham, UK) and frozen at -80°C, after > 3 hours tubes were
moved to liquid nitrogen chamber for long term storage. Cells were thawed rapidly (< 1
minute) in a 37°C water bath. Cells were added to 10ml of pre-warmed culture media (2.1.1-
2) and centrifuged at 1300rpm for 10 minutes. The pellet was resuspended in 1ml of fresh
media and added into a 25cm? flask containing 4ml of respective media and incubated at

37°C, 5% COa.

2.1.5 Treatment of cell lines
For Wnt signalling activation, cell lines were treated with 5uM of the GSK-3B inhibitor

CHIR99021 (Merck Millipore), or volume-matched DMSO control for 16hr (unless otherwise
stated) at 37°C with 5% CO,. For proteasome inhibition, cell lines were treated with 1uM of
MG-132 (Merck Millipore) or DMSO for either 24 or 48 hours at 37°C with 5% CO..

2.2 Primary AML cells and CD34* HSC isolation

2.2.1 Collection of primary AML patient cells
Primary cells collected from the University of Bristol (School of Cellular & Molecular Medicine,

University of Bristol, Bristol, UK) were lysed (2.3) as whole, nuclear, or cytoplasmic cells

lysates and transported back to the University of Sussex (Appendix Table 1).
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2.2.2 Cord blood collection and CD34* HSC isolation
Bone marrow, peripheral blood or leukapheresis samples from patients diagnosed with

AML/MDS were collected in accordance with the Declaration of Helsinki and with approval of
University Hospitals Bristol and Weston NHS Foundation Trust and London Brent Research
Ethics Committee. Human cord blood was obtained following informed consent from healthy
mothers at full-term undergoing elective caesarean sections at the Royal Sussex County
Hospital, with approval from Brighton & Sussex University Hospitals NHS (BSUH) trust, the
East of England — Essex Research Ethics Committee, Human Research Authority and Health
and Care Research Wales (18/EE/0403). Cord blood (CB) was inspected for clots and diluted
with an equal volume of Iscove's Modified Dulbecco's Medium (IMDM; Merck Millipore)
containing P/S and 1:100 Heparin (Alfa Aesar by Thermofisher Scientific). After pipetting cord
blood, pipettes were rinsed with 1% Virkon (Thermofisher Scientific) and placed in 5%
Bioclense (Teknon; Thermofisher Scientific) overnight solution for de-contamination.
Mononuclear cells (MNC) were isolated using a 1:2 ratio of Ficoll-Hypaque (1.077g/l; Merck
Millipore) to cord blood (CB) in a UC. This was then centrifuged at 450 x g for 30 minutes with
the brake off. Three layers formed, a clear upper layer (plasma), a fluffy white layer (MNC,
monocytes, and platelets), and a white discrete layer on top of the red cell layer
(granulocytes). Two thirds of the plasma layer was removed into virkon, making sure not to
disturb the MNC layer. The MNC layer was then collected with a pipette and added into a
fresh UC. The UC was topped up with IMDM and centrifuged at 1300rpm for 10 minutes. The
supernatant was removed, and cells were resuspended using the vortex mixer, if they did not
resuspend then 50ul of DNAse (10mg/ml; Merck Millipore) was added to the cells. The UC
was topped up with IMDM and centrifugation repeated. The supernatant was removed and
10ml of 1 x MACS red cell lysing solution was added (Miltenyi Biotec, Surrey, UK), incubated
at room temperature for 10 minutes and then centrifuged at 1300rpm for 5 minutes.
Supernatant was removed and cells were washed with 10ml of IMDM at 1300rpm for 5
minutes. Cells were resuspended in 1ml of IMDM, 50ul of cells were removed for
immunophenotyping and the rest of the sample was used for a cell and viability count using
0.2% trypan blue (Merck Millipore) to generate a % viability of sample prior to
cryopreservation. Approximately 5x107/ml of cells were resuspended in an equal volume of
cold 2X freezing medium containing 20% DMSO, 30% filtered foetal calf serum (FCS; Merck
Millipore) and 50% IMDM alone and were frozen and stored at -80°C.

46



2.2.3 Estimation of T-cell, B-cell, and HSC populations
Cells were resuspended in 1ml of IMDM and ~ 3x10° of isolated MNC’s (2.2.2) were

resuspended in 300ul of staining buffer (SB) containing 0.5% Bovine Serum Albumin (BSA;
Thermofisher Scientific) in phosphate buffered saline (PBS; Merck Millipore) for
immunophenotyping. This was then split between 3 wells of a flat 96 well plate (Thermofisher
Scientific). To well one, 2ul of ISO-FITC (1:50 Biolegend; San Diego, US), ISO-PE (1:50,
Biolegend), ISO-PerCPCy5.5 (1:50, Biolegend) and ISO-APC (1:50, Biolegend) was added
(Isotype control). For well two, 2ul of ISO-FITC, ISO-PE, CD45-PerCPCy5.5 (1:50, Biolegend)
and ISO-APC was added (CD45 only). To well three, 2ul of CD3-FITC (1:50, Biolegend), CD34-
PE (1:50, Biolegend), CD45-PerCPCy5.5 and CD19-APC (1:50, Biolegend), was added (all
antigens). The plate was incubated at room temperature for 30 minutes in the dark. Then
200ul of SB was added to each well and the plate centrifuged at 1300rpm for 5 minutes. The

supernatant was removed and each well resuspended with 150ul of SB.

Analysis of 100,000 events per well was then completed using the Accuri C6 (BD, Biosciences,
Berkshire, UK) in conjunction with C6 sample software (BD). Using FlowJo software Version
8.0 (BD) the quadrant tool was used to estimate T-cell (CD3*) Vs B-cell (CD19*) content to

overall estimate HSC (CD34*) content.

2.3 Protein lysate and quantitation

2.3.1 Whole cell lysis
Cells were counted and 1-5x10° cells (cell line dependent) were extracted and washed with

10-25 ml of PBS and centrifuged at 1300rpm for 10 minutes. The pellet was resuspended in
100ul of cell lysis buffer (20mM Tris-HCI pH 7.5, 150mM NacCl, 1mM NazEDTA, 1ImM EGTA, 1%
Triton, 2.5mM sodium pyrophosphate, 1mM b-glycerophosphate, 1mM NazVQOs, 1pg/ml
leupeptin; Cell signalling Technology, London, UK), containing complete™ Mini Protease-
Inhibitor Cocktail (PIC; Merck Millipore) and incubated at 4°C for 30 minutes. Every 10
minutes samples were vortexed to promote homogenisation. After incubation, cell debris was
removed by centrifugation at 17,000 x g for 10 minutes to pellet the debris. The supernatant

was removed and either protein quantified or stored at -80°C.
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2.3.2 Nuclear/cytoplasmic lysis
Cells were counted and 2-8x10° cells (cell line dependent) were washed in PBS and

resuspended in 250ul of cytoplasmic lysis buffer (10mM Tris-HCI pH 8.0, 10mM NacCl, 1.5mM
MgCl,, 0.5% Igepal-CA630/NP40; Cell signalling technology), containing complete™ Mini PIC
for 10 minutes at 4°C with a light vortex after 5 minutes. The supernatant (cytosolic fraction)
was recovered by centrifugation at 800 x g at 4°C for 5 minutes and the nuclear pellet was
washed with 500ul of PBS and centrifuged. Nuclear pellets were resuspended in 100ul of lysis
buffer (2.2.1) with addition of 10% glycerol (Thermofisher Scientific) and 0.5mM
Dithiothreitol (DTT; Merck Millipore) for Co-Immunoprecipitation (co-IP) only. Lysates were
sonicated (5 x 30s with 30s rest periods, 4°C) and incubated at 4°C for 30 minutes to maximise
nuclear lysis. Lysates were pelleted at 17,000 x g for 10 minutes at 4°C and collected

supernatant (nuclear fraction) was either protein quantified or stored at -80°C.

2.3.3 Protein quantitation
To enable equal protein loading between samples for subsequent applications, the total

amount of protein in each cell lysis was quantified by using the DC protein assay Kkit.
(Detergent-Compatible Colourimetric Assay; Bio-Rad, Hertfordshire, UK). Protein standards
(6.25-800ug/ml) of BSA diluted in water and lysis buffer (2.2.1) were made, with addition of
a water control alone with lysis buffer to set the background absorbance. A flat 96-well plate
was set up with two rows containing 31pl of each protein standard to overall generate the
standard curve. For the sample wells, 1l of cell lysate was added to 30ul of water. A working
solution containing 20ul of protein assay solution S per 1ml of solution A was made and 30ul
was added to each well. 100ul of Solution B was added and the plate was read immediately
at 655nm using a spectrophotometer (Bio-Rad) in conjunction with Microplate Manager 6
software version 6.3. Sample concentrations were equalised accordingly for the subsequent
experiment using water and 4X Laemmli sample buffer (NUPAGE; Thermofisher Scientific),

heated at 95°C for 5 minutes and stored at -20°C.
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2.4 Immunoblotting
To detect protein expression in cells immunoblotting is used to separate the proteins based

on their molecular size and charge. Specific antibodies targeting these proteins are used to

visualise the proteins.

Proteins were resolved on acrylamide gels of varying gradients (depending on size of protein
being detected; Alfa Aesar by Thermofisher scientific). To make 2X resolving gel, 4.4ml of
resolving buffer (1.5M Tris pH 8.8 and 0.4% SDS; Alfa Aesar by Thermofisher) was mixed with
water (volume adjusted depending on % of acrylamide), 110ul of 0.5g/ml ammonium
persulphate (APS; Thermofisher) and 7.2ul of TEMED (>99% Purity; Severn Biotech,
Kidderminster, UK). After this had set, a 4.5% stacking gel was layered on top, containing
1.2ml of acrylamide, 2ml of stack buffer (0.5M Tris pH 6.8 and 0.4% SDS; Alfa Aesar by
Thermofisher scientific), 4.4ml of water, 58ul of APS and 3.6ul of TEMED. The gels were added
to the cassette chamber and running buffer (14.4g of glycine, 3g of Tris; Thermofisher
Scientific and 10% SDS; Severn Biotech, made up to 1L with water) was added. 20ug of protein
sample was loaded into the gel alongside one well containing 3l of precision all blue protein
standard ladder (Bio-Rad). Samples were electrophoresed (Bio-Rad) for 15 minutes at 100V
to allow the samples to move through the stacking gel and then increased to 190V for 45

minutes, or until the dye front had run off.

Gels were removed and soaked in transfer buffer (14.4g of glycine, 3g of Tris and 200ml of
methanol; Thermofisher scientific made up to 1L with water). To activate the Immobilon-P
membranes (Merck Millipore; New Jersey, United states) they were soaked in methanol for
5 minutes, followed by 3 x 3-minute washes with water. Gels were combined with the
membrane and transferred at 100V for 90 minutes (Bio-Rad). Following transfer, the
membranes were blocked with 5% skimmed milk in Tris-buffered saline with tween (TBST;
100ml of 10X TBS; Severn Biotech, with 1g of Tween-20; Thermofisher Scientific, made up to
1L with water) for 1 hour at room temperature with rocking at 25rpm. Primary antibodies
were added within 0.5% milk in TBST as shown in Table 5 and incubated overnight at 4°C with

a gentle rock.
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Table 5: Contents and essential information of antibodies.

All primary antibodies used with essential information including host and dilutions for

immunoblotting.

Antibody Host Immuno-blotting Source
dilution

B-catenin Mouse 1:10000 Becton Dickinson,
Oxford, UK, Clone
14

WT1 Rabbit 1:2000 Abcam, Oxford, UK

LEF-1 Mouse 1:5000 Cell signalling
technology

Lamin A/C Mouse 1:50000 Merck Millipore

a-tubulin Mouse 1:50000 Merck Millipore

B-actin Mouse 1:2000000 Merck Millipore

Anti-Acetyl-Histone | Rabbit 1:20000 Cell signalling

H3 technology

His-tag Rabbit 1:2000 Cell signalling
technology

GST-tag Rabbit 1:2000 Cell signalling
technology

WT189 Rabbit 1:2000 Roberts Lab,
University of Bristol

RBM15 Rabbit 1:2000 Cell signalling
technology

Lin28b Rabbit 1:2000 Cell signalling
technology

MSI2 Rabbit 1:5000 Abcam

PUM2 Rabbit 1:2000 Bethyl,

Montgomery, US
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HuR Mouse 1:5000 Thermofisher
Scientific

TOE1 Rabbit 1:2000 Bethyl via
Cambridge
bioscience

Ribosomal Protein | Mouse 1:2000 Cell signalling

S6 technology

Ribosomal protein | Mouse 1:2000 Cell signalling

L7a technology

Initiation factor | Rabbit 1:2000 Abcam

ELF4a

Membranes were washed for 3 x 10 minutes in TBST, and secondary antibodies were added
within 0.5% milk in TBST for Goat anti-Rabbit HRP (1:1000; Merck Millipore) and Goat anti-
mouse HRP (1:1000, Merck Millipore) and incubated at room temperature for 1 hour on a
rocking platform. A second set of 3 x 10 minute washes with TBST were completed and
membranes developed using the LumiGLO Peroxidase chemiluminescence kit (Sera care,
Milford, United States). Proteins were visualised on a Licor Odyssey with Image Studio
software version 5.2, loading controls (B-actin, Lamin A/C, and a-tubulin) were exposed for 2
minutes and proteins of interest for 10 minutes on the chemiluminescence channel, the

ladder was detected at 700nm over 2 minutes.

2.5 Immunofluorescence
Immunofluorescence allows for visualisation of the distribution of a target protein throughout

a cell. By targeting proteins of interest using fluorescently labelled antibodies the subcellular
level and localisation can be determined and the effect of different biological conditions

analysed.

Cells were incubated overnight at 4x10°/ml with either 5uM of CHIR99021 or DMSO at 37°C,
5% CO,. The next day 2x10° cells were extracted and washed with 20mls of PBS and
centrifuged for 5 minutes at 1300rpm, a second wash was completed with 10mls of PBS. Cells

were fixed in 1ml of fixative containing 2% paraformaldehyde (Merck Millipore) in PBS and
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incubated at room temperature for 20 minutes with agitation. Cells were washed with 20mls
of SB and centrifuged. The supernatant was removed, and cells were resuspended in 1ml of
guenching buffer containing 100mM glycine (Merck Millipore) in PBS and incubated at room
temperature for 5 minutes, followed by two washes and centrifugation. Cells were
resuspended in 1ml of permeabilization buffer containing 0.1% Triton TX100 (Thermofisher
Scientific) in 1 x PBS and incubated for 5 minutes at room temperature with occasional

agitation, followed by two washes.

The pellet was then resuspended in 10ug/ml of WT1 and B-catenin primary antibodies (see
table 2) and incubated at room temperature for 30 minutes. Cells were washed and
resuspended in 1ml of staining buffer containing goat anti-mouse Alexa488 and goat anti-
rabbit Alexa647 (1:500; Invitrogen, California, United states). Cells were incubated for 30
minutes at room temperature in the dark and washed. Cells were then resuspended in 2mls
of DAPI (1:2000; Thermofisher Scientific) in staining buffer and incubated for 5 minutes at

room temperature with agitation. Cells were washed and resuspended in 1ml of SB.

Confocal immunofluorescence was achieved using the resonant scanning head of a Zeiss
LSM880 confocal microscope with a 40x oil immersion objective and assisted by ZEN software
version 3.4. Images were collected for Alexa488 using the argon laser and for Alexa647 using
the Hene63 laser, track one consisted of DAPI and Alexa647 together and track 2 consisted of
Alexad88 alone. Wavelength 405nm was used to detect DAPI staining. Final editing of images

and overlays were done using Imagel software version 1.52.

2.6 Co-Immunoprecipitation
Co-Immunoprecipitation (Co-IP) is the process of precipitating a protein antigen out of

complex cellular protein lysate using an antibody that specifically binds to that protein. This
process can be used to isolate and concentrate a particular protein and identify any proteins

associating with the target protein of interest which can be detected by immunoblotting.

2.6.1 Antibody to bead binding
Protein 1gG dynabeads (Life technologies, California, United States) were vortexed until

completely resuspended and 165ul of beads were applied to the magnet and the storage
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ethanol was removed. The beads were resuspended in 165ul of PBS-0.02% Tween-20 (PBST)
containing the respective antibodies; ~8ug of B-catenin, PUM2, MSI2, Mouse IgG (Becton
Dickinson), 250ul of WT189 (concentration unknown, University of Bristol), ~ 5ug of Rabbit
IgG (Merck Millipore), ~5ug of LIN28B, ~ 2ug of RBM15, or 50ul of HuR (concentration
unknown). Beads were rotated at room temperature for 2 hours and applied to the magnet
to remove any unbound antibody. Beads were washed 3 x 500ul with PBST and vortexed
for 10 seconds. Beads were washed 3 x 1ml in coupling buffer consisting of 0.2M
triethanolamine (Merck Millipore) in PBS with 0.01% Tween-20 and vortexed. Coupling
buffer was removed and beads were crosslinked with 1ml of dimethyl pimelimidate (DMP;
Merck Millipore) in coupling buffer and incubated at room temperature for 30 minutes.
Beads were applied to a magnet, supernatant removed, and cross-linking repeated for a
second time. Beads were then quenched with 1ml of quenching buffer containing 50mM
ethanolamine (Merck Millipore) in PBS with 0.01% Tween-20 for 30 minutes rotating at
room temperature and repeated. The beads were then washed in 500ul of elution buffer
containing 0.2M glycine pH 2.5 in 0.01% Tween-20 with water, three times and finally
resuspended in 165ul of PBST and stored at 4°C.

2.6.2 Pre-clearing of protein lysate and co-immunoprecipitation
To reduce background binding, protein lysates were first pre-cleared with isotype antibody

complexes (2.5.1). Mouse/Rabbit IgG isotype control cross-linked beads were washed three
times with 500ul of PBST (cell line dependent) and finally resuspended in 165ul of PBST. 33ul
of beads were mixed per 2mg of total lysate protein and the final volume made to 1ml with
lysis buffer (2.2.2). These were incubated for 6 hours at 4°C with rotation after which the
supernatant was collected (following antibody:bead complex removal using magnet) and

divided in half for respective co-IP reactions.

Individual co-IP reactions were made with 500ul of pre-cleared lysate, 33ul of antibody
specific cross-linked beads and 467l of lysis buffer and were incubated overnight at 4°Con a
rotating platform. The following day, the supernatant was collected and stored as an
immunodepleted fraction to check for antigen depletion. The bead complexes were washed
6 x 500ul in PBST (% cell line dependent) and resuspended in 30pl of lysis buffer after the final

wash. 2 x laemmli buffer was added to the beads, 4 x laemmli buffer added to the 5% inputs
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and immunodepleted samples and all were heated at 95°C for 5 minutes. Following
denaturation, beads were placed on the magnet and the supernatant collected which
contained the co-IP reaction. All samples were then either stored at -20°C or immunoblotted

for target proteins of interest.

2.6.3 RNAse A treatment of protein lysates
Prior to Co-IP 2mg of pre-cleared protein was incubated overnight with co-IP lysis buffer

containing 20ug/ml of RNase A (Thermofisher Scientific) to digest RNA. This was then
confirmed by agarose gel electrophoresis, reactions were run on a 1% agarose gel
(Thermofisher Scientific) by dissolving the required amount of agarose powder in 1x Tris-
Borate-EDTA (TBE) and heating until a homogenous solution was achieved. After the solution
had cooled 2.5ul of gel red (Biotium, San Francisco, United States) was added, poured, and
left to set at room temperature. Samples were prepared with 6X gel loading buffer (New

England Biolabs) and run at 75V for 30 minutes.

2.7 Preparation of plasmid DNA and cloning

2.7.1 Bacterial transformations
To understand if B-catenin and WT1 proteins directly interact, the full peptide sequences as

shown in table 6 were identified in UniProt and ordered (Eurofins Genomics, Germany) and
integrated into pET47b-HIS and pET49b-GST/HIS bacterial expression vectors (Gift of Mancini

group, University of Sussex, Brighton, UK) respectively.
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Table 6: B-catenin and WT1 full length sequences.
Peptide sequences identified using UniProt and ordered from Eurofins.

Protein Full Sequence

B-Catenin MATQADLMELDMAMEPDRKAAVSHWQQQSYLDSGIHSGATTTAPSLSGKGNPEEEDVDTS
QVLYEWEQGFSQSFTQEQVADIDGQYAMTRAQRVRAAMFPETLDEGMQIPSTQFDAAHPT
NVQRLAEPSQMLKHAVVNLINYQDDAELATRAIPELTKLLNDEDQVVVNKAAVMVHQLSK
KEASRHAIMRSPOQMVSAIVRTMQNTNDVETARCTAGTLHNLSHHREGLLAIFKSGGIPAL
VKMLGSPVDSVLFYAITTLHNLLLHQEGAKMAVRLAGGLOKMVALLNKTNVKFLAITTDC
LQILAYGNQESKLIILASGGPQALVNIMRTYTYEKLLWTTSRVLKVLSVCSSNKPAIVEA
GGMOQALGLHLTDPSQRLVOQNCLWTLRNLSDAATKQEGMEGLLGTLVQLLGSDDINVVTCA
AGILSNLTCNNYKNKMMVCQVGGIEALVRTVLRAGDREDITEPAICALRHLTSRHQEAEM
AQNAVRLHYGLPVVVKLLHPPSHWPLIKATVGLIRNLALCPANHAPLREQGAIPRLVQLL
VRAHQDTQRRTSMGGTQQQFVEGVRMEEIVEGCTGALHILARDVHNRIVIRGLNTIPLFV

WT1 MGSDVRDLNALLPAVPSLGGGGGCALPVSGAAQWAPVLDFAPPGASAYGSLGGPAPPPAP
PPPPPPPPHSFIKQEPSWGGAEPHEEQCLSAFTVHFSGQFTGTAGACRYGPFGPPPPSQA
SSGQARMFPNAPYLPSCLESQPAIRNQGYSTVTFDGTPSYGHTPSHHAAQFPNHSFKHED
PMGQQGSLGEQQYSVPPPVYGCHTPTDSCTGSQALLLRTPYSSDNLYQMTSQLECMTWNQ
MNLGATLKGVAAGSSSSVKWTEGQSNHSTGYESDNHTTPILCGAQYRIHTHGVFRGIQDV
RRVPGVAPTLVRSASETSEKRPFMCAYPGCNKRYFKLSHLOQMHSRKHTGEKPYQCDFKDC

50ul aliqguots of DH5a E.coli competent cells (Mancini group, University of Sussex) were
thawed on ice and incubated with 200ng/ul of pET47/pET49b vector DNA for 30 minutes on
ice. First B-catenin/WT1 insert DNA was diluted in Tris-EDTA buffer containing 10mM Tris-HCI
(Thermofisher Scientific) and 1ImM disodium EDTA pH 8.0 (Merck Millipore) to a final
concentration of 220ng/ul and then incubated with 50ul of super competent DH5a cells
(University of Sussex) on ice for 30 minutes. Samples were then heat shocked at 42°C for 45
seconds in a pre-heated water bath and returned to ice for 2 minutes. 450ul of Luria Broth
(LB; 10g of Bactotryptone, 5g of Bacto yeast extract; Thermofisher Scientific, and 10 g of NaCl
made up to 1L with water) was added for pET47/pET49b cultures. For B-catenin/WT1 cultures
950ul of super optimal broth with catabolite repression (SOC; New England Biolabs, Ipswich,
UK) was added.

All cultures were shaken at 210rpm overnight at 37°C for 90 minutes, after 200ul of culture
was spread onto an LB-agar plate containing appropriate antibiotics, kanamycin (1:1000 of
100mg/ml stock unless stated otherwise; Melford Laboratories, Ipswich, UK) for the vectors
and ampicillin (1:1000 of 100mg/ml stock; Thermofisher scientific) for the insert DNA. Plates
were incubated at 37°C overnight to allow colony growth. Single colonies were picked from
plates and grown in 10ml cultures containing LB broth supplemented with plasmid-specific

antibiotics for selection overnight at 37°C with shaking at 210rpm (unless stated otherwise).
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The next day glycerol stocks were taken for long term storage by adding 80% glycerol

(Thermofisher Scientific) to culture mixture at a 1:1 ratio and stored at -80°C.

2.7.2 Plasmid DNA preparation (mini-prep)
To successfully isolate the plasmid DNA from the bacterial cultures, mini preps were

completed, 10 ml of culture was set up by inoculating LB supplemented with plasmid-specific
selection antibiotics with a glycerol stock scraping. Cultures were incubated overnight and
centrifuged the next day at 4700 x g for 30 minutes to pellet cells. Plasmid DNA was extracted
from the bacterial cell pellets using Gene JET plasmid miniprep kit (#K0502, Thermofisher
Scientific) according to the manufacturer’s protocol. Mini-prepped DNA was dissolved in 50ul
of elution buffer (provided in the kit) and DNA concentration was determined using the
Nanodrop 2000 spectrophotometer (Thermofisher Scientific) blanked against the elution

buffer.

2.7.3 Extraction of WT1 and ligation with pET49b/GST
WT1 was inserted into the pET49b-glutathione S-transferase (GST) vector as this tag would

help in solubility in expression and purification steps. 20ul of Fast digest (a digest is required
to isolate the DNA required) reactions were made consisting of 10X fast digest buffer, 1ul of
Hindlll and EcoRI (Thermofisher scientific) and 1ug/ml of DNA. The reactions were heated at
37°C for 5 minutes and run on a 1% agarose gel as above (2.6.3). Bands were cut using a UV
light source and DNA extracted by Monarch DNA gel extraction Kit (New England Biolabs) and

mini-prepped as in section 2.6.2.

The restriction enzyme digest results in a single stranded overhang on the digested end of the
DNA fragment, a ligation reaction is then required to combine these ‘sticky ends’ of the two
pieces of DNA together as they will be complementary due to being cut by the same
restriction enzymes. Using the cloneable ligation kit (Merck Millipore) 0.025pmol of pET49b
was ligated with 0.1pmol of WT1 insert DNA and incubated for 15 minutes at room
temperature. 400ng/ul of pET49b/WT1 DNA was then transformed in 50ul of DH5a cells,

miniprepped and sent for sequencing (Eurofins).
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2.7.4 PCR and Gibson assembly of B-catenin and pET47b/HIS
The same method (2.6.3) was used for ligation of B-catenin and pET47b-Histidine (HIS),

however due to them being of a similar size at ~ 5000bp, a restriction digest could not
discriminate between DNA bands via UV extraction. Instead, primers were designed and
ordered from Eurofins, 50ul PCR reactions were made with 2X Phusion Mix (New England
Biolabs), 2.5ul of forward and reverse primers (Eurofins) as shown in Table 7 and 10ng/ul of

DNA.

The primer sequences are highlighted in blue, with the annealing temperatures determined
by Snapgene and Phusion.

Table 7: Primers designed for PCR reaction.

The primer sequences are highlighted in blue, with the annealing temperatures determined

by Snapgene and Phusion.

Insert/Vector | Primer sequence Snapgene Phusion
anneal anneal
temp (°C) temp (°C)

B-Catenin TACCAGGATCCGAATTCAATGGCAACC 62 54

forward

primer

B-Catenin GCGGCCGCAAGCTTTTACAGATCC 64 54

reverse primer

pET47b ATCTGTAAAAGCTTGCGGCCGCAGAG 66 71

forward

primer

pET47b GTTGCCATTGAATTCGGATCCTGGTACCCGGGT 69 71

reverse primer

PCR was then completed using the following conditions as shown in table 8 on the Proflex

PCR system.
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Table 8: PCR conditions for B-catenin and pET47b-HIS.
The PCR steps including initial denaturation, cycling, annealing and extension.

PCR step Temperature and cycle time
Initial denaturation 98°C for 30 seconds

Cycling 98°C for 10 seconds
Annealing B-catenin - 54°C for 3 steps

PET47b - 71°C for 2 steps
for a total of 10-20 seconds and a total of 30

cycles

Extension 72°C for 15-30 seconds per kb

After PCR was complete, 1l of Dpn1 digest enzyme (New England Biolabs, Ipswich, UK) was
added and reactions incubated at 37°C for 10 minutes, followed by PCR clean-up kit
(Monarch, Ipswich, UK) following manufacturers guidelines. A 5X ISO buffer (1M Tris-HCI pH
7.5, 2M MgCl,, 100mM dGTP, dATP, dTTP, dCTP, 1M DTT, 1.5g of PEG-8000 and 100mM NAD;
New England Biolabs) was prepared. To make the assembly master mix, 350ul of 5X ISO buffer
was added to 0.025pmol of pET47b DNA and 0.1pmol of B-catenin and assembled using
Gibson assembly (New England Biolabs) and incubated at 50°C for 1 hour. To check successful

sequencing 400ng/ul of B-catenin/pET47b was sent to Eurofins.

2.8 Protein expression
To identify the optimal protein expression conditions for pET49b-GST/HIS/WT1 and pET47b-

HIS/B-catenin, 200ng/ul of DNA was transformed in competent Rosetta pLySs cells (University
of Sussex) or BL21 cells (University of Sussex) with appropriate antibiotics (kanamycin;

1:1000) and plated on appropriate agar plates.

Next day a 10ml LB culture with appropriate antibiotics was inoculated by picking a colony
from the plates and incubated at 37°C with shaking at 210rpm overnight. These 10ml cultures
were used to inoculate larger expression cultures (1L LB) containing 750ul of appropriate
antibiotics and incubated until an optical density at 600nm (ODggo) of 0.6-0.7 was reached

indicating cells were ready for induction. Protein expression was induced by addition of
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0.5mM Isopropyl B-D-1-thiogalactopyranoside (IPTG, Merck Millipore), IPTG mimics
allolactose, which removes a repressor from the lac operon to induce gene expression. To
determine the optimal culturing condition, flasks were cultured in a shaking incubator at 37°C
for 4 hours, 30°C for 6 hours or 18°C overnight. All samples were immunoblotted for target

protein expression (2.4) to determine bands with optimal purified protein.

2.9 Protein purification
After identifying the optimal expression conditions for both constructs, protein needed to be

purified and specific proteins of interest isolated by size exclusion chromatography (SEC).

2.9.1 Protein lysis
WT1 expression pellets were lysed in 10ml of protein purification lysis buffer; 20mM HEPES

pH 7.5 (Thermofisher Scientific), 0.5M NaCl, 0.1mM ZnCl, (Arcos Organics part of
Thermofisher Scientific, Oxford, UK), 12% glycerol and 2mM Tris(2-carboxyethyl)phosphine
(TCEP; Thermofisher Scientific). B-catenin expression pellets were lysed in 10ml of protein
purification lysis buffer (PP2); 20mM HEPES pH 7.5, 250mM NaCl, 10% glycerol and 2mM
TCEP. Both lysis buffers contained an EDTA-free containing complete™ Mini Protease-
Inhibitor Cocktail (Merck Millipore). Lysates were incubated on ice for 30 minutes and 5ul of
DNase (Thermofisher Scientific) was added. Lysates were sonicated (35% amplitude, 2.5
minutes (5 seconds on, 10 seconds off) per 10ml culture) and then centrifuged at 20,000 x g

at 4°C for 30 minutes. The supernatant was removed and kept on ice.

2.9.2 HIS/GST affinity column
Proteins were purified using an affinity Econo-column (Bio-Rad) specific to the GST or HIS tag

expressed by the plasmid. Columns were pre-equilibrated by adding 2ml of Amintra CoHIS
resin (Expedeon, Oxford, UK) or glutathione resin (Generon, Slough, UK) and the ethanol
eluted through. The resin was then washed with 10ml of water and then 10ml of either WT1
or B-catenin purification buffer (same as lysis buffer, 2.8.1). The lysate (2.8.1) was added to
the column and the column sealed; the column was placed on a rotator for 1 hour at room

temperature. The unbound lysate was eluted through, and 3 initial 5ml washes with 5mM
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imidazole (Arcos Organics, Oxford, UK) in WT1/B-catenin buffer was completed. Bound
proteins were then eluted with 10 x 5ml increasing imidazole concentrations (5-350mM) for
HIS-tagged proteins and increasing glutathione (Arcos Organics, Oxford, UK) concentrations
(5-500nM) for GST-tagged proteins. Following elution, the column was stripped with ethanal,
washed with water, and recharged. Elution fractions were immunoblotted (2.4) for WT1, B-

catenin, anti-HIS and anti-GST to determine optimal purification fractions.

2.9.3 Size exclusion chromatography (SEC)
Optimal affinity column fractions (2.8.2) were pooled and concentrated at 4000 x g for 20-

minute intervals using Vivaspin concentrators (Sartorius, Germany) with an appropriate
molecular weight cut off (20-100kDa depending on protein) to a final volume of 500ul. This
concentrated volume was loaded onto a HiLoad 10/300 Superdex 200 gel filtration column
(GE, Merck Millipore) pre-equilibrated with either WT1 SEC buffer containing 20mM HEPES
pH 7.5, 200mM NaCl, 10% glycerol and 0.1mM ZnCl, made to 1L with water, or B-catenin SEC
buffer containing 20mM Tris pH 8, 150mM NaCl and 2mM TCEP made to 1L with water
connected to an AKTA purifier FPLC system (Cytiva, Marlborough, Massachusetts, USA).
Fractions were eluted using the protein-specific SEC buffer at a flow of 0.45ml/min,
monitoring protein elution by absorbance at 280nm and collecting 250ul fractions in to a 48
deep well plate. SEC fractions were analysed by SDS-PAGE and Coomassie (Expedeon, Oxford,
UK) stained to determine if method was successful and then immunoblotted (2.3) for WT1
and B-catenin. The SEC fractions with optimal protein were combined and concentrations
determined by nanodrop. WT1 protein was used the same or following day for further

experiments due to degradation but B-catenin protein was stored at -20°C.

2.10 HIS/GST pull-downs
After successful purification and isolation of WT1 and B-catenin, subsequent pull-down

experiments were completed with one protein bound to HIS/GST resin and the second protein

added to assess interaction capacity.
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2.10.1 Removal of HIS/GST from purified WT1
For the HIS pull-down, B-catenin was bound to HIS resin and the HIS/GST tag from purified

WT1 was removed to ensure it would also not bind to the HIS resin. This would indicate direct
interaction between B-catenin and WT1 rather than WT1 with HIS resin. To remove the
HIS/GST tag from the purified WT1-HIS/GST, protein was HIS affinity purified (2.9.2) and 3 x
200mM fractions of ~ 12ml were incubated overnight at 4°C with 30ul of protease 3CV
inhibitor (University of Sussex). Protein was then SEC purified (2.9.3) and removal of the tag
was confirmed by Coomassie stain with protein migrating to ~ 50kDa instead of ~ 76kDa

indicating removal of the 26kDa HIS/GST tag.

2.10.2 HIS/GST pull-down with purified protein
200ul of coHIS resin or GST resin (50% slurry) was pre-equilibrated by washing three times

with 500l of pull-down buffer containing 20mM HEPES pH 7.5, 150mM NaCl and 2mM TCEP.
50ug/ml of B-catenin or 200ug/ml of WT1 lysate in pull-down buffer was incubated with
tagged specific resin for 1 hour at 4°C on the roller to allow specific binding of the tagged
over-expressed protein to the resin. The resin was pelleted by centrifugation at 800 x g, 4°C
for 5 minutes and any unbound protein was removed, the resin was then washed three times
with 1ml of pull-down buffer. Reciprocal protein to the one bound at a concentration
matching the bound protein was then added and incubated for 1 hour at 4°C on the roller,
the resin was pelleted and washed three times. 25% lysate inputs, unbound protein and resin
samples were prepared in 4X SDS buffer and immunoblotted (2.4) to determine if a direct

interaction was present.

2.10.3 HIS/GST pull down with cell lysate
The binding of WT1 and B-catenin was also explored in a cellular context as other common

binding partners or cellular structures could influence the interaction of these two proteins.
For B-catenin/HIS pull-downs 50ug/ml of purified B-catenin protein was used per 200l of HIS
resin and for WT1/GST pull downs, 400ug/ml of purified WT1 protein was used per 200ul of
GST resin. After successful binding of the bait protein, 1Img/ml of either K562 or HEL total cell
lysate was incubated with the resin at 4°C overnight for B-catenin pull-downs, however, was

changed to 1 hour at 4°C for the WT1 pull-downs due to limited WT1 protein stability
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overnight. The resin was pelleted and washed, inputs, unbound protein and resin samples

were immunoblotted (2.4).

2.11 Lentivirus preparation and transduction of cells
To knock down/overexpress proteins of interest or induce mutated versions of a protein,

lentiviral transduction was employed. Lentiviruses attach to its target cell via interactions
between its viral envelope glycoprotein and a specific cell surface receptor which determines
the cellular target for the virus. As lentiviruses express reverse transcriptase, they can convert
viral RNA to double stranded DNA and integrase then inserts this viral DNA into host DNA and
therefore divides along with host cell, so plasmid DNA is now incorporated into the host
genome. Lentiviral particles were used to transduce various cell lines allowing the phenotypic

assessment of protein knockdown/overexpression and mutations.

2.11.1 Preparation of plasmid DNA
The following lentiviral ShARNA or CRISPR/Cas9 plasmids were ordered/obtained as shown in

Table 9, shRNA knockdown and CRISPR/Cas9 constructs arrived as ready-transformed glycerol
stocks that were spread onto appropriate LB agar plates with specific antibiotics and mini-
prepped (2.6.2). WT1 shRNA over expression constructs plus respective non-targeted control
were transformed in Stlb3 E. coli cells (2.6.1). The lentiviral envelope (pSL3 pMD.2G/VSV0G)
and packaging plasmid (psPAX2) were supplied as a kind gift from the Darley lab (Cardiff
University, Wales, UK).
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Table 9: WT1 and B-catenin plasmids.

Plasmids used for lentivirus preparation including type of plasmid, host, and source.

Plasmid reference Use of Plasmid Host Source
pBARVUDR / TCF | BARV reporter | Stbi3 Darley Lab,
reporter system Cardiff
pfuBARVUbR / mutant | BARV mutant | Stbl3 Darley Lab,
TCF reporter control reporter Cardiff
system
MISSION®  pLKO.1-puro | shRNA non- | Unknown Merck
shRNA Control targeted control Millipore
psPAX2 / HIV-1 Gag, Pol, | Lentivirus DH5a Darley Lab,
Tat and Rev packaging plasmid Cardiff
pSL3 (pMD.2G) / VSV-G Lentivirus Stbl3 Darley Lab,
envelope plasmid Cardiff
MISSION plasmid WT1 | WT1 knockdown Stbl3 Merck
shRNA Millipore
pLKO_TRC0000040067
MISSION plasmid WT1 | WT1 knockdown Stbl3 Merck
shRNA Millipore
pLKO_TRC0000040063
MISSION plasmid WT1 | WT1 knockdown Stbl3 Merck
shRNA Millipore
pLKO_TRC0000010466
MISSION plasmid WT1 | WT1 knockdown Stbl3 Merck
shRNA Millipore
pLKO_TRC0000009873
MISSION plasmid WT1 | WT1 knockdown Stbl3 Merck
shRNA Millipore
pLKO_TRC0000288597
pLV1-EF1A-hWT1-Puro Over expressed | Stbl3 Vector
WT1 isoform at ~ builder,
60 kDa Chicago,
USA

63



pLV1-EF1A-Puro Overexpressed Stbi3 Vector
WT1 non targeted Builder
control
MISSION pLKO.1 beta-cat | B-catenin Sbi3 Merck
shRNA knockdown Millipore
MISSION pLKO.1 beta-cat | B-catenin Sbl3 Merck
shRNA 1248 knockdown Millipore
CRISPR/Cas9 pLV | CRISPR/Cas9 non- | Stbi3 Vector
Scramble_gRNA-hCas9- targeted control Builder
T2A-Puro
pLV[CRISPR] CTNNB1[KO] | B-catenin Stbi3 Vector
1120bsy knockdown builder
MISSION pLKO.1 beta-cat | B-catenin Stbl3 Merck
shRNA knockdown Millipore
pLKO_TRCNO0000314991
MISSION pLKO.1 beta-cat | B-catenin Stbl3 Merck
shRNA knockdown Millipore
pLKO_TRCNO0000314921
pCW57.1 Mutant  control | ccdB survival Addgene,
plasmid Cambridge,
UK
WT1 mutated exon 7 pCW57.1 Wtl mut | Stbl3 Bonifer
Ex7.1 group,
Birmingham
University,
Birmingham,
UK
WT1 mutated exon 8 pCW57.1 Wtl mut Bonifer
Ex8 Group
WT1 mutated exon 9 pCW57.1 Wtl mut Bonifer
Ex9 Group
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2.11.2 Lentivirus preparation
Mini preps (2.6.2) of respective DNA were completed. After preparing plasmid DNA, the next

step was to generate lentiviral particles for each plasmid to use for the transduction of
leukaemia cell lines, in which proteins would be either ectopically expressed, mutated, or

silenced followed with functional assessment by immunoblot (2.4).

Prior to transfection, 25cm?® adherent flasks were treated with 2ml of poly-L-lysine (Merck
Millipore) for 30 minutes at room temperature. The poly-L-lysine was removed, and flasks
were washed with 5ml of DMEM (2.1.2), HEK293T cells were plated at 5x10%/5ml and

incubated at 37°C overnight with the aim of reaching 80-90% confluence the following day.

Target plasmid DNA was transfected into HEK293 cells using the Lipofectamine 3000 kit
(Thermofisher Scientific) by forming a liposome with the cell membrane and consequently

depositing the cargo (naked or purified nucleic acids) into the cell directly.

For each transfection, two tubes were prepared, Tube A contained 2.1ug of plasmid transfer
DNA (table 5), 666l of OptiMEM (Thermofisher Scientific), 2.2ug of envelope plasmid (pSL3
pMD.2G/VSVOG), 4ug of packaging plasmid (psPAX2) and 16ul of p3000 reagent. In a separate
tube, tube B contained 675ul of OptiMEM and 19ul of p3000. Tube A was then added
dropwise to tube B with gentle swirling to promote lipid-DNA complex binding and was
incubated at room temperature for 20 minutes. The media in each 25cm? flask was reduced
to 2ml and the lipid-DNA complex was added and mixed, the flasks were incubated at 37°C,
5% CO; for 6 hours. After incubation, the transfection media was removed and replaced with
3ml of fresh DMEM and returned to the incubator overnight. The first harvest was collected
and replaced with 2.5ml of DMEM overnight and the second harvest collected the following

day, and the total volume was snap frozen in liquid nitrogen and stored at -80°C.

2.11.3 Lentivirus transduction of leukaemia cell lines
Lentivirus generated was introduced into various leukaemia cell lines by transduction. In each

well of a non-treated tissue culture 24-well plate (Corning, New York, United States), 250ul of
retronectin (Takara, Shiga, Japan) was added and incubated at room temperature for 2 hours
or at 4°C overnight. Retronectin was aspirated and replaced with 250ul of 1% BSA in PBS

solution and incubated at room temperature for 30 minutes to ensure the retronectin was
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removed. Just before the incubation was finished, lentivirus was collected from the -80°C and
defrosted in the water bath at 37°C and 1ml of appropriate lentivirus was added to each well.
The plate was centrifuged at 2000 x g for 90 minutes, lentivirus was safely discarded and
replaced with 1-3x10° cells/ml of the appropriate cell line and incubated overnight at 37°C.
For safety, when handling lentivirus, two pairs of gloves were always worn on each hand, lab
coat fastened to cover all exposed skin, and anything that contained virus was washed with
virkon and then isolated in a biohazard bin containing 5% Bioclense. At 24-48 hours post-
transduction, cells were checked and if at a suitable density (3-4x10°/ml) were selected in
1ug/ml of puromycin. These cells were compared alongside an un-transduced parental
control over a 96-hour period, once parental cells were dead, selection was complete. Cells
passing through selection were checked for appropriate protein expression using western
blotting (2.4) and if successful expanded for cryopreservation (2.1.4) and further culture as

required (2.1.1).

2.12 Flow cytometry

To measure Wnt signalling output, cells were transduced (2.11.3) with the B-catenin activated
reporter (BAR) system (Biechele & Moon, 2008). The pBARVUbR contains a concatemer of 12
T-cell factor (TCF; a readout for Wnt signalling as Wnt target genes are regulated by DNA-
binding and context-dependent interactions with the TCF/lymphoid enhancer factor (LEF)
domain) response elements upstream of [-globin minimal promoter linked to Venus (a
variant of enhance yellow fluorescent protein ;EYFP) and constitutively expresses DsRed as a
selectable marker. As a control, cell lines were transduced with the ‘found unresponsive’ BAR
(pfuBARVUDR) reporter that contains mutated TCF response elements. This reporter system
allows the assessment of Wnt signalling level through the detection of EYFP output using flow

cytometry.

2.12.1 Assessment of Wnt signalling
The Wnt responsiveness of a variety of leukaemia cell lines; HL60, NB4, KG1 and MV-11 was

explored. A 96 v-well plate (Thermofisher Scientific) was set up with 6x10°/ml of duplicate

transduced pBARV/pfuBARYV cells treated with either 5uM of CHIR99021 or DMSO overnight
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at 37°C. The following day the plate was centrifuged at 1300 x g for 5 minutes and the media
removed, cell pellets were resuspended in 150ul of SB (2.2.3). Cells were assessed for TCF
reporter activity by flow cytometric (2.2.3) in which 1x10° intact cells were analysed per

sample.

Post-acquisition analysis was performed using FlowJo (2.2.3), untransduced parental cells not
containing the BAR system were dsRED™ and therefore used to set the threshold for dsRED*
positive events. This gate was applied to all wells allowing the identification and assessment
of pBARV/pfuBARV expressing cells. Following this a histogram of Venus YFP fluorescence
intensity was used to measure Wnt signalling with the mutant pfuBARV serving as a negative
control. pBARV/fuBARV expressing cells were then transduced with WT1 knockdown,
overexpression, or mutation (2.11.3) and the impact of WT1 modulation assessed by flow

cytometry.

2.13 Polysome profiling
Polysome profiling is a technique used to study the association of mMRNAs with ribosomes. The

experiment starts by collecting a lysate which will contain polysomes, monosomes
(composing of one ribosome residing on an mRNA), the small (40S in eukaryotes) and large
(60S in eukaryotes) ribosomal subunits, ‘free’ mRNA, and a host of other components. These
components are separated by centrifugation in a sucrose gradient based on size e.g., larger
subunits such as the 80S will travel further through the gradient. After centrifugation the
contents of the tube are collected as fractions, these can then be immunoblotted (2.4) for
certain proteins to identify the type of ribosomes they are associated with. In summary, this
technique can be used to study the overall translation in cells, and more specifically to analyse

individual proteins and their mRNAs.

2.13.1 Preparation of cells and sucrose gradient
K562 cells were cultured at 30x108/75ml with CHIR99021 or DMSO (2.1.5). A sucrose gradient

was prepared by weighing out 15% and 60% of agarose (Merck Millipore), 15ml of water was
added to each and dissolved in the microwave on low. Once cooled, 50mM KCl (Merck

Millipore) 20mM Tris HCl pH 8.0 (Merck Millipore) and 10mM MgCl, (Merck Millipore) was
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added, and the final volume increased with water to 20ml. Following this 200ul of
cycloheximide (100ug/ml; Merck Millipore), 40ul of DTT (1ImM) and 66.6ul of protease
inhibitor (1 tablet/ml; Roche by Merck) was added. The 15% sucrose was added into an
ultracentrifuge tube (Beckman Coulter, High Wycombe, UK) and the 60% slowly pipetted on
top, the ultracentrifuge tube was added to the fractionator and the 15-60% sucrose gradient
programme selected. The gradients were then stored in the fridge at 4°C overnight.

2.13.2 Ultracentrifugation and fractionation

K562 cells were pelleted at 1300 x g for 10 minutes and resuspended in 20ml of PBS with
centrifugation twice. Cell pellets were then resuspended in 500ul of lysis buffer containing
20mM Tris-HCl pH 8.0, 50mM KCI, 10mM MgCl,, 1ImM DTT, 1% NP40 (Thermofisher
Scientific), 100ug/ml cycloheximide, 24U/ml Turbo DNase (Invitrogen), RNasin plus 90U
(Promega, Wisconsin, USA) and protease inhibitor. Lysates were incubated on ice for 30
minutes and after centrifuged at 17,000 x g for 10 minutes at 4°C. A second spin was
completed if any debris was left over, the supernatant was collected and 450ul of lysate was
loaded on to the top of the sucrose gradient. Sucrose gradients with lysates were centrifuged

on the ultracentrifuge at 31,000 rpm for 3 hours and 30 minutes at 4°C.

The fractionator was washed and calibrated using water, the samples were loaded, and 12
fractions were collected into a separate 1.5ml eppendorf with a volume of ~ 1ml and stored
at -80°C.The fractionator was then washed with water and 70% ethanol with components of

the machine soaking in water until the next day.

2.13.3 Precipitation
For precipitation, 400l of each fraction was added to 1.6ml of 100% ethanol (VWR Chemicals,

Leicestershire, UK) and 5pul of glycoblue (Invitrogen) was added to aid in visualisation of pellet.

These were incubated at -20°C overnight.

Fractions were centrifuged at 14,000 x g for 15 minutes at 4°C. The supernatant was removed,
and pellets washed in 1ml of 70% ethanol and centrifuged. The supernatant was removed,
and the pellet air-dried by the heat block at 95°C for 5 minutes. The pellets were resuspended
in 4X laemmli buffer and heated at 95°C for 5 minutes. Samples were immunoblotted (2.4) to

determine B-catenin protein content in polysomes.
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2.14 RNA binding immunoprecipitation
RNA binding immunoprecipitation (RIP) is a technique used to map in vivo RNA-protein

interactions, the RBP of interest is immunoprecipitated together with its associated RNA to
identify bound transcripts (mRNAs, non-coding RNAs, or viral RNAs). Transcripts can then be

detected by sequencing.

2.14.1 Cell lysis
Cells were treated at 25-50x10° with CHIR99021 or DMSO (2.1.5). The next day cells were

collected and ~ 4x10° cells were then centrifuged at 1500rpm for 10 minutes at 4°C. The
supernatant was discarded, and the pellet was resuspended in 10ml of cold PBS and
centrifuged and repeated once more. The cell pellet was resuspended in 100ul of lysis buffer
(Magna RIP kit, Merck Millipore kit #17-700, + 0.5ul of protease inhibitor cocktail + 0.25ul of
RNase inhibitor). Lysates were incubated on ice for 5 minutes and stored at -80°C overnight

to complete lysis.

2.14.2 Preparation of magnetic beads for immunoprecipitation
Magnetic beads were completely dispersed by over end rotation. Microfuge tubes were set

up, one per immunoprecipitation and 50ul of magnetic beads were added to each tube. Then
500ul of RIP wash buffer as provided in the kit was added and the tubes vortexed briefly. The
tubes were placed on the magnetic separator and supernatant was removed. This wash step
was repeated, and the beads were resuspended in 100ul of wash buffer containing 5ug of
mouse IgG, B-catenin or HuR antibody (see table 2). The tubes were incubated for 30 minutes
at room temperature with rotation. The tubes were placed on the magnetic separator and
the supernatant containing any unbound antibody was discarded. 500ul of wash buffer was
added, tubes vortexed and supernatant discarded, this was repeated for a second time.

Finally, beads were resuspended in 500ul of wash buffer and tubes kept on ice.
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2.14.3 Immunoprecipitation of RNA-binding protein-RNA complexes
The 500ul of wash buffer was removed by the magnet and the beads were resuspended in

900ul of RIP immunoprecipitation buffer (MagnaRIP kit; 860ul of RIP buffer, 35ul of 0.5M
EDTA and 5ul of RNase inhibitor). The RIP lysates were thawed and centrifuged at 17,000 x g
or 10 minutes at 4°C, 100ul of supernatant was removed and added to each bead-antibody
complex in RIP immunoprecipitation buffer. The tubes were incubated with rotating at 4°C
overnight. The tubes were placed on the magnetic separator and supernatant removed, 500l
of wash buffer was added vortexed briefly. The supernatant was discarded, and this wash
step was completed another six times. Input (10-30%) and subsequent pull-down samples
were immunoblotted (2.4) for B-catenin and HuR to check sufficient protein had bound to the

beads prior to RNA purification.

2.14.4 RNA purification
Each immunoprecipitation, including the input sample was resuspended in 150ul of

proteinase K buffer (1 x RIP wash buffer, 15ul of stock 10% SDS and 18ul of stock 10mg/ml
proteinase K). This was added in this order to reduce risk of denaturation of proteinase K by
addition of concentrated SDS. All tubes were incubated at 55°C for 30 minutes with shaking
at 310rpm to digest the protein. The supernatant was collected by the magnetic stand and
placed in a new eppendorf, 250ul of RIP wash buffer was added to each tube apart from the
input. Then 400ul of phenol:chloroform:isoamyl alcohol (25:24:1; Thermofisher Scientific)
was added to each tube, vortexed for 15 seconds and centrifuged at 14000rpm for 10 minutes
to separate the phases. 350ul of the aqueous phase was removed into a new eppendorf and
400ul of chloroform (Thermofisher Scientific) was added and vortex and centrifugation
repeated. 300ul of the aqueous phase was removed into a new eppendorf and 50ul of Salt
solution I, 15ul of salt solution Il and 5ul of precipitate enhancer (MagnaRIP Kit) was added to
each tube with final addition of 850ul of absolute ethanol (Thermofisher Scientific). Tubes
were mixed and kept at -80°C overnight to precipitate the RNA. The tubes were centrifuged
at 14,000rpm for 30 minutes at 4°C and the supernatant discarded carefully. The pellet was
washed with 500ul of 80% ethanol, centrifuged for 15 minutes and the supernatant discarded,
and pellet air dried for 10 minutes at room temperature. The pellet was resuspended in 20ul

of nuclease-free water and the tubes kept at -80°C. Quality of Input RNA was assessed by the
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Nanodrop using nuclease-free water as the blank and acceptable samples for downstream
applications met ~ 300ng/ul of RNA per 10% input with Ae0/280 and Az30/260 ratios close to 2.0.
RNA samples were also validated by the mRNA bioanalyser Pico series Il following

manufacturer guidelines (Agilent RNA Pico; Santa Clara, California, USA).

2.15 RNA extraction of cells containing B-catenin shRNA and CRISPR/Cas9 knockdown

2.15.1 RNA extraction and clean up
Cell pellets of 5x10°8 cells were lysed in 1ml of Trizol (Life technologies by Thermofisher

Scientific) and stored at -80°C. 200ul of chloroform was added and samples vortexed. Samples
were spun at 17,000 x g for 15 minutes at 4°C to ensure separation, with RNA in the upper
aqueous phase. This phase was removed to a separate eppendorf, containing 0.5ml
isopropanol (Thermofisher scientific), vortexed briefly and left at room temperature for 5-10
minutes. Centrifugation was repeated to pellet the RNA, supernatant was discarded, and
pellet washed in 80% ethanol, samples were centrifuged for 5 minutes. Supernatant
discarded and pellets re-spun for 1 minute to remove dregs. The pellet was air dried for 5-10
minutes at room temperature and then resuspended in 100ul of nuclease free water.
Concentrations were then determined by the Nanodrop (2.14.4) 600ug/ml of RNA was then
cleaned up using RNeasy MinElute Clean-up kit (Qiagen, Manchester, UK #74204) following

manufacturer guidelines.

2.16 Quantitative reverse transcription polymerase chain reaction (QRT-PCR)
gRT-PCRis used when the starting material is RNA, this is first transcribed into complementary

DNA (cDNA) by reverse transcriptase from total RNA or messenger RNA (mRNA). The cDNA is
then used as the template for the qPCR reaction. A one step assay combines reverse
transcription (RT) and PCR in a single tube and buffer using a reverse transcriptase alone with
DNA polymerase. Often a mixture of oligo(dT)s and random primers are used, these primers
anneal to the template mRNA strand and provide reverse transcriptase enzymes with a
starting point for synthesis. Primers are designed to span an exon-exon junction with one of
the amplification primers potentially spanning the actual exon-intron boundary, which

reduces the risk of false positives from amplification of any contaminating genomic DNA, since
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the intron genomic DNA sequence would not be amplified. For controls a minus RT should be
included to test for contaminating DNA (genomic DNA) and ideally no amplification should

occur.

2.16.1 cDNA generation and PCR
Purified RNA (2.14.4 and 2.15.1) was converted to cDNA by adding 9ul of pull-down RNA or

2ug total of purified total RNA with 2X reverse transcriptase (RT) buffer (volume adjusted
accordingly depending on volume of RNA to make 19ul total) and 1ul of 20X enzyme mix
(Thermofisher Scientific). The PCR tubes were then placed in the ProFlex PCR system

(Thermofisher Scientific), and the following RT program was run (Table 10).

Table 10: Reverse transcriptase (RT) PCR reaction steps.
The temperature and time (minutes) for each step of the RT procedure.

Stage of cycle

Temperature (°C)

Time (minutes)

RT reaction 37 60
Stop the reaction 95 5
Hold 4 Hold

The tubes were removed from the cycler and the Input lysate cDNA was diluted with 180ul of
nuclease free water, the pull-down samples were left undiluted, and all were kept at -20°C.
Primers for target genes were ordered (Merck Millipore) as shown in table 11 and were

reconstituted to 100uM in nuclease free water.
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Table 11: Forward and reverse primers for each target gene.

Each primer set was reconstituted to 100uM in nuclease free water, each sequence and Tm®

for optimum cycling stages are highlighted.

Oligo Name | Peptide Tm°® Length (bp) 5’ -> 3’ Sequence
name
1 ACTB_F B-actin 66.1 22 TTGTTACAGGAAGTCCCTTGCC
2 ACTB_R B-actin 67.2 22 ATGCTATCACCTCCCCTGTGTG
3_BIRC5_F Survivin 64.7 21 AGGACCACCGCATCTCTACAT
4 BIRC5_R Survivin 63.6 21 AAGTCTGGCTCGTTCTCAGTG
5 PTGS2_F COX-2 67.1 19 CTGGCGCTCAGCCATACAG
6_PTGS2_R COX-2 65.3 23 CGCACTTATACTGGTCAAATCCC
7_CCND1_F | CyclinD1 |66.9 20 GCTGCGAAGTGGAAACCATC
8 CCND1_R Cyclin D1 66.2 22 CCTCCTTCTGCACACATTTGAA
9 LEF1_F LEF-1 68 19 AGAACACCCCGATGACGGA
9 LEF-1 R LEF-1 65.4 22 GGCATCATTATGTACCCGGAAT
WT1_F1 WT1 60 20 CACAGCACAGGGTACGAGAG
WT1_R1 WT1 60 CAAGAGTCGGGGCTACTCCA
20
AREG_F1 AREG 50 TGGATTGGACCTCAATGACA
20
AREG_R1 AREG 50 ACTGTGGTCCCCAGAAAATG
20
AREG_F2 AREG 60 GTGGTGCTGTCGCTCTTGATA
21
AREG_R2 AREG 60 CCCCAGAAAATGGTTCACGCT
21
ETS1 F1 ETS1 60 AAACTTGCTACCATCCCGTACGT
23
ETS1 _R2 ETS1 60 ATGGTGAGAGTCGGCTTGAGAT
22
JUNB_F1 JUNB 60 TGGTGGCCTCTCTCTACACGA
21
JUNB_R1 JUNB 60 GGGTCGGCCAGGTTGAC
17
VDR_F1 VDR 60 CTGACCCTGGAGACTTTGAC
20
VDR_R1 VDR 60 TTCCTCTGCACTTCCTCAT
19
BAK1 F1 BAK1 60 GTTTTCCGCAGCTACGTTTTT
21
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BAK1_R1 BAK1 60 GCAGAGGTAAGGTGACCATCTC
DNMT3a_F1 | DNMT3a 60 = CCGATGCTGGGGACAAGAAT
DNMT3a_R1 | DNMT3a 60 2 CCCGTCATCCACCAAGACAC
MYB_F1 MYB 60 2 GAAAGCGTCACTTGGGGAAAA
MYB_R1 MYB 60 = TGTTCGATTCGGGAGATAATTGG
GAPDH_F1 GAPDH 60 = ACAGTCAGCCGCATCTTCTT
GAPDH_R1 GAPDH 60 2 ACGACCAAATCCGTTGACTC

20

After reconstitution, 7.5ul of primer (100uM stock) was diluted in 500ul of nuclease free
water to make working stocks of primers for gPCR. Master mixes were made for each primer
set containing 7.5ul of Go-Taq SYBR (Promega, Wisconsin, USA), 1.5ul of working stock
forward and reverse primers and 1.5ul of nuclease free water. In each well of an MicroAmp
96 fast optical plate (Thermofisher Scientific), 12ul of primer master mix was added to 3pul of
cDNA and for a non-template control, 3ul of nuclease free water was used for each primer
set, to ensure the primers were not amplifying and producing a cycle threshold (CT value). An
optical film (Thermofisher Scientific) was placed tightly over the top of the plate and the plate
was centrifuged using the pulse setting up to the maximum speed of 4400 rpm to make sure
all contents were concentrated to the bottom of the well. The plate was then loaded onto the
StepOnePlus QPCR machine (Thermofisher Scientific), quantitation standard curve, SYBR
green reagents and standard curve (~2hr to complete run) settings were selected using
StepOne software v2.3 (Thermofisher Scientific). Targets and samples were assigned to
corresponding wells, including the non-RT control wells and the run was started. Standard
curves for each primer set and mRNA quantity of pull-down samples were then analysed.
2.16.2 gqPCR analysis

All plates included samples with the housekeeping gene ACTB which should remain constant,
control cells were used to generate a 1:4 standard curve (30-0.02ng) for the knockdown
studies. For the RIP pull down analysis a 1:5 standard curve was generated (60-0.003) with
the 10% input sample. Samples were added to the plate at 1:10 and 1:40 dilutions in triplicate,

the standard curves were then used to work out the quantity of gene expression. All
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subsequent target genes were normalised by dividing the target gene expression quantity
determined from the standard curve of that target gene, by the ACTB quantity for that sample

using StepOne as above.

2.17 Statistics
For correlation studies, Imagel) was used to quantify pixel intensity in from western blot

images. The area for each respective protein was then divided by the corresponding B-actin
density for that well. These numbers were then added into GraphPad Prism Version 8.0 and
a scatter plot including linear regression was determined highlighting the Spearman R
correlation value. A two-tailed t-test was conducted with a significance threshold set at p

=0.05.

Significance of difference was determined using paired students t tests with significance set
at P<0.05 or a one sample t-test with a theoretical mean of one. Bar graphs were plotted with
error bars representative of one standard deviation and summarised from three independent

biological replicates (unless otherwise stated) using GraphPad Prism.
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Chapter 3. Validation of novel B-catenin interacting proteins in myeloid
cells

3.1 Introduction
Whnt signalling is frequently dysregulated in AML and overexpression of the central mediator

B-catenin is observed versus healthy CD34* HSC (Simon et al., 2005). In vivo modelling has
shown activation of this pathway is important in the self-renewal and drug resistance of
leukemic stem cells (LSC), as the inhibition or deletion of B-catenin impaired LSC function and
AML development induced by oncogenes such as HOXA9 and MEIS1 (Dietrich et al., 2014;
Fongetal., 2015; Wang et al., 2010; Yeung et al., 2010). Furthermore, fusion genes commonly
implicated in AML such as PML/RARa and AML1/ETO regulate Wnt signalling genes and lead
to overexpressed y-catenin which enhances Wnt signalling through B-catenin stabilisation
(Muller-Tidow et al., 2004). Therefore, Wnt signalling is important in the regulation of LSCs,
however it does not entirely block the progression of LSCs, indicating additional cooperation
partners may be involved. The stability, cellular localisation and transcriptional activity of B-
catenin is heavily dictated by protein interactions which are poorly characterised in a
haematopoietic context. Identifying these novel partners can provide important molecular
information for targeting B-catenin. In 2019, the Morgan group performed the first B-catenin
interactome in myeloid cell lines (HEL and K562) using quantitative mass spectrometry and
identified a plethora of established and novel binding partners as shown in Figure 1 (Morgan
et al., 2019). Following a stringent bioinformatics filtering process, the novel partners MSI2,
LIN28B, PUM2, RBM15 and WT1 were selected for further study because of their previously
documented roles in HSC, AML or Wnt signalling biology (see Introduction section 1.7).
Interestingly, all these proteins are RNA-binding proteins (RBP) with various regulatory roles
and could therefore identify a novel functional RNA role for B-catenin. However, such
interactions first required validation through reciprocal co-immunoprecipitation (co-IPs) to

confirm association.

3.2 Aims
Overall understanding the type and nature of B-catenin protein interactions could improve

understanding of how this protein and Wnt signalling contributes to regulating normal and

malignant haematopoiesis. To this end, this chapter has the following aims.
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1. Validation of novel B-catenin protein interactions identified from mass spectrometry by

reciprocal (Co-IP) in myeloid cells.
2. Characterising the WT1:B-catenin interaction using recombinant protein expression

3. Identification of appropriate models for further study of B-catenin protein interactions, and

assessment of expression in primary AML patient samples.

4. Determination of effect of Wnt signalling activation (using the Wnt signalling agonist

CHIR99021) on sub-cellular localisation and expression of interacting partners.

3.3 Results

3.3.1 Validation of B-catenin interaction with LIN28B, MSI2 and WT1
To validate the association between B-catenin and potential interactors of significance

identified from the mass spectrometry, reciprocal Co-IP reactions were completed in cells
used for MS studies. The principle of a Co-IP involves using an antibody against a specific
target protein which forms an immune complex with that target in a sample, such as a cell
lysate. The immune complex is then captured onto a beaded support to which an antibody-
binding protein is immobilised (protein G) and any proteins not precipitated on the beads are

washed away.

K562 and HEL cells were incubated overnight with either DMSO or the Wnt activator
CHIR99021 (2.1.5). Whole cell inputs, immunodepleted (ID) and Co-IP samples were western
blotted to examine protein abundance. As shown in Figure 9A, LIN28B protein (~32kDa) was
successfully enriched in the Co-IP lane and interestingly B-catenin (92kDa) was detected in
the LIN28B Co-IP lanes under both conditions, confirming an association between the two
proteins. We next assessed MSI2 (35 kDa) as shown in Figure 9B and exhibited B-catenin
association in CHIR99021 treated cells. As displayed in Figures 9C and 9D respectively, no -
catenin association with PUM2 (122kDa) or RBM15 (110kDa) was identified despite successful
co-IPs for each (despite some high background signal in IgG Co-IP lanes). In Figure 9E, WT1

protein (50 kDa) exhibited association with B-catenin in Wnt stimulated conditions. These
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data overall suggest interaction between [-catenin and LIN28B, MSI2 and WT1 in K562 cells,

but validation was required for a second cell line from an AML background specifically.
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Figure 9: Co-IPs to detect B-catenin association in K562 whole cell
Immunoblots showing -catenin abundance in A) LIN28B B) MSI2 C) PUM2 D) RBM15 and E)
WT1 Co-IPs derived from whole cell lysates of K562 cells +/-5uM CHIR99021. Total cell inputs

(5%), immunodepleted (ID) and Co-IP lanes are shown.

To validate B-catenin partners in an AML cell line we repeated Co-IPs in the HEL cell line
representing an erythroleukemia origin. As before, LIN28B Co-IP was successful and resulted
in abundant B-catenin in both DMSO and CHIR99021 treated conditions (Figure 10A). As
shown in Figure 10B, MSI2 Co-IPs were also efficient in this cell line and resulted in clear -

catenin enrichment in the Wnt signalling induced lysate (CHIR99021) and a feinter band in
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the basal Wnt signalling lysate (DMSO). For PUM2 as shown in Figure 10C, Co-IPs were partly
successful but contained high background in IgG Co-IP lanes. Unlike K562 cells, B-Catenin was
detected in both DMSO and CHIR99021 treated PUM2 Co-IPs, but signal was also observed in
the CHIR99021 IgG Co-IP lane indicative of non-specific binding. For RBM15 (Figure 10D)
background signal was high in I1gG lanes and failed to pull down B-catenin. Finally, as shown
in Figure 10E, the WT1 Co-IP was successful and resulted in B-catenin pull down in both DMSO
and CHIR99021 conditions.

In summary, reciprocal Co-IPs have validated an association between LIN28B, MSI2 and WT1
with B-catenin under both basal and Wnt stimulated conditions across two myeloid cell lines.
Association with PUM2 or RBM15 could not be validated either through failure to detect B-

catenin or presence of non-specific binding.
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Figure 10: Co-IPs to detect B-catenin association in HEL whole cell
Immunoblots showing [3-catenin abundance in A) LIN28B B) MSI2 C) PUM2 D) RBM15 and E)

WT1 Co-IPs derived from whole cell lysates of HEL cells +/-5uM CHIR99021. Total cell inputs

(5%), immunodepleted (ID) and Co-IP lanes are shown.

Finally, given the importance of WT1 and its well documented role in AML (Potluri et al., 2021)
we sought to validate the B-catenin:WT1 interaction in a second AML cell line; KG1. KG-1 cells
are derived from a patient with erythroleukemia that evolved into AML with morphology

resembling the AML1-ETO fusion gene subtype. As before, the WT1 Co-IP was successful and
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resulted in abundant B-catenin pull down in CHIR99021 treated conditions and more

modestly under basal Wnt signalling activation (Figure 11).

In summary, reciprocal Co-IPs have validated an association between WT1 and B-catenin
under basal and Wnt stimulated conditions across three myeloid cell lines. However, to
understand if their association was direct, pull-downs with purified recombinant WT1 and -

catenin was necessary.
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Figure 11: Co-IP to detect B-catenin association in KG1 whole cell lysate.

Immunoblots showing -catenin abundance derived from whole cell lysates of KG1 cells +/-

5uM CHIR99021. Total cell inputs (5%), immunodepleted (ID) and Co-IP lanes are shown.

3.3.2 Preparation of bacterial expression constructs pET49b-WT1 and pET47b-B-catenin
To begin preparing recombinant proteins to test the direct binding capacity between (-

catenin and WT1, full-length sequences of human WT1 and B-catenin proteins were identified
from UniProt and ordered from Eurofins (Methods section 2). WT1 was inserted into the
PET49b-GST/HIS vector to aid in WT1 expression and purification using previously
characterised conditions (Fagerlund et al., 2012). B-catenin was inserted into the pET47b-HIS
vector as was readily available in the lab and B-catenin purification is relatively stable as

previously shown (Xing et al., 2008) (plasmid maps found on Snapgene).

These constructs were then checked by sequencing at Eurofins. As shown in Figure 12, full

length WT1 was incorporated into the pET49b-GST vector successfully.

81



(55) TspML - Xmal

(29)

(©)

Pasl (1416)
Agel - BsaWT (1483)

FspI (1507)

BaeGI - Bme15801 (1707)

BstXL (1726)  ggrar (zes7)

Haell (1571)

Acul (1984)
Bgll (1988)
| BsaHI (1991)
|'| HincII (2020)

(371) NmeAITl |
(958) BsrDI || Bmrl (2105)
I Psil (2202)
L I HindIII (2206)
(849) Ecol | | | NotI (2213)
(843) BamHI | |/
(834) Smal | (1299) Sfcl | | PaeR7I - SmiI - Xhol
(53) Ndel (832) TspMI-Xmal || (1280) Nael || I/ Pacl (2320)
(14) Xbal (agg) BCIT* (829) KfII-PpuMI_ "\ | | | (1278) NgOMIV Il If | AvrII (2324)
(0) Start, BtoZI (173) (482) swal (721) SDE[‘ {\ (1120) Elsn[l \ (I M I ‘End (2353)
L L | Il | Il |
5001 To007 1500 2000
—
] GST 0 I S [/
RBS GxHis |
HRV 3C site

Figure 12: Snapgene file of pET49b-WT1.

| STag
thrombin site

WT1 sequence (dark pink) incorporated into the pET49b-GST/HIS vector between the EcoR/

and HINDIII restriction sites following the HRV 3C site and the GST tag.

Sequencing also confirmed B-catenin (violet) had been inserted into the pET47b-HIS vector

between EcoRl and HINDIII restriction sites and in this instance pET47b and B-catenin primers

were used to incorporate the full sequence as shown in Figure 13.
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Figure 13: Snapgene file of pET47b-B-catenin vector.

thrombin site

The B-catenin sequence has been inserted successfully into the pET47b vector with the 6xHIS

tag present. Forward and reverse primers highlighted for B-catenin and pET47b in purple.
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3.3.3 Optimisation of expression conditions for B-catenin and WT1
After successful preparation of the two constructs, the next aim was to express the proteins

using competent Rosetta pLySs and BL21 cells over three different conditions: 37°C for 4
hours, 30°C for 6 hours and 18°C overnight. This was done to identify optimal protein
expression conditions for both proteins as these three conditions covered a range of
temperatures. Un-induced (without addition of IPTG; Methods section 2.8) and induced input
samples were compared to induced lysate and pellet samples to check expression and
solubility as shown in Figure 14. For WT1, a clear band is present in both cells in the pellet
samples at ~76 kDa for condition tests at 37°C and 30°C (Figure 14A) matching size expected
for WT1/pET49b. The optimal expression condition for WT1 was determined as 18°C in
Rosetta PLysS due to the faintest band in the pellet which would suggest the most soluble
variant. For B-catenin as shown in Figure 14B, both cells display a clear band at ~ 92 kDa for
input, lysate, and pellet lanes. Usually B-catenin is ~ 92kDa on its own and with the addition
of the 6 HIS residue tag this would not change the molecular weight as is only ~ 1 kDa. The
condition at 18°C overnight in the BL21 displayed the most favourable clear pellet sample but
also showed reduced B-catenin expression in the lysate. These data, in conjunction with
previous reports indicate the optimal condition for recombinant [-catenin expression to be

37°C for 4 hours (Dar et al., 2016).
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Figure 14: Expression of recombinant WT1 and B-catenin constructs in Rosetta pLysS and
BL21 competent cells.

Coomassie blue stained 9% acrylamide gels showing A) WT1-HIS/GST and B) B-catenin-HIS

protein expression under three different expression conditions: 37°C for 4 hours, 30°C for 6

hours and 18°C overnight. Un-induced and induced lysates and subsequent pellets are also

shown.

84



3.3.4 HIS affinity purification of WT1 and B-catenin
Following successful expression, HIS affinity column purification of WT1 and B-catenin was

completed to determine optimal fractions containing each construct, by elution with

imidazole to act as a competitor for the resin and in turn displace the protein of interest.

As shown in Figure 15, the first lane contains the unbound material to the HIS resin, three
washes with 5mM of imidazole were completed to remove as much background protein as
possible, as this concentration of imidazole is too low to displace WT1 or B-catenin from the
HIS resin. More washes over a range of 20-50mM of imidazole were tested to determine the
optimal concentration for purifying protein. As shown in Figure 15A, at 20mM of imidazole
the band for WT1-HIS/GST is still quite faint relative to background but becomes enriched in
the 50mM and 200mM fractions, and as seen when above this concentration protein
expression becomes fainter. For B-catenin (Figure 15B), a slightly different Imidazole range of
20-350mM was used as previous studies showed this to be a more suitable range (Fagerlund
et al.,, 2012). Optimal fractions with enriched B-catenin were identified at 3 x 200mM
Imidazole, and fractions for both proteins were pooled for size exclusion chromatography

(SEC).
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Figure 15: Optimised HIS tag purification of WT1 and B-catenin.
For A) WT1-HIS/GST and B) B-catenin-HIS expression lysates were mixed with HIS resin and

eluted with increasing imidazole, all elution’s were tested on a 9% SDS-PAGE gel and

Coomassie stained.

3.3.5 Size exclusion chromatography (SEC) and isolation of WT1 and B-catenin
Following identification of optimal purification fractions for WT1 and B-catenin, fractions

were loaded onto the pre-equilibrated HiLoad 10/300 Superdex 200 gel filtration column
producing SEC traces. This procedure separates proteins based on size and therefore we can
isolate our protein of interest as we know the expected molecular weight and can therefore
obtain clean isolated WT1 or B-catenin protein. For WT1 as shown in Figure 16A, three peaks

were found at 12.98, 15.07 and 21.07mL. The peak at 12.98mL corresponds to a protein size
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of ~ 216 kDa which is a lot larger than expected. This could be due to the GST dimerising and

therefore producing a larger size protein.

For B-catenin as identified in Figure 16B the three peak sizes were 13.45, 15.84 and 23.32mL.
The first peak at first peak at 13.45mL corresponds to a size of ~ 163 kDa, which is also larger
than the ~76 kDa expected. Therefore, these fractions required western blotting to determine

the location of each both WT1 and B-catenin.
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Figure 16: Size exclusion chromatography of WT1 and B-catenin.

For A) WT1-HIS/GST and B) B-catenin-HIS, pooled purification elutions were concentrated to
200ul and then loaded onto a HiLoad 10/300 Superdex 200 gel filtration column (GE) pre-
equilibrated with specific protein buffer. The purple trace represents DNA, and the blue trace

represents protein.
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To determine if the bands identified were WT1 and B-catenin the fractions were
immunoblotted. As shown in Figure 17A, a clear WT1 band at ~ 76kDa is seen in fractions B12-
C9 which were situated in peak ~ 12.98mL. These fractions were western blotted using an
Abcam WT1 antibody to ensure it was the WT1-HIS/GST construct since the size was larger
than expected on the SEC trace. In addition to the ~76kDa band, we also observed a smaller
band around ~50kDa indicative of WT1 degradation. For B-catenin a clear band is highlighted
at ~92 kDa with greatest expression in fractions B11-C7 in both the coomassie and Western
blot (Figure 17B). Overall showing the SEC peak at 13.45mL contained the B-catenin-HIS
protein. Taken together, these data indicate that the otpimal purification peaks for WT1 and

B-catenin are 12.98mL and 13.45mL respectively.
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Figure 17: Analysing SEC fractions of WT1 and B-catenin.
Coomassie blue stained 9% acrylamide gels or immunoblots showing A) WT1-HIS/GST and B)

B-catenin-HIS fractions western blotted for WT1 and B-catenin.
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3.3.6 GST pull down with WT1 bound detecting for B-catenin binding
After isolating WT1 and B-catenin by HIS and SEC purification, the subsequent pull-down

experiments were conducted to determine whether 3-catenin could bind WT1 protein direct
in vitro. WT1 was bound to GST resin and purified recombinant B-catenin protein applied to
the column, followed by elution and detection of B-catenin. Purified GST protein (pET49b
vector alone) was purified in the same manner as WT1 and used as a control for background
binding. The optimal elution’s determined were 20-200mM of imidazole, these were
combined and concentrated. A pull-down was completed to test efficiency of B-catenin

binding by comparing WT1-GST with addition of buffer and addition of purified B-catenin.

As shown in Figure 18A, clear bands for purified GST, WT1 and B-catenin are present, the GST
resin alone lane has no bands as no purified protein was added so validates the resin was
clean. The GST pull-down lane shows GST purified protein has bound to the resin with a band
at ~ 26kDa and upon the addition of purified B-catenin there is a faint band at ~ 92kDa,

suggesting B-catenin can bind non-specifically to GST resin.

The GST pull-down with bound WT1 and addition of B-catenin displayed a faint band for WT1
at ~ 76kDa and B-catenin, however the B-catenin band was not more enriched than the band
present with purified GST alone confirming B-catenin is interacting with the GST resin and not
WT1 directly. It could also be suggested B-catenin is acting as a competitor for the GST resin

and explains the reduced WT1 in the pull-down lanes versus input.

To explore background binding of B-catenin to GST resin, a pull-down was completed with
GST-WT1 with addition of buffer compared to GST-WT1 with addition of B-catenin protein
(Figure 18B). WT1 has bound successfully to GST resin highlighted by the band at ~ 76 kDa. A
series of washes with buffer were completed and showed no removal of any significant WT1
protein. The first resin sample of WT1-GST with buffer indicated a band at ~ 76kda for WT1
at a lower intensity than the resin sample tested prior to washing. This suggested some WT1
had been lost in the wash steps but there was still abundant WT1 bound to detect any
interaction. However, the resin sample of WT1-GST with addition of B-catenin showed a
reduction in the WT1 band intensity suggesting B-catenin could influence the binding affinity
of WT1 to GST resin. In summary, B-catenin can impact WT1 binding to GST resin and suggests
using bound WT1 as bait for recombinant B-catenin capture may not be suitable to assess

direct binding capacity.
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Figure 18: GST pull-down with bound purified GST or WT1 protein and addition of B-catenin.
A) Input lanes (50ug/ml), resin alone and GST-GST, GST-WT1 pull-downs with addition of B-

catenin were Coomassie stained B) WT1 bound to GST resin incubated with either buffer

alone or B-catenin, inputs, washes, and resin samples were Coomassie stained.

3.3.7 HIS pull-down of bound B-catenin detecting for WT1
Given the failure to efficiently immobilise WT1 protein onto a resin column we attempted the

reciprocal HIS pull-down using bound B-catenin for WT1 capture. A HIS pull-down was
explored, but first involved cleaving the GST tag from WT1 using protease 3CV to prevent
background binding of WT1 to the HIS resin. The optimal cleavage conditions for WT1 were
determined as 37°C for 2 hours (data not shown). Cleaved WT1 was then added to HIS resin
previously bound with B-catenin or IRF4 as shown in Figure 19. The purified WT1 input prior
to cleavage shows bands at ~ 76kDa and ~ 50kDa and purified B-catenin at ~ 92kDa. IRF4 was
used as a negative control again in this instance as is not a confirmed interactor of B-catenin
and a clear band is seen at ~ 16kDa. It is clear both B-catenin and IRF4 have bound successfully
to HIS resin. For the cleaved WT1 input, a clear band is at ~ 50kDa representing WT1 without
the HIS/GST tag and a second band at ~ 26kDa for the HIS/GST tag. Finally, no WT1 band is
detectable in either the B-catenin-HIS or IRF4-HIS pull-downs. In summary, cleaved WT1 does

not interact with B-catenin-HIS, suggesting these two purified proteins do not directly
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interact. This could mean the proteins associate through a common intermediate such as a
shared protein partner or cellular structure. Therefore, this pull down was repeated but using

K562 and HEL cell lysate, rather than purified protein.
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Figure 19: Assessment of cleaved WT1 binding with B-catenin/IRF4.
WT1 was cleaved with protease 3CV for 2 hours at 37°C. Western blot showing cleaved WT1

(~ 50 kDa) with either HIS resin bound B-catenin or IRF4. WT1 (200ug/ml), IRF4 (50ug/ml) and

B-catenin (50ug/ml) were detected in inputs, resins, and pull-downs lanes.

3.3.8 Assessment of purified B-catenin binding capacity for WT1 in cell lysate
We next wanted to explore if B-catenin and WT1 interact in a different context, as other

binding partners/structures could be facilitating association. To this end, we once again took
HIS-B-catenin immobilised protein and applied cell lysate derived from cell lines harbouring
high endogenous WT1 expression; K562 and HEL. Reassuringly, a clear band for purified B-
catenin protein was observed in the input lane at ~ 92kDa as shown in Figure 20, but no band
detected in K562/HEL lysate input (despite these cell lines expressing high endogenous -

catenin), probably a result of the very high purified B-catenin relative to levels in the cell
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homogenate. K562 and HEL lysates exhibited only faint bands for WT1 perhaps surprising
given we know cell lines express high levels of both proteins perhaps suggests protein yield
in the lysate was low. Purified B-catenin has bound successfully to the HIS resin, but slight
overspill of B-catenin signal was noted in the HIS resin only sample. In the two B-catenin-HIS
pull-downs with K562 and HEL lysates, clear bands for B-catenin are detected but faint bands
for WT1 are observed as expected due to the low amount present in the input sample. In
summary, addition of cellular K562 and HEL lysate to B-catenin-HIS indicated only low

abundance of WT1 making any -catenin:WT1 association difficult to confirm.
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Figure 20: B-catenin-HIS pull-down with K562 and HEL lysate detecting for WT1.
Purified B-catenin input (50ug/ml) was bound to HIS resin and then incubated with K562 or

HEL lysate (1mg/ml) at 4°C overnight. Inputs, resins, and pull-downs were western blotted for

WT1 and B-catenin.

To confirm whether recombinant B-catenin was capable of binding known protein partners
from cell lysate a positive control was required. LEF-1 was chosen as a positive control since
it is a known interactor of B-catenin (Morgan et al., 2019). As shown in Figure 21 the K562
lysate input has clear bands at ~ 50kDa for both WT1 and LEF-1, reassuring since this cell line

is known to abundantly express both proteins. Very faint B-catenin is observed endogenously
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in the K562 lysate relative to the intense signal detected from purified B-catenin. The input
for purified B-catenin is highlighted at ~ 92kDa and has also bound to HIS resin successfully.
No WT1 is detected in either B-catenin or IRF4 pull-downs, however LEF-1 is present in the
last three lanes. This suggests LEF-1 is sticking to the HIS resin, but the band for LEF-1 in the
B-catenin lane is modestly enriched. These data alleviate concerns that purified B-catenin
protein lacks the structure/binding capacity to bind known partners in vitro such as LEF-1.
This suggests [-catenin and WT1 protein only weakly associate in a specific cellular

environment likely through a common intermediate.
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Figure 21: B-catenin-HIS or IRF4-HIS pull down with addition of K562 lysate detecting for WT1.
Purified B-catenin input (50ug/ml) or IRF4 (50ug/ml) was bound to HIS resin and then

incubated with K562 lysate (1mg/ml) at 4°C overnight. Inputs, resins, and pull-downs were

western blotted for WT1, B-catenin and LEF-1.

3.3.9 Myeloid leukaemia cell lines co-express B-catenin and WT1 protein

Once the nature of B-catenin:WT1 interaction had been characterised it was necessary to
examine co-expression of the proteins across myeloid cell types to select suitable models for
onward study. To this end we performed a western blot screen of 16 myeloid cell lines as

shown in Figure 22A and assessed [-catenin and WT1 protein level. Overall, 50% (8/16) co-
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express B-catenin and WT1 to varying degrees with K562, HEL, NOMO1 and NB4 exhibiting
the strongest co-expression. HL60, MV411, KG-1 and EOL-1 have expression of both proteins
but at various levels. THP-1, OCI-AML3 and KG1a only harboured expression of B-catenin,
whilst U937, PLB-985, MonoMac6, MOLM-13 and ML-1 showed no expression of either
protein. Through crude observations, there seemed to be a slight correlation between the
levels of B-catenin and WT1 protein across cell lines. To formally assess this correlation, we
performed a densitometric analysis of protein bands using Imagel software in conjunction
with a Spearman Rank test of correlation as shown in Figure 22B andidentified a statistically
significant correlation (p<0.01) between B-catenin and WT1 protein level. In summary, these
data show WT1 and B-catenin protein correlate in myeloid cells and that K562, HEL, NOMO1,
NB4 and KG-1 maybe useful cells for studying the interaction further as they contain

abundant levels of both proteins.
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Figure 22: Protein expression of B-catenin and WT1 in myeloid leukaemia cell lines.
(A) Western blot showing screen of myeloid cells lines to determine the protein expression

of B-catenin and WT1 with B-actin used as a loading control (B) Summary scatter plot showing
the normalised level of quantified 3-catenin and WT1 protein in each cell line. R and P values
indicate the degree and significance of correlation as assessed by a Spearman Rank test of

correlation.

3.3.10 AML patients express variable levels of B-catenin and WT1 protein
Previous data identified co-expression of B-catenin and WT1 to varying degrees in myeloid

cell lines, however we also evaluated the clinical relevance of this relationship through co-

expression analyses in primary AML patient blast samples. Whole cell lysates were generated
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from mononuclear cell (MNC) fractions derived from the bone marrow of 37 AML patient
blast samples and immunoblotted for WT1 and B-catenin versus normal cord blood (CB)-
derived MNC and enriched CD34* HSCs (Figure 23). Overall, we observed (9/30) (7 were
omitted from total due to no actin present) co-overexpressed both proteins relative to normal
CD34* cord blood derived HSPC levels. We detected B-catenin expression in HSPC keeping
with its self-renewal role in this context, but WT1 was undetectable given only 1.2% of the
CD34* HSPC pool are estimated to express this protein. Overall, we observed WT1
overexpression in around 47% (14/30) of our AML patient blast screen, consistent with
previous estimates of high WT1 overexpression in this disease. This % was not too dissimilar
from that of the myeloid screen in Figure 22 (~ 50%). This indicates a significant number of

AML patient cases in which the B-catenin:WT1 association could be relevant.
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Figure 23: Protein expression of B-catenin and WT1 in AML patients.  \Western blot

showing screen of AML patients to determine the protein expression of B-catenin and WT1

isoforms 50 kDa and 37 kDa with B-actin used as a loading control.

To assess the clinical relevance of this association we selected patients who displayed high
levels of both proteins; patient 1, 4, 13, 20, 22 and 23 and performed WT1 Co-IPs from the
BM MNC whole cell lysates extracted from these patients. As shown in Figure 24, all WT1 Co-
IPs apart from patient 1 had good levels of WT1 in the Co-IP lane, however many also had

considerable background signal present in the IgG lane. The absence of ample cellular
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material means optimisation of patient Co-IPs was not possible, however patient 4
demonstrated good enrichment of WT1 in the Co-IP lane versus I1gG background signal with a
concomitant enrichment of B-catenin protein in the WT1 Co-IP lane. Taken together, these

data suggest B-catenin:WT1 interaction is clinically relevant and worthy of onward functional

study.
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Figure 24: WT1 Co-IP to detect B-catenin association in AML patients.
Immunoblots showing B-catenin in WT1 Co-IPs derived from MNC fractions of five AML

patient bone marrow blast samples expressing high level of both proteins. Total cell inputs

(5%), immunodepleted (ID) and Co-IPs are shown.

3.3.11 WT1 location and subcellular localisation is unaffected by B-catenin stabilisation.
Given the correlation observed between [-catenin and WT1 expression in myeloid cells, we

next wanted to examine WT1 level and subcellular localisation in response to Wnt signalling
activation. To do this, cells were treated with CHIR99021 overnight and fractionated into
cytoplasmic and nuclear homogenate followed by assessment of protein by western blotting.
As shown in Figure 25, cytoplasmic and nuclear fractionation was efficient for all cell lines as
indicated by the cytosolic marker a-tubulin and nuclear marker Lamin A/C. For NB4 the
nuclear fraction expression was lightly low, but it was still clear that for K562, HEL, HL60, NB4
and KG1, CHIR99021 treatment induced B-catenin stability in both the nuclear and

cytoplasmic fractions.

In all cell lines, WT1 was predominantly a nuclear protein in myeloid cells in keeping with its
function as a transcription factor, and both proteins became enriched in the nucleus following

Whnt signalling activation for all five cell myeloid cell lines tested. WT1 expression level and
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localisation was unaffected by [-catenin stabilisation. Taken together, these data
demonstrate that B-catenin stabilisation does not influence the level or localisation of WT1
protein but does show [3-catenin and WT1 are localised in the same cellular compartments

during Wnt stimulation.
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Figure 25: Subcellular localisation of WT1 and B-catenin under basal and Wnt stimulated
conditions.
Representative western blots showing the level and subcellular localisation of B-catenin and

WT1 protein in cytosolic and nuclear fractions of control or Wnt-stimulated myeloid cells. a-
Tubulin indicates the purity of the cytosol (C ) fraction and Lamin A/C indicates purity of the

nuclear (N) fractions.

3.3.12 B-Catenin and WT1 are co-localised in myeloid leukaemia cell lines
Western blot studies above suggested that B-catenin and WT1 were localised to the same

compartment (nucleus) during Wnt signalling activation. To confirm this and assess the
degree of localisation within these compartments, B-catenin and WT1 protein expression was
observed by confocal laser scanning microscopy (CLSM). As before, Wnt-responsive myeloid
cell lines were treated either with control (DMSO) or Wnt agonist (CHIR99021) overnight,

fixed, permeabilised and labelled with either anti-WT1 antibody or anti-B-catenin antibody.

As shown from Figures 26-30 for all five cell lines, WT1 is predominantly nuclear, and its level
and localisation are unchanged following CHIR99021 treatment displayed in both the wide-
view and zoomed images. Following Wnt activation, in all cases B-catenin becomes more
enriched in the nucleus where WT1 is abundant, specifically seen in cell lines K562 (Figure
26B) and HEL (Figure 27B). Additionally, the overlapping signals of B-catenin and WT1 are

ubiquitous across the nuclear region, rather than localised to discrete puncta. In summary,
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these data confirm that WT1 level and localisation are unaffected by Wnt signalling activation
and that B-catenin and WT1 are co-localised in the same region of the cells, especially

following Wnt stimulation.
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Figure 26: WT1 and B-catenin co-localisation in K562

CLSM images showing the localisation of WT1 and B-catenin protein in A) wide-view and B)
zoomed. DAPI (blue), WT1 (red), B-catenin (green), merged and phase contrast (greyscale)

images are shown. White scale bar indicates 5uM.
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Figure 27: WT1 and B-catenin co-localisation in HEL cells.

o

CLSM images showing the localisation of WT1 and [B-catenin protein in A) wide-view and B)
zoomed. DAPI (blue), WT1 (red), B-catenin (green), merged and phase contrast (greyscale)

images are shown, white scale bar indicates 5uM.
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Figure 28: WT1 and B-catenin co-localisation in NB4
CLSM images showing the localisation of WT1 and [B-catenin protein in A) wide-view and B)
zoomed. DAPI (blue), WT1 (red), B-catenin (green), merged and phase contrast (greyscale)

images are shown, white scale bar indicates 5uM.
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Figure 29: WT1 and B-catenin co-localisation in KG1 cells.

CLSM images showing the localisation of WT1 and [-catenin protein in A) wide-view and B)

B) DAPI

zoomed. DAPI (blue), WT1 (red), B-catenin (green), merged and phase contrast (greyscale)

images are shown, white scale bar indicates 5uM.
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Figure 30: WT1 and B-catenin co-localisation in HL60

CLSM images showing the localisation of WT1 and [-catenin protein in A) wide-view and B)

zoomed. DAPI (blue), WT1 (red), B-catenin (green), merged and phase contrast (greyscale)

images are shown, white scale bar indicates 5uM.
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3.4 Discussion

3.4.1 Validation of novel B-catenin interactors
In this current study we chose to follow up interactions with LIN28B as this protein is involved

in post-transcriptional regulation of miRNA or mRNA expression and inhibition of LIN28B
showed to impair leukaemia cell growth and metabolism in AML (J. Zhou, C. Bi, et al., 2017).
Secondly MSI2, as high mRNA expression is associated with decreased survival in AML (Byers
et al.,, 2011). Furthermore, members of the PUMILIO family (PUM2) are essential for
haematopoietic stem/progenitor cell (HSPC) proliferation and survival and PUM1/2 can
sustain myeloid leukemic cell growth (Naudin et al., 2017). RBM15 controls cell expansion and
differentiation by regulating MYC levels and the notch signalling pathway, and in some forms
of paediatric AML, RBM15 fuses to MLK1 and induces leukaemia through aberrant notch
signalling (lanniello et al., 2019). WT1 is highly expressed in leukemic stem cells and can drive

leukemogenesis in @ murine MLL-AF9 induced model of AML (Zhou et al., 2020).

An association between B-catenin and LIN28B, MSI2 and WT1 was validated in K562 and HEL
cells, and the interaction with WT1 further confirmed in KG1 cells. The failure to detect -
catenin association with PUM2 and RBM15 highlight the importance of validating interactions
identified through mass spectrometry. Given all of these proteins are RBP, we hypothesised
that B-catenin could play a role in RNA biology in myeloid cells. This facet is explored further
in Chapter 5. For this chapter we choose to focus our experiments on the interaction with
WT1 given its importance in AML (Introduction 1.9). Given the considerable functional overlap
between WT1 and B-catenin in both normal HSC (Hosen et al., 2007; Luis et al., 2012) and
AML cells (Mlller-Tidow et al., 2004; Nishida et al., 2006; Yeung et al., 2010) any context-
dependent interaction between the two proteins, and subsequent functional crosstalk, could
represent a novel oncogenic axis in AML.

3.4.2 Exploring if B-catenin and WT1 bind directly

After identifying B-catenin and WT1 were associated by Co-IP we next wanted to understand
if this interaction was direct or indirect to understand the mechanistic basis for interaction.
To do this we expressed both proteins recombinantly and purified each using tag specific
columns and SEC. However, we were unable to detect either protein in reciprocal pull-downs

using either purified protein or cell lysate. This implies the interaction is likely mediated
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through a common binding partner in the cell, or a co-occupied cellular structure. In terms of
common intermediates one such candidate could be the Wilms tumour suppressor WTX. WTX
has shown to form a complex with B-catenin, AXIN1, beta-TrCP2, and APC, and analysis in
zebrafish has identified that WTX promotes B-catenin ubiquitination and proteasomal
degradation which therefore disrupts Wnt signalling (Major et al., 2007). Furthermore, WTX
shuttles between the cytoplasm and the nucleus mediating binding of WT1 and hence
modulating its activity (Cardoso et al., 2013; Rivera et al., 2009). A second example of a
potential common partner is WID (WT1-induced inhibitor of Dishevelled), a novel WT1
transcriptional target that interacts with dishevelled via its c-terminal CXXC zinc finger and
dishevelled binding domains. The interaction results in the potent inhibition of Wnt/B-catenin
signalling in vitro and in vivo (Kim et al., 2010). WT1 has shown to inhibit Wnt function during
Xenopus development and interfered with Wnt-mediated transcription through the CREB
binding protein (CBP) (Kim et al., 2009). A WT1 product lacking the first two zinc fingers failed
to Co-IP with CBP, indicating that this portion of the DNA binding domain is essential for this
protein interaction in vitro (Wang et al., 2001). CBP is a transcriptional coactivator and ChlIP
assays showed that WT1 and CBP were present together on WT1 targets ETV5 and NRP1 and
CBP recruitment was more evident when cells were grown in the presence of Wnt3a (Kim et
al., 2009). Furthermore B-catenin has also shown to bind to CBP, and inhibition of this
interaction suppressed activation of pancreatic stellate cells (PSCs) as evidenced by decreased
proliferation and downregulation of activation markers including survivin (Che et al., 2020).

Overall showing the importance of CBP as a potential binding partner for WT1 and B-catenin.

A final potential binding partner is TCF4, as WT1 and TCF4 shared common target genes
through distinct DNA binding elements as there was no overlap between WT1 binding sites
and TCF4-GST clusters (Kim et al., 2009). TCF4 is an already established interactor of B-catenin
and has previously been explored for small molecule inhibition with successful induction of
apoptosis in which the survival was B-catenin dependent (Shin et al., 2017). Overall to assess
if these potential interactors mediate B-catenin and WT1 association we could generate
myeloid cell lines containing knockout of WTX, CBP and TCF4 and then repeat the above Co-
IPs to see if we still obtain successful pull-down of the protein of interest. If a reduction or
absence in expression compared to the original Co-IPs is observed, we can hypothesise the

common binding partner absent is involved in the association between WT1 and B-catenin.
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The other possibility is that B-catenin and WT1 could associate through their co-occupancy of
shared cellular structures such as DNA or RNA. 3-Catenin lacks a DNA binding domain and
transcribes Wnt target genes by interacting with TCF/LEF family members and recruit
activators such as BCL9/Pygo which bind via the c-terminus domain to initiate transcription
activity in colon cancer (Bian et al., 2020). Moreover, Transducin B-like protein 1 (TBL1) and
TBL1-related protein (TBLR1) have been identified as cofactors which aid in recruiting B-
catenin to promoter regions of Wnt target genes (Perissi et al., 2004). This interaction has
shown to promote migration to the promoters of these Wnt genes by removing repressors
such as histone deacetylase 1 (HDAC1) to stimulate Wnt target gene expression (Li & Wang,
2008). Similarly, WT1 has shown to bind to promoters of 11 genes expressed in prostate
cancer and engage transcriptional machinery (Kim et al., 2009), and more specifically WT1
lacking the KTS domain binds to known enhancer elements in leukemic stem cells (Ullmark et
al., 2017). This overall implies WT1, and B-catenin could have common roles in transcription
and further analysis should be completed to see if they occupy the same promoters, enhancer
elements by chromatin accessibility assays to identify how open a region is, and co-activators
in a myeloid context. To understand if DNA is involved you could treat with DNAse and re-test
the interaction but also measure the protein complexes formed with DNA by EMSA and

identify RNA polymerase binding.

In addition, post translational modifications (PTM) of either protein could also mediate their
association. B-Catenin has a number of PTM for example phosphorylation on the C-terminus
e.g., Ser675 by protein kinase A appears to stabilise B-catenin and its nuclear accumulation.
As a consequence of phosphorylation by CK1 and GSK3pB, B-catenin is ubiquitinated and sent
to the proteasome for degradation and is inhibited by Wnt stimulation as no recruitment of
B-TrCP is achieved. B-Catenin undergoes acetylation at lysine 19 and 49 by p300/CBP
associated factor (PCAF) which induces nuclear translocation and increases its transcriptional
activity, thereby upregulating Wnt signalling (Gao et al., 2014). Furthermore, for WT1
phosphorylation at Ser635 and 393 in the second and third zinc fingers can be phosphorylated
by PKA or C which in turn blocks the ability of WT1 to bind to DNA and hence affect
transcription. Also resulting in cytoplasmic retention and inefficient nuclear translocation
(Yang et al., 2007). Furthermore, hypermethylation of WT1 in the promoter and first exon

region was shown to be associated with silencing of WT1 mRNA expression in breast cancer
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cell lines MCF-7 and MDA-MF-231, showing a significant association with increased risk for
breast cancer (Ge et al., 2020). Overall showing PTM of B-catenin or WT1 could influence its
direct protein interactions and hence its unsurprising that their direct interaction could not
be demonstrated using recombinant proteins in vitro since the precise cellular conditions that
mediate their association are likely absent. Regardless, identification of these common
partners, structures or PTMs will be important for the design of disrupting mechanisms should

the axis prove worthy of therapeutic targeting.

3.4.3 Characterising co-expression of B-catenin and WT1
To identify suitable models in which to study B-catenin:WT1 interplay, we examined co-

expression of WT1 and B-catenin in myeloid cell lines and AML patients. In myeloid cell lines
we detected a significant correlation of the two proteins, and this begged the question of
whether the two proteins are capable of regulating each other’s expression which will be
examined in the proceeding chapter. Of these cell lines, a number including K562, HEL and
KG1 were deemed appropriate models for functional study given their abundant expression
levels of both proteins. In primary cell screens, we detected B-catenin level in HSPC in keeping
with its self-renewal role in this context (Reya et al., 2003) but no WT1 as expected given only
1.2% of the CD34* HSPC pool are estimated to express this protein (Hosen et al., 2002). In
AML samples B-catenin and WT1 overexpression rates were comparable to previous
estimates (Alanazi et al., 2020; Rampal & Figueroa, 2016) and numerous samples (~30%) co-
overexpressed both proteins. We would have liked to of done further analysis of clinical
features shared e.g., FAB type, morphology between the patient samples with high co-
expression. However due to a limitation in clinical information and the small cohort tested we

did not discover any associations.

In one of these patients; patient 4, association between B-catenin and WT1 was confirmed by
WT1-ColP highlighting the potential for this interaction to be clinically relevant. Patients 13,
20 and 22 also displayed an interaction but the respective IgG lane had too much background
and therefore would require either a different rabbit antibody or further optimisation. WT1
expression remained nuclear under both basal and Wnt stimulated conditions across five
different myeloid cell lines, and Wnt activation has no impact on WT1 expression or

localisation. However previous research has identified Wnt signalling to be involved in Wilms
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tumour and found similar WT1 and B-catenin protein expression levels (Corbin et al., 2009).
Therefore, showing the two can still cooperatively work together in some diseases which

could be the same in for an AML context.

To understand the subcellular localisation of WT1 and B-catenin further we performed co-
localisation studies using CLSM. Using five myeloid cell lines we observed WT1 to be a nuclear
protein as seen by the general staining of DNA (DAPI) which was not punctate showing general
DNA association which was expected given its function as a transcription factor. This has been
seen in embryonic and adult tissues previously (Mundlos et al., 1993) and more recently in
the nucleus of kidney podocytes aiding in proliferation and migration of cells (Kaverina et al.,
2017). Under Wnt stimulated conditions WT1 and B-catenin displayed co-localisation in the
nucleus, therefore hypothesising their interaction could be likely due to co-occupancy by
either DNA or RNA. This is further supported by the common promoters/genes regulated by
both proteins. For example LEF-1 has shown to drive B-catenin nuclear localisation in myeloid
cells (Morgan et al., 2019) and repression of WT1 mediated LEF-1 transcription by Mangiferin
governed B-catenin Wnt signalling activation in hepatocellular carcinoma (Tan et al., 2018).
Secondly MYC is deregulated by oncogenic Wnt/B-catenin signalling which is critical in
colorectal carcinogenesis (Rennoll & Yochum, 2015) and overexpression of WT1 induced an
increase in MYC levels in breast cancer cells (Han et al., 2004). WT1 can promote cell
proliferation in non-small lung cancer through upregulation of CCND1 (Xu et al., 2013) as the
increase in B-catenin in the nucleus resulted in activation of CCND1 with influence of the G1
phase of the cell cycle and hence cell proliferation (Lecarpentier et al., 2019). To assess this
chromatin immunoprecipitation (ChIP) could be used to assess shared promoter occupancy
as can enrich DNA-binding proteins along with their specific targets. Overall WT1 and B-
catenin show correlation of common target genes and hence a possible interaction, however,
the nature of this interaction remains unknown and won’t be worth exploring unless a
functional relationship between WT1 and B-catenin can be demonstrated in AML cells thus

justifying their therapeutic targeting.
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Chapter 4. Investigating crosstalk between WT1 and B-catenin
signalling

4.1 Introduction
Following confirmation that B-catenin and WT1 are associated (albeit not directly) we next

wanted to understand the impact of WT1 modulation (knockdown, overexpression, and
mutation) on B-catenin expression and Wnt signalling activity. WT1 is often overexpressed
and mutated in AML where it confers inferior survival (Potluri et al., 2021) and elsewhere can
negatively regulate Wnt/B-catenin signalling (Kim et al., 2009). Previously WT1 knockdown
has shown to decrease the frequency of LSCs, impair LSC self-renewal ability and prolong the
survival in MLL-AF9 induced murine leukaemia models (Zhou et al., 2020). Furthermore WT1
can often be overexpressed and mutated in approximately 6-15% of de novo AML cases
(Rampal & Figueroa, 2016). These mutations typically occur in exons 1,7 and 9 including base
substitutions, deletions and insertions overall resulting in the creation of a stop codon and
loss of function, forming a truncated protein (Abbas et al., 2010). However, the effect of WT1
mutations on Wnt signalling (also a known mediator of AML LSC activity) has not been

previously investigated.

To our knowledge, there are also no reports of B-catenin regulating WT1 activity. It's
surprising, given their individual contributions such as both cooperating with genetic
aberrations in AML including t(8;21) RUNX1-RUNX1T1 (Nishida et al., 2006) and t(9;11) MLL-
AF9 (Zhou et al., 2020) to promote leukemogenesis. The results of this study will help in
understanding potential crosstalk between WT1 and -catenin for novel treatment strategies

in targeting these two oncoproteins in AML, which has proven challenging to this point.

4.2 Aims
The aim of this chapter is to investigate the effect of WT1 modulation on B-catenin and Wnt

signalling in myeloid cells, and this will be achieved through interrogation of the following

aims;

1. Optimisation of WT1 shRNA knockdown, overexpression and WT1 mutant expression.

2. Identification of suitable Wnt-responsive cell lines to examine WT1:[3-catenin crosstalk
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3. Determining the effect of WT1 modulation on B-catenin subcellular localisation and
activity
4. Generation of B-catenin knockdown systems

5. Determination of the impact of B-catenin knockdown on WT1 expression and activity

4.3 Results

4.3.1 Generation of myeloid cells exhibiting WT1 knockdown or overexpression
To investigate the effect of WT1 modulation on Wnt signalling we first needed to overexpress

or suppress WT1 expression using lentiviral transduction. For WT1 knockdown, 5 shRNA
sequences each integrated within a lentiviral expression vector (pLKO.1) also containing a
puromycin resistance gene were tested for most efficient knockdown of WT1 protein
expression in K562 cells (known to express high endogenous WT1 protein; Chapter 3 Figure

22).

As shown in Figure 31A, shRNA#1 and shRNA#5 exhibited the most reduced WT1 expression
versus the non-targeted shRNA control (prominent band at ~50kDa). WT1 knockdown was
also observed in shRNA#2 and shRNA#4, albeit less efficient, and shRNA#3 exhibited the least
effective WT1 reduction. We also assessed the effect of WT1 knockdown on 3-catenin protein
stability in the same Western blot and observed a small increase in 3-catenin stability across

WT1 shRNAs #2-#5 relative to control levels.

We also optimised ectopic expression of WT1 in K562 cells using the full length human WT1
DNA sequence (NM_024426.4) housed within the pLV1-EFla-Puro lentiviral expression
vector. K562 cells were transduced and WT1 protein levels examined as above. Figure 31A
shows the empty vector control (O/E control) harbouring endogenous WT1 protein as
expected, whilst K562 cells transduced with ectopic WT1 exhibited a single enriched band
above 50kDa. We also assessed the impact of ectopic WT1 expression on B-catenin stability

and noted a small increase in B-catenin stability.

Due to the cytotoxic effect of WT1 knockdown, shRNA #2 and #4 would be used as although
they were not the most efficient at knocking down WT1 they remained the most viable

following post-selection. Furthermore, we noted a dramatic red change in the cell colour
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indicative of erythroid differentiation (Figure 31B). This is in keeping with a previous study

demonstrating WT1 expression can suppress erythroid colony formation (Svedberg et al.,

2001).
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Figure 31: Assessment of WT1 knockdown/overexpression in K562 cells.

A) Western blot showing the level of WT1 and B-catenin protein in K562 cells following
lentiviral transduction with either WT1 shRNA knockdown or overexpression (O/E). B-Actin
was detected to indicate protein loading. B) Images showing K562 whole cell pellets derived

from WT1 shRNA control versus WT1 knockdowns shRNA #2 and #4 cultures.

4.3.2 Integration of the B-catenin activated reporter (BAR) system in Wnt responsive myeloid

cell lines
In anticipation of assessing the effect of WT1 modulation on Wnt signalling output, it was

necessary to identify Wnt-responsive cell lines, expressing endogenous levels of both WT1
and B-catenin. For this we lentivirally transduced cells with the B-catenin activated reporter
(BAR) system which measures TCF-mediated transcription through expression of Venus YFP
alongside a negative control mutated ‘found unresponsive’ BAR (fuBAR) system (Biechele &

Moon, 2008)

Previous work from this laboratory has already established this reporter system in two Wnt
responsive cell lines; K562 and HEL (Morgan et al., 2019). However, despite the role of both

WT1 and B-catenin in t(9;22) driven CML (Chang et al., 2013; Corréa et al., 2012), K562 cells
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are not AML, and HEL cells could not survive WT1 knockdown (data not shown). Therefore,
further cell AML cell lines were required that could represent the heterogeneity of AML
observed in the clinic. A previous cell line screen evaluating expression of WT1 and B-catenin
in myeloid cell lines, determined KG-1, NB4, HL60 and MV4;11 to have detectable
endogenous levels of both proteins (Figure 22). Our data has also shown that there is
heterogeneity in the capacity of myeloid cell lines to transduce a Wnt signal, despite marked
B-catenin stabilisation in the cytosol (Morgan et al., 2019). Therefore, it was necessary to
identify myeloid cell lines capable of activating a Wnt signal in response to Wnt agonist

treatment (CHIR99021).

To assess Wnt-responsiveness it was first necessary to lentivirally integrate the BAR reporter
into cell lines and assess transduction efficiency by measuring fluorescence intensity of the
dsRed* selectable marker by flow cytometry. As seen in Figure 32, KG-1 cells exhibited very
low transduction efficiency in BAR and fuBAR cells, respectively versus untransduced parental
controls. This increased following 12 days post transduction, however we performed
fluorescence activated cell sorting (FACS) to substantially enrich dsRed* cells to >85% in each
variant. Therefore, showing a good enrichment of dsRed* positive cells suitable to use for

future experiments.
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Figure 32: Assessment of lentiviral transduction efficiency of KG1 cell BAR integration.
Flow cytometric density plots demonstrating the intensity of dsRed fluorescence in ‘B-catenin

activated reporter’ (BAR) or or negative control ‘found unresponsive’ (fuBAR) transduced KG-
1 cells 4, 8, and 12 days post-transduction, or following FACS purification of dsRed.
Untransduced KG-1 parental cells were used to set the dsRed negative threshold and % dsRed

is given within individual plots.

The same procedure was repeated for NB4, HL60 and MV4;11 cells and as shown in Figure 33
all four cell lines demonstrated high transduction efficiency exhibiting >50% dsRed positivity
in both BAR and fuBAR cultures by 8 days post-transduction, negating the need for FACS

enrichment.
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Figure 33: Assessment of DsRed+ in BARV-transduced A) NB4, B) HL60 and C) MV4-11

cells.

Flow cytometric density plots demonstrating the intensity of dsRed fluorescence in BAR or

fuBAR transduced A) NB4, B) HL60 and C) MV4;11 cells 4, 8, and 12 days post-transduction.

Respective untransduced parental cells were used to set the dsRed negative threshold and %

dsRed is given within individual plots.
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In summary, we have four cell lines efficiently transduced with the BAR/fuBAR ready for

assessment of Wnt-responsiveness.

4.3.3 Assessing the Wnt responsiveness of myeloid cell lines
After successful incorporation of the BAR reporter system into all required cell lines we next

wanted to assess the Wnt-responsiveness each following treatment with the potent Wnt
agonist and GSK3p inhibitor; CHIR99021. All cell lines were treated overnight with CHIR99021

or DMSO and BAR output measured by flow cytometry.

As shown in Figure 34A and B, both KG1 and NB4 cells demonstrated large inductions of Venus
YFP fluorescence in response to CHIR99021 treatment relative to DMSO control treated cells.
This is indicative of raised TCF activity in these cells and a reliable marker of Wnt-
responsiveness. In contrast, both HL60 and MV4;11 exhibited no observable increase in Venus
YFP intensity following CHIR99021 treatment versus DMSO control level. Reassuringly, no
increase in Venus YFP intensity was observed in any of the fuBAR cultures across all cell lines.
In summary, KG1 and NB4 cells were identified as suitable Wnt responsive cell lines for

assessing impact of WT1 modulation on Wnt signalling.
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Figure 34: Representative flow cytometric analysis of four myeloid cell lines.
A) The intensity of the TCF-dependent expression of YFP from the ‘B-catenin activated
reporter’ (BAR) reporter, or negative control ‘found unresponsive B-catenin activated
reporter’ (fuBAR) control (containing mutated promoter binding sites) following treatment
with CHIR99021/vehicle control (DMSO)]. B) Summary showing the median fluorescence
intensity generated from the BAR/fuBAR reporters in myeloid cell lines treated +

CHIR99021. MFI: mean fluorescence intensity.
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4.3.4 Assessment of WT1 knockdown efficiency and effect on B-catenin stability and nuclear
localisation
After successful identification of NB4 and KG1 cells as Wnt-responsive cell lines expressing

both WT1 and B-catenin, we next wanted to assess the effect of WT1 knockdown on B-catenin
expression and TCF activity. Using lentiviral transduction of the optimal WT1 shRNA
sequences #2 and #4 into KG1 and NB4 BAR/fuBAR cells we observed a significant reduction
in WT1 expression in all transduced targets versus WT1 levels in the non-targeted shRNA
controls (Figure 35). In NB4 cells, WT1 shRNA #2 was less effective than shRNA #4 in reducing
WT1 expression. Following examination of subsequent 3-catenin expression, we observed a
single variant which exhibited reduced B-catenin level in response to WT1 knockdown (KG-1
fuBAR shRNA #2), however, this was not consistent across the rest of the cell lines. These data
show that WT1 was efficiently reduced in KG1 and NB4 cells but had little impact on total 8-

catenin level.
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Figure 35: Effect of WT1 knockdown on B-catenin level in KG1 and NB4 cells.
Western blot showing the level of WT1 and [3-catenin protein in KG-1 and NB4 cells following

lentiviral transduction of BAR and fuBAR cells with WT1 knockdowns shRNA #2 and #4. B-

Actin was detected to indicate protein loading.

We next wanted to explore the effect of WT1 knockdown on B-catenin nuclear localisation
capacity. K562, KG1 and NB4 exhibiting WT1 knockdown were treated overnight with DMSO
or CHIR99021 and then separated into cytosolic and nuclear fractions. As shown in Figure 36,

WT1 was predominantly localised in the nuclear fractions of for all cultures, and the relative
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distribution was unaltered following Wnt stimulation as observed in previous experiments
(Chapter 3 Figure 25). Some residual WT1 expression remained in the nucleus of WT1 shRNA
#2 for K562 and NB4 cultures but regardless, WT1 shRNA #4 still shows reduced WT1
expression and shows no impact on B-catenin nuclear localisation capacity in K562 and NB4
cells. However more interestingly for KG1 cells reduced B-catenin expression was seen in the

nuclear fractions for both WT1 shRNAs under CHIR99021 conditions.

In summary, WT1 knockdown had no impact on B-catenin nuclear localisation capacity in
K562 and NB4 cells but did appear to restrict nuclear B-catenin in KG1 cells suggesting context

dependence across AML cell lines.
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Figure 36: Expression levels of B-catenin in transduced fuBAR myeloid cells with WT1 shRNA
Representative immunoblots showing total B-catenin and WT1 in subcellular cytoplasmic (C)
and nuclear (N) following CHIR99021 treatment (GSK3 inhibitor). In A) K562, B) NB4 and C)
KG1 cells with lentiviral transduction of WT1 shRNA #2 and #4 knockdowns. Lamin A/C and a-

tubulin were used to indicate protein loading and fraction purity.
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4.3.5 Assessing the effect of WT1 knockdown on -catenin activity
Having shown that WT1 could potentially alter subcellular localisation of B-catenin in specific

cell lines we next wanted to assess whether this translated into transcriptional activity of Wnt
signalling. K562, NB4 and KG1 BAR/fuBAR cells were again treated overnight with either
CHIR99021 or DMSO and cells assessed the following day for TCF reporter activity by flow
cytometric analysis (as analysed previously in Figures 32 and 33). For K562 cells under basal
conditions both WT1 shRNA’s has no significant impact on Wnt signalling (Figure 37A/B).
Under Wnt stimulated conditions WT1 shRNA #2 significantly reduced and WT1 shRNA #4
significantly increased Wnt signalling. For NB4 cells, under basal conditions WT1 shRNA #2
significantly increased Wnt signalling, whereas WT1 shRNA had no impact. Under Wnt
stimulated conditions both WT1 shRNA reduced Wnt signalling but only WT1 shRNA #4
proved significant (Figure 37A/C). For KG-1 cells, a statistically significant reduction in both
basal and induced Wnt signalling output was seen across both WT1 shRNAs versus the non-
targeted control (Figure 37A/D). As expected, fuBAR cultures exhibited no induction of Wnt

signalling output because of their mutated TCF sequences.

In summary, WT1 knockdown showed no consistent significant effect on Wnt signalling across
the three cell lines. However, for KG-1 cells TCF activity was significantly reduced in the
presence of both WT1 shRNAs under both basal and Wnt stimulated conditions. Therefore, in
keeping with the reduced nuclear localisation of B-catenin previously observed in this cell line

and how WT1 modulation is cell line dependent.
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Figure 37: Effect of WT1 knockdown on Wnt signalling output in myeloid cells.

A) Representative flow cytometric histograms showing intensity of the TCF-dependent

expression YFP from BAR, or fuBAR) in K562, NB4 and KG1 cells +/- WT1 shRNA +/- 5uM

CHIR99021. Summary graph showing intensity of the TCF-dependent expression of YFP from

BAR (black) and fuBAR (white) in B) K562, C) NB4 and D) KG1 cells transduced with non-

targeted shRNA control, WT1 shRNA #1 or WT1 shRNA #2 and following overnight treatment

with 5uM CHIR99021 or vehicle control (DMSO). All data represents mean*1 s.d (n=3).

Statistical significance is denoted by *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001.
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4.3.6 Assessing the effect of WT1 overexpression on B-catenin activity
After determining WT1 knockdown could significantly impact Wnt signalling in KG-1 cells, it

was necessary to examine the impact of WT1 overexpression in K562, NB4 and KG1 cells. Cells
were lentivirally transduced with overexpressed WT1 (O/E) as previously (Figure 31) versus
the respective empty vector control (O/E control) and Western blotted for WT1 as shown in
Figure 38. Wild type endogenous WT1 was present at ~50kDa in all cell lines as expected,
followed by the enrichment of a further higher molecular weight band at ~60kDa for cultures
transduced with ectopic WT1. Interestingly in both K562 and NB4 cells, a modest but
consistent increase in B-catenin was observed in O/E samples versus the non-targeted control

lanes, which was not seen in KG1 cells.
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Figure 38: Assessment of WT1 overexpression.

Representative immunoblots of the level of WT1 and B-catenin protein in K562, NB4 and KG1
cells following lentiviral transduction of BAR and fuBAR cells with WT1 overexpression (O/E)

and respective non-targeted control B-actin was detected to indicate protein loading.

We next assessed the effect of ectopic WT1 on Wnt signalling. As shown in Figure 39 for all
three cell lines a small but statistically significant increase in TCF activity was determined for

the WT1 O/E shRNA when compared to the non-targeted control under basal Wnt signalling
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conditions. Under Wnt stimulated conditions, K562 showed a significant decrease in TCF
activity in response to ectopic WT1, whilst NB4 showed no significant change. KG1 displayed
a significant increase in Wnt signalling when treated with CHIR99021. It was noted that under
basal conditions fuBAR cultures also displayed small but statistically significant increases in
Venus YFP intensity in response to WT1 overexpression indicating that perhaps experimental
conditions were raising the level of autofluorescence in this channel. Therefore, the changes

observed in BAR cultures may not be real biological effects.

In summary, these data show no consistent effects of ectopic WT1 overexpression on -

catenin activity in myeloid cell lines.
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Figure 39: Effect of WT1 overexpression on

Whnt signalling

A) Representative flow cytometric histograms showing intensity of the TCF-dependent

expression YFP from BAR, or fuBAR in K562, NB4 and KG1 cells +/- WT1 shRNA +/- 5uM

CHIR99021. Summary graph showing intensity of the TCF-dependent expression of YFP from

BAR (black) and fuBAR (white) in B) K562, C) NB4 and D) KG1 transduced with non-targeted

empty vector control or WT1 overexpression (O/E) and following overnight treatment with

5uM CHIR99021 or vehicle control (DMSO). All data represents mean + 1 s.d (n = 3). Statistical

significance is denoted by *P<0.05, **P<0.005, and ***P<0.0005
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4.3.7 Evaluating the impact of WT1 mutation on B-catenin expression
We next wanted to assess the functional impact of mutated WT1, as these mutations are

frequent in AML presenting in 6-15% of cases (Rampal & Figueroa, 2016) and is therefore of
clinical significance, however the impact on Wnt/B-catenin signalling is not known. To explore
the functional impact of mutated WT1 on B-catenin expression and subcellular localisation,
KG1 and NB4 (BAR/fuBAR) cells were lentivirally transduced with a doxycycline (DOX)
inducible expression plasmid encoding frameshift mutations to different exons of WT1 (Ex7,
Ex8 or Ex9) or empty vector (pCW57.1). K562 cells were omitted since this represents CML
and WT1 mutations are particularly relevant to AML. Once puromycin selection was
complete, cells were treated for either 24 or 48 hours with DOX to check for the presence of
the truncated WT1 mutant. As shown in Figure 40A, for NB4 cells endogenous wild type WT1
is present in both cell lines at ~50kDa, with the exon 8 and 9 mutants visible at lower
molecular weight (~30 kDa), but no overall impact on B-catenin expression was determined.
Furthermore, no WT1 mutant was present with exon 7 in keeping with a previous study who
also couldn’t detect this WT1 mutant in Kasumi-1 cells (Potluri et al., 2021). Therefore, only
mutants at Ex8 and 9 were validated in KG1 cells (Figure 40B) with successful induction of the
WT1 mutants at ~30 kDa and more interestingly this also led to an increase in endogenous
WT1 at 50 kDa. Also, there is a clear abundance of exon 8 mutant versus exon 9 mutant, finally
an increase in total B-catenin expression in the presence of both mutants, in keeping with
ectopic WT1 which slightly raised B-catenin levels (Figure 38). Overall suggesting WT1

mutations could have an impact on regulating B-catenin expression.

After successful integration of the WT1 exon mutants into KG1 and NB4 cells we next wanted
to explore the impact of WT1 mutants on B-catenin expression and localisation. As shown in
Figure 40C, WT1 remains nuclear after Wnt stimulation as seen before (Chapter 3 Figure 25).
B-Catenin expression is enriched after Wnt stimulation in both the cytoplasmic and nuclear
fractions as expected for the control and the mutants Ex8 and Ex9 have no impact on B-

catenin expression or localisation.
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Figure 40: Assessment of WT1 mutant expression.

A) Representative immunoblots of the level of WT1 and B-catenin protein in NB4 ‘mutant
responsive’ B-catenin activated reporter (fuBAR) cells transduced with pCW57.1 control or
respective WT1 mutant (Ex7, 8 and 9), following 24 or 48hours treatment with doxycycline
(DOX. B) Representative immunoblots of the level of WT1 and B-catenin protein in KG1 B-
catenin activated reporter (BAR) cells transduced with pCW57.1 control or respective WT1
mutant (Ex 8 and 9). Cells were treated for 24hrs with DOX to induce the plasmid. B-Actin was
detected to indicate protein loading. C) Immunoblots showing the level of WT1 and B-catenin
protein in KG1 BAR WT1 mutated cells in the cytoplasmic (C) and nuclear (N) fractions after
24hrs treatment +/- DOX and +/- CHIR99021 Lamin A/C and a-tubulin were used to assess

protein loading and fraction purity.
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Next, we looked at the effect of WT1 mutation on overall Wnt signalling activity. To do this
KG1 and NB4 (BAR/fuBAR) cells were DOX treated for 48 hours total with addition of
CHIR99021/DMSO after 24 hours. Cells were then analysed using flow cytometric analysis to
assess BAR activity. As shown in Figure 41 for NB4 no significant difference was observed for
either mutant versus control. However, for KG1 cells, both mutants showed a significant
increase in induced TCF activity when compared to the mutant control, however more so for
exon 8 which displayed highest levels of WT1 mutant protein expression and B-catenin
stabilisation (Figure 41B). However, for NB4 no significant difference was observed for either
mutant versus control. Therefore, showing the effect of WT1 mutation on TCF reporter

activity could be cell line dependent as seen before with WT1 knockdown.
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Figure 41: Effect of mutant WT1 on Wnt signalling

A) Representative flow cytometric histograms showing intensity of the TCF-dependent
expression YFP from BAR, or fuBAR NB4 and KG1 cells +/- WT1 mutant +/- 5uM
CHIR99021.Summary graph showing intensity of the TCF-dependent expression of YFP from
BAR (black) and fuBAR (white) in B) KG1, C) NB4 transduced with mutant pCW57.1 control or
WT1 mutants Ex 8 and Ex 9 and following overnight treatment with 5uM CHIR99021 or vehicle

control (DMSO). All data represents mean + 1 s.d (n = 3). Statistical significance is denoted by

*P<0.05.
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4.3.8 B-catenin knockdown affects WT1 expression levels in various myeloid cell lines
An examination of Wnt signalling impact on WT1 level/activity has not been reported

previously. To investigate the effect of B-catenin modulation on WT1 signalling we first
needed to suppress B-catenin expression using lentiviral transduction. Two shRNA sequences
each integrated within a lentiviral expression vector (pLKO.1) and one CRISPR/Cas9 sequence
(pLV), all containing a puromycin resistance gene were tested for most efficient knockdown
of B-catenin in K562, NB4, KG1 and HEL cells (known to express high endogenous B-catenin

protein; Chapter 3 Figure 22).

As shown in Figure 42A, shRNA #1 has successfully removed all or reduced B-catenin
expression in K562, NB4 and KG1 cells when compared to the non-targeted shRNA control.
However, shRNA #2 was unsuccessful in reducing B-catenin and was not used for further
experimental work. K562 cells could not tolerate B-catenin knockdown for a prolonged length
of time, so we explored HEL as an alternative cell line (Figure 42B), however only cells
containing the B-catenin shRNA #1 remained viable post-selection. More interestingly WT1
expression is reduced in the presence of B-catenin shRNA #1 and B-catenin CRISPR/Cas9 for

all cell lines suggesting B-catenin can impact WT1 expression level.
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Figure 42: Assessment of B-catenin knockdown in myeloid cells.

Western blot showing the level of B-catenin and WT1 protein in A) K562, NB4 and KG1 cells
following lentiviral transduction with two B-catenin shRNA knockdowns. B) NB4, and KG1
following lentiviral transduction with B-catenin shRNA #1 and CRISPR/Cas9 pB-catenin
knockdown and HEL with B-catenin shRNA #1. B-Actin was detected to indicate protein

loading.

4.3.9 B-Catenin mediated regulation of WT1 is not by the proteasome
Like B-catenin (Chen et al., 2018) WT1 protein is known to be regulated by ubiquitination and

proteasomal mediated degradation. We therefore hypothesised that the resultant WT1 loss
upon B-catenin knockdown could be through B-catenin normally protecting WT1 from the

proteasome. To investigate this, we treated B-catenin knockdown cells with the proteasome
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inhibitor MG132 to assess whether WT1 expression could be recovered. 3-Catenin stability is
also regulated by the proteasome and MG132 increased [-catenin expression as expected.
However, treatment of both NB4 and KG1 cells harbouring a B-catenin knockdown failed to
restore WT1 protein level, and instead reduced stability further (Figure 43) implying B-catenin
does not protect WT1 from proteasomal degradation. Instead, it is likely from these data that

the MG132 stabilises a protein that negatively governs WT1 stability.
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Figure 43: B-Catenin mediated regulation of WT1 is not via the proteasome.

Immunoblot showing protein level of B-catenin and WT1 in NB4 and KG1 cells +/- B-catenin
shRNA, +/- B-catenin CRISPR/Cas9 following 16 hours incubation with 1uM proteasome

inhibitor MG132. B-Actin detection indicates protein loading.

4.3.10 Identifying WT1 target genes in KG1 cells
To assess the impact of B-catenin knockdown on WT1 signalling we examined the mRNA

expression of a panel of previously identified WT1 target genes using gRT-PCR. WT1 targets
first required validation in myeloid cell lines since we needed to confirm WT1 targets in this
specific tissue type. To ascertain this a panel of previously characterised WT1 target genes
were assessed in cells harbouring WT1 knockdown to confirm them as WT1 targets in myeloid

cells.
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To this end, we analysed WT1 target genes validated in KG-1 cells and normalised to the
house-keeping gene ACTB (Figure 44). WT1 was significantly reduced as expected, with AREG
and ETS1 being significantly reduced in the presence of WT1 shRNA #4. Other confirmed
target genes were JUNB and BAK1 but MYB, DNMT3A and VDR were upregulated indicating
WT1 might repress their expression in this context. In summary the WT1 target genes for

further analysis were AREG, JUNB, BAK1 and ETS1 which are also not known targets of Wnt

signalling.

WT1 target gene mRNA fold-change
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Figure 44: Assessment of WT1 target genes in KG1 cells.
Summary graph showing fold change in mRNA expression of genes previously identified as

WT1 target genes, in KG-1 cells by qRT-PCR. Fold change is in response to knockdown of WT1
using WT1 shRNArelative to expressionin non-targeted shRNA control (dashed
line). Expression was normalized to the housekeeping gene B-actin (ACTB). All data
represents mean * 1 s.d (n = 3). Statistical significance is denoted by *P<0.05, **P<0.005,

***P<0.0005 and ****P<0.0001 as deduced by a one-sample t-test.

4.3.10 B-catenin knockdowns reduce WT1 target gene expression
After identifying bona-fide WT1 downstream targets, we next assessed how these target

genes were impacted in the presence of B-catenin shRNA and CRISPR knockdowns by qRT-
PCR. As shown in Figure 45 in both KG1 and NB4 cells we observed a significant reduction in
all WT1 target genes assessed (except for ETS1 in NB4 cells), including WT1 mRNA itself, upon
either shRNA or CRISPR/Cas9 mediated B-catenin knockdown. These data suggest for the first
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time that B-catenin is capable of regulating WT1 mRNA and respective WT1 signalling at a

transcriptional level.
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Figure 45: Assessment of WT1 targets with B-catenin knockdown.
Summary graph the fold change in WT1 target gene mRNA expressed as assessed by gRT-PCR

in KG1 and NB4 cells expressing either B-catenin shRNA or CRISPR/Cas9 knockdown. Fold
change is relative to relative matched respective controls (dashed line) and overall expression
was normalized to the housekeeping gene [-actin (ACTB). All data
represents mean + 1 s.d (n = 3). Statistical significance is denoted

by ¥*P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001 as deduced by a one-sample t-test.
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4.4 Discussion

4.4.1 WT1 modulation on B-catenin expression and Wnt signalling
This research identified NB4 and KG1 as two further Wnt-responsive cell lines (Figure 33A) to

use in this study alongside the already established K562 and HEL cell lines (Morgan et al.,
2019). The first aim of this study was to modulate the expression of WT1 and investigate the
subsequent effect on B-catenin stability and Wnt signalling. Using these three cell lines, we
successfully incorporated two WT1 shRNA knockdowns (Figure 35) and determined a
decrease in nuclear B-catenin expression and an overall significant decrease in Wnt signalling
for KG1 cells containing the BAR system (Figure 36C/37C). This aligns with previous studies
demonstrating cooperation between WT1 and Wnt signalling in which WT1 was found to
stimulate epicardial expression of Ctnnb1 and Lefl1, essential components of the B-catenin
signalling pathway (von Gise et al., 2011). WT1 also contributes to early organogenesis by
regulating Wnt signalling during diaphragm development in mice (Paris et al., 2015). WT1 has
shown to regulate Wnt4 and in turn the process of MET during early stages of metanephric
kidney development (Sim et al., 2002). Studies have shown that downregulation of WT1
caused Wntl1to decrease at the mRNA and protein levels, resulting in -catenin translocating
from the nucleus to the cytoplasm (Y. Li et al., 2014). Overall showing WT1 can act in a

cooperative manner with Wnt signalling.

Furthermore, WT1 has displayed antagonistic behaviour with Wnt signalling in other contexts,
for example WT1 induction inhibited Wnt-mediated transcription by preventing the
recruitment of TCF onto a promoter (Kim et al., 2009). A recent study showed that deletion
of WT1 led to up-regulation of B-catenin and Sertoli-specific WT1 deletion effected the
stabilisation of B-catenin in the testis (Chang et al., 2008), further down-regulation of WT1
has shown to induce podocyte dysfunction and apoptosis through activating Wnt/B-catenin
signalling (Jing et al., 2015). A novel target of WT1, WID, functions to negatively regulate
Wnt/B-catenin signalling (Kim et al., 2010). Overall, WT1 and B-catenin are able to mutually
antagonize each other and repress the expression of their respective target genes (Zhou et
al., 2015). This shows the importance of context when assessing such relationships as even
within the same tissue there were inconsistent effects (e.g., no decrease of B-catenin in NB4

and K562 cells).
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KG1 cells are an erythroleukemia cell line, whereas NB4 are an acute promyelocytic leukaemia
cell line with characteristic t(15;17) translocation and K562 a chronic myeloid leukaemia cell
line (Svedberg et al., 1999). Therefore, implying targeting the WT1/B-catenin association
could only be significant for those patients derived from a similar morphology and genotype
of KG1. KG1 cells have the presence of a large sabermetric chromosome (MAR-1), besides two
normal copies of chromosome 1 (Pelliccia et al., 2012) and are a mutant p53-expressing
human AML cell line (Weisberg et al., 2015). So, knowing this about KG-1 cells we tried to find
another cell line with similar morphology, we attempted this with KG1a a subline of KG1 with
lost myeloid features. However, we could not detect WT1 expression (Figure 22) and
therefore could not carry out subsequent experiments. Furthermore, we could expand this
work on KG-1 to try and identify what feature of this cell line is unique in causing the
functional effects with B-catenin, by for example inhibiting p53 and repeating the

experiments.

We also explored the impact of WT1 overexpression on B-catenin expression and Wnt
signalling (Figure 38/39) as WT1 overexpression is found in a majority of AML patients and
has been reported to play as a negative prognostic factor in this disease (Rampal & Figueroa,
2016) as it can enhance proliferation and inhibit apoptosis (Zhou et al., 2020). The size of the
ectopic WT1 we overexpressed was ~ 60 kDa which represents a higher molecular weight
than the endogenous WT1 ~ 50 kDa present in our cell lines. WT1 isoforms have shown to
have distinct features in mammary epithelial cells, in which WT1 (-Ex5/-KTS) showed
proliferation and caused cell cycle arrest in G2 (Burwell et al., 2007). More specifically in an
AML context WT1 isoform (+Ex5/+KTS) was dominant although in a lower quantity than CD34*
cells (Luna et al., 2013). Furthermore, we identified a varied effect on Wnt signalling across
our three cell lines under both basal and Wnt stimulated conditions, overall implying this
ectopic isoform at 60 kDa alone does not regulate Wnt signalling in a hematopoietic context.
However, identifying which WT1 isoform is causing functional impact is important for
targeting this molecule as could then use this information in designing drug targets for

example to inhibit the KTS domain.

We examined the impact of WT1 mutation on B-catenin expression and Wnt signalling output
as these mutations are found in ~ 10% of AML cases (Rampal & Figueroa, 2016). This

relationship has not been previously explored, using doxycycline (DOX)-inducible mutant WT1
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expression constructs we expressed WT1 mutations (to exons 7, 8 and 9) in NB4 cells (Figure
38/39) which truncated the protein at different Zn?*- finger domains (Rampal & Figueroa,
2016). However, we could not successfully express the mutant at exon 7 which agrees with
previous work (private communication with Bonifer group) (Potluri et al., 2021). Therefore, in
KG1 cells we only expressed mutations to exons 8 and 9 (Figure 40B). Overall, in both NB4
and KG1 cells, exon 8 was expressed more abundantly than exon 9. The presence of both
mutations led to increased expression of endogenous WT1 and an increase in total B-catenin
expression. Research confirmed presence of exon 8 mutation but not the exon 9 mutation led
to significantly increased growth and clonogenicity and a decrease in apoptosis, similar to B-
catenin phenotypes implying the B-catenin increase is compatible with the WT1 mutation
phenotype (Potluri et al., 2021). This links further to our research where we observed a
significant increase in TCF activity with both mutants but more so in the presence of exon 8,
therefore confirming WT1 mutation can impact B-catenin expression and overall Wnt
signalling. This has been identified before in a Wilms tumor context specifically, where WT1
mutations specifically at exon 8 have been shown to activate the Wnt signalling pathway
(Fukuzawa et al., 2009; Fukuzawa et al., 2004). This was achieved through WT1 interacting
with WTX and CTNNBI1 (Cardoso et al., 2013) and therefore further studies are required to
understand the exact mechanism in a haematological context, as we know deregulation of B-

catenin is critical in the development of a number of malignancies (Maiti et al., 2000).

In summary we have identified functional cooperation between WT1 and B-catenin in an AML
context. However due to WT1’s complexity in expressing multiple isoforms resulting in varied
effects on driving leukemogenesis, it would be hard to pinpoint where and how WT1 and -
catenin are cooperating. However, our study as mentioned above has pinpointed one
particular cell line KG1 which shows the functional consequence of this relationship and is
interesting as contains mutant p53 and therefore would be the ideal setting to explore further

mechanistic roles.

4.4.2 B-Catenin modulation on WT1 expression and activity
To complement the WT1 modulation work, we performed reciprocal experiments to overall

understand the impact of B-catenin knockdown on WT1 expression and signalling activity. We

successfully reduced B-catenin expression in three myeloid cell lines (Figure 42) and more
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interestingly observed a dramatic decrease in total WT1 expression. Studies have shown that
loss of B-catenin can significantly impact long-term growth and maintenance of HSCs (Zhao
et al., 2007) and we can now speculate this deficient growth could be due to other proteins

such as WT1 being reduced in the presence of B-catenin knockdown.

We wanted to understand this WT1 loss further and hypothesised B-catenin could be
protecting WT1 from proteasome-mediated degradation. As we know like B-catenin, WT1 is
ubiquitinated and regulated by the proteasome (Makki et al., 2008) (Zhou et al., 2020). NB4
and KG1 cells were treated with the proteasome inhibitor MG132, however WT1 level failed
to restore and instead reduced stability further (Figure 43). This loss of WT1 following
proteasome inhibition has been reported before, after treatment with bortezomib which
targeted WT1 transcript. Bortezomib reduced cell viability in MO7-e a megakaryoblast cell
line and P39 cell line derived from an MDS-CMML patient in a dose and time dependent
matter (Galimberti et al., 2008) (Alimena et al., 2011). Therefore, this could be a potential
route for reducing WT expression in haematological malignancies, however this treatment is
not specific at targeting WT1 alone and therefore could stabilise proteins such as B-catenin

resulting in further establishment of LSCs (Ysebaert et al., 2006).

We then explored the impact of B-catenin knockdown on WT1 signalling and identified a
significant reduction in genes with important roles in LSC proliferation and tumorigenicity;
AREG (Baillo et al., 2011), JUNB (Gurzov et al., 2008), BAK1 (Liu et al., 2016) and ETS1 genes
(Fry & Inoue, 2018) (except for ETS1 in NB4 cells) (Figure 45). Therefore, suggesting B-catenin
mediated regulation of WT1 expression is in part transcriptionally driven. WT1 or its targets
have not been classified as Wnt target genes because very few studies have been performed
in a haematological setting. Our original study suggested the B-catenin:WT1 interaction was
not detectable in SW620 colorectal cancer cells (Morgan et al., 2019) suggesting this
relationship may have been missed in a research community primarily focussed on epithelial

tissues.

To our knowledge this is the first report of B-catenin mediated regulation of WT1 expression
activity in AML, and has significance given previous functional overlap between these
proteins. B-Catenin plays an important role in HSC self-renewal and overexpression expands

the HSC pool by both phenotype and proliferation (Reya et al., 2003). In an AML context both
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proteins are overexpressed with similar genetic aberrations in AML such as t(8;21), RUNX-
RUNX1T1 (Nishida et al., 2006) and t(9;11) MLL-AF9 (Zhou et al., 2020) in promoting
leukemogenesis. Therefore, this chapter highlights that these two frequently dysregulated
proteins in AML could cooperate in specific subtypes of AML and could be worth exploring

therapeutically in these contexts.
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Chapter 5. Characterising B-catenin roles in RNA biology

5.1 Introduction
After determining WT1, MSI2 and LIN28B association with B-catenin we speculated 3-catenin

could have roles in RNA biology given these proteins are established RNA-binding proteins
(RBP). For instance, WT1 has shown to bind preferentially to 3’ untranslated (UTRs) of
developmental mRNA targets which are downregulated upon WT1 knockout in developing
kidney mesenchyme (Bharathavikru et al., 2017), but has not yet been explored in an AML
context. LIN28B is involved in post transcriptional regulation of miRNA or mRNA expression,
regulates microRNA (miRNA) biogenesis, and is overexpressed in multiple leukaemia’s
including AML (Helsmoortel et al., 2016) where it can promote proliferation (J. Zhou, C. Bi, et
al., 2017) and self-renewal (J. Zhou, Z. L. Chan, et al., 2017). Lastly, MSI2 is a member of the
Musashi RBPs and regulates the expression of target mRNAs involved in translation and can
regulate proliferation, cell cycle, apoptosis and chemosensitivity (Han et al., 2015). Given the
role of these RBPs individually in AML or tumorigenic processes, their interaction with B-
catenin or -catenin’s wider role in RNA biology warrants further investigation in an AML

context.

B-Catenin mediates most of its protein interactions such as those with TCF/LEF, APC or
cadherins via its armadillo repeat domain (ARM)(Valenta et al., 2012). Whether B-catenin is
capable of binding RNA directly through these domains is not so well established. B-Catenin
does not possess the typical features of an RNA binding protein (RBP); RNA recognition motif
(RRM), Piwi/Argonaute/Zwille (PAZ) domain, RGG (Arg-Gly-Gly) box, Sm domain and Zinc
finger (Hur & Jeong, 2013). However more recently the structural core of the B-catenin
Armadillo repeats have shown to structurally resemble the pumillio/FBF (PUF) repeat
domains of the pumillio protein which were first identified in drosophila (Edwards et al.,
2001), therefore, emphasising B-catenin could act as an RBP like Pumillio and is supportive

evidence for B-catenin having an RNA binding role (Moore et al., 2018).

B-Catenin has already been shown to bind and stabilise certain oncogenic mRNAs in colon
cancer through alternative RNA splicing and RNA stability of unstable transcripts such as COX-
2 mRNA (Kim et al., 2012; Lee et al., 2007) (Lee & Jeong, 2006). Specifically, the C-terminal

domain of B-catenin can interact with HuR, and ARM repeat associated with RNA to form the
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RNA-B-catenin-HUR complex in vitro and in cells. Therefore, understanding how B-catenin can
bind RNA and regulate RNA dependent processes in an AML context is vital to provide more

background on how this protein could be used as a therapeutic target.

5.2 Aims
In AML, efforts to understand B-catenin’s oncogenic influence have largely focused on its

transcriptional activity. However, we believe B-catenin could be serving a role in post-
transcriptional gene expression in AML. To investigate this hypothesis and develop new
therapeutic strategies to disrupt aberrant B-catenin activity in AML we have the following

aims:

1. Assessment of RNA dependence for the B-catenin:WT1, MSI2 or LIN28B interactions

2. Characterisation of B-catenin abundance in actively translating polysomes under both basal
and Wnt stimulated conditions

3. Determination of RNAs associated with B-catenin through RBP immunoprecipitation (RIP)

coupled to RNA sequencing (RIP-seq)

5.3 Results

5.3.1 The B-catenin:WT1, :MSI2, or :LIN28B interactions are not mediated through RNA
Since B-catenin, WT1, MSI2 and LIN28B are all documented to bind RNA, we wanted to

ascertain whether these individual interactions were being observed merely because of -
catenin binding RNA. To confirm this, the Co-IPs from Chapter 3 (Figure 9-11) were repeated
from cell lysates pre-treated with RNase prior to Co-IP to degrade any single-stranded RNA.
Complete digestion of RNA was confirmed in K562, KG1 and HEL DMSO and CHIR99021
treated fractions (Figure 46). As observed in Figure 47, association between WT1 and B-
catenin remained in the absence of RNA in K562, KG1 and HEL under both basal and Wnt
stimulated conditions. Likewise, the B-catenin:MSI2 (Figure 48A/B) and [-catenin:LIN28B
(Figure 48C/D) association remained intact despite RNA digestion in both basal and Wnt
stimulated K562 and HEL cells. In summary, the association between B-catenin and these RBPs

is not indirect via RNA, rather more likely through an RBP complex.
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Figure 46: RNaseA treatment of K562, HEL and KG1 fractions.
Representative agarose gel electrophoresis images showing the stability of total RNA in K562,

HEL and KG1 cell lysates +/- 5uM CHIR99021 treatment overnight with +/- 20pug/mL RNaseA

prior to Co IP analyses.
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Figure 47: Assessment of B-catenin:WT1 association in absence of RNA.

Immunoblots showing WT1 Co-IPs performed from A) K562 B) KG-1 and C) HEL treated with
+/- 5uM CHIR99021 treatment overnight and +/- 20ug/mL RNaseA prior to Co-IP Total cell

inputs (5%), immunodepleted (ID) and Co-IP lanes are shown.
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Figure 48: Assessment of B-catenin:MSI2 or B-catenin:LIN28B associations in absence of RNA.
Immunoblots showing MSI2 Co-IPs performed in in A) K562 and B) HEL and Lin28b Co-IP in C)

'd

K562 and D) HEL treated with +/- 5uM CHIR99021 and +/- 20ug/mL RNaseA. Total cell inputs

(5%), immunodepleted (ID) and Co-IP lanes are shown.
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5.3.2 B-Catenin and HuUR (ELAVL1) are not co-complexed with one another in K562 and HEL
cells
Research has already identified HuR (ELAVL1) as a well-established RBP that interacts with B-

catenin in colon cancer (Kim et al., 2012). This interaction is further supported by ELAVL1
being a significantly enriched interactor in our mass spectrometry analysis (Figure 6), albeit
with a high CRAPome score (322/716) indicating that it could represent a background

contaminant. Therefore, we wanted to establish if this association was real in an AML context.

As shown in Figure 49A and 49B the HuR Co-IP was efficient with increased enrichment of
HuR in the Co-IP lanes and little HuR present in the 1gG lanes. Except for a single B-catenin
band detected in the RNAseA treated Co-IP of HEL cells, no other B-catenin was detected in
any other HuR Co-IP generated from basal or activated K562/HEL cells. We then completed
the reciprocal B-catenin Co-IP under the same conditions in the same cell lines as shown in
Figure 49C (which was effective) and failed to detect HuR expression. This data would suggest

that any role for B-catenin in RNA biology is not mediated through a HuR interaction.
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Figure 49: Assessment of HUR and B-catenin association by Co-IP.

Immunoblot showing HuR and B-catenin Co-IPs +/- RNase A treatment to determine if HUR
and B-catenin are associated, and RNA bound. A) K562 B) HEL whole cell lysate treated with
+/- 5uM CHIR99021 and +/- 20ug/mL RNaseA. C) B-catenin Co-IP to determine association

with HuR in K562 and HEL cell lysate +/- 5uM CHIR99021. Total cell inputs (5%),

immunodepleted (ID) and Co-IP lanes are shown.
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5.3.3 Understanding the role of B-catenin in protein translation
RNA expression is regulated at multiple stages post-transcription, from initial splicing right

through to eventual mRNA translation. In addition to reports of B-catenin regulating early
stages of RNA biogenesis, previous reports suggest B-catenin could also be recruited to the
messenger ribonucleoprotein and translational pre-initiation complex, fulfilling a
translational repressor function (Ehyai et al., 2018). Since this has not been examined in a
haematopoietic context previously and given that we have shown B-catenin interacts with
MSI2, a regulator of mRNA translation, we wanted to explore a role for B-catenin in
translational processes. To this end, we used polysome profiling; a method used for
examining the translation status of specific RNAs by separating polysomes using sucrose-

gradient separation (Chassé et al., 2017).

To assess P-catenin abundance in specific polysome fractions K562 and HEL cells +/-
CHIR99021 were lysed and translated mRNA associated with polysomes were separated by
sucrose gradients into fractions (Figure 50). The ribonucleoprotein (RNP) represents the
untranslated components between F1-2, followed by the 40S, 60S and 80S ribosomal subunits
in F3-5. The curve then resolves into low and heavy molecular weight polysomes in F5-9 until
it reaches polysome run-off in F9-F12 (Pospisek & Valasek, 2013). CHIR99021 treatment did
not appear to substantially alter the trend of each polysome trace, however for K562 an
increase in A260 was seen with 40s and 60s ribosomes and for HEL a greater absorbance with
80s. This matched previous studies which showed an increase in the 80s when B-catenin co-
complexed with eukaryotic initiation factor 4E (elF4E) versus control conditions (Ehyai et al.,

2018)

Samples from each polysome trace were immunoblotted as shown in Figure 51. B-Actin was
used as a negative control since this should only appear in the first few fractions where
protein is most enriched from the input being loaded onto the sucrose gradient, as seen with
HEL, apart from F8 (Figure 51B). However, for K562 the presence of B-actin in fractions 9, 10
and 11 for DMSO and fraction F9 for CHIR99021 are challenging to explain and could
represent artefact (Figure 51A). The ribosomal marker L7a appeared in most fractions from
the polysome profile in Figure 5 for both K562 and HEL cells indicating the 60s ribosomal
subunit. Under both DMSO and CHIR treated conditions the initiation factor elf4a is present

in fractions F1-F6 due to its involvement in the pre-initiation complex and binding of mRNA
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to the ribosome. B-Catenin was detected in the input and F1 for DMSO fractions and in F1-F4
under Wnt stimulated conditions. In summary, B-catenin is expressed in fractions F1-2 (Figure
51) under DMSO conditions and F1-F4 under Wnt stimulated conditions for both K562 and
HEL cells. Both B-catenin and elF4a are expressed within the early fractions. Taken together,
these data imply B-catenin could also be recruited to the pre-initiation complex in a myeloid

context; however, its direct role in this complex cannot be inferred from this data alone.
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Figure 50: Polysome profile of basal or Wnt signalling stimulated K562 and HEL cells.
Polysome trace identifying the separation of ribosomes in K562 and HEL cells treated

overnight +/- CHIR99021 and cytoplasmic lysates were separated by 15-60% sucrose and
separated into respective fractions. Free ribonucleoprotein (RNP)(F1), monosome (F2-4), light
weight polysome (F5-7) and heavy weight polysome (F8-12)) are highlighted for respective

fractions.
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Figure 51: Assessment of B-catenin abundance in polysome fractions.
Immunoblots showing the association of various ribosome subunits with B-catenin in A) K562
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and B) HEL. Input and polysome fractions (F1-F12) were boiled in 4X SDS-buffer and blotted

for B-actin, ribosomal protein L7a, initiation factor protein elF4a and B-catenin expression
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5.3.4 Identifying B-catenin associated RNAs through RNA binding protein immunoprecipitation
and RNA sequencing (RIP-seq)
Following the identification of B-catenin:RBP association (e.g., LIN28B, MSI2) and potential

presence in translation initiation components from the polysome profiles it was necessary to
identify the RNAs that could be regulated by B-catenin in myeloid cells (either directly or
indirectly). To explore this, we performed B-catenin (or 1gG) RNA-binding protein
immunoprecipitation (RIPs). We opted to use the MagnaRIP™ kit since it is optimised to
preserve protein:RNA interactions. Purification of these RIPs allows interrogation and
identification of target RNAs via downstream applications such as RNA-sequencing (RIP-seq)

of QRT-PCR (RIP-PCR).

Since the MagnaRIP kit was new to our laboratory, we first optimised RIP in myeloid cells
using a well-established RBP; HuR alongside B-catenin RIP. As observed in Figure 5A HuR
successfully RIP’d with minimal background binding in the IgG lane similar to B-catenin. To
validate RNA association, we detected the expression of a known HuR RNA target ACTB
(Joseph et al., 2014) by gqRT-PCR and detected a marked ~1200-fold enrichment of ACTB
relative to control IgG (Figure 52B) confirming experimental conditions were optimal for
retaining protein:RNA interactions. We then performed B-catenin RIP in KG-1 cells using
previously optimised antibody concentrations (Chapter 2 methods 2.6) (Figure 52C) and
observed efficient B-catenin enrichment in the RIP lane. Therefore, following successful -
catenin RIP we isolated and purified any present RNA and measured the quantity and quality
though Bioanlayser analysis as shown in Figure 52D. These analyses showed enrichment of
RNA bands with sizes ranging 25-4000 nt in lanes 3, and 5-7 representing the DMSO and
CHIR99021 treated B-catenin RIP, relative to IgG RIPs (low RNA as expected as deduced from
fainter bands). These data suggested that -catenin could be associated with RNA of varying

size and quantity.
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Figure 52: RNA binding protein immunoprecipitation (RIP) optimisation.

A) Immunoblot showing HuR (established RBP) and 3-catenin RIP optimised in K562 cells using
the MagnaRIP kit. B) qRT-PCR analysis of known HuR RNA target ACTB mRNA level in IgG or
HUR RIPs performed in K562 cells using MagnaRIP kit. C) Immunoblot showing B-catenin RIPs
from KG1 cells +/- CHIR99021 using the MagnaRIP kit. D) Gel analysis of RNA concentration
and size isolated from IgG or B-catenin RIPs performed in KG1 cells +/- CHIR99021 using mRNA

Pico Series Il chip on an Agilent 2100 bioanalyser system.

Once B-catenin RIP was confirmed optimal using the MagnaRIP kit we next wanted to assess
whether B-catenin was bound to RNAs of interest. CCND1 was chosen as this is a Wnt target
gene and already a reported target RNA of B-catenin (Lee et al., 2007), LEF1 and BIRC5

(survivin) are also Wnt target genes (Santiago et al., 2017) (Zhang et al., 2013), WT1 was
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selected given the finding in previous chapters that (-catenin could regulate WT1 mRNA
expression. Relative levels of these mRNA targets in B-catenin RIPs were compared to the IgG
RIP (Figure 53). We observed no detectable fold change in CCND1 (cyclin D1) or LEF1 between
[-catenin and 1gG RIPs and BIRC5 was completely undetectable (data not shown). We did
however detect a small but non-significant enrichment (~6-fold) of WT1 mRNA in 3-catenin

versus IgG RIP indicating that B-catenin could potentially associate with WT1 mRNA.
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Figure 53: Analysis of selected mRNAs from -catenin RIP.

gRT-PCR analysis of selected target genes CCND1, LEF1 and WT1 isolated from IgG or B-
catenin RIPs generated from KG-1 cells using MagnaRIP. mRNA fold enrichment in B-catenin
is given relative to level from matched IgG RIPs (dashed line) and overall expression

was normalized to the housekeeping gene [-actin (ACTB).

Since we and others had demonstrated the capacity for 3-catenin to bind either RBP or RNA,
we finally wanted to perform a more cell-wide anlaysis of all the RNAs bound with B-catenin
in AML cells for the first time. DMSO or CHIR99021 treated [3-catenin RIPs were performed as
previous and RNA quantity determined. B-Catenin/IgG RIPs were repeated where necessary
to generate three replicate samples containing a minimum of 10ng total RNA and sent to
Leeds Genomics for library preparation and subsequent RNA-seq analysis. RNA sequencing
results were analaysed by galaxy software using trimming tool trimmomatic to remove

adapter contents. RNA star alignment was used to the align the raw data to the reference
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human genome. The most down and upregulated genes in CHIR99021 treated versus DMSO
treated B-catenin RIPs were summarised in a volcano plot (Figure 54A). The most significantly
enriched RNA was PRR9, and most signficantly depleted was MTURN. We observed a notable
number of mitochondrial encoded tRNAs were identified; MT-TI, MT-TW, MT-TQ and MT-TT
suggesting novel function of B-catenin in mitochondrial RNA biology. Using gene ontology
(GO) search terms for ‘Biological Proccess’ (Figure 54B) we observed signficant enrichment of
RNAs associated with the myeloid cell differentiation (CEBPA, SBNO2, LEF-1 and VEGFA) and
also Wnt signalling itself including (LEF-1, JUN, DVL1, TCF7) (Figures 54B). Using WikiPathway
analaysis (Figure 54C) we confirmed this association with Wnt signalling and also found
significant enrichement of RNAs linked with IL-18 signalling (/L10, JUN and VEGFA) and
intrinsic apoptotic signalling in response to DNA damage (BCL3, ABL1 and BAK1). Although
these results require validation, taken together they suggest an association of B-catenin with

RNA linked to critical processes in AML and also the Wnt pathway itself.
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Figure 54: B-catenin associated RNA identified from RIP-seq.

A) Volcano plot showing most signficantly down and upregulated genes from B-catenin

CHIR99021 versus DMSO RIPs. Count outputs from feraturecounts were used to find the

differentially expressed genes by DESeq2 and genes with significant adjusted p-value and

log2(FC) >1 or <-1 were selected to the creat the volacno plot. B) Graph showing most

significantly enriched GO search terms associated with ‘Biological Processes’ in the DMSO B-

catenin versus CHIR99021 [-catenin RIPs with p values given in right side of bars. C) Graph

showing most significantly enriched signalling pathways from WikiPathway analysis in the

DMSO B-catenin versus CHIR99021 -catenin RIPs with p values given in right side of bars.

Overall the possible interactions between B-catenin and the RNA binding protein WT1 and

possible target mRNAs are summarised in figure 55. Exploring these could form the basis of

novel strategies to therapeutically target 3-catenin in AML.
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mRNA targets
Wnt negative - LEFI, AXINZ2, MYC

Wnt positive — Wnt, MYC, Sox2
Mitochondria — PCG1a, TFAM, NRF1
Differentiation — CEBPA, SBNO2,
VEGFA, LEF1

IL-18 signalling — IL-10, JUN, VEGFA
Apoptosis — BCL3

B-catenin RIP
CHIR treated

| Methylation Acetylation |

Phosphorylation

Figure 55: Schematic representation of possible B-catenin and WT1 interactions.

Summary of the hypothetical f-catenin and WT1 interactions with common binding proteins
WTX, CBP and WID. Within the nucleus with TBL1 and TCF/LEF complex and interaction with
TCF4, finally how the effect of post translational modifications such as methylation,
acetylation and phosphorylation could affect binding. The possible interaction with RNA
binding proteins and the key mRNA targets that arose from our RNA sequencing analysis

following CHIR treatment.
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5.4 Discussion

5.4.1 Association between B-catenin and RBPs
This chapter validated an association between B-catenin and three RBPs (LIN28B, MSI2 and

WT1) in both K562 and HEL cells, which was not mediated by RNA. RBPs are vital for the
splicing, processing, and translation of target mRNAs, thus increasing the diversity of
transcriptomes and proteomes. Therefore, identifying any role for B-catenin in RNA biology

will be important.

The first RBP associator LIN28B has been identified as a novel downstream target of Wnt/pB-
catenin signalling, this pathway represses let-7 microRNA expression but not the primary
transcripts, which shows a post-transcriptional regulation of repression. Loss of function of
LIN28 impaired Wnt/B-catenin mediated let-7 inhibition and breast cancer stem cell
phenotype. Furthermore, B-catenin can induce Lin28 upregulation and let-7 downregulation
in both cancer samples and mouse models (Cai et al., 2013). Therefore, highlighting the
therapeutic importance of targeting the Wnt/B-catenin pathway in association with LSCs (Cai
et al., 2013). Furthermore, in an AML context overexpression of LIN28B renders AML cells
growth independent of cytokines and enhances tumorigenicity through let-7 dependent
mechanisms, suggesting the role of a more aggressive tumour phenotype. LIN28/let-7
inhibition led to LSC differentiation and ultimately leukemic cell death in TF-1a AML cells and
therefore targeting both could be an effective therapeutic option for AML patients (J. Zhou,

C. Bi, et al., 2017).

A second RBP, MSI2 has shown to promote ESCC (esophageal squamous cell carcinoma) cell
proliferation via regulation of Wnt/B-catenin (Z. Li et al., 2017) and is already established as a
poor prognostic factor in AML by regulating translation through binding of HOXA9, MYC and
IKZF2 mRNAs (Han et al., 2015) (Byers et al., 2011) and this could relate to our findings of B-
catenin in the initiation complex (Lambert et al., 2019; Park et al., 2019; Thoma et al., 2008).
Furthermore, depletion of MSI2 resulted in decreased proliferation and induced apoptosis,
and high levels of MSI2 mRNA were associated with decreased survival in AML patients

leading to its proposal as a prognostic marker (Byers et al., 2011).
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[-Catenin has already been reported to regulate alternative splicing and stability of target
RNAs in human colorectal cancer cell line LoVo (Kim et al., 2012), however this has not been
examined in a haematological context. Most of the RBPs studied in the context of cancer are
characterised by the presence of canonical RNA-binding domains (RBDs). However, studies
have more recently shown that RBPs can harbour non-canonical RBDs. More specifically
protein-protein interaction domains such as ARM arose as the most predominant common
RNA binding motif amongst these unorthodox cancer-related RBPs (Moore et al., 2018). This
is significant in our research as B-catenin contains no canonical RNA binding domain but does
contain the 12 repeated ARM domains. This could overall be tested by isolating each part of
the ARM binding domain of B-catenin and evaluate if binding of the established RBP or RNA

still occurs.

Furthermore, previous research in colon cancer has already established B-Catenin can
regulate the alternative splicing of the estrogenic receptor-f RNA, and also the stability of
oncogenic transcripts such as COX-2 in colon cancer by forming a ribonucleoprotein (RNP)
complex with HuR through distinct and non-overlapping binding sites in 3’UTR (Lee et al.,
2007). B-Catenin and HuR interacted with COX-2 mRNA exclusively in the cytoplasm of LoVo
cells when compared to normal HSCs and therefore could explain the significant impact of
oncogenic B-catenin on cancer cell development (Kim et al., 2012). To explore this in a
haematopoietic context we looked at the association between HuR and B-catenin in K562 and
HEL cells, however, could not detect pull-down by either Co-IP (Figure 49). Therefore,
suggesting any B-catenin association with RNA is not mediated by HuR as seen in a colon

cancer context.

A second mechanism by which B-catenin has displayed RNA binding potential is through the
Neuro-oncological ventral antigen (NOVA) proteins NOVA1 and NOVA2, which enhance the
stability of B-catenin mRNA and in turn regulate epithelial-mesenchymal transition (EMT) in
breast cancer cells. The interaction with NOVA is instrumental for B-catenin accumulation,
which can enhance protein stability without degradation, therefore showing the significance
of this RBP interaction (Moore, 2005). Moreover, Wnt stimulation suppresses NOVA protein
expression, but they are not transcriptional targets of Wnt signalling because TCF was
dispensable in this effect, suggesting B-catenin may function as an RBP (Tang et al., 2020).

Overall, for an AML specific relevance, EMT is associated with metastasis formation, but is a
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feature of solid tumours not blood cancers, however it can contribute to tumor invasion and
chemoresistance and therefore by targeting B-catenin as an RBP in this instance could aid in

inhibiting leukemogenesis (Pradella et al., 2017).

However, identifying how B-catenin binds to these RBPs and RNA is of significant interest as
could aid in understanding how its involved in the regulation of several cellular processes
including translation and driving proliferation by Wnt signalling. Previous research has shown
B-catenin in pituitary cells enabled the stabilisation of Pitx2 mRNA by regulating AU-rich
elements in the 3’ UTR. This stabilisation was partly mediated by stabilising/destabilising the
AU-rich binding proteins since the level of AU-stabilising protein (HuR) in the cytoplasm
increased, resulting in the interaction with Pitx2 mRNA upon the pathway activation (Briata
et al., 2003). This binding of 3’UTR and AU-rich elements has also been established with COX-
2 at mentioned above, as COX-2 mRNA stabilisation in NIH323 and 293T cells was significantly
induced in response to B-catenin activation which triggered the cytoplasmic location of HuR
(Lee & Jeong, 2006). This relationship is not limited to colon cancer but has also been shown
in breast cancer with B-catenin stabilising the mRNA transcripts CA9 and SNAI2 by regulating
their AU rich elements in the 3’ UTR (D'Uva et al., 2013). This could be applied in an AML

context by observing the effect of mRNA transcripts in our myeloid cell lines.

5.4.2 Understanding B-catenin’s involvement at a polysome level
We wanted to understand the potential role of B-catenin in translational processes to

understand how it could be implicated in gene regulation in an AML context. To characterise
where B-catenin could be involved we used polysome profiling and identified an association
with B-catenin and the initiation factor complex in both K562 and HEL cells (Figure 50 and 51).
[B-catenin protein expression broadly correlated with elF4a; an initiation factor protein which
mediates binding of mRNA to the ribosome and unwinds the mRNA secondary structure in
the 5’UTR to facilitate ribosome binding (Svitkin et al., 2001). A B-catenin interactome study
identified a novel cytoplasmic B-catenin binding partner fragile X mental retardation protein
(FMRP) and acknowledged a role for B-catenin at the pre-initiation complex as a translational
repressor in vascular smooth muscle cells (VSMCs), this protein has also bound to elF4E which
supports our finding of B-catenin and association with multiple elFs by mass spectrometry

analysis (Morgan et al., 2019).
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It was proposed in the absence of Wnt stimulation, B-catenin can function as a membrane
protein with cadherins and also simultaneously with the translational machinery to repress
translation. Upon Wnt activation, B-catenin is localised and accumulates in the nucleus to
activate target gene transcription and in doing so dissociates from the pre-initiation complex
to de-repress translation. The subcellular localisation of B-catenin is dictated by protein-
protein interactions, and B-catenin has a structural role in the plasma membrane by linking
adhesion proteins to the actin cytoskeleton in normal haematopoiesis (Logan & Nusse, 2004).
However, blood cells lack these components, so B-catenin could have a more prominent role
in the cytoplasm resulting in enhance RNA roles in a myeloid context. These are important
factors for considering its direct impact on transcription and translation (Ehyai et al., 2018).
Therefore, more knowledge in understanding RNA proteins associated with B-catenin

broadens the avenues for this already established suitable target in AML.

5.4.3 Establishing B-catenin associated RNA from RIP-seq
Given the association with multiple RBPS, WT1, LIN28B and MSI2 we wanted to identify RNA

targets associated with B-catenin. Following optimisation of the magnaRIP protocol for
performing -catenin RIP we showed via RIP-seq that many of the associated RNAs are linked

with Wnt signalling, differentiation, and DNA damage response.

Optimised B-catenin RIPs identified WT1 as a potential mRNA target of -catenin with a ~6-
fold enrichment, suggesting B-catenin could bind WT1 mRNA which is further supported by
gPCR analysis of B-catenin knockdown affecting WT1 mRNA (Chapter 4 Figure 45). Therefore
B-catenin could regulate WT1 levels, but this has not been confirmed previously until this
study. The direct binding of B-catenin to WT1 mRNA is unknown, however previous research
has identified that TET2 can bind and modulate WT1 mRNA target gene expression by
activating genes in the Wnt target pathway in a dose dependent manner which suppressed
leukemia cell proliferation in HL60 cells (Wang et al., 2015). Furthermore, WT1 has also shown
to bind to BCL,L, transcript and facilitate the self-renewal of leukemia initiating cells in the
MLL-AF9 mouse model and treatment with WP1130 disrupted this axis and decreased the
progression of LSCs (Zhou et al., 2020). Overall showing a possible relevance for exploring

WT1 mRNA and the effect of B-catenin knockdown in influencing WT1 in an AML context.

159



For a more global analysis of B-catenin associated RNAs in the cell we sent -catenin RIPs for
RNA-sequencing to identify what RNA binding proteins B-catenin could be associating with
(Figure 52). The most significant finding was several Wnt components involved in leukaemia
and pluripotency; LEF-1, AXIN2, and MYC. Research has previously identified a negative
feedback loop of Wnt signalling through transcriptional upregulation of AXIN2 and a close
homologue conduction in colorectal cancer, by subsequently inducing degradation of B-
catenin through an interaction with APC (Lustig et al., 2002). Furthermore, a positive feedback
loop involving the Wnt/B-catenin/MYC/Sox2 axis defined a highly tumorigenic cell population
in ALK-positive large cell lymphoma. The regulatory role of MYC is related to its ability to
influence DNA binding and transcriptional activity of Sox2. Also, a high level of Wnt/B-catenin
promotes a relatively high expression of MYC, which in turn exerts Sox2 (Wu et al., 2016). This
demonstrates a positive feedback loop and emphasises exploring key mediators of the
Wnt/B-catenin pathway such as FRZ5 and LEF-1 is key in targeting B-catenin in this subset of
patients. Identifying post-transcriptional feedback loops in an AML context using the Wnt/B-
catenin pathway is of significance as would aid in inhibiting LSC growth and development.
However, we cannot confirm this yet as we don’t know whether B-catenin is having positive
or negative influences on these transcripts and also based on this evidence it will most likely

be cell context dependent due to the specific Wnt target genes involved.

We also observed a considerable number of mitochondrial encoded tRNAs, and previous
research has characterised a role for B-catenin regulating mitochondrial biogenesis as loss of
mitochondrial mass is consistent with repressed expression of transcriptional genes PCG1la,
TFAM, and NRF1 observed in shRNA B-catenin knockdown cells of breast cancer cells (Vergara
et al., 2017). This needs further validation in an AML context but could be involved in

mitochondrial biogenesis in a similar manner.

Significant enrichment of RNAs were associated with myeloid differentiation. The transition
of self-renewing, pluripotent stem cells to myeloid differentiation is achieved by down
regulation of Wnt signalling (Reya et al., 2003), however when re-introduced B-catenin has
shown to give a growth advantage and differentiation potential (Baba et al., 2005).
Furthermore data from the Qian group showed that activated B-catenin can inhibit
monocyte/macrophage differentiation by disrupting PU.1-mediated transcription (Sheng et

al., 2016), a key transcription factor controlling granulocyte/monocyte commitment also
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known to be regulated by y-catenin (Morgan et al., 2013). A further role for B-catenin in
myelopoiesis has recently been reported in normal and emergency granulopoiesis. Disruption
of the B-catenin:TCF4 interaction (through expression of a dominant negative TCF4 mutant),
resulted in impaired granulocytic differentiation driven by repressed G-CSFR expression and
disrupted G-CSF signalling (Danek et al., 2020). In our research under CHIR treated conditions
we identified B-catenin could bind and regulate RNA transcripts that govern myeloid
differentiation including; CEBPA, SBNO2, VEGFA and LEF-1. CEBPA is required for the
coordination of enhancer activity during granulocytic-monocytic lineage differentiation
(Pundhir et al., 2018), SBNO2 regulates osteoclast differentiation (Maruyama et al., 2013),
VEGFA features a autocrine and paracrine role in osteoblastic and endothelial differentiation
(Mayer et al., 2005) and finally LEF-1 orchestrates helper T cell differentiation in conjunction
with TCF-1 (Choi et al., 2015). The contribution of B-catenin to post-transcriptional regulation
of these is not yet known but could be explored by inhibiting B-catenin and measuring the

effect on mRNA levels (Friedman, 2007).

An association with IL-18 signalling was also identified, IL18 is secreted primarily by
monocytes/macrophages and IL18 signalling is regularly involved in IFNy production for
innate immunity and has shown to directly activate T-bet expression in AML. Therefore IL-18
could be used to improve anticancer immunity in AML patients by induction of T-bet
(Bachmann et al., 2007). Furthermore, IL18 has previously shown to stimulate GSK3pB
degradation and therefore B-catenin nuclear localisation and stabilisation in smooth muscle
cell proliferation (Reddy et al., 2011). Also, IL-18 in bone marrow stromal cells has shown to
represent a pro-leukomegenic influence by acting as a tumor cell proliferative factor,
however, does seem to depend greatly on the cell type (Uzan et al., 2014). From our RIP-seq
analysis the transcripts for IL-18 signalling upregulated were /L-10, JUN and VEGFA this was
interesting as IL-10 has shown to play a dual role but more dominantly as a tumor suppressor
as it reduces the expression of pro-inflammatory cytokines supporting AML cell proliferation
(Pievani et al., 2020). The functional role of JUN in undefined, however knockdown has shown
to decrease AML cell survival and propagation (C. Zhou et al., 2017) and VEGFA levels at a
time of diagnosis are associated with poor survival due to acting as a stimulator of

angiogenesis (Weidenaar et al., 2011). In summary exploring the consequence of B-catenin
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regulating IL-18 and these subsequent transcripts could pose significant due to the roles they

have displayed in driving leukaemia.

B-Catenin was associated with intrinsic apoptotic signalling in response to DNA damage.
Research has identified BCL3 (one of the identified RNA transcripts in our RIP-seq) to promote
Whnt signalling by WNT3A increasing the level and nuclear translocation of BCL3 which binds
directly to B-catenin and enhances the acetylation at lysine 49 and transcriptional activity in
colorectal cancer. BCL3 is overexpressed in colorectal cancer and drives tumorigenesis and
silencing BCL3 suppresses the self-renewal capacity of LSCs and sensitizes cells to
chemotherapeutic agents by decreasing the Wnt/B-catenin pathway. Overall showing the
significance of B-catenin in regulating BCL3 mRNA (Chen et al., 2020) as it could influence
apoptosis (a well-defined Wnt phenotype) in LSC development and therefore is a significant

avenue to explore.

In summary, data from this chapter has identified -catenin associated RNA targets which are
involved in a number of key processes in an AML context. Should such targets pass through
validation and functional assessment, they could inform novel strategies for therapeutic
targeting of B-catenin in AML. This raises the intriguing possibility that in addition to B-
catenin’s well defined transcriptional role in AML it may also directly regulate post-
transcriptional RNA processes including transport, translation, and stability. To assess this
after confirmed validation of putative B-catenin RNA targets we could evaluate the role of B-
catenin in RNA stability using 3’"UTR reporters to understand how B-catenin positively or

negatively influences binding of AU rich elements to the 3'UTR.

Furthermore, to explore the influence of B-catenin on target mRNA stability we could treat
AML cell lines harbouring B-catenin knockdown with inhibitors of de novo transcription such
as actinomycin D or triptolide, then perform a time-course assessment of target RNA stability

by measuring transcript level by gRT-PCR.
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Chapter 6. Final Discussion

6.1 Summary
There is considerable evidence to support targeting B-catenin as a treatment for AML given

its central role in the canonical Wnt signalling pathway and its widely documented effect on
leukemogenesis (Simon et al., 2005). B-Catenin’s localisation, stability and transcriptional
activity is heavily dictated by protein-protein interactions and therefore targeting

components of this network may inform novel drug design.

The relationship between B-catenin and WT1 has not previously been documented in a
haematopoietic context and was therefore the main basis of this thesis, to overall understand
the biological and clinical relevance in AML. Our results summarised a functional relationship
between the two proteins in one particular cell line KG1, this was one limitation in our study
as discussed. However, this result is still significant since the vast heterogeneity of AML could
mean the B-catenin:WT1 axis is particularly relevant to the pathogenesis of a specific AML
subtype (e.g. erythroleukemia) and thus represent a targeted treatment. Targeting WT1 could
be challenging given the range of isoform expression and variable functions and disrupting
the B-catenin:WT1 interaction could be even more difficult given our failure to identify direct
interaction (thus paving the way for SMI development). Instead, attempts to target just WT1
so far have focussed on harnessing the immune system. Studies have already highlighted one
treatment to boost immunity towards tumour associated antigens by the means of peptide
vaccine, this would allow the induction of humoral and cellular adaptive immune responses
to specific antigens (Di Stasi et al., 2015). Treatment with WT1 peptides 126 and 235 which
can induce WT1 specific cytotoxic T lymphocytes (CTLs) and reduce leukemic cell growth and
in mice led to tumor rejection, showing WT1 is a potential target for cancer immunotherapy.
Overall, this method of treatment is still to be optimised for dosage and should be tested with

MDS patients to understand the maximal effect (Oka et al., 2017).
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6.2 Future work

We have established WT1, a gene frequently overexpressed and mutated in AML, can
regulate nuclear B-catenin level and Wnt transcriptional output in AML cells. To understand
the binding nature of B-catenin and WT1 we could knock down expression of one of the
common binding partners, WTX, CREB or TCF4 and repeat the WT1 and B-catenin Co-IPs and
see if the reciprocal protein is still pulled down. To identify the specific regions of B-catenin
through which the WT1 interaction (with CBP) is mediated we could create a series of
deletional mutants through targeted deletion of the carboxy- or amino-termini, and/or
several armadillo domains repeats, or indeed the zinc-finger domains for WT1. Pull down of
WT1 mutants in this study was not possible because the WT1 antibody binds to the region
missing and therefore would not bind to the beads successfully. Also, we could look at the
effect of WT1 isoforms on specific binding and try to identify the expression pattern of these
in AML patients, to overall link any common similarities identified within specific AML

subtypes.

The second area of future work from this thesis would concentrate on understanding -
catenin’s role in RNA biology. Firstly, we would look to explore the functional relationship
between LIN28B and MSI2 with B-catenin by knocking down expression of both proteins to
determine the effect on B-catenin expression and signalling. Furthermore, we could use gPCR
to understand the effect of -catenin knockdown on LIN28B and MSI2 target genes. To further
understand B-catenin’s role in RNA biology we would use qPCR to validate the targets pulled
down from the RIP-seq. We would also look to investigate if B-catenin has post-transcriptional
stabilising or destabilising influences on these RNAs, then look to distinguish between post-

transcriptional and transcriptional roles.

Most efforts to target B-Catenin in AML have been related to its transcriptional activity,
however this thesis suggest it could regulate gene expression (independent of Wnt activity)
through post-transcriptional mechanisms. So, future therapeutic strategies should aim to
shut down both its transcriptional and post-transcriptional roles, which will necessitate the

full elucidation of its RNA binding network and mechanism in order to develop effective SMls.
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Overall given that overexpression of B-catenin protein is primarily driven through post-
transcriptional influences in AML cells, approaches to target degradation of this protein could
have success in leukaemia such as TBL1 as mentioned before and also PROteolysis-TArgeting
Chimaeras (PROTAC). Studies have shown a B-catenin targeted PROTAC exploiting the axin
domain was effective at degrading both endogenous and WNT3a induced B-catenin as well
as reducing Wnt signalling output in HEK293T and various colorectal cancer cell lines (Sun et
al., 2019). Provided PROTACs can permeate the membranes of myeloid cells with similar
efficiency, the employment of PROTACs seems an entirely sensible strategy to reducing the
excessive b-catenin protein levels observed in AML cells. Furthermore, the Lee group
identified methyl 3-{[(4-methylphenyl)sulfonyllamino} benzoate (MSAB) as a potent inhibitor
of TCF reporter activity in HCT116 cells (Hwang et al., 2016). Further interrogation of the
mechanism revealed that MSAB could bind -catenin in its armadillo region and target the
molecule for direct proteasomal degradation thus limiting its nuclear presence and activity.
This compound suppressed the growth of several Wnt-dependent cell lines that were almost
exclusively of epithelial origin, but no haematological cells were tested. Targeted f-
catenin:RNA interactions, possibly through disrupting its interaction with the 3’UTR regions
of RNA, could represent a novel context-dependent strategy for suppressing its oncogenic

activity in AML.
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Appendix

Appendix Table 1: Clinical characteristics of AML/MDS patient diagnostic/relapse samples
used in this study.

Patient Age (at Sex WBC Sample | Secondary Genetic information Other clinical information
no. diagnosis) count type disease
(x10°/1) )
1DS397 | 76 F 389 LP N Normal karyotype, NPM1*, FLT3* n/a
2F080 | 4 M n/a BM n/a n/a n/a
3KA122 | 10 F n/a BM n/a n/a Deceased
4 n/a n/a | >200 PB Y n/a Post-allogeneic transplant.
MDO064 MO/1 (previously diagnosed
with M3 10 years previous)
5JC110 | n/a n/a | n/a n/a n/a n/a n/a
6 17 M n/a BM Y n/a Post-BMT for AML following
Swi104 2 relapses. Deceased
7HD209 | 6 M 70.7 n/a Y n/a Secondary to Ewings
Sarcoma. Myelomonocytic
morphology. Deceased.
8CG336 | 14 F 7.6 BM N MLL rearrangement. Karyotype: 46,XX,ins(10;11)(q11.2;q23.1¢23.3).ish BMT for high-risk AML.
ins(10;11)?inv(11)(q23.3)(5'MLL+)(q23.1)(3'MLL+) D33+, MPO+, CD34-,
CD117+, TdT+, CD64+,
CD11c+, CD15+, CD11b+,
NG2+
91977 24 M | 256 BM N 46,XY,inv(16)(p13922)[16].ish inv(16)(p13)(MYH11+,CBFB+)(q22)(CBFB+,MYH11+)[5] M4, relapsed, deceased.
101410 | 17 M 294 BM N 46,XY[20] Alive, complete remission.
11 64 F 13.3 BM N Normal karyotype AML with underlying MDS
KM429 like changes
12 13 F 91.9 BM Y High Risk Relapsed AML secondary to
TSD416 Rhabdoid tumour. Mixed
cellular infiltrate consisting
of predominantly
monocyte/macrophages
(CD14+, CD11c+, CD64+,
CD34-, CD117-). Deceased
13 4 F 26 BM N Normal karyotype, NPM1* (exon 12), FLT3" MRD neg. CD13+, CD33+,
ET406 CD34+, CD117+, MPO+
14 15 F 6.5 BM N MLL (KMT2A) rearrangement, t(10;11)(p11-p14,q23), MLL-MLLT10 MRD detected post
YMA415 treatment course 1
15 2 M |32 BM N +(10;11)(p11.2;q23) KMT2A-MLLT10. Cytogenetically cryptic. KMT2A ex8-MLLT10 | CD13-, CD33+, CD34-, CD117+/-,
OomM401 ex9 or KMT2A ex9-MLLT10 ex10 fusion detected. NPM1FLT3" CD11c+, CD64+, CD14-, NG2+.
High risk cytogenetics. BMT. MRD
neg post course 1+2.
16 14 F 147 PB N 1(8;21)(q22;922) RUNX-RUNX1T1. CD13+, CD33+, CD34+, CD117+,
RD279 26,XX,der(8)2del(8)(q11.2¢21.3)2dup(8)(q24.3¢21.3)?ins(8;21) DR+, MPO+, CD19+. MRD negative
(q22;922.12q22.3),der(21)?ins(8;21)(q22;q22.12q22.3)[10] post treatment course 1, 2 and
EOT
17 5 M 1.6 BM N n/a MD5. Deceased.
RT161
18 14 Fol21 BM N 45 XX,-7,add(11)(p11.2)[9]/46 XX[1] 22% Myeloid blasts (CD117+,
AB312 CD34+/-, CD33+, CD13+, MPO-}+
10% immunophenotypically
mature monocytes (CD11c+,
CD64+, CD117+) BMT
19 8 F nfa BM N n/a M4/5. Deceased.
NT026
20 7 F 344 BM Y MLL rearrangement t(9;11) M5a morphology. BMT following
KU250 relapse. Deceased
21 16 F 20.6 BM N Normal karyotype 46,XX[20] CD33+, MPO+, CD34+, CD117+,
Ms332 CD13+, CD14-, CD7+, CD45 weak,
CD1lc+, TdT-
22 7 M 35 BM N 1(8;21)(q22;922) RUNX-RUNX1T1 8% myeloid blasts present
HG352 45 X,-Y,£(8;21)(q22;q22)[9]/46, XY[1] (CD13+, CD33+, CD34+, CD117+,
MPO+)
23)C125 | 11 M nfa BM N n/a BMT for MDS. Deceased.
24 13 F 147 BM ‘N Karyotype: Only 2 megakaryocytes seen.
RD296 46,XX,der(8)?del(8)(q11.2q21.3)?dup(8)(q24.3q21.3)?ins(8;21)(q22;q22.12q22.3), | Erythropoiesis reduced.
der(21)?ins(8;21)(q22;q22.12q22.3)[10] Prominent eosinophils and
D13+, CD33+, CD34+, CD117+, DR+, MPO+, CD19+.; AML eosinaphil precursors - ¢. 12%. No
significant i
population. Densely infiltrated
with myeloid blasts.
Analysis showed an abnormal
female clone with a derivative
chromosome 8 from a variant
8,21 rearrangement. This
abnormality is consistent with a
diagnosis of AML (WHO 2008
subtype: AML with
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RUNX1T1) and is reported in
association with a favourable
prognosis[1,3].
Alive, and in complete remission.
25 2 M 2.4 BM 1(9;11)(p22;q23), 1(11;21)(g23;98) n/a
0D368
26 4mo M 5.1 BM 1(9;11) BMT
WWO061
27 7 F n/a BM MPAL, 46XX, del5q, abnormal 21 n/a
BD002
28 7mo F 168.6 BM Karyotype: 47, XX,+21[5]/46,XX[5] BMT 24/12/20 due to high risk
AH509 nuc ish(CBFA2T3,GLIS2)X3(CBFA2T3 con GLIS2x2)[92/150] genetics.
FISH showed no evidence of CBFB or RUNX1-RUNX1T1 rearrangement however,
an additional copy of RUNX1 was found. Alive, in remission.
33+, CD34+, CD117+, MPO+, DR-, CD13+
Chromosome and FISH analysis
showed an inv(16)(p13.3q24.3)
[CBFA2T3-GLIS2] rearrangement
and trisomy for chromosome 21.
This is consistent with a diagnosis
of AML and the CBFA2T3-GLIS2
rearrangement is a poor risk
finding according to the MyeChild
01 protocol (received
Gemtuzumab as part of Myechild
trial treatment.)
29 5 F 295 BM Karyotype: 45,X,-X,t(8;21)(q22;922.1)[81/46,XX[2] Alive, in complete remission.
KM464 Analysis showed an abnormal female clone including an 8;21 translocation. This Treated on Myechild trial - 2 doses
abnormality is consistent with a diagnosis of AML (WHO 2016[1] subtype: AML of Mylotarg received as part of
with t(8;21)(g22;922.1);RUNX1-RUNX1T1) and is reported in association with a Myechild trial treatment
favourable prognosis[2].
7% myeloid blasts (CD13+, CD33+, CD34+, CD117+, MPO+
30 76 F BM D45X Polycythaemia vera. M99503, transformation in to MDS.
10432

BM = Bone marrow
PB = Peripheral blood
LP = Leukapheresis

MRD = Minimal residual disease
BMT = Bone marrow transplant
AML= Acute myeloid leukemia

MDS= Myelodysplastic syndrome

MPAL= Mixed phenotype acute leukemia
MLL = Mixed-lineage leukemia

NPM1 = Nucleophosmin

FLT3 = Fms-like tyrosine kinase 3

RUNX1 = Runt-related transcription facfof' 1
GATA2 = GATA Binding Protein 2

WHO = World Health Organisation

n/a = not available
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