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ABSTRACT  

Acute myeloid leukaemia (AML) is a heterogeneous haematological malignancy which 

presents with the clonal expansion of immature myeloid lineage cells that are incapable of 

terminal differentiation. AML cells accumulate, resulting in a dysfunctional bone marrow. 

Induction chemotherapy is often applied as a treatment, but relapse of AML is frequent, 

possibly due to a quiescent population of leukaemic stem cells. 

WNT/-catenin signalling is critical to normal developmental processes in adults. Without 

an external WNT agonist, the pathway remains in a state of active suppression through 

constitutive degradation of the central mediator, -catenin (CTNNB1). When stimulated, the 

destruction complex becomes disrupted and stabilised -catenin translocates to the nucleus. 

Here, -catenin binds transcription factors of the TCF family which form a transcription 

complex promoting the expression of target genes involved in cell proliferation and other roles. 

WNT/-catenin signalling is active in haematopoiesis, with WNT genes influencing 

proliferation and differentiation. 

Self-renewal is a fundamental characteristic of haematopoietic stem cells and leukaemic 

stem cells. WNT/-catenin signalling represents an important pathway for roles in disease 

onset and progression as it can confer self-renewal, proliferative, and survival effects. -catenin 

is found to be overexpressed in approximately 60% of AML patients, regardless of genotype. 

Further, it has been shown to be a good prognostic marker for poor prognosis patients. In vitro 

studies in cell lines suggest that -catenin enhances proliferation whilst decreasing apoptosis 

and differentiation, though in vitro studies in primary haematopoietic cells have failed to 

reproduce this. A close homolog, -catenin, is also overexpressed in AML. Directly, -catenin 

has the capacity to induce TCF-dependent transcription in some contexts. -catenin may also 

indirectly promote TCF-dependent transcription though -catenin stabilisation as a 

consequence of destruction complex saturation. If -catenin is critical to AML maintenance or 

leukaemic stem cell self-renewal, it would represent an attractive induction or maintenance 

therapeutic target.  

By utilising CRISPR-Cas9 to derive complete knockout clones, this study has revealed that 

-catenin is disposable for normal haematopoietic functions. Deletion of -catenin and -

catenin had no consequence for AML maintenance, sensitivity to standard chemotherapeutics, 

or differentiation status; however, knockout of -catenin was incompatible with clonal 

expansion in AML cell lines with active WNT/-catenin signalling and in primary AML 

samples. -catenin had no compensative capacity for -catenin loss and was not required for 

the translocation of -catenin into the nuclear compartment. Transcriptomic analysis by RNA-

sequencing of WNT/-catenin signalling active and knockout clones revealed that WNT/-

catenin signalling activated the RAP1 signalling pathway in AML. Re-activation of RAP1 

signalling was able to rescue clonal expansion capacity in -catenin knockout cells. Further 

investigation using CRISPR-mediated activation revealed that the WNT/-catenin target gene 

and activator of RAP1, RAPGEF4, was able to restore clonal growth significantly, whilst 

CRISPR-mediated inhibition of SIPA1L1, an inhibitor of RAP1 signalling increased 

clonogenicity modestly. Applied together, activation of RAPGEF4 and inhibition of SIPA1L1 

elevated clonogenicity above scrambled controls. Whilst these studies, alongside recent in vivo 

literature, revealed WNT/-catenin signalling is disposable for AML, further investigation of 

the unexplored downstream RAP1 signalling pathway represents a promising opportunity with 

potential clinical benefits. 
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1.1 The Haematopoietic System 

1.1.1 An Overview of Normal Haematopoiesis 

The continuous replenishment of blood cells occurs through a process known as 

haematopoiesis, in which haematopoietic stem cells (HSC) terminally differentiate into myriad 

mature blood cells with specialised functions. Continual production is essential, as constituent 

cell types provide essential functions including oxygen transport, immune response, and 

coagulation, yet often have short lifespans (Orkin et al., 2008). Haematopoiesis is initiated by 

the HSC, which are characterised by their pluripotent and self-renewal capacity, having the 

ability to generate progeny which have differentiation potential, whilst maintaining 

undifferentiated properties. Haematopoiesis is segregated into a lymphoid arm, with progeny 

involved in adaptive immunity, and a myeloid arm which generates diversly functioning cells.  

Prenatally, haematopoiesis progresses in a highly orchestrated process in which 

spatiotemporal regulation results in the development of haematopoietic progenitor cells. 

Initially, the aorta–gonad–mesonephros region is the hematopoietic site for an embryo. Later 

within early embryonic development, the yolk sac produces blood cells in a primitive form of 

haematopoiesis with a preference for red blood cells (Ivanovs et al., 2017). A second, definitive 

stage of embryonic haematopoiesis is characterised by the development of erythro-myeloid 

progenitors (EMP) which generate erythrocyte and myeloid lineages, in addition to early T- 

and B-cell progenitors, from the aorta-gonad-mesonephros, before later in the placenta, spleen, 

liver, and bone marrow (BM) (Ivanovs et al., 2017).  

Postnatally, haematopoiesis is restricted to the BM within which HSC constitute ~10,000 

cells (<0.01%) (Catlin et al., 2011). However, limited haematopoietic capacity can be recruited 

from the spleen and liver in response to trauma (Kim, 2010). Classically, differentiation was 

considered hierarchical through a lineage tree with discrete, terminal commitment. HSC would 

differentiate into oligopotent progenitor cells, advancing to unipotent progenitor cells, and 

finally terminally differentiated cells (Figure 1-1) (Medvinsky et al., 1999). However, research 

utilising mass cytometry and single-cell RNA-sequencing (scRNA-seq) has challenged this 

model (Giebel et al., 2008), with evidence suggesting lineage development exists dynamically 

with cells, previously deemed unipotent, displaying oligopotent capacities (Hirschi et al., 2017; 

Velten et al., 2017). In fact, Cheng et al. recently proposed a new continuous haematopoietic 

model (Cheng et al., 2020). Regardless of mechanism, increased differentiation is associated 

with the loss of self-renewal capacity (Seita et al., 2010).    
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1.1.2 Haemopoietic Stem Cell Characteristics 

HSC are characterised by the capability to differentiate into any haematopoietic cell, 

alongside self-renewal capacity to maintain the HSC pool throughout life (Ng et al., 2017). 

HSC can remain in a quiescent state for extended periods of up to twenty years (Bernitz et al., 

2016). Historically, much of the research on HSC was performed in murine transplantation 

models, in which the capacity of transplanted cells was scored upon the ability to restore the 

haematopoietic system. In humans, the transmembrane phosphoglycoprotein CD34 was 

identified as the primary positive selection marker for HSC (Bhatia et al., 1997). However, as 

CD34- HSC are recognised in addition to CD34+ non-haematopoietic progenitor cells (Sidney 

et al., 2014), there was a requirement for the identification of additional markers for HSC such 

as CD90, as well as CD45RA, CD49f, and CD38 for progenitor cells; this has resulted in the 

current classification of HSC as Lin-CD34+CD38-CD90+CD45RA- (Lansdorp et al., 1990; 

Baum et al., 1992; Majeti et al., 2007; Notta et al., 2011). HSC can divide by asymmetric or 

symmetric means, producing one differentiated and one stem daughter cell, or two stem 

daughter cells, respectively (Shahriyari et al., 2013).  

In the classical model derived from research in in vivo murine models, HSC are sub-

classified into long-term HSC (LT-HSC) which reconstitute the HSC pool throughout life, and 

short-term HSC (ST-HSC) which sustain haematopoiesis for several months, due to 

significantly reduced self-renewal capability (Frelin et al., 2013). Within the mature adult BM, 

1% of HSC are LT-HSC, with recent research suggesting HSC can modulate self-renewal 

divisions with LT-HSC dividing merely four times symmetrically throughout life (Bernitz et 

al., 2016). Recent research using human models of HSC alongside mass cytometry and scRNA-

seq have provided evidence for similar classifications, alongside the existence of an 

intermediate-term HSC (IT-HSC) group, suggesting further plasticity rather than definitive 

subtypes (Benveniste et al., 2010; Knapp et al., 2018).  

The process through which the self-renewal properties of HSC are lost as lineage 

programming and resulting differentiation progresses represents an incompletely understood 

process. It is likely that a transcriptional profile maintains stemness traits and studies have 

suggested that the majority of transcriptional alterations between HSC and early progenitor 

cells are independent of lineage fate (Laurenti et al., 2018).
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Figure 1-1: Haematopoiesis in the Classical Lineage Tree Model 

The classic lineage tree details how a haematopoietic stem cell with self-renewal capacity leads to the generation of differentiated cells supported by cytokines, resulting in the production of specific 

daughter cells. The process proceeds branch wise, with no capacity to return to an alternate progenitor state. As an example, addition of IL-3, GM-CSF, and M-CSF will cause an HSC to differentiate 

into a common myeloid progenitor. Through addition of IL-3, SCF, and TPO it will develop into a megakaryocyte erythroid progenitor. Functional erythrocytes can be generated through addition of 

EPO, or alternatively these progenitors can become platelets through TPO. The balance of cytokines determines the generated daughter cells. 

LT-HSC – Long-term Haematopoietic Stem Cell; ST-HSC – Short-term Haematopoietic Stem Cell; MPC – Multipotent Progenitor Cell; LPC – Lymphoid Progenitor Cell; MEP – Megakaryocytic-

Erythroid Progenitor Cell; GMP – Granulocyte-Monocyte Progenitor Cell; MDP – Monocyte-Dendritic Progenitor Cell; NK cell – Natural Killer Cell; Lin – Lineage markers. CD – Cluster of 

Differentiation Marker (Presence or absence for cell type indicated above); Circular arrow represents self-renewal characteristics.
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HSC are characterised by a resulting profile of attenuated mitochondrial activity, 

heightened glycolytic activity, and reduced metabolic activity, with strict regulation of protein 

synthesis, suggesting a unique set of characteristics permits long-term self-renewal (Takubo et 

al., 2010; Signer et al., 2014; Vannini et al., 2016; Laurenti et al., 2018). In contrast, progenitor 

cells present with a highly proliferative profile and enhanced metabolic activity (Laurenti et 

al., 2018). Recent scRNA-seq and other in silico studies have enabled the delimitation of 

further cellular subtypes between branching points with primed characteristics, however, no 

consensus has yet been reached within the field as in vitro and in vivo validation is necessary 

and variation in age confounds definitions (Velten et al., 2017; Anjos-Afonso et al., 2022; 

Mitchell et al., 2022; Monga et al., 2022; Zhang et al., 2022). 

1.1.3 The Bone Marrow Niche 

The concept of a BM niche was first proposed by Schofield in 1978, with the full 

appreciation of a supportive niche realised in subsequent research (Schofield, 1978). The BM 

niche provides cellular and acellular factors which facilitate quiescence and modulate activity 

of HSC, such as self-renewal, differentiation, and proliferation (Morrison et al., 2014). 

Haematopoiesis can be modulated by numerous aspects, including growth factors and 

cytokines which associate with cell surface receptors to activate transcription factors. In turn, 

these modulate signalling pathways which regulate HSC maintenance and activity (Zon, 2008). 

The quiescence, self-renewal, and terminal differentiation of HSC can be regulated by these 

extrinsic factors which are tightly regulated.  

The BM is sub-divided into endosteal and perivascular niches, which harbour quiescent 

LT-HSC and active ST-HSC, respectively, in humans (Szade et al., 2018; Kulkarni et al., 

2020). The endosteal niche exists at the outer edge of the marrow containing osteocytes, which 

enable HSC chemotactic homing by producing calcium ions that are detected by HSC (Adams 

et al., 2006). Moreover, it is a region of hypoxia which stabilises LT-HSC quiescence (Takubo 

et al., 2010). The perivascular niche, on the other hand, is located within the inner core of the 

BM with ST-HSC localising to the sinusoidal endothelium. The endosteal niche is also 

occupied by a heterogenous population of mesenchymal-derived osteoblasts, osteoclasts, 

osteocytes, bone lining cells, fibroblasts, amongst others. The two central mediators of bone 

homeostasis are osteoblasts and osteoclasts, which synthesise bone tissue and reabsorb bone 

tissue respectively. Osteoblasts are well recognised for excreting cytokines which contribute 

to the regulation and maintenance of HSC, most notably osteopontin (OPN), thrombopoietin 

(TPO), angiopoietin-1 (ANG1), annexin 2 (ANXA2), granulocyte colony-stimulating factor 
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(G-CSF), stem-cell factor (SCF), and CXC-chemokine ligand 12 (CXCL12) (Taichman et al., 

1994; Ponomaryov et al., 2000; Calvi et al., 2003; Arai et al., 2004; Stier et al., 2005; Jung et 

al., 2007; Yoshihara et al., 2007). Other cell types within the region provide signals which 

support HSC, such as TGF- from macrophages (Garbe et al., 1997). Functionally, CXCL12 

influences HSC repopulation and migration, SCF affects HSC maintenance, OPN affects HSC 

differentiation, ANXA2 changes HSC migration, G-CSF promotes myelopoiesis, and ANG1 

and TPO both regulate LT-HSC quiescence (Taichman et al., 1994; Ponomaryov et al., 2000; 

Calvi et al., 2003; Arai et al., 2004; Stier et al., 2005; Jung et al., 2007; Yoshihara et al., 2007). 

The bone microenvironment is represented in Figure 1-2. 

Further to cytokines, many cells of the endosteal niche express membrane-bound ligands 

and receptors which contribute to HSC maintenance. Whilst it remains contentious, research 

has demonstrated that the Notch ligand, Jagged, maintains HSC (Varnum-Finney et al., 2000; 

Paik et al., 2010; Poulos et al., 2015).  
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Figure 1-2: The Bone Marrow Microenvironment 

The BM microenvironment is subset into two main areas: the endosteal, and the perivascular. In this diagram, a cross section 

of the BM demonstrates the perivascular niche which covers the central region between the core arteriole and the dashed 

perimeter, whilst the endosteal niche presents between the dashed perimeter of the perivascular niche and the osteoblast lining. 

HSC – Haematopoietic Stem cell; MEP – Megakaryocytic-erythroid Progenitor Cell; GMP – Granulocyte-monocyte 

Progenitor Cell. 

 

 

 

 



  Introduction 

8 

 

1.1.4 Regulation of Haematopoiesis 

Haematopoiesis is a closely regulated process controlled by numerous interactions 

between cytokines, transcription factors (TF), and signalling pathways which are regulated by 

HSC and by communication with the cells within the stroma microenvironment. The resulting 

production of differentiated cells is lineage-dependent, with the current consensus built upon 

the classical hierarchical model. However, it is widely acknowledged that this model represents 

a generalisation of biological events and requires further derivation (Velten et al., 2017). 

The production of blood cells is influenced by haematopoietic cytokines. Cytokines are 

extracellular glycoproteins which bind and activate cytokine receptors, enabling their function 

to be applied in an auto-, para-, or endocrine manner. Principle cytokines include colony 

stimulating factor (CSF), interferons (IF), interleukins (IL), erythropoietin (EPO), 

thrombopoietin (TPO), and FMS-like tyrosine kinase 3 (FLT3). Cytokines are incorporated 

into the hierarchical model of haematopoiesis as the instructive model of fate determination, 

with select cytokines responsible for definitively driving specific cell fate determination 

(Rieger et al., 2009), such as EPO in the context of erythroid production. However, other 

cytokines, such as IL-3, are known to promote proliferation in a lineage agnostic manner 

suggesting some cytokines are pleiotropic (Ihle, 1992).  

EPO drives late-stage erythropoiesis by promoting the expression of GATA-1, an 

erythroid-associated transcription factor (Koury et al., 1990; Zhao et al., 2006). Genetic 

ablation of EPO induced anaemia and resulting gestational death in vivo in a mouse model, 

despite the presence of erythroid progenitor cells with the BM, demonstrating the necessity of 

EPO in late-stage differentiation (Wu et al., 1995; Lin et al., 1996). The detection of early 

erythroid progenitors has demonstrated that the current instruction model requires further 

adaption, with speculations that TPO provides the needed stimuli to drive these early erythroid 

progenitors. Genetic ablation of TPO resulted in a substantial reduction in erythroid progenitors 

in addition to platelets, megakaryocytes, and notably HSC, suggesting a common dependency 

between cell types (Porteu et al., 1996; Ratajczak et al., 1997; Yan et al., 2013). FLT3 has been 

demonstrated to suppress erythroid and megakaryocyte development in favour of myeloid-

lymphoid differentiation during haematopoiesis by upregulation of PU.1 (Onai et al., 2006; 

Tsapogas et al., 2014). A substantial reduction in the HSC and mature myeloid cells resulted 

as a consequence of FLT3 suppression (Mackarehtschian et al., 1995). SCF is a fundamental 

cytokine with a critical role in HSC proliferation, survival, and differentiation (Broudy, 1997; 

Hartman et al., 2001). Suppression of SCF production or ablation of the SCF receptor c-kit was 
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found to induce lethal macrocytic anaemia by depletion of progenitor cells and deficiency of 

all constituent myeloid and erythroid cell types (Ogawa et al., 1991; Ito et al., 1999).  

G-CSF and granulocyte-macrophage CSF (GM-CSF) drive the differentiation and 

proliferation of myeloid progenitors (Metcalf et al., 1982). GM-CSF is not absolutely required 

for the formation of derivative cells as determined by tolerated mutations of either GM-CSF or 

the associated receptor, and indeed, G-CSF is only required for complete granulopoiesis, with 

mutations of G-CSF resulting in partial neutropenia (Stanley et al., 1994; Nishinakamura et al., 

1995).  

The incomplete loss of any haematopoietic lineage in response to ablation of a sole 

cytokine or the associated receptor suggests haematopoiesis retains compensative redundancy 

enabling toleration of such conditions (Brown, Ceredig, et al., 2018); in addition, this 

observation presents further evidence for the adoption of a continuum model of haematopoiesis 

with a greater dynamic capacity of fate (Brown, Tsapogas, et al., 2018). Despite these 

limitations in understanding, therapeutic administration of recombinant cytokines has proven 

clinically effective in treating haematopoietic defects such as anaemia, in addition equivalent 

sequalae of chemotherapy treatment (Gabrilove et al., 1988; Lyons et al., 1988). 

TF are integral to haematopoiesis and are involved in HSC maintenance, survival, and 

differentiation. The dysregulation of TF is a known driver of leukaemogenesis, and the 

understanding of their particular roles has enabled these to be used as informative biomarkers 

of prognosis and therapeutic approaches targets (Aziz et al., 2017; Gu et al., 2018; Yu et al., 

2020).  

The principal TF which are involved in the generation of HSC are Runt-related 

transcription factor 1 (RUNX1) and Stem-cell Leukaemia (SCL), whilst Growth-factor 

Independence 1 (GFI1), and CCAAT enhancer-binding protein alpha (CEBPA) enable self-

renewal capacities (Thambyrajah et al., 2016). In vivo, embryonic null mice of RUNX1 and 

SCL experience haematopoietic failure and are embryonic lethal; however, in vitro adult 

haematopoietic models have demonstrated no RUNX1- or SLC-dependency for HSC 

maintenance, but rather demonstrated issues with lineage-specific differentiation and a 

myeloproliferative phenotype suggesting further roles for these TF (Ichikawa et al., 2004; 

Growney et al., 2005). Myeloid differentiation is coordinated by PU.1, CEBPA, and interferon-

regulatory factor 8 (IRF8) (Tanaka et al., 1995; Holtschke et al., 1996; Tenen et al., 1997; 

Yamanaka et al., 1997; Hock et al., 2003). Together, these promote the expression of receptors 

for GM-CSF, G-CSF, and macrophage CSF (M-CSF). Granulocyte differentiation is 
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orchestrated by GFI1, CEBPA, and CEBPE  with ablation of any these genes found to drive 

myeloproliferative disorders (Yamanaka et al., 1997; Hock et al., 2003; Thambyrajah et al., 

2016). These TF are central to the development of leukaemia through genetic mutations or 

chromosomal translocations which dysregulate normal HSC maintenance and development 

(1.2.2). 

1.2 Acute Myeloid Leukaemia 

1.2.1 Overview 

Acute myeloid leukaemia (AML) is a heterogeneous haematological malignancy 

manifesting with molecular genetic mutations and cytogenetic abnormalities. Rapid clonal 

expansion of leukaemic cells, initially within the BM, induces a haematopoietic failure in the 

production of normal haematopoietic cells. A defining characteristic of AML is the infiltration 

and saturation of the BM niche with immature haematopoietic cells (De Kouchkovsky et al., 

2016) which have heightened survival and proliferative capabilities, amongst other advantages, 

but are functionally compromised because of a block in differentiation (Lowenberg et al., 

2016). Overall, five-year survival is approximately 20-25% in AML, with individual patient 

prognoses refined by age amongst other features (Juliusson et al., 2009). However, disease 

subtyping and patient contraindications result in a spectrum of treatment options with a broad 

range of prognostic outcomes (1.2.6). 

1.2.2 Aetiology of Acute Myeloid Leukaemia 

The aetiology of AML is incompletely characterised, with several potential genetic 

events generating differing subtypes of AML, most notably with acute promyelocytic 

leukaemia (APL). Genomic instability is observed in AML, with a normal karyotype observed 

in only 50% of patients. Recurring mutations or translocations are known to drive 

leukaemogenesis and influence therapeutic decision making and prognostic outcome, such as 

FLT3 mutations (John S Welch et al., 2012). The pathogenesis of AML is not yet understood, 

but methylation of tumour suppressor genes and oncogenes is known to play a substantial role 

(Larmonie et al., 2018).  

Most patients present with de novo AML with no predisposing risk factors. It is 

recognised that, as mutations successively accumulate with age, several cooperating mutations 

initiate the transition of an HSC to a leukaemic stem cell (LSC) (Ye et al., 2015) with 

competitive pressures leading to the expansion of a highly proliferative clone. HSC are 

predicted to suffer 1 ± 0.20 exonic mutations per 7.5-years of life (John S Welch et al., 2012; 
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T. N. Wong et al., 2015) which increases the probability that initiating mutations will occur 

with advancing age.  

Therapy-related AML (t-AML) accounts for up to 20% of AML cases and typically 

occurs 1-5 years after treatment with radiotherapy or chemotherapy during the course of 

treatment for another cancer or related disease (Samra et al., 2020). For example, a specific 

class of therapeutics known as topoisomerase type-II inhibitors, such as etoposide, are 

frequently applied in the treatment of acute lymphoblastic leukaemia (ALL); however, up to 

15% of patients will later present with t-AML (Schoch et al., 2004). Topoisomerase type-II 

inhibitors form a complex with DNA and inhibit re-ligation during mitosis, leading to cell death 

with a inclination to affect more rapidly dividing cancer cells (Pommier et al., 2010). As an 

unintended sequalae, etoposide can facilitate translocations of the mixed-lineage leukaemia 

gene (MLL) with numerous genes through an unknown mechanism, thereby instigating t-AML 

with prognosis significantly worse than de novo AML (Smith et al., 2003).  

In addition to the risks associated with radiotherapy or chemotherapy in driving t-AML, 

general exposure to ionising radiation, cigarette smoke, and carcinogenic chemicals heightens 

the risk of genetic mutations triggering leukaemogenesis. Furthermore, certain genetic 

disorders including Li-Fraumeni syndrome, Down syndrome, and Shwachman–Diamond 

syndrome substantially increase the risk of AML (Stieglitz et al., 2013). Whilst rare, the recent 

inclusion of familial myeloid malignancies in the revised World Health Organization (WHO) 

classification has improved recognition of germline variants associated with AML and driven 

research efforts to improve identification and management of these at-risk individuals.  

The RUNX1, CEBPA, and GATA2 genes have been found to be germline mutated 

(Babushok et al., 2016; Rio-Machin et al., 2020). These germline variants have gained greater 

appreciation in the last decade as further evidence reveals these variants predispose individuals 

to AML, demonstrating clinical interest in identifying and characterising these germline 

anomalies. As AML occurs following the combination of genetic events in the multi-hit 

(polygenic) model, germline genetic mutations require a secondary hit, though the germline 

mutation can be characterised into classes with associated risk of disease progression (1.2.3). 

The identification of germline variants has been challenging owed to limited prospective data 

(Godley et al., 2017), however, recent genome-wide association studies have identified 

numerous prospective further germline mutations of interest including ADA, GP6, IL17RA, 

PRF1, SEC23B, DNAH9, NAPRT1, SH2B3 and DHX34 (Rio-Machin et al., 2020).  
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In a case study, a family presented with AML in a son, father, and paternal grandmother 

with such occurrence indicative of familial predisposition with high penetrance. Subsequently, 

sequencing identified DDX41 as the inherited somatic defect predisposing to MDS and AML 

(Polprasert et al., 2015). Functionally, the role of DDX41 is unknown, however, roles in RNA 

splicing have been proposed and the observation of mutual exclusivity with other spliceosomal 

mutations in AML suggests such a role is founded. In vitro, knockdown of DDX41 has been 

demonstrated to enhance proliferation and colony formation significantly, demonstrating 

contributions as a pre-leukaemic contributor to AML pathogenesis (He et al., 2011; Sontakke 

et al., 2014). Clinically, DDX41MUT patients proved to respond positively to treatment with 

lenalidomide, suggesting a wider study evaluating DDX41MUT and lenalidomide could reveal 

a suitable therapeutic option for patients harbouring this familial or somatic mutation. Such 

case studies reveal insight into the pathogenesis of AML in addition to revealing more suitable 

therapeutic interventions; therefore, it is hoped in the coming years greater understanding of 

familial inherited mutations could provide greater biological understanding of the polygenic 

model and specific contributions of central genes and mechanisms. 

1.2.3 Leukaemogenesis and Clonal Cancer Evolution  

In de novo cases of AML, the acquisition of genetic and epigenetic mutations within 

the myeloid progenitor cell population led to the development of the now classical two-hit 

model of leukaemogenesis. In this model, leukaemogenesis follows a multi-step process in 

which LSC acquire mutations from two distinct classes, with the presence of both 

fundamentally required for AML onset (Kelly et al., 2002; Conway O’Brien et al., 2014). The 

mutations are not leukaemogenic independently but act co-operatively. 

The first class relates to genetic aberrations which induce a proliferative and survival 

advantage to cells. This frequently involves FLT3, KRAS, TP53, NRAS, or c-KIT, with the 

resulting consequent perturbed activity of several well characterised pathways (Gu et al., 

2018). The second class relates to genetic aberrations which impede differentiation or sustain 

self-renewal characteristics, exemplified by the translocation events RUNX1::RUNX1T1 and 

PML::RARA, or mutations of NPM1 and CEBPA (Tonks et al., 2003; Grove et al., 2014). 

However, further understanding of the biological basis of AML highlighted the overgeneralised 

nature of the two-step model (S. Jiang et al., 2018). The model was expanded in recent years 

to incorporate a third class of aberrations which relate to epigenetic regulators such as 

DMNT3A, TET2, WT1, and IDH family members, leading to a three-step hypothesis 

(Alexandrov et al., 2013; Ley, 2013; Sun et al., 2018). As understanding of leukaemogenesis 
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develops, it is increasingly likely that the multi-step model will be surpassed by a new model 

with a greater appreciation of the underlying complexity, including incorporation of extrinsic, 

stromal cells which harbour mutations which disrupt haematopoiesis and can generate AML 

(Kode et al., 2014; Galán-Díez et al., 2016). 

A particular challenge in producing a new model is the observation that many of these 

genes are found mutated frequently in the ageing population at low allelic frequencies without 

any associated disease, supporting the basis of multi-hit initiation of AML (Midic et al., 2020). 

Clinically, the presence of somatic mutations within genes associated with haematopoiesis at a 

low allelic frequency is diagnosed as clonal haematopoiesis of indeterminate potential (CHIP), 

and is found in 10% of those aged between 70-80 years of age and increasing thereafter 

(Steensma et al., 2015). Critically, the subsequent incidence of haematological malignancies 

in CHIP patients is 15 times the average rate, resulting in recommendations to screen patients 

diagnosed with CHIP annually for haematological malignancies (Heuser et al., 2016). These 

mutations, such as DMNT3A and TET2, represent pre-leukaemic genetic events which alone 

are tolerated, but facilitate leukaemogenesis in tandem with further genetic aberrations which 

act as leukaemic drivers (John S. Welch et al., 2012; Abelson et al., 2018). Leukaemogenic 

mutations are often members of signalling pathways which are ordinarily expressed in 

haematopoiesis, with FLT3, RAS, and c-KIT mutated in over half of patients (Table 1-1).  

Despite shortcomings, the mutational landscape of AML is well characterised as a result 

of the low mutational burden. Whilst solid tumours often present with a mutational burden of 

>15 somatic mutations per megabase, somatic mutations in AML are below 1 mutation per 

megabase (Alexandrov et al., 2013; Ley, 2013). For context, the range in median mutational 

burden varies from 0.8 mutations per megabase (MDS) to 45 mutations per megabase in skin 

squamous cell carcinoma, demonstrating the low burden in AML. The mutational profile of 

each AML patient enables classification, conveys prognostic value, and dictates treatments.  
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Table 1-1: Frequent Mutations in AML 

Table outlining the recurrent cytogenetic and molecular genetic aberrations which are frequently observed in AML. These are 

subtyped into mutational types based on commonality. Adapted from  (Grove et al., 2014; Di Nardo et al., 2016). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mutation Type Gene Frequency 

Signal Transduction Genes FLT3, KRAS, NRAS ,KIT, PTPN11, NF1 59% 

Epigenetic Regulation DNMT3A, IDH1, IDH2, TET2 44% 

Chromatin Modifiers MLL-fusions, ASXL1, EZH2 30% 

Nucleophosmin NPM1 27% 

Gene Translocations PML::RARA, MYH11::CBFB, RUNX::RUNX1T1 25% 

Transcription Factors CEBPA, RUNX1, GATA2 22% 

Tumour Suppressor Genes TP53, WT1, PHF6 16% 

Spliceosome Genes SF3B1, SRSF2, U2AF1, ZRSR2 14% 

Cohesin Complex RAD21, STAG1, STAG2, SMC1A, SMC3 13% 
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1.2.4 The Leukaemic Stem Cell 

As a clonal malignancy, AML originates following the accumulation of mutations 

within a single cell, occurring over an extended period. This initiating cell is known as the LSC,  

and has remained an area of contentious research for several decades (Fialkow, 1974; Griffin 

et al., 1986; Lapidot et al., 1994). LSC retain the self-renewal capability of HSC and current 

research supports a parallel hierarchical organisation of LSC imitating normal haematopoiesis; 

however, the former leads to the production of poorly differentiated blasts which saturate the 

BM (Jordan, 2007).  

The inherent instability of the cancer genome facilitates the rapid accumulation of 

genetic aberrations  (Suela et al., 2007). An intrinsic selection toward mutations which enhance 

survival and proliferation will occur over time by means of clonal competition which acts in a 

linear, branching manner (Grove et al., 2014; Morita et al., 2020). Furthermore, the genetic 

landscape of AML is also pressured by treatment regimens which can apply an evolutionary 

pressure towards therapy resistant clones.  

LSC were identified through fractionated ex vivo transplantation of AML patient 

material into immunodeficient mice (Bonnet et al., 1997). In this study, patient material was 

sorted into CD34+CD38- and CD34+CD38+ populations prior to implantation, with only the 

former leading to onset of disease in the murine model. The CD34+CD38- subset was further 

capable of initiating disease after serial transplantation, demonstrating sustained self-renewal 

capacity. A difficulty in progressing research relies on the heterogeneity of the LSC population, 

stimulating research into additional markers of LSC. In recent years, numerous markers 

differentiating LSC from HSC have been proposed such as CD7 (Wu et al., 2009), CD9 (Liu 

et al., 2021), CD33 (Krupka et al., 2014), CD44 (Jin et al., 2006), CD47 (Majeti, Chao, et al., 

2009), CD96 (Hosen et al., 2007), CD123 (Bras et al., 2019), and CD157 (Krupka et al., 2017), 

in addition to TF such as HDAC, NF-B, HIF-1, and -catenin (Ding et al., 2017). However, 

these markers remain controversial between studies. For instance, approximately 30% of AML 

patients present with no detectable CD34 expression, suggesting AML is capable of originating 

from CD34- haematopoietic progenitors and that the current definition is incomplete (Taussig 

et al., 2010; Sarry et al., 2011; Ng et al., 2016).  

Expanding the understanding of the biology of the LSC is critical to furthering targeted 

therapy for this population. Although LSC represent a subset of the AML population, their 

eradication is fundamental to achieving long-term clinical remission. Unfortunately, standard 
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chemotherapeutic strategies applied clinically to treat AML have limited effect upon the LSC 

population, perhaps owed to LSC quiescence (Jordan, 2007; Villatoro et al., 2020).  

1.2.5 Epidemiology and Clinical Diagnosis of AML 

AML is the most prevalent acute leukaemia in adults, accounting for 80% of all cases 

(Bain et al., 2019), with approximately 3,000 patients diagnosed within the UK annually. AML 

is an age related disease, with incidence rates rising after 50-years of age onwards, presenting 

with highest incidence within the 85-89 years old age bracket (Normal, 2008; Shallis et al., 

2019). According to the UK Office of National Statistics, the incidence of AML within the UK 

has increased in the past three decades by approximately 30%. Whilst a proportion of this can 

be explained by the increasingly aged population of the UK subsequent to the post-World War 

II ‘baby boom’, increases in the number of patients presenting with t-AML suggests therapy 

adverse effects are also contributing a proportion of the rise (McNerney et al., 2017). 

Occurrence of AML is marginally higher in males than females at 56:44, respectively, and is 

also more common in Caucasian individuals, as opposed to Hispanics, Africans, and Asians 

(Kirtane et al., 2017).  

Patients with AML will present clinically with a variety of symptoms, including fatigue, 

paleness, repeated infections, anaemia, bruising, and weight loss; rarer symptoms are a 

consequence of spleen enlargement (Döhner et al., 2010). The more common symptoms 

present as a consequence of the accumulation of leukaemic blast cells within the BM, which 

reduce normal haematopoietic output and function.  

A full blood count is performed from peripheral blood which can diagnose anaemia, 

neutropoenia, and thrombocytopaenia, whilst a BM biopsy is able to consider morphological 

profiles, cytogenetics, and molecular characteristics. A diagnosis of AML is confirmed in the 

presence of >20% myeloblasts within the peripheral blood; however, presence of lower levels 

do not exclude AML (Khwaja et al., 2016). Histological analysis of BM cell morphology, in 

addition to immunophenotypic considerations, is the recognised current standard for diagnosis, 

with further incorporation of subtype. Expression of MPO, CD13, CD33, CDw65, and CD117 

on myeloblasts confirms AML, with further abnormal expression of lymphoid antigens 

enabling disease stratification (Bain et al., 2019; Basharat et al., 2019). For instance, the B-cell 

marker CD19 is expressed in up to 35% of AML patients with CD19 expression associated 

with a positive prognosis and low relapse risk (Poeta et al., 1995; Wang et al., 2021), whilst 

the T-cell marker CD7 is expressed in up to 30% of patients and is associated with more 

aggressive disease that proves resistant to standard therapy (Brandt et al., 1997; Gomes-Silva 
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et al., 2019). AML cell karyotyping is important, as considerations of cytogenetics are also 

integral for endotyping. Common gene mutations and chromosomal translocations are 

screened, as these are informative of prognostic and treatment indicators. These include the 

AML-specific aberrations such as RUNX1::RUNX1T1 (Swart et al., 2021) and PML::RARA; 

however, these screens are only designed to capture the most frequent genetic aberrations in 

AML. Reductions in cost have led to calls for adoption of whole exome sequencing, enabling 

the assessment of the full profile for each patient (Leisch et al., 2019; Duncavage et al., 2021).  

1.2.6 Disease Subtyping and Prognostic Stratification 

As AML is derived from a combination of genetic aberrations, its heterogenous nature 

has challenged classification and prognostic efforts. Historically, patients were diagnosed 

based on karyotyping and a blast count of 30% or greater for classification with the French-

American-British (FAB) system (Bennett et al., 1976). This classified patients AML into eight 

subtypes ranging from FAB-M0 (undifferentiated) to FAB-M7 (incompletely differentiated 

megakaryocytic) (Table 1-2). Whilst morphological classification was an influential diagnostic 

platform, half of AML patients present with a normal karyotype and as such the FAB system 

was limited in its diagnostic and prognostic capability (Grimwade et al., 2001).  

In 2008, the WHO succeeded this classification system with an expanded panel of 

morphologic, cytogenetic, immunophenotypic, genotypic considerations, alongside clinical 

features, including a reduction of the blast count threshold to 20% (Table 1-3) (Falini et al., 

2010). In 2017, the European LeukemiaNet (ELN) classification system was developed, which 

stratified patients into adverse, intermediate, and favourable prognostic groups on the basis of 

aberrant genetics (Table 1-4) (Döhner et al., 2017).  In the coming decades, it is likely that the 

classification system will be further revised as newer technologies uncover previously 

unappreciated genetic aberrations. For example, deep sequencing has revealed novel 

chromosomal translocations within normal karyotype AML (Akagi et al., 2009), including 

CBFA2T3::GLIS2 (Masetti, Pigazzi, et al., 2013), and DHH::RHEBL1 (Masetti, Togni, et al., 

2013), amongst numerous other fusion genes (Wen et al., 2012). These provide prognostic 

indication and, hence, represent potential therapeutic targets (Ilyas et al., 2015). In 2021, the 

ELN system was expanded to include recommendations to measurable residual disease 

assessment, as the field currently utilises distinct methodologies including qPCR, flow 

cytometry, and next generation sequencing (NGS) alongside differing sampling sources and 

timepoints (Heuser et al., 2021). Together, these warrant standardisation to enable 

comparability and maximise effectiveness.  



  Introduction 

18 

 

 

 

Table 1-2: French-American-British Classification System for AML 

AML subtypes defined per the French-American-British system. Table adapted from (Bennett et al., 1976) and images 

acquired from (Ladines-Castro et al., 2016). 

FAB – French-American-British Classification System 

 

 

 

 

 

FAB Subtype Presentation Classification 

M0 

 

   Undifferentiated acute myeloblast leukaemia 

M1 

 

   Acute myeloblast leukaemia with minimal maturation 

M2 

 

   Acute myeloblastic leukaemia with maturation 

M3 

 

   Acute promyelocytic leukaemia 

M4 

 

   Acute myelomonocytic leukaemia 

M4 EO 

 

   Acute myelomonocytic leukaemia with BM eosinophilia 

M5 

 

   Acute monocytic leukaemia 

M6 

 

    Acute erythroid leukaemia 

M7 

 

   Acute megakaryoblastic leukaemia 
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Table 1-3: The World Health Organisation 2016 AML Classification System 

Table describing the AML classification system designed by the World Health Organisation in 2016. Adapted from  (Döhner 

et al., 2017; Hwang, 2020) 

 

 

 

 

 

Subtype Description 

1 

AML with recurrent genetic abnormalities 

AML with t(8;21) (q22;q22.1); RUNX1::RUNX1T1 

AML with inv(16) (p13.1q22) or t(16;16) (p13.1;q22); CBFβ::MYH11  

APL with PML::RAR⍺ 

AML with t(9;11) (p21.3;q23.3); MLLT3::KMT2A 

AML with t(6;9) (p23;q34.1); DEK::NUP214 

AML with inv(3) (q21.3q26.2) or t(3;3)(q21.3;q26.2); GATA2, MECOM  

AML (megakaryoblastic) with t(1;22) (p13.3;q13.3); RBM15::MKL1  

Provisional entity: AML with BCR::ABL1 

AML with mutated NPM1 

AML with biallelic mutations of CEBPA 

Provisional entity: AML with mutated RUNX1  

2 AML with myelodysplasia related changes 

3 Therapy related myeloid neoplasms 

4 

AML, not otherwise specified (NOS) 

AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute monoblastic/monocytic leukaemia 

Pure erythroid leukaemia 

Acute megakaryoblastic leukaemia 

Acute basophilic leukaemia 

Acute panmyelosis with myelofibrosis 

5 Myeloid sarcoma 

6 

Myeloid proliferations related to Down syndrome 

Transient abnormal myelopoiesis (TAM) 

Myeloid leukaemia associated with Down Syndrome 
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Table 1-4: The European LeukemiaNet 2017 AML Prognostic Classifications 

Table outlining the prognostic consequence to common genetic aberrations in AML as defined by the ELN 2017 classification. 

Adapted from  (Döhner et al., 2017). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Risk Category Genetic Abnormality 

Favourable 

t(8;21) (q22;q22.1); RUNX1::RUNX1T1  

inv(16) (p13.1q22) or t(16;16)(p13.1;q22); CBFB::MYH11  

Mutated NPM1 without FLT3::ITD or with FLT3::ITDLOW (allelic ratio < 0.5)  

Biallelic mutated C/EBP⍺ 

Intermediate 

Mutated NPM1 and FLT3::ITDHIGH (allelic ratio ≥ 0.5) 

Wildtype NPM1 without FLT3::ITD or with FLT3::ITDLOW (allelic ratio < 0.5)* 

t(9;11) (p21.3;q23.3); MLLT3::KMT2A  

Cytogenetic abnormalities not classified as favourable or adverse 

Adverse 

t(6;9) (p23;q34.1); DEK::NUP214  

t(v;11q23.3); KMT2A rearranged  

t(9;22) (q34.1;q11.2); BCR::ABL1  

inv(3) (q21.3q26.2) or t(3;3) (q21.3;q26.2); GATA2, MECOM 

−5 or del(5q); −7; −17/abn(17p)  

Complex karyotype (≥3 chromosomal abnormalities), monosomal karyotype  

Wildtype NPM1 and FLT3::ITDHIGH (allelic ratio ≥ 0.5) 

Mutated RUNX1 (if not co::occurring with favourable AML subtypes) 

Mutated ASXL1(if not co::occurring with favourable AML subtypes) 

Mutated TP53 (associated with AML complex and monosomal karyotype) 
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For instance, ELN recommends a minimum of five million events to detect LSC which are 

gated on the basis of CD34+CD38- expression, and the presence of an aberrantly expressed 

marker to enable distinction from HSC (e.g., CD45RA, CD123, CLL-1). Improving the 

detection methods and sampling timepoints for patients will hopefully improve long term 

prognostic outcomes.  

Age at onset represents the principal dictator of resulting prognosis. Epidemiological 

studies have determined that five-year survival is approximately 15% for individuals diagnosed 

in their late 60s, with increasingly poorer survival as age progresses. This is in contrast to the 

observed 50% five-year survival rate in those under 50 years of age (Juliusson et al., 2009). In 

part, this could be facilitated by treatment challenges in the elderly, as elevated incidence of 

co-morbidities contraindicates curative treatment options. This is in addition to the observed 

poor tolerance of intensive chemotherapy which further restricts treatment options and efficacy 

(Finn et al., 2017).  

1.2.7 Treatment for Acute Myeloid Leukaemia 

Until recently, treatment options for AML remained similar for several decades, with 

improvements generally limited to dose intensification or combinational regimens (Dombret et 

al., 2016). In recent years, emerging therapeutic options are demonstrating tremendous promise 

especially with regard to targeted therapies, which are capable of treating specific subtypes of 

AML (1.2.7.2). After the clinical diagnosis of AML is confirmed, the molecular indicators, in 

conjunction with individual patients’ characteristics, are used to inform how treatment will 

proceed. Treatment strategies are separated into three regimens of induction chemotherapy, 

consolidation therapy, and maintenance therapy with each distinct in their therapeutic intention.  

1.2.7.1 Standard Therapeutic Approaches 

Induction chemotherapy is intended to alleviate the leukaemic burden and achieve 

complete remission (CR), defined as <5% blast content within the BM, absence of Auer rods 

and extramedullary leukaemia, and restored normal haematopoiesis as measured by a 

neutrophil count of >1,000/µL, and a platelet count >100,000/µL (Döhner et al., 2017). CR 

without restoration of normal haematopoiesis is recognised as incomplete haematological 

recovery (CRi) and represents a further treatment challenge (Papaemmanuil et al., 2016). 

Induction chemotherapy employs a combination of an antimetabolite such as cytarabine (Ara-

C; 100-200mg/m2), for 7 days, alongside an anthracycline such as daunorubicin (DNR; 
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60mg/m2), for the first 3 days of treatment, in a 7+3 continuous infusion, respectively, over 7-

days (Tallman et al., 2005).  

The mechanism of action for DNR is not fully appreciated, but is believed to act through 

inhibition of topoisomerase II, which is integral to topological rearrangement of DNA during 

mitosis (Lehmann et al., 2004). It has also been found that upon cellular accumulation of DNR, 

the drug is reduced by oxidation-reduction to generate reactive oxygen species such as 

superoxides, hydroxyl radicals, and hydrogen peroxide which together toxically accumulate to 

induce cell lethality (Doroshow, 2019). Ara-C is an antimetabolite which inhibits nucleic acid 

synthesis by acting as a pyrimidine nucleobase analogue. During the S-phase of the cell cycle, 

the cytarabine metabolite cytarabine trisphosphate is incorporated into DNA and exerts cell 

lethality by obstructing cell cycle progression (Li et al., 2017).  

Together, these therapies achieve CR in up to 80% of patients below sixty years old, and 

in approximately 50% of patients above sixty (Estey, 2009; Schlenk et al., 2018). The 

discrepancy between cohorts derives from the co-morbidities which contraindicate treatment 

in the elderly cohort, alongside low tolerance for chemotherapy. As over half of patients are in 

the elderly cohort, efforts have been made to apply less intensive chemotherapeutic regimens, 

such as low-dose Ara-C (LDAC), or through the application of novel delivery mechanisms 

which enable reduced dosages, such as CPX-351, a liposomal delivery platform for dual 

administration of DNR and Ara-C (Raut, 2015). Alternatively, hypomethylating agents (HMA) 

can be applied in the elderly, such as Azacitidine, which improves outcome with high tolerance 

(Dombret et al., 2015; Seymour et al., 2017). 

Consolidation therapy is designed to eradicate residual leukaemic cells and eliminate the 

risk of relapse. Often, it is only suitable for those below sixty years of age in good general 

health (Watts et al., 2018). Consolidation therapy can take the form of several cycles of high-

dose Ara-C (HiDAC) (Schwarer et al., 2016), an allogeneic stem cell transplant (Koreth et al., 

2009), or an autologous stem cell transplant (Saraceni et al., 2017). In the elderly cohort, it is 

possible to perform repeated cycles of LDAC, if tolerated, or a non-myeloablative stem cell 

transplant can be performed (Pizzola et al., 2019), although these are less successful than the 

more intensive methods. Consolidation therapy is designed specifically to each patient, by 

taking into consideration the full molecular profile of the AML, the difficulty in achieving 

remission, availability of a matching donor for an allogeneic stem cell transplant, or possibility 

of collecting leukaemia-free BM tissue from the patient for an autologous stem cell transplant. 
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Most importantly, the overall patient health, age, and wishes will dictate the intensity of 

consolidation therapy. 

Lastly, maintenance therapy is a post-consolidation treatment intended to prolong the 

period of remission and mitigate relapse. Treatments include continued chemotherapy cycles, 

HMA, immunotherapy, and targeted inhibitors; however, historically, the benefits of 

maintenance therapy were negligible or divisive (Sauter et al., 1984; Palva et al., 1991; 

Löwenberg et al., 1998). The development of novel therapies has, however, demonstrated 

improvements to clinical outcome, such as with the HMA CC-486 (Wei et al., 2019). The 

complexity of arising subclones with greater molecular complexity and heightened therapeutic 

evasion characteristics results in a dilemma for treatment suitability, and it is likely further 

novel therapies will improve the efficacy of maintenance therapy.  

Despite these therapeutic efforts, relapse continues to occur in 50% of patients under 

sixty and up to 90% of those in the elderly cohort (Thol et al., 2020). Relapsed disease is the 

most common cause of death in AML (Dombret et al., 2016). Relapse frequently presents with 

a clonally evolved derivative from the primary AML, which exhibits greater molecular 

complexity with frequent acquisition of resistance to DNR and Ara-C, amongst other 

treatments. As a consequence, mortality rates have increased by 63% despite the advances in 

treating AML (Burnett et al., 2010). Whilst five-year survival rates have improved, these still 

remain poor, with an expected 40% survival for early (<60 years old) and less than 10% for 

elderly (>60 years old) documented (Watts et al., 2018). Together, this highlights the need for 

more targeted therapeutic options which will better treat the young cohort, whilst alleviating 

concerns of tolerance in elderly patients. 

1.2.7.2 Targeted Therapy Approaches 

The greater understanding of the biological basis of AML has facilitated the development 

of targeted therapies with heightened efficacy and reduced sequalae. An early success story in 

the development of targeted therapy for AML is the treatment of APL. APL is characterised by 

a reciprocal translocation which results in the expression of the fusion gene PML::RARA. 

Historically, APL used to be considered a poor prognostic indicator in AML, with low overall 

survival rates. However, treatment with all-trans-retinoic acid (ATRA) and arsenic trioxide 

(ATO) as a combinational retinoic acid therapy has achieved clinical remission in >90% of 

patients (Lo-Coco et al., 2013) with long-term survival of over 98% (Sanz et al., 2019). This 

success highlighted the tremendous promise of targeted therapy.  
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FLT3 is mutated to a constitutively active form which induces proliferation and 

suppresses differentiation driving AML (Gary Gilliland et al., 2002). Midostaurin and 

Sorafenib were first-generation targeted therapies which inhibited the function of FLT3 with 

demonstrated clinical benefits (Stone et al., 2017; Liu et al., 2018). However, as Midostaurin 

was able to inhibit off-target tyrosine kinases, incidence of adverse effects was noted (Short et 

al., 2018). Similarly, Sorafenib was effective only in the post-transplant context, with no 

observed improvement to FLT3 internal tandem duplication (FLT3-ITD+) patients (Y. Bin 

Chen et al., 2014). This led to the development of second-generation FLT3 inhibitors such as 

Quizartinib (Zarrinkar et al., 2009), Crenolanib (Galanis et al., 2014), and Gilteritinib (Ueno 

et al., 2019) which had improved efficacy and on-target scores as compared to first-

generational equivalents. Unfortunately, the efficacy of these agents is rapidly reduced, as the 

clonal evolution of AML facilitates the generation of secondary mutations within the FLT3 

tyrosine kinase domain (FLT3-TKD) to which these agents are targeted (Daver et al., 2015; M. 

Wu et al., 2018). Consequently, more recently developed FLT3 inhibitors, such as Pexidartinib 

(Smith et al., 2020), Cabozantinib (Fathi et al., 2018), and Ibrutinib (Cortes et al., 2019), are 

an area of active development with a design to target multiple kinase domains; however, these 

agents will have to avoid the off-target effects which constrained use of first-generation 

inhibitors. 

The production of resistant clones remains a central concern in the application of targeted 

therapeutics. Many clinical trials have attempted to combine several therapeutics in order to 

improve patient outcomes especially within the elderly cohort. When Venetoclax, a BCL-2 

inhibitor, was combined with HMA agents Azacitidine or Decitabine, clinical remission rates 

were improved to 73% and overall survival was extended to 17-months in a treatment regimen 

that was well tolerated by an elderly cohort (DiNardo et al., 2019). This is in contrast to 8-

months with HMA alone. However, clonal evolution toward mutations of FLT3-ITD, FLT3-

TKD, and TP53 generated resistance to Venetoclax, limiting the success of these therapies 

(DiNardo et al., 2019). Other targeted therapies are currently in clinical evaluation. Ivosidenib 

and Enasidenib are isocitrate dehydrogenase 1|2 (IDH1, IDH2) inhibitors, respectively, and 

have demonstrated benefit in patients with such mutations (Dhillon, 2018; Dugan et al., 2018). 

Additionally, Dasatinib acts as a KIT inhibitor (Boissel et al., 2015).  

As a haematological malignancy, AML is predominantly a disease of the BM. This is of 

tremendous benefit to the application of antibody-based immunotherapies, which would be 

able to perfuse the BM readily. The antibody-drug conjugate Gemtuzumab ozogamicin is 
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formed of an anti-CD33 antibody in combination with the DNA-intercalating agent 

calicheamicin, and has recently been approved for use (Baron et al., 2018). CD33 is frequently 

overexpressed in LSC as contrasted to HSC, in which it is functionally unnecessary (Hanekamp 

et al., 2017). Gemtuzumab ozogamicin was found to significantly improve the survival of 

young patients with favourable cytogenetics in the Medical Research Council (MRC) AML15 

clinical trial when applied in combination with chemotherapy (Burnett et al., 2011). In fact, 

gemtuzumab ozogamicin has been adopted for treatment of CD33-positive AML at diagnosis 

or relapse (Williams et al., 2019).  

Magrolimab is a monoclonal antibody targeting the macrophage inhibitory immune 

checkpoint CD47 (Sallman et al., 2020). CD47 interacts with the Signal Regulatory Protein 

Alpha (SIRP) receptor on macrophages to inhibit phagocytosis (Logtenberg et al., 2019). In 

AML, CD47 is significantly overexpressed and correlates with poor patient prognosis (Marple 

et al., 2021). Magrolimab recently completed a phase 1 clinical trial in combinational 

application with Azacitidine for administration in patients who were unsuitable intensive 

chemotherapy. Magrolimab was able to induce clinical remission in 42% of patients with 

disease-free survival in the majority at 9-month follow up (Sallman et al., 2020). The rate of 

clinical remission could be improved in further dosage studies, as no patients withdrew due to 

treatment-related adverse effects, nor was a maximum tolerated dose reached. 

A further therapeutic option in development is chimeric antigen receptor T-cell-based 

therapies (CAR-T). Comparably to gemtuzumab ozogamicin, targeting of CD33 with CAR-T 

has shown tremendous benefit, though research is limited due to the high costs related to CAR-

T treatment. An individual treated with anti-CD33 CAR-T achieved clinical remission in two-

weeks; however, the patient relapsed after 8 weeks (Wang et al., 2015). CAR-T therapy is 

limited by T-cell exhaustion and loss of persistence (Ghorashian et al., 2019; Hsieh et al., 

2020).  

Since the development of the gene editing technique clustered regularly interspaced short 

palindromic repeats (CRISPR) CRISPR-associated protein 9 (Cas9) (CRISPR-Cas9), 

numerous clinical trials have begun aiming to eradicate haematological malignancies by 

genetic deletion of central mediators; however, little application exists in AML (González-

Romero et al., 2019). Targeting of IL1RAP with CRISPR-Cas9 was found to significantly 

impair colony formation capacity in vitro in THP-1 cells, with no associated haematopoietic 

dysfunction in an in vivo murine model, though no complete knockout clone was generated 

(Ho et al., 2021). IL1RAP promotes FLT3, c-KIT, and IL-1 signalling, and is associated with 
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poor survival in AML (Barreyro et al., 2012; Ho et al., 2016). Vor Biopharma recently received 

Food and Drug Administration (FDA) approval for clinical use of VOR33, a CRISPR-Cas9 

platform enabling allogeneic engineered hematopoietic stem cell transplant which have genetic 

ablation of CD33. The deletion of this gene enables subsequent high-dose treatment with 

gemtuzumab ozogamicin without adverse effect on HSC. Similar strategies could be applied 

to delete therapeutic targets which are redundant in HSC, but critical to LSC. Cancer-specific 

insertion, deletion, or substitution mutations could be exploited to enable specific targeting 

with CRISPR-Cas9 without impact on healthy cancers, as has recently been demonstrated in 

vitro in human cell lines, and in vivo patient xenograft tumours in mice (Taejoon et al., 2022). 

1.3 WNT Signalling 

1.3.1 Overview of the WNT Pathways 

WNT signalling is an evolutionary conserved signalling pathway with critical roles in 

normal developmental processes in embryonic and adult cells relating to self-renewal, 

proliferation, and differentiation. WNT signalling is present in all metazoan species, and even 

the simplest free-living animal, placozoan, possesses a complete WNT signalling pathway 

(Srivastava et al., 2008). In humans, WNT signalling is believed to contribute to 

haematopoiesis (Richter et al., 2017). 

The name WNT originated in the 1980s, when the proto-oncogene Int-1 was discovered 

and found to be a homolog of Drosophilia wingless, which controls larval development of 

drosophila (Rijsewijk et al., 1987); the gene was hence renamed as the portmanteau Wnt1 

(wingless-type integration site family member 1). WNT genes are a family of secreted 

glycoproteins, of which nineteen are currently recognised within the human genome (Miller, 

2002). The interaction between WNT ligands and their associated receptors, in combination 

with distinct downstream components, was classically suggested to facilitate the promotion of 

discrete WNT signalling subpathways, leading to downstream WNT target gene regulation; 

however, an updated integrative model has since then been suggested (Thrasivoulou et al., 

2013a).  

WNT signalling is divided into two classifications: the canonical WNT signalling 

pathway, involving the central mediator -catenin (WNT/-catenin); and the non-canonical 

WNT signalling pathways, independent of -catenin (Figure 1-3) (MacDonald et al., 2009). 

Classically, the non-canonical pathways comprised the WNT Planar Cell Polarity pathway 

(WNT/PCP) and the WNT Calcium signalling pathway (WNT/Ca2+) (Komiya et al., 2008); 



  Introduction 

27 

 

however, numerous further non-canonical pathways have been proposed including the WNT 

receptor tyrosine kinase pathway (WNT/RTK), the WNT receptor-like tyrosine kinase pathway 

(WNT/RYK), the WNT receptor-like tyrosine kinase orphan receptor pathway 2 

(WNT/ROR2), the WNT protein kinase A pathway (WNT/PKA), the WNT protein kinase C  
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Figure 1-3: The Canonical WNT/-catenin Pathway, and the Classical Non-canonical WNT/Ca2+ and WNT/PCP Pathways 

Inactive WNT/-catenin) In the absence of a WNT ligand, Frizzled and LRP5/6 do not associate, and no intracellular signal is generated. -catenin is rapidly degraded by the destruction complex 

consisting of CK1, GSK3, AXIN, and APC, amongst others. The TCF/LEF transcription complex is suppressed by Groucho, amongst other elements, suppressing WNT target gene activation. 

Active WNT/-catenin) In the presence of a WNT ligand, Frizzled and LRP5/6 associate, leading to the disassociation of CKI from LRP6 which phosphorylates Dishevelled to an active, LRP6 

binding form. This results in inhibition of the -catenin destruction complex by Dishevelled and re-targeting of GSK3 to LRP6, resulting in relocalisation toward the membrane. -catenin accumulates 

within the cytoplasm and through an incompletely understood process (possibly involving intracellular Ca2+ or -catenin) translocates to the nucleus. Within the nucleus, -catenin forms a complex 

with TCF/LEF which disassociates Groucho and promotes WNT target gene activation. 

WNT/Ca2+ - The non-canonical WNT/Ca2+ pathway regulates intracellular calcium and diacylglycerol levels. 

WNT/PCP - The non-canonical WNT/PCP pathway controls restructuring of the cytoskeletal elements and has roles in gastrulation. 

CKI – Casein Kinase Epsilon; CKI – Casein Kinase Alpha; GSK3 - Glycogen synthase kinase-3 beta; -catenin – Beta catenin; -catenin – Gamma catenin; TCF/LEF – T-cell Factor/Lymphoid 

Enhancer factor; APC – Adenomatous Polyposis Coli; PLC – Phospholipase C; IP3 - Inositol 1,4,5-trisphosphate; PIP2 - Peroxisome proliferation transcriptional regulator; DAG – Diacylglycerol; 

Ca2+ - Calcium; PKC – Protein Kinase C; CAMKII - Calcium/calmodulin-dependent protein kinase II; NF-B - Nuclear Factor kappa-light-chain-enhancer of activated B cells; NF-AT - Nuclear 

factor of activated T-cells; RHOA - Ras Homolog Family Member A; ROCK - Rho Associated Coiled-Coil Containing Protein Kinase 1; RAC - Ras-related C3 botulinum toxin substrate 1; JNK - 

c-Jun N-terminal kinase; JUN - Jun Proto-Oncogene
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pathway (WNT/PKC), the WNT microtubule pathway (WNT/MT), the WNT mechanistic 

target of rapamycin pathway (WNT/MTOR), the WNT signal transducer and activator of 

transcription 3 pathway (WNT/STAT3), and finally the WNT RAS-associated signalling 

pathway 1 pathway (WNT/RAP) (Liu et al., 2016). The non-canonical pathways are less well 

characterised than the canonical counterpart, particularly in the case of the newly proposed 

non-canonical WNT pathways. This project focused upon the canonical WNT/-catenin 

pathway. 

1.3.2 The Catenin Family 

Catenins are a family of proteins with varied roles in adherence and signalling, named 

for their chain-like appearance (latin, ‘catena’). Four members have been identified in the 

1980s: alpha-catenin (-catenin), beta-catenin (-catenin), delta-catenin (-catenin), and 

gamma-catenin (-catenin) which are encoded by CTNNA1, CTNNB1, CTNND1, and JUP 

(previously CTNNG1), respectively (Peyrieras et al., 1985). In relation to WNT/-catenin 

signalling, it has long been suspected that -catenin can act compensatively for -catenin. 

However, -catenin cannot act compensatively as it is unable to bind T-cell factor/lymphoid 

enhancer factor (TCF/LEF) due to the absence of an armadillo region (Knudsen et al., 1995). 

-catenin has been implicated as a regulator of the NF-B pathway, with no ability to replace 

-catenin in WNT/-catenin signalling (Perez-Moreno et al., 2006). However, whilst it has 

been suggested that -catenin can modulate WNT/-catenin, no precedent exists in AML and 

evidence is lacking (Nopparat et al., 2015). Outside the catenin family, −catenin-like-protein 

1 shares homology with -catenin; however, no evidence exists that it is able to act comparably 

to -catenin in WNT/-catenin signalling; rather, it is involved in RNA-splicing (Ganesh et al., 

2011). 

1.3.2.1 -catenin  

-catenin is produced by the CTNNB1 gene located at 3p22. In total, 56 transcript 

variants are recognised, with 43 encoding protein; of these, 24 encode full length -catenin 

(781 amino acids). CTNNB1 variants average 16 exons. As a moonlight protein, -catenin is 

a member a family of approximately 100 proteins which are capable of two or more 

independent functions. However, for the purposes of this study, a focus was placed upon the 

roles -catenin, specifically in the WNT/-catenin signalling pathway. The alternate roles of 

-catenin relate to adhesion regulation, amongst other implicated functions.  
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Structurally, -catenin possesses an N-terminal domain which binds - Glycogen synthase 

kinase-3 beta (GSK3) and Casein Kinase (CK1); a central twelve armadillo repeat domains 

from residues 141-664, each of 40 amino acids, forming a positively charged trench; and a C-

terminal domain (Xu et al., 2007). Armadillo repeats 3-10 compose the TCF binding site, with 

repeat 5-9 proving critical at residue 351-519, approximately. The armadillo region is highly 

evolutionarily conserved and is integral to regulating -catenin stability, localisation, and 

transcriptional activity. The N-terminal region contains a motif responsible for binding beta-

transducing repeat-containing protein (β-TrCP), thus mediating -catenin degradation. In 

certain cancers, mutations of this region or alternative splicing prevent β-TrCP binding and 

enable evasion of degradation. The C-terminal region has a strong transactivator motif when 

associated with DNA, enabling WNT target gene expression. Only the C-terminal segment is 

recruited for transcriptional regulation, as a C-terminal-truncated form was able to fulfil all 

known WNT/-catenin roles when artificially associated with TCF4/LEF1 (Vleminckx et al., 

1999). The central armadillo region is capable of binding several partners, each interacting with 

a specific site of this region. Certain members bind competitively to -catenin, whilst others 

are capable of simultaneous binding, as illustrated in Figure 1-4.  

The mechanism by which  -catenin translocates into the nucleus is contentious. It is 

hypothesised that the process requires a chaperone, as nucleoporins prevent unrestricted 

nuclear entry of proteins ≥40kDa (Sharma et al., 2016), with  -catenin being approximately 

92kDa. Further, entry without a chaperone requires a nuclear localisation sequence for 

importin- binding, which -catenin does not possess (Suh et al., 2003). It has been speculated 

that the N-terminus of -catenin contributes to nuclear transport activity, suggesting a direct 

method of regulation; however, as cytoplasmic accumulation of -catenin can occur without 

nuclear translocation, it is evident another member is involved (Sharma et al., 2016).  

Numerous candidate partners have been proposed. The classical chaperone, LEF1, has 

long been proposed as the responsible partner (Huber et al., 1996; Simcha et al., 1998). 

However, it is unlikely LEF1 represents the only chaperone partner, as nuclear entry has been 

observed independent of LEF1 (Lilien et al., 2005). A multi-modal system is the more likely 

hypothesis, as it has been established that Rap guanine nucleotide exchange factor 5 

(RAPGEF5) and the associated RAP1a/b GTPases regulate nuclear transport in a mechanism 

comparable to Ran/Importin- (Griffin et al., 2018).  
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Figure 1-4: The Structure of Beta-catenin and Gamma-catenin 

A schematic representation of -catenin (top) and -catenin (bottom) from the N-terminus, through the twelve repeating 

components which generate the rigidly folded armadillo repeat domain, and finally the C-terminus. Binding sites for interaction 

partners are indicated, alongside the homology within each sub-region of -catenin to -catenin.  

TCF/LEF – T-cell Factor/Lymphoid Enhancer factor; APC – Adenomatous Polyposis Col 
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In AML cell lines, overexpression of LEF1 promoted -catenin translocation, whereas 

knockdown of LEF1 inhibited its translocation  (Morgan et al., 2019).  It has also been proposed 

that -catenin promotes nuclear accumulation of -catenin in AML cells through an unknown 

mechanism (Morgan et al., 2013). 

1.3.2.2 -catenin  

-catenin is encoded by the JUP gene located at chromosome 17q21. In total, 12 

transcript variants are recognised, with 10 encoding protein; of these, 3 encode full length -

catenin (745 amino acids) (Whittock et al., 2000). JUP variants average 13 exons. -catenin 

is a homolog of -catenin and shares a highly similar structure, including ligand binding 

capacities (Figure 1-4). -catenin is a component of adherens junctions and desmosomes, 

playing an integral role in regulation of cell-cell adhesion in epithelial cells. -catenin also 

harbours a N-terminal -TrCP binding motif, indicating a shared ancestry and destruction 

processing system as -catenin (Sadot et al., 2000). This has enabled speculation that -

catenin can act compensatively to -catenin as an inbuilt mechanism of redundancy, an 

observation well established at adherens junctions, but contentious in WNT/-catenin 

signalling (Wickline, Du, Donna B. Stolz, et al., 2013). However, the C-terminal 

transactivator motif is absent in -catenin, suggesting limited transactivation potential and the 

proposal that -catenin serves to inhibit the WNT/-catenin pathway (Aktary et al., 2012). 

Inhibition of WNT/-catenin signalling by -catenin has been reported in numerous contexts 

(Garcia-Gras et al., 2006; Williamson et al., 2006). The binding capabilities of -catenin are 

weak for common binding partners of -catenin, in particular LEF1, which is poorly recruited 

by -catenin. Whilst overexpression of LEF1 induced nuclear translocation of -catenin, no 

effect was observed for -catenin (Simcha et al., 1998).  

Overexpression studies of -catenin and -catenin have observed significant increases in 

WNT reporter assays for the former, but not latter member, indicating little involvement of -

catenin; this was supported by the absence of any detectable -catenin-TCF/LEF complexes, 

though heightened -catenin expression levels increased -catenin levels, leading to an indirect 

elevation in WNT reporter response (Klymkowsky et al., 1999; Zhurinsky et al., 2000). In 

other in vitro models, -catenin-TCF/LEF complexes were detected, and it was found these 

were capable of inducing very weak WNT/-catenin signalling activity independent of -

catenin; however, it was also found that -catenin was able to directly bind and inhibit -
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catenin-TCF/LEF complexes, as TCF4 contains independent binding sites for each catenin 

member, enabling simultaneous association (Miravet et al., 2002). This indicates that -catenin 

can act to suppress excessive WNT/-catenin; inversely -catenin can activate WNT/-catenin 

signalling when -catenin levels are low or not localised to the nucleus. Hence, a 

spatiotemporal influence over WNT regulation is suggested. However, inducible Cre-lox 

knockout murine studies of -catenin have demonstrated no compensative effect from -

catenin (Haegel et al., 1995; Teulière et al., 2004). Whilst these results are compelling, Cre-

lox methods are incapable of complete knockout; however, as with -catenin, knockout of -

catenin is embryonically lethal and, as such, these were the best methods available. Curiously, 

the resulting mechanism of embryonic lethality presentation differs, with -catenin associated 

with ectodermal migration failure, whilst -catenin results in cardiac structure defects. 

In AML patients, -catenin is frequently overexpressed and may promote the stabilisation 

and nuclear translocation of -catenin (Morgan et al., 2013). Elevated -catenin has also been 

shown to promote the self-renewal capacity of AML cells (Zheng et al., 2004; Qian et al., 

2020). It is also possible that elevated -catenin levels saturate the potentially shared 

destruction complex, thus indirectly stabilising -catenin (Salomon et al., 1997).  Conversely, 

stimulation of WNT/-catenin signalling in a -catenin knockout murine model resulted in 

increased -catenin levels (Berge et al., 2011). 

Extrinsic to a role in WNT/-catenin signalling, -catenin has an established role for 

interacting with p53 and regulating gene expression (Aktary et al., 2013). This interaction is 

integral for its capacity to reduce cell growth, migration, and invasion (Alaee et al., 2016). 

Considering that -catenin is frequently downregulated in solid tumours, and that p53 is 

frequently mutationally inactivated in tumours, indicates a tumour suppressive role for -

catenin which is perhaps relevant in haematological malignancies. 

In haematopoiesis, the involvement and requirement of -catenin remains contentious. 

Numerous studies observed functioning haematopoiesis independent of -catenin (Jeannet et 

al., 2008a; Koch et al., 2008a); however, knockdown of -catenin has been reported to inhibit 

monocyte lineage differentiation of normal human progenitors in vitro; the authors showed that 

this was due to reduction in the expression of the WNT target gene, PU.1, a master regulator 

of myeloid development (Morgan et al., 2013). 
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Further research into -catenin is necessary to reveal precise roles in AML and 

haematopoiesis both independent of and in contribution to WNT/-catenin signalling. 

1.3.3 Regulation of the Canonical WNT/-catenin Pathway 

WNT/-catenin signalling is a strictly regulated pathway through the modulation of a 

series of ligands, receptors, and TF which enable changes to target genes. The central mediator 

of WNT/-catenin signalling, -catenin, is constitutively degraded in the absence of a WNT 

ligand agonist, such as WNT3a, leading to the suppression of the pathway (Stamos et al., 2013). 

Following activation by the binding of a WNT agonist to membrane bound frizzled (FZD), the 

co-receptor lipoprotein receptor-related protein 5|6 (LRP6) is recruited to form a ternary 

FZD/WNT/LRP6 complex (Bilić et al., 2007). The FZD/WNT/LRP6 complex subsequently 

associates with Dishevelled (DVL) and Axis Inhibition Protein (AXIN) to form a WNT 

activator complex, coined the WNT signalosome (DeBruine et al., 2017). LRP6 becomes 

phosphorylated by several kinases, enabling binding of GSK3β, which ultimately re-localises 

the -catenin destruction complex to the cytoplasmic membrane. GSK3β induces self-

inhibition in this process, as a conformational change is promoted, switching the molecular 

target of GSK3β from -catenin to LRP6. This also results in the rearrangement of the 

destruction complex, thus facilitating membrane-localised association with LRP6 in a process 

that attenuates GSK3β-induced -catenin destruction (Woodgett et al., 2017). As a result, -

catenin accumulates in the cytoplasm before localisation to the nucleus through a mechanism 

which is not fully understood. Nuclear -catenin associates with the TCF/LEF TF through its 

central armadillo region, forming a transcription complex that disassociates the inhibition 

complex and promotes the expression of WNT target genes, such as cyclin D1 (Jamieson et 

al., 2014).  

In an inactive state, levels of -catenin are limited by a destruction complex consisting 

of adenomatous polyposis coli (APC), CK1, E3 ligase (E3L), -TrCP, and GSK3 which 

associates with an AXIN-1/2 scaffold (MacDonald et al., 2009; Stamos et al., 2013). 

Mechanistically, CK1 phosphorylates Serine 45 on -catenin and GSK3 phosphorylates it 

at Serine 33, 37, and Threonine 41; together, these produce a recognition site for β-TrCP which 

ubiquitinates -catenin for sufbsequent proteasomal degradation (Ranes et al., 2021). 

GSK3 also phosphorylates AXIN, modifying it to an open conformational state, further 

associating with LRP6 and -catenin (Woodgett et al., 2017). In the absence of nuclear -
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catenin, WNT target genes are suppressed by a complex consisting of Groucho, transducin-like 

enhancer protein 1 (TLE), histone deacetylases (HDAC) and CtBP (Stamos et al., 2013).  

In addition to the above regulatory mechanism, inactivation of WNT/-catenin is also 

achieved by competitive binding of WNT mimics to the receptor FZD forming a complex 

which attenuates WNT ligand activity without inducing intracellular propagation of the 

pathway. Recognised WNT mimics include WNT inhibitory factor (WIF), Dickkopf-related 

protein 1 (DKK1), and a family of soluble frizzled-related proteins (sFRP) (Niida et al., 2004; 

Galli et al., 2006; Poggi et al., 2018). Within the cytoplasm, modulation of Tankyrase is able 

to regulate the propagation of FZD/WNT signals by stabilising AXIN (Huang et al., 2009). 

Within the nucleus, the -catenin interacting protein (ICAT) is able to inhibit association of  -

catenin to transcription complex members TCF/LEF and attenuates target gene activation 

(Tago et al., 2000; Daniels et al., 2002). 

Mechanistically, all members of the CK1 family regulate WNT/-catenin; however, the 

exact individual roles are incompletely understood owing to similar kinase specificities, with 

CK1 members demonstrating negative or positive regulation of WNT/-catenin. CK1 is a 

member of the -catenin destruction complex involving AXIN phosphorylation, as previously 

mentioned, but it is also capable of phosphorylation LRP6 at Serine 1420 and Serine 1430, 

resulting in the negative regulation of the WNT signalosome by disassociation of CK1 from 

the complex, attenuating active WNT/-catenin signalling (Swiatek et al., 2004). CK1 is a 

positive regulator of WNT/-catenin signalling through several distinct but incompletely 

understood mechanisms. CK1 is constitutively inactivated by association to LRP6; however, 

CK1 is released from LRP6 upon activation via a WNT ligand (del Valle-Perez et al., 2011). 

CK1 phosphorylates both LRP6 and DVL independently to significantly enhance binding 

affinity between the two molecules, resulting in association and formation of the 

FZD/WNT/LRP6 complex (Wong et al., 2003; Swiatek et al., 2006; del Valle-Perez et al., 

2011). It has also been suggested CK1 associates with -catenin to increase its stabilisation, 

thus increasing its association to TCF members (Lee et al., 2001). The regulatory subunit of 

CK1 was recently identified as DDX3, which becomes associated upon WNT ligand 

activation, thereby directly stimulating kinase activity and -catenin stabilisation (Cruciat et 

al., 2013). CK has been suggested to act comparably to CK1 possibly as a mechanism of 

redundancy (Gu et al., 2013; Cruciat, 2014). Following CK1 phosphorylation of DVL, CK 
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is able to associate with DVL enabling further phosphorylation of LRP6 at Threonine 1479, a 

process critical to AXIN recruitment (Zeng et al., 2008).  

It is increasingly proposed that WNT ligands are capable of acting in multiple discrete 

subpathways, and that these are integrated rather than discrete (van Amerongen et al., 2009; 

Van Amerongen et al., 2012). For instance, WNT/-catenin and WNT/Ca2+ are believed to act 

in consort as elevated intracellular Ca2+ is suggested to be necessary for -catenin translocation 

into the nucleus (Thrasivoulou et al., 2013a; Ashmore et al., 2019). This suggests the full 

mechanism by which WNT/-catenin is regulated remains to be elucidated. 

1.3.4 WNT/-catenin in Haematopoiesis 

The WNT/-catenin pathway has proposed roles in self-renewal and maintenance of 

HSC, in addition to roles in haematopoiesis, such as lineage fate decisions, differentiation, and 

proliferation. However, the role of WNT/-catenin in haematopoiesis remains contentious, 

with evidence supporting both the absolute necessity and disposability of the pathway. WNT/-

catenin is active in normal human haematopoiesis and is believed to enhance HSC self-renewal 

and facilitate lineage commitment (Reya et al., 2003; Fleming et al., 2008a; Luis et al., 2011); 

however, recent studies conflict over the absolute requirement of WNT/-catenin in this 

process (Cobas et al., 2004a; Koch et al., 2008a; Lento et al., 2014). 

HSC self-renew to maintain a pool throughout life. Early in vitro studies, in which HSC 

were cultured in conditioned media supplemented with WNT ligands WNT1, WNT5a, and 

WNT10b, showed a significant expansion of the HSC population, suggesting that WNT 

signalling provided a survival and proliferative advantage to HSC (Austin et al., 1997). Follow-

up studies characterising the expression of WNT ligands in haematopoietic cells and cells 

present within the niche found that only WNT5a was expressed within the HSC population, 

and that the stromal support cells further expressed and secreted WNT2b, WNT5a, and 

WNT10b exclusively (Stoddard, 2009). However, WNT5a in the classical model is a promoter 

of non-canonical WNT signalling and leads to inhibition of WNT/-catenin signalling (Nemeth 

et al., 2007). Subsequent research examined the WNT/-catenin pathway more specifically in 

HSC maintenance and haematopoiesis.  

Early efforts to examine WNT/-catenin signalling specifically involved the inhibition 

of GSK3, which attenuates the degradation of -catenin. Inhibition of GSK3 with CHIR-

911 resulted in enhanced self-renewal of human HSC in vivo in immunodeficient mice, and 
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expanded the HSC population in vitro (Trowbridge et al., 2006). This was followed by the 

discovery that GSK3 inhibition maintained stemness traits of the HSC population (Holmes et 

al., 2008). However, GSK3 also regulates several other signalling pathways such as the 

TGF, Hedgehog and Notch pathways (Kockeritz et al., 2012), and hence, a more precise 

modulation of WNT/-catenin was necessary. Culture of HSC supplemented with WNT3a was 

shown to reduce their self-renewal capacity (Malhotra et al., 2008). However, in vivo research 

established that WNT3a maintained HSC characteristics whilst WNT5a promoted 

differentiation of HSC, suggesting a complex balance of WNT activity exists to regulate 

maintenance and differentiation of HSC (Malhotra et al., 2008) making interpretation of the 

effects of individual WNT ligands difficult. 

To overcome such limitations, transgenic mice expressing constitutively active--

catenin form were developed.  In one such study an expansion of the HSC population by 100-

fold was observed, with significantly enhanced self-renewal capacity and long-term 

maintenance (Reya et al., 2003). However, similar research reported that constitutive activation 

of -catenin established a significant reduction to self-renewal potential and long-term 

maintenance (Kirstetter et al., 2006; Scheller et al., 2006). -catenin has essential roles in 

embryogenesis, hence targeted inducible gene deletion methods have been applied in vivo to 

examine the absolute requirement of -catenin. Early in vivo gene ablation research established 

-catenin as redundant in haematopoiesis (Cobas et al., 2004a), with further studies again 

finding no requirement for -catenin nor its close homolog -catenin (1.3.2.2) (Jeannet et al., 

2008b; Koch et al., 2008b). However, TCF/LEF activity remained detectible, suggesting the 

Cre-lox deletion of -catenin and -catenin was incomplete raising the possibility that sufficient 

functional protein remained to sustain HSC and associated characteristics (Jeannet et al., 

2008b). Subsequent research established that WNT/-catenin was essential for LT-HSC self-

renewal and maintenance, with a phenotype often only presenting in secondary transplantation 

experiments (Fleming et al., 2008b; Tiago C. Luis et al., 2009). These findings suggest 

WNT/-catenin is required to maintain long-term self-renewal.  

It has been proposed that dose dependent phenotypes could explain the discrepancies 

between studies, with low WNT/-catenin activity enhancing HSC self-renewal, whilst high 

WNT/-catenin activity impairs HSC self-renewal and blocks terminal differentiation (Luis et 

al., 2012). It was recently suggested that a gradual shift exists from a reliance upon canonical 

WNT pathway in foetal haematopoiesis to a greater reliance upon the non-canonical WNT 
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pathway throughout life. This was classified into three divisions: in foetal development, 

canonical WNT responds to WNT3a and is essential for foetal haematopoiesis; in young adults, 

haematopoiesis relies upon a balance of canonical and non-canonical WNT signalling activity 

to maintain HSC self-renewal and quiescence; lastly, in the elderly, HSC become near entirely 

reliant upon non-canonical WNT and the loss of repopulation potential occurs in parallel with 

a disproportionate myeloid preference to haematopoiesis, predisposing to AML (Chen et al., 

2018). Mechanistically, this is derived from the skewing of canonical WNT ligand WNT3a to 

the non-canonical WNT5a ligand with increasing age. Mostly notably, it was discovered that 

non-canonical WNT signalling is suppressed during stress conditions whilst canonical WNT 

signalling is enhanced, suggesting the latter provides the capacity to tolerate short-term high-

stress conditions (Sugimura et al., 2012). Irrespective of the role of WNT/-catenin in 

haematopoiesis, WNT/-catenin  signalling has been shown to be frequently dysregulated in 

AML, potentially contributing to leukaemogenesis, drug resistance, and relapse of disease 

(1.3.5). A further consideration is the activation of subsequent pathways; for instance, it is 

known WNT/-catenin activity directly upregulates Notch signalling, with both critical to HSC 

self-renewal (Mikesch et al., 2007). 

1.3.5 WNT/-catenin Activity in Acute Myeloid Leukaemia 

WNT/-catenin signalling has well characterised roles in the generation and 

maintenance of several cancers, most notably colorectal (Johnson et al., 2005). 

Mechanistically, the source of pathway activation can be intrinsic to the cell of interest, which 

can further be deemed direct, such as a destruction avoidance mutation in -catenin, or indirect, 

such as a mutated destruction complex member. Alternatively, the source can be extrinsic to 

the cell type in question, such as activating mutations of -catenin in osteoblasts driving AML 

leukaemogenesis (Kode et al., 2014). Whilst inactivating mutations of APC are frequent in 

colorectal cancer (CRC), genetic mutations of the WNT/-catenin pathway are almost never 

observed in AML (Johnson et al., 2005; Fujikura et al., 2018). Despite the absence of intrinsic 

WNT/-catenin activating mutations in HSC or LSC, gene expression studies have frequently 

identified the WNT signalling pathway as a principally dysregulated pathway in AML (Daud 

et al., 2012). This is most pronounced in gene expression studies of LSC (Majeti, Becker, et 

al., 2009).  

Expression of WNT ligands has been detected in AML patient BM biopsy samples that 

are not observed in HSC, including WNT1, and critically WNT3a (Simon et al., 2005a; 
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Kawaguchi-Ihara et al., 2008). In addition, LEF1 (Metzeler et al., 2012), FZD4 (Tickenbrock 

et al., 2008), and TCF4 (In’t Hout et al., 2014) are observed to be upregulated relative to normal 

HSC, whilst GSK3 (Abrahamsson et al., 2009) and sFRP family members were suppressed 

(Guo et al., 2017). Numerous studies have found -catenin is overexpressed at mRNA and 

protein levels in 40-60% of patients, though the levels are highly heterogenous, with heightened 

-catenin associated with poor clinical outcomes (Ysebaert et al., 2006; Chen et al., 2009). In 

normal HSC, overexpression of -catenin has been shown to block multilineage differentiation 

and expand the immature cell population, mimicking the AML phenotype (Reya et al., 2003; 

Kirstetter et al., 2006).  

Common aberrant mutations in AML have been linked to dysregulation of WNT 

pathway components. For example, patients with FLT3-ITD mutations often present elevated 

-catenin levels due to upregulation of FZD4; this results in the elevated expression of WNT 

target genes and enhanced proliferation in an in vitro cell line model (Tickenbrock et al., 2005). 

NPM1 mutations were found to facilitate excessive WNT/-catenin signalling activity, as 

confirmed by repression through the expression of the WNT inhibitor DKK1 in zebrafish; this 

was further confirmed in AML blasts presenting NPM1 mutations (Barbieri et al., 2016). 

Dishevelled-axin domain containing 1 (DIXDC1) protein was recently identified as 

overexpressed in AML in both cell lines and patient blasts (Xin et al., 2018). DIXDC1 was 

found to elevate -catenin levels with associated enhanced growth in vitro in cell lines (Xin et 

al., 2018). Phosphatase of regenerating liver-3 (PRL-3) has been implicated in LSC for 

contributing to excessive WNT/-catenin signalling as the substrate of PRL-3, LEO1, can bind 

and promote the nuclear accumulation of -catenin (J. Zhou et al., 2017; Chong et al., 2019). 

PRL-3 is expressed in 47% of AML samples but absent in HSC (Zhou et al., 2011). Remaining 

sources of excessive WNT/-catenin signalling are found in hypermethylation of inhibitors, 

with 90% of primary AML samples harbouring at least one hypermethylated WNT inhibitor 

gene: sFRP2 (66%), sFRP5 (54%), sFRP1 (34%), WIF1 (32%), SOX17 (29%), RUNX3 (27%), 

DKK1 (16%) (Griffiths et al., 2010a). 

While activating mutations are rare in AML, they have been reported in approximately 

40% of osteoblasts, which has been established to generate AML in an in vivo mouse model 

(Raaijmakers et al., 2010; Kode et al., 2014). Further, transplantation of wildtype (WT) HSC 

into mice harbouring deleterious APC mutations within BM components induced WNT/-

catenin signalling activity in these cells and facilitated the generation of myelodysplastic 

syndrome (MDS), which is known to occasionally transform in to AML (Stoddart et al., 2017). 
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However, it has been proposed that LSC possess intrinsic activation of WNT/-catenin, 

demonstrating independence from niche-derived signals (Lane et al., 2011). 

It has been speculated that WNT/-catenin activity generates the RUNX1::RUNX1T1 

translocation by transcriptional and spatial translocation of both genes (Ugarte et al., 2015).  

Further, fusion genes such as RUNX1::RUNX1T1, PML::RARA, and PLZF1::RARA have been 

demonstrated to upregulate genes involved in promoting WNT/-catenin signalling. LEF1 is 

overexpressed frequently in AML particularly in RUNX1::RUNX1T1 patients (Morgan et al., 

2019). Ectopic expression of LEF1 or a constitutively active form of LEF1 were both able to 

induce leukaemia in vivo (Petropoulos et al., 2008). -catenin, a close homolog of -catenin, is 

overexpressed in AML and is implicated for acting similarly to -catenin in addition to 

promoting -catenin nuclear localisation (Morgan et al., 2013). The fusion proteins 

RUNX1::RUNX1T1, PML::RARA, and PLZF1::RARA have further been implicated in driving 

an overexpression of -catenin in primary tissue  (Müller-Tidow et al., 2004; Mikesch et al., 

2007). In addition, FLT3 mutations have also been suggested to increase -catenin nuclear 

localisation indirectly through -catenin, (X. Jiang et al., 2018a). Moreover, studies have 

demonstrated elevated nuclear localised -catenin in  relapsed AML versus de novo diagnosis 

suggesting a role in relapse (Griffiths et al., 2015). However, a recent study utilising a Cre-lox 

deletion method in vivo in an AML mouse model found no consequence to maintenance or 

self-renewal even after deletion of -catenin, -catenin, and the entire TCF/LEF family of 

TCF1 (TCF7), LEF1 (LEF1), TCF3 (TCF7L1), and TCF4 (TCF7L2) (X. Zhao et al., 2020).  

1.3.6 WNT/-catenin-derived Resistance to Standard Chemotherapeutic Agents 

Active WNT/−catenin has been linked to chemoresistance to DNR (Xiao et al., 2020), 

and Ara-C (L. Chen et al., 2020). Further, -catenin overexpression has been associated with 

poor prognosis, and knockdown of -catenin has sensitised AML cell lines to Ara-C (Qian et 

al., 2020). LRP6 has been targeted with Niclosamide, increasing Ara-C sensitivity in vitro and 

efficacy in vivo (Kamga et al., 2020). Therefore, silencing of WNT/-catenin has the potential 

to sensitise cells to chemotherapeutic agents. 

P-glycoprotein (PGP), encoded by the WNT/-catenin target gene ABCB1, is one of 

several proposed mechanisms by which activated WNT/-catenin can induce chemoresistance. 

PGP is a member of the ATP-binding cassette (ABC) transporter superfamily, specifically the 

multi-drug resistance (MDR) subfamily, and is an ATP-dependent drug efflux pump with broad 
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specificity (Steinbichler et al., 2018). PGP is well recognised for its capability to expel a broad 

range of chemotherapeutic agents from cancer cells. PGP activity has been observed in 58% of 

AML patients, in which it proved a poor prognostic indicator and was associated with worse 

overall and event free survival (Singh et al., 2010; Gréen et al., 2012; Shaffer et al., 2012; 

Corrêa et al., 2014; Boyer et al., 2019). HSC express high ABCB1 levels and this is also found 

in LSC (Shaffer et al., 2012; Corrêa et al., 2014). ABCB1 is a target of -catenin/TCF4 

transcriptional promotion, with the ABCB1 promotor containing repeating TCF4/LEF1 binding 

motifs, suggesting a direct modulation of chemoresistance by WNT/-catenin (Martin-Orozco 

et al., 2019).  PGP inhibitors (such as Zosuquidar) have been used  to improve uptake of DNR 

(Tang et al., 2008). The exact mechanism of PGP upregulation is disputed, with several WNT-

derived mechanisms proposed to induce ABCB1 expression. For example, FZD1 has been 

reported to upregulate ABCB1 through WNT/-catenin, with knockdown of FZD1 reducing 

WNT signalling and ABCB1 levels (Corrêa, Binato, Du Rocher, Morgana T.L. Castelo-Branco, 

et al., 2012). Interestingly in AML, elevated FZD1 has been associated with poor remission 

rates and relapse (Wang et al., 2018).  

The S100 family are calcium-binding cytosolic proteins with a wide range of 

intracellular and extracellular functions. S100A4 is a WNT/-catenin target gene that is 

frequently overexpressed in AML and has been associated with resistance to doxorubicin 

(Dong et al., 2018; Alanazi et al., 2020). S100A8 and S100A9 are frequently overexpressed in 

AML and convey resistance to Venetoclax by inhibiting the migration of Ca2+ to the 

mitochondrion to inhibit apoptosis, alongside resistance to doxorubicin and vincristine (Yang 

et al., 2012a; Karjalainen et al., 2019). S100A8 and S100A9 are upregulated in AML in a dose-

dependent manner following treatment with DNR (Stewart et al., 2018), etoposide (Yang et 

al., 2016), and vincristine (Yang et al., 2012b). Critically, S100A8 and S100A9 are recognised 

to promote WNT/-catenin signalling and are suspected target genes (Duan et al., 2013). 

Cell-cell communication is another important consideration as a driver of 

chemoresistance in AML. WNT/-catenin activity is observed in leukaemic, epithelial, 

mesenchymal, and other cells within normal and diseased BM (Malhotra et al., 2009). It is 

recognised that extracellular vesicles can transport WNT ligands, such as WNT3a, suggesting 

another mechanism of cell-cell communication (McBride et al., 2017). A summary of WNT/-

catenin involvement in AML is shown in Figure 1-5. 
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1.3.7 Therapeutic Targeting of WNT/-catenin  

As WNT/-catenin signalling is implicated in the self-renewal, proliferation, and 

metastatic dissemination of several cancers, substantial effort has been made to generate 

targeted therapies aimed at silencing pathway activity to improve patient outcomes. Much of 

this research is in the context of solid tumours which have a well characterised WNT/-catenin 

component; however, limited studies are ongoing in AML (Table 1-5).  

Research into targeted therapeutics for WNT/-catenin began two decades ago.  As the 

WNT/-catenin pathway became increasingly well characterised, a continual progression in 

the development of agents able to target specific molecules within the pathway has followed 

(Emami et al., 2004). Whilst WNT/-catenin signalling is continuously activated in numerous 

cancers, the mechanism by which this occurs varies between disease, and even within subtypes 

of each disease. This complexity has required the development of targeted therapeutics 

encompassing the WNT ligand:receptor interface, activators of the -catenin destruction 

complex, inhibitors of the -catenin:TCF/LEF transcription complex, and target gene 

suppression (Figure 1-6). Targeting WNT target genes, such as the S100 family calcium-

binding protein S100A4, via Niclosamide inhibition of WNT/-catenin signalling is currently 

in a phase II clinical trial in CRC after demonstration of efficacy in vivo; results are yet to be 

released (Burock et al., 2018). 

Despite substantial efforts, no WNT inhibitors have been approved by the FDA or the 

Medicines and Healthcare Regulatory Agency (MHRA, UK) (Morris et al., 2021). Poor 

efficacy has been the predominant reason therapies have been abandoned, however, the safety 

of targeting WNT/-catenin, specifically regarding haematopoiesis and other essential 

functions within the body which could rely upon WNT/-catenin signalling, remains a concern 

(Y. Zhang et al., 2020a). This highlights the need to fully elucidate the requirement of WNT/-

catenin to haematopoiesis to determine the viability of targeting the pathway in AML (Kahn, 

2014; Pai et al., 2017; Cui et al., 2018).  
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Figure 1-5: Involvement of WNT/-catenin Signalling in AML 

A summary of confirmed and speculated mechanistic events which result in activation of the WNT/-catenin signalling 

pathway, and the consequent effect upon leukaemogenesis, therapeutic consequence, and prognostic outlook. Unknown 

etiology represents altered expression validated by mRNA and protein analyses, but without mechanistic understanding at 

current. Adapted from  (Gruszka et al., 2019). 

 

 

 

Translocations
↑ β-catenin

↑ γ-catenin

↑ LEF1

NPMc+
↑ β-catenin

FLT3-ITD
↑ β-catenin

↑ FZD4

↑ WNT10B

↑ COX-2

↑ DIXDC1

↑ PRL-3

↓ GSK3β

↓ WNT Antagonist

↓ WNT5A

Activating β-cateninMUT

Extracellular Vesicles

LSC Generation

↑ Self-renewal

↑ Proliferation

↑ Stemness Traits

↑ Accumulation

↓ Apoptosis

↓ Stress Effect
↑ Senescence

↑ Therapy Evasion

↑ Drug Resistance

↑ LSC Maintenance

↓ Therapeutic Options

↑ Relapse

↑ Aggression

↑ Adverse Effects

↓ Clinical Remission

↓ Survival Time



  Introduction 

44 

 

Table 1-5: Targeted Therapies for WNT/-catenin in Preclinical or Clinical Trials 

A table detailing the current targeted therapies against the WNT/-catenin pathway in preclinical and clinical trials. Adapted 

from  (Jung et al., 2020; Y. Zhang et al., 2020b; Yu et al., 2021). 

Therapeutic Target Therapeutic Name(s) Clinical Trial ID Disease(s) 

-Catenin Degradation Promoters KYA1797K/ KY1220 Preclinical BC, CRC 

-Catenin:TCF/LEF Association Inhibitors 

BC2059 NCT03459469 DT 

SM08502 NCT03355066 ST 

iCRT14 Preclinical ALL 

LF3 Preclinical CRC 

iCRT3/5 Preclinical CRC 

ZINC02092166 Preclinical CRC 

NLS-StAx-h Preclinical CRC 

CBP/-Catenin Antagonist 

PRI-724 NCT01606579 AML 

GNE-781 Preclinical AML 

ICG001 Preclinical AML 

CK1α Activator SSTC3 Preclinical CRC 

CK1δ Inhibitor Umbralisib NCT04163718 CLL, HL 

DKK1 mAb DKN-01 NCT03645980 HCC 

DVL Inhibitor 
FJ9 Preclinical OC, LC 

3289–8625 Preclinical OC, BC 

FZD-1, 2, 5, 7, 8 mAb OMP-18R5 NCT01345201 ST 

FZD10 Antagonist 90γ-OTSA-101 NCT01469975 BC, PC, CRC 

FZD7 Antagonist Fz7-21 Preclinical HCC, CRC 

FZD8 Decoy Receptor OMP-54F28 NCT01608867 ST 

GSK3 Inhibitor LY2090314 NCT01214603 AML 

LRP5/6 Inhibitor Salinomycin Preclinical CLL 

Pan-FZD Receptor mAb OMP-18R5 NCT01973309 ST 

PORCN Inhibitor 

ETC-159 NCT02521844 CRC 

WNT974 NCT02649530 CRC 

RXC004 NCT03447470 ST 

CGX1321 NCT03507998 CRC 

IWP-2/IWP-4 Preclinical AML 

CGX-1321 NCT02675946 CRC 

ROR1 mAb UC-961 NCT02222688 CLL, SLL, BC 

SAM68 Inhibitor CWP291 NCT01398462 AML 

Tankyrase Inhibitor 

XAV939 Preclinical AML 

IWR-1 Preclinical APL 

XAV939 Preclinical OS, CRC 

JW74/ JW55 Preclinical HC, CRC 

NVP-TNKS656 Preclinical CRC 

LZZ-02 Preclinical CRC 

WNT5a Peptide Mimic Foxy-5 NCT02020291 BC, PC, CRC 
BC – Breast Cancer; CRC – Colorectal Cancer; DT - Desmoid Tumour; ST – Solid Tumours; ALL – Acute Lymphoblastic 

Leukaemia; AML – Acute Myeloid Leukaemia; CLL – Chronic Lymphoblastic Leukaemia; HL – Hodgkin’s Lymphoma; 

HCC - Hepatocellular carcinoma; OC – Ovarian Cancer; LC – Lung Cancer; SLL - Small lymphocytic lymphoma; PC – 

Pancreatic Cancer 
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Figure 1-6: Molecular Targets of Therapeutics in WNT/-catenin Signalling 

A demonstration of the multiple molecular targets which targeted therapies are able to inhibit or activate. Many of these 

targeted therapies are in clinical trials of solid tumours and haematological malignancies (see Table 1-5). 

CKI – Casein Kinase Epsilon; CKI – Casein Kinase Alpha; GSK3 - Glycogen synthase kinase-3 beta; -catenin – Beta 

catenin; TCF/LEF – T-cell Factor/Lymphoid Enhancer factor; APC – Adenomatous Polyposis Coli; CBP - CREB-binding 

protein; PORCN - Porcupine O-Acyltransferase. (PORCN is an endoplasmic reticulum transmembrane protein with roles in 

the processing of WNT proteins such as WNT3a by performing O-Palmitoylation.) 
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1.3.7.1 Therapeutic Targeting of WNT/-catenin in Colorectal Cancer 

In the colon, WNT/-catenin is normally active within the lower intestinal crypt which 

harbours stem cells that maintain the tissue (Novellasdemunt et al., 2015). CRC is the 

archetypal WNT/-catenin-derived disease, with 80% of CRC patients harbour inactivating 

APC mutations, an integral component of the -catenin destruction complex, enabling 

excessive -catenin accumulation and hyperactive WNT/-catenin transcriptional activation 

(Kwong et al., 2009). In the remaining non-APCMUT patients, activating mutations of -catenin 

or other WNT members such as TCF4 and LEF1 are found, demonstrating the variable source 

of WNT/-catenin hyperactivity within disease (Morin et al., 1997; Cuilliere-Dartigues et al., 

2006). In CRC, abnormal WNT/-catenin activation disturbs the normal growth and 

differentiation of colonic crypt stem cells, generating colorectal cancer stem cells and CRC 

(Ben-Ze’ev et al., 2016). WNT/-catenin signalling mediates chemoradiotherapy resistance, 

heightens the risk of metastatic dissemination, and enhances relapse potential (M. A. Lee et al., 

2014; Páez et al., 2014; Emons et al., 2017) making it an attractive target in this disease.  

Therapeutically, repurposing the COX-2 inhibitor Celecoxib, a non-steroidal anti-

inflammatory drug (NSAID), reduced relapse risk by 50% in CRC, potentially, at least in part, 

through the inhibition of WNT/-catenin signalling (Arber et al., 2006). However, the precise 

mechanism is not understood. Monoclonal antibody inhibition of WNT ligand activity has 

demonstrated upstream attenuation of WNT activity and growth inhibition of CRC cell lines in 

vitro (He et al., 2005). Similar research applying monoclonal antibodies to inhibit FZD 

receptors also found growth inhibition, self-renewal reduction, and chemosensitisation 

(Gurney et al., 2012). The -catenin destruction complex activity has been enhanced with 

agents such as JW67, JW74 and JW55 (Table 1-5), which inhibited growth of CRC cells in a 

mouse xenograft model (Waaler et al., 2011, 2012). KYA1797K was shown to enhance the 

binding affinity of -catenin to the destruction complex, resulting in the suppression of CRC 

growth (Cha et al., 2016). At the level of pathway activation, DVL has been inhibited with FJ9, 

aimed at disrupting the association of DVL with FZD, thus attenuating the activation cascade 

and inducing growth inhibition in in vitro cell line models and mouse xenograft models (Fujii 

et al., 2007). At the level of the TF complex association, numerous compounds have been 

generated which block the association of -catenin and TCF4, resulting in growth arrest, 

apoptosis, improved chemotherapeutic efficacy, and significant reduction of self-renewal of 

CRC in vitro (Gonsalves et al., 2011; Tian et al., 2012; Xie et al., 2012).  
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1.3.7.2 Therapeutic Targeting of WNT/-catenin in Acute Myeloid Leukaemia 

Several studies have demonstrated positive outcomes when WNT inhibitors are applied 

in the context of AML. Both CGP049090 and PFK115-584 (Table 1-5), which inhibit the 

association of -catenin and LEF1, promoted apoptosis of AML cell lines and primary AML, 

whilst peripheral blood mononuclear cells were unaffected (Minke et al., 2009). BC2059, an 

enhancer of -catenin destruction, has been shown to induce a dose-dependent apoptotic effect 

in xenograft models with primary AML (Fiskus et al., 2015). The inhibitor of -catenin-TCF4 

association, iCRT3, was also found to inhibit growth of primary AML, though an expansion of 

the CD34+ population was observed, suggesting a more complex outcome than expected 

(Griffiths et al., 2015).  

Four clinical trials of WNT/-catenin inhibitors have been reported, with several 

ongoing. Recently, results were published for the phase I trial of CWP232291 in AML 

(NCT01398462), a -catenin degrading molecule which, in a dose-escalation cohort, 

demonstrated favourable outcomes, with one patient achieving clinical remission (Lee et al., 

2020). A phase I study of PRI-724, an AMP-response element binding protein-binding protein 

(CBP) -catenin antagonist, was completed in AML in 2016; however, the results were never 

released (NCT01606579). A clinical trial of OMP-54F28 in ovarian cancer recently 

demonstrated positive outcomes, although bone toxicity was a concern at optimal dosages 

(NCT02092363). WNT974 showed single-agent activity with positive outcomes in a Phase I 

trial with CRC and other solid WNT/-catenin-involved cancers (Pancreatic, Melanoma, 

Breast, Head and Neck Squamous, Cervical, Oesophageal, and Lung) (NCT01351103, (Rodon 

et al., 2021)). 

1.4 CRISPR/Cas9 Genetic Engineering 

CRISPR are DNA sequences found within prokaryotic species that are derived from viral 

DNA fragments (Barrangou et al., 2007). Cas9 is an enzyme which recognizes DNA 

complementary to the CRISPR sequence, cleaving the foreign DNA strand (Barrangou, 2015). 

Together, they form a primitive adaptive antiviral defence system known as CRISPR-Cas9 

(Redman et al., 2016). 

CRISPR-Cas9 has the potential to be employed to enable precise, efficient, and practical 

genetic editing, thus facilitating the generation of knockout or knock-in mutations of DNA. 

More recently, CRISPR-Cas9 has been adapted to enable imaging of DNA in live cells, editing 

of RNA, alongside numerous other developments (Hsu et al., 2014; Zhang et al., 2014; Ishino 
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et al., 2018). CRISPR-Cas9 relies upon a guide-RNA (gRNA) sequence which defines the 

target site for DNA binding that must be immediately adjacent to a specific protospacer 

adjacent motif (PAM) site. The alternate Cas family enzyme Cas12a can be used to recognise 

different PAM sequence sites, thus overcoming some limitations to DNA targeting. Creation 

of artificial Cas enzymes have further diversified PAM recognition capacity. Recently, newly 

developed techniques have enabled targeting of nearly any region of the genome by bypassing 

the PAM site requirement, though this technique is in its infancy (Christie et al., 2021) (Figure 

1-7).  

Mechanistically, the classical CRISPR-Cas9 knockout method functions following the 

formation of a ribonucleoprotein complex consisting of gRNA containing a scaffold region 

which binds to positively charged trenches on Cas9. Complex formation adjusts the Cas9 

enzyme into an active DNA-binding conformation, which, following 3’-5’ gRNA binding to a 

sufficiently complementary sequence, cleaves the DNA, leading to a double strand break 

(DSB) 3-4 nucleotides upstream of the PAM site. DSB are frequently repaired by the efficient 

non-homologous end joining (NHEJ) mechanism, or by the less efficient, but accurate, 

homology directed repair (HDR) mechanism. Without a homologous strand as a guide, NHEJ 

is error-prone, leading to random insertions and deletions (InDel) that lead to reading frame 

shifts, possibly resulting in nonsense-mediated decay (NMD), a truncated protein, or a full-

length non-functional protein. NMD is a conserved surveillance pathway which functions to 

minimise gene expression errors by removing mRNA transcripts with a premature stop codon. 

Critically, even if HDR or NHEJ repairs the target site correctly, the site will be recognised 

and cleaved again by Cas9 leading to an InDel event. However, such frameshift mutations can 

be tolerated and lead to the production of protein with normal or near normal functional 

capacity. Therefore, it is critical to generate complete knockout clones which can then be 

checked for protein expression. 

Optimal use of CRISPR-Cas9 relies upon effective selection of a target site and gRNA. 

Ideally, the gene is targeted at the earliest possible point to maximise the impact of a frameshift 

mutation and greatly improve the chance of mRNA NMD. The gRNA target must be present 

in all transcript variants, and the site should not possess a common single nucleotide 

polymorphism (SNP) which would affect site recognition. It is also possible to delete a large 

proportion of a gene by utilising two or more gRNA targeting an early and late exon, 

respectively. The inexpensive nature of CRISPR-Cas9, in combination with the development 
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of scRNA-seq, has enabled the high-throughput screening of thousands of genes within a 

disease in a technique known as CRISPR-seq (Dixit et al., 2016). 

More recent developments using a deactivated Cas9 (dCas9) was shown to selectively 

inhibit, or promote, the transcription of target genes in techniques known as CRISPRi-dCas9 

and CRISPRa-dCas9, respectively (Figure 1-7). At the gene expression level, CRISPRi is able 

to reduce expression levels by as much as 99%, whilst CRISPRa can increase expression levels 

by as much as 1000-fold, depending on the recruited transcriptional partners and basal 

expression levels (Gilbert et al., 2014). To achieve this, the RuvC and HNH nuclease domains 

of Cas9 are mutationally inactivated to remove the capacity to generate a DSB, whilst retaining 

the DNA binding capacity. In turn, the gRNA targets the 5’ UTR region upstream of the exonic 

regions of a gene. In place of the DSB activity, transcriptional activators or repressors are 

recruited to modulate the transcriptional activity of the target gene. Specific design 

considerations enable multiplexed application of knockout, activation, and repression 

constructs. This can be achieved by applying orthogonal Cas9 enzymes (Esvelt et al., 2013), 

truncated gRNA (Dahlman et al., 2015), or engineered gRNA harbouring TF binding sites 

within hairpin loops, thus enabling specific partner recruitment (Zalatan et al., 2015; Martella 

et al., 2019; McCarty et al., 2020). 

The next generation of CRISPR-Cas9 is at an early stage, and is known as prime editing, 

which was first described in 2019 (Anzalone et al., 2019). Prime editing functions as a ‘search-

and-replace’ technology using dCas9 and a prime editing gRNA (pegRNA), which contains 

the site complementary guide in complex with the replacement sequence. Contrary to classical 

CRISPR-Cas9, no DSB, donor DNA templates, or reliance upon random InDel mutations is 

necessary; however, the method still requires mismatch repair to incorporate the modified 

strand into the unedited complementary strand, in order to permanently integrate an edit 

(Scholefield et al., 2021). Prime editing is believed to suffer minimal off-target effects, whilst 

reproducibly generating the intended DNA outcome, either an insertion of 44bp, a deletion of 

80bp, or a combination of both applications (Nelson et al., 2021). Prime editing is currently 

within the method development stage and is not widely adopted; nevertheless, the tremendous 

promise both in the laboratory and clinical setting indicate this technology will eventually 

supersede classic approaches where appropriate (Matsoukas, 2020).  
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Figure 1-7: Mechanisms of Genetic Knockout, Inhibition, and Activation with CRISPR-Cas9 
Gene knockout is facilitated when Cas9 forms a complex with the designed guide RNA (gRNA). The Cas9:gRNA complex binds the Cas9-related PAM recognition site (NGG).  A conformational 

change in Cas9 enables a double strand break to be generated at a specific DNA location (orange arrows). If the damage is repaired by homology directed repair, this will result in correct repair most 

frequently, however, this will restore the sequence to one which is targeted again. In time, non-homologous end joining will result in an insertion or deletion events resulting in disrupted DNA by 

frameshift mutation. Gene inhibition can be facilitated by engineering the gRNA to contain a binding site to recruit a transcriptional inhibitor and selecting a target site after the gene start site. This 

enables transcriptional repression by a polymerase block. Gene activation can be achieved by engineering the gRNA to contain a binding site to recruit a transcriptional activator and selecting a target 

site within the genes upstream transcriptional activation site. This enables transcriptional activation by polymerase recruitment resulting in mRNA production. Numerous alternate designs for each 

respective technique exist.
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1.5 Aims and Objectives 

The requirement of -catenin and -catenin for WNT/-catenin signalling and the 

necessity of this pathway for normal haematopoiesis and AML maintenance remains a 

contentious topic within the literature (Cobas et al., 2004a; Serinsöz et al., 2004; Hu et al., 

2009; Wang et al., 2010). If -catenin is critical to AML maintenance, but not haematopoiesis, 

it would represent an attractive therapeutic target. Previous experiments claiming -catenin and 

-catenin are dispensable for haematopoiesis and AML have used murine models, which may 

not appropriately model human cells (1.3.4). For example, the 100-fold HSC expansion 

documented in murine models upon addition of WNT3a, or expression of constitutively active 

-catenin, has not been reproduced in human HSC (Reya et al., 2003; Willert et al., 2003). 

Another confounding factor is incomplete knockout (Yeung et al., 2010). For instance, human 

cell line research has relied upon incomplete knockout with small interference RNA (siRNA), 

leading to discrepancies between findings as differences in remaining -catenin levels affect 

phenotype in a dose dependent manner (Jeannet et al., 2008b).  

I hypothesise that very low levels of -catenin are necessary to maintain AML cell 

survival and proliferation. The levels required would have remained in previous human cell 

siRNA-based knockdown experiments, and cre-lox in vivo research methods. The tools 

necessary to conclusively determine the role of WNT/-catenin signalling in human cells exists 

in the form of recent advancements in CRISPR-Cas9 technology. By generating complete 

knockouts, it will be possible to address these discrepancies within the field and evaluate the 

potential of WNT/-catenin signalling as a target for clinical treatment in AML. This aim will 

be achieved through the following objectives: 
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Characterise WNT/-catenin signalling activity in AML cell lines and the role in normal 

haematopoiesis.  

 AML cell lines will first be characterised for WNT/-catenin signalling capacity. 

CRISPR-Cas9 will be utilised to knockout -catenin and -catenin singly and in combination, 

in order to determine the resulting consequence to AML growth and survival at the bulk level1. 

Similarly, CRISPR-Cas9 will be used to study the consequence of knockout in normal 

haematopoietic cells using CD34+ HSPC (Chapter 3). 

 

Investigate the role of WNT/-catenin signalling activity in AML cell lines and in patient-

derived primary AML samples. 

 Recovery and analysis of complete dual knockout AML cell lines will be performed to 

examine the consequence to AML features in both WNT/-catenin active and inactive cell 

lines. Specifically, these will be examined for characteristics inherent to WNT/-catenin 

signalling such as proliferation, cell cycle progression, apoptosis, differentiation, drug 

resistance, and clonogenicity. This will be furthered through the use of several patient-derived 

primary AML samples which will be studied with CRISPR-Cas9 knockout, in addition to 

WNT/-catenin small molecule inhibitors (Chapter 4). 

 

Determine the mechanistic consequence downstream of WNT/-catenin signalling at the 

transcriptomic level and recover clonogenicity in vitro in knockout models.  

 RNA-sequencing of HEL and THP1 AML cell lines treated with WNT3a to generate 

active WNT/-catenin signalling profile will be contrasted with clonal knockout equivalents to 

allow the assessment of the respective transcriptomic profiles. Integrative analysis will reveal 

a subset of genes and pathways reciprocally perturbed, thus allowing the identification of 

candidate genes and pathways for further investigation. The pathways of interest will be 

investigated in vitro to confirm in silico findings by recovering expression and assessing 

clonogenicity and other characteristics (Chapter 5).

 
1 Here-in, bulk level refers to the CRISPR-Cas9 knockout culture post-selection which contains cells harbouring 

knockout, incomplete knockout, and cells which have evaded knockout. These are non-clonal in nature.  
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Materials and methods 

 

 

 

 

 

 

 

 

 

 

 



Materials and methods 

54 

2.1 Cell Culture 

2.1.1 Culture of Cell Lines in Suspension 

Cell lines were cultured according to individualised culture techniques with media prepared 

as detailed in Table 2-1. Cell lines were verified to be mycoplasma free with the MycoProbe™ 

detection kit (R&D Systems, CUL001B) and were authenticated with the Eurofins authentication 

service. All cell culture experiments were undertaken in a Class II biological safety cabinet, with 

the flow cabinet and equipment decontaminated with 70% ethanol (v/v) before use. Growth media 

was pre-warmed to 37oC for sub culturing. Cell lines were incubated at 37oC within a humidified 

atmosphere of 5% CO2 balance air. Cells were inspected for signs of infection before use. Excess 

cells were expelled by pipette into a waste bottle containing chlorine at 1250ppm (½ Haz-Tab™) 

overnight before disposal into an autoclave bin; the strength was doubled to 2500ppm for viral 

waste.  

2.1.2 Culture of Adherent Cell Lines 

To isolate adherent cell lines, the spent growth medium was expelled into a waste bottle and 

3mL trypsin was pipetted directly to the flask ensuring complete coverage by tilting. After 4 

minutes at room temperature (RT), equal volume of growth media (Table 2-1) was added to 

quench trypsin activity and the contents were centrifuged for 10 minutes at 280g. Subsequently, 

the supernatant was discarded, and the cell pellet was resuspended for counting.  

2.1.3 Quantification of Live/Dead Cells 

Cell number was estimated using a Neubauer™ haemocytometer and light microscope. 1mL 

of culture was removed from the culture flask aseptically using a Stripette™, allowing 10μL of 

cell culture to be pipetted under the cover slip of a prepared haemocytometer. Cell density of 

culture was determined by counting the number of cells within four quadrant sections, determining 

the average per quadrant, and calculating the total number per mL of culture by multiplying 

through 1x104.  
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Table 2-1: The List of Cell Lines Used for Studies 

 

RPMI - Roswell Park Memorial Institute-1640 Medium; ⍺MEM - Minimum Essential Medium Eagle- Alpha Modification; 

IMDM - Iscove Modified Dulbecco’s Medium; AML – Acute Myeloid Leukaemia; CML – Chronic Myeloid Leukaemia; APL 

– Acute Promyelocytic Leukaemia; ATCC – American Type Culture Collection (USA); DMEM - Dulbecco's Modified Eagle’s 

Medium; DSMZ - German Collection of Microorganisms and Cell Cultures (Germany); ECACC - European Collection of 

Authenticated Cell Cultures (UK); FBS – Heat-Inactivated Foetal Bovine Serum (Labtech, East Sussex, UK);  FAB – French 

American British Classification

Cell line Description FAB  Characteristics Media 
Seeding 

(cells/mL) 

Doubling 

time 
Cytogenetics Source 

HEL 
Erythroleukaemia 

(Relapse) 
M6 mutJAK2 (V617F) 

RPMI 1640 
10% FBS 

1 x 105 ca. 30hr 
Hypotriploid 
(60-64) -17 

ECACC 

PLB985 APL (Relapse) M4 t(5;17)(p11;q11) 
RPMI 1640 
10% FBS 

1 x 105 ca. 36hr 
Near Diploid  

(44-50) 
ATCC 

K562 CML N/A 
t(9;22)(q34;q11) – 

BCR::ABL1 

RPMI 1640 

10% FBS 
1 x 105 ca. 30hr 

Hypotriploid 

(61-68) -3 
ECACC 

Kasumi-1 AML (Childhood) M2 
t(8;21) (q22;q22) – 

RUNX1::ETO 

RPMI 1640; 

20%  FBS 
3 x 105 ca. 76hr 

Hypodiploid 

(45) +3mar 
DSMZ 

KG1 Erythroleukaemia M6 - 
RPMI 1640 

10% FBS 
1 x 105 ca. 30hr 

Hypodiploid 

(42-47) -17 
ATCC 

KG1a Sub-clone of KG1 
Donated (Dr 

Zabkiewicz) 

MV-4-11 AML (Childhood) M5 
t(4;11)(q21;q23) – 

KMT2A::AFF1 

IMDM 

10% FBS   
2 x 105 ca. 50hr 

Hyperdiploid 

(46-48)  
ATCC 

NB4 APL (Relapse) M3 
t(15;17)(q22;q11-

12) - PML::RARA 

RPMI 1640 

10% FBS 
1 x 105 ca. 36hr 

Hypertriploid 

(56-66) +17 
ATCC 

NOMO-1 AML (Relapse) M5 
t(9;11)(p22;q23) – 

KMT2A::MLLT3 

RPMI 1640 

10% FBS 
1 x 105 ca. 40hr 

Hyperdiploid 

(46-47) 
DSMZ 

OCI-AML2 AML M4 
mutDNMT3A 

(R635W) 

αMEM; 20% 

FBS  
1 x 105 ca. 30hr 

Hyperdiploid 

(43-49) 
DSMZ 

OCI-AML5 AML (Relapse) M4 t(1;19)(p13;p13) 

αMEM; 20% 

FBS; 10 ng/mL 

GM-CSF 

1 x 105 ca. 30hr 
Hyperdiploid  

(44-48) 
DSMZ 

SKNO-1 AML (Relapse) M2 
t(8;21) (q22;q22) – 

RUNX1::ETO 

RPMI 1640;  

10 ng/mL GM-

CSF 

2 x 105 ca. 46hr 
Near-diploid 

(42-48)   
DSMZ 

TF1 Erythroleukaemia M6 - 
RPMI 1640 

10% FBS 
1 x 105 ca. 30hr 

Hyperdiploid 

(52-57) +3 
ATCC 

THP-1 AML (Childhood) M5 
(9;11)(p21;q23) - 

KMT2A::MLLT3 

RPMI 1640 

10% FBS 
2 x 105 ca. 36hr 

Near 
Tetraploid 

(88-96) +3 

ECACC 

U937 
Histiocytic 

Lymphoma 
M5 

t(10;11)(p12;q14) – 

MLLT10::PICALM 

RPMI 1640 

10% FBS 
1 x 105 ca. 30hr 

Hypotriploid 

(58-69) 
ATCC 

ME-1 AML (Relapse) M4 
Inv(16)(p13q22) – 

CBFB::MYH11 

RPMI 1640 

10% FBS 
2 x 105 ca. 46hr 

Hyperdiploid 

(45-48) 
ATCC 

ML-1 AML (Relapse) M4 
t(6;11) – 

MLL::AF6 

RPMI 1640 

10% FBS 
2 x 105 ca. 50hr Not specified ECACC 

HEK293T 
 Embryonic 

Kidney 
N/A N/A 

DMEM 
10% FBS 

N/A ca. 30hr N/A ATCC 

MS-5 
Fibroblast, Murine 

Stromal 
N/A N/A 

αMEM 
10% FBS 

N/A ca. 40hr N/A ATCC 

HS-5 
Fibroblast, Human 

Stromal 
N/A N/A 

DMEM 

10% FBS 
N/A ca. 40hr N/A 

Donated (Dr 

Zabkiewicz) 

L / L-

WNT3a 

Fibroblast, Murine 

Stromal 
N/A N/A 

DMEM; 0.4 

mg/ml G-418 
N/A ca. 40hr N/A 

Donated 

(Prof. Dale) 
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2.1.4 Cryopreservation and Recovery of Cells 

Cryopreservation of cells was achieved by centrifuging 5x106 – 1x108 of cells for 10 

minutes at 280g to form a pellet. These cells were resuspended in 0.5mL of the appropriate 

medium and transferred into pre-labelled and colour-capped 1.8mL cryopreservation vial. 

Dropwise addition of 0.5mL of 2x freezing media (50% Roswell Park Memorial Institute-1640 

Medium (RPMI), 30% Foetal Bovine Serum (FBS), 20% Dimethyl Sulfoxide (DMSO), v/v) 

was added to the cell suspension giving a final DMSO concentration of 10% (v/v). Cryovials 

were placed into a Corning CoolCell® which was transferred immediately into a -80oC freezer 

for 24 hours. After this period, cells were transferred to liquid nitrogen for long term storage.  

To recover cryopreserved cell lines, vials were recovered from liquid nitrogen and 

transferred on dry ice. Vials were placed into a 37oC water bath for rapid thawing. Cells were 

slowly added dropwise to 5mL of appropriate media to limit cell stress, before centrifuging for 

10 minutes at 280g. The formed pellet was resuspended in 6mL of the appropriate growth 

medium (Table 2-1) and seeded into a labelled F25 for overnight recovery before transfer to a 

F75.  

2.2 Primary Cell Culture: Haematopoietic Model  

2.2.1 Isolation Of Mononuclear Cells from Human Neonatal Cord Blood 

Informed consent was obtained to receive donations of human neonatal umbilical cord 

blood (CB) from healthy full-term pregnant mothers undergoing an elective caesarean at the 

University Hospital of Wales, Cardiff. Authorisation for the use of CB was obtained in 

agreement with the Southeast Wales Local Ethics Committee (06/WSE03/6). As an alternative 

source, fresh CB was also requisitioned from the London NHS BM and Transplant Unit at cost.  

Mononuclear cells (MNC) were isolated from heparinised cord blood by density gradient 

centrifugation using Ficoll-Paque™ (GE Healthcare). CB was initially diluted by addition of 

equivalent volume Hank’s Balanced Salt Solution (HBSS; Gibco) supplemented with 

10mg/mL heparin, 25mM HEPES solution (Gibco), and 20µg/mL gentamicin (Gibco). At a 

ratio of 8:5, diluted CB was carefully layered atop 5mL of Ficoll-Paque™ and centrifuged at 

400g for 40-minutes, with a reduced rate of acceleration and deceleration as not to disturb the 

layer. MNC were recovered from the interphase between the Ficoll-Paque™ and plasma using 

a Pasteur pipette and transferred to a UC containing CB wash (CBW; RPMI, 5% FBS v/v, 

10mg/mL heparin, and 20µg/mL gentamicin) and centrifuged at 270g for 10-minutes. MNC 

were washed repeatedly until a clear supernatant was achieved, indicating no platelet 
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contamination remained. After recovery, MNC were resuspended in 20mL of CBW, and 

enumeration was achieved by recovering 10μL which was added to 1.5μL Zaponin (Beckman-

Coulter) to remove red blood cells, and 190μL CBW before cell counting (2.1.3). MNC were 

subsequently cryopreserved at 5x107 cells per vial (2.1.4).  

2.2.2 Isolation of CD34+ HSPC from Mononuclear Cells 

CD34+ haematopoietic stem and progenitor cells (HSPC) were isolated from MNC using 

a MiniMACS® Indirect CD34 MicroBead Kit (Miltenyi Biotec) per the manufacturer’s 

instructions. In brief, frozen vials of MNC were recovered on dry ice and 1mL of FBS 

supplemented with 0.2μg/mL DNase was added before rapid thawing in a 37°C water bath. 

Following thaw, vial contents were recovered and an equal volume of a 1x Phosphate Buffer 

Saline (PBS) solution supplemented with 5 mM magnesium chloride (MgCl2; Sigma-Aldrich) 

was added dropwise over three minutes, before two further doubling dilution steps were 

undertaken.  

A gentle centrifugation at 200g for 10-minutes pelleted the MNC, with an additional 

10µL of DNase (10μg/mL) added. Ensuing steps were performed with volumes adjusted per 

1x108 MNC recovered. MNC were resuspended in 400µL of chilled column buffer (MACS 

buffer; 1x PBS; 1% Bovine Serum Albumin (BSA) v/v; 5 mM MgCl2) and incubated at 4˚C 

for 15-minutes with 100μL hapten-conjugated monoclonal CD34 antibody with FcR blocking 

agent. After the incubation, MNC were washed with 5mL of MACS buffer and centrifuged at 

270g for 5-minutes. Washed MNC were resuspended in 400µL MACS buffer and incubated 

with 100µL anti-hapten microbeads for 15-minutes at 4°C. After, 5mL of MACS buffer was 

added and the cell suspension was filtered through a 40µm cell strainer before centrifugation 

at 270g for 5-minutes. During this centrifugation, an MS column was pre-equilibrated with 

MACS buffer within the magnetic core. The MNC pellet was resuspended in 500µL MACS 

buffer and transferred to the MS column for positive selection. Gravity-driven flow was 

allowed to complete, and, once column outflow had ceased, the column was washed thrice with 

500µL of MACS buffer. Subsequently, the MS column was recovered from the magnetic core 

and the CD34+ HSPC were eluted in 1mL of MACS buffer using a syringe. The recovered cells 

underwent a second immunomagnetic bead selection to maximise purity. After the second 

isolation, the HSPC were cultured at 2x105 cells/mL in 36SHIGH medium (Table 2-2), with this 

considered day zero for subsequent experiments.  
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2.2.3 In Vitro Culture of CD34+ HSPC 

HSPC were cultured in 36SHIGH medium (Iscove's Modified Dulbecco's Media (IMDM) 

containing 20% FBS v/v, 1% BSA v/v, 45μM β-mercaptoethanol (β-ME; Sigma-Aldrich), 

360μg/mL human transferrin (Roche Diagnostics) and 20μg/mL gentamicin) to promote 

recovery prior to lentiviral transduction on days one and two. Subsequent to lentiviral 

transduction, HSPC were recovered and maintained in 3SLOWG/GM medium to support HSPC 

differentiation (Table 2-2). Cells were inspected every second or third day, with the 

3SLOWG/GM medium replenished to maintain cytokine stimulation. Cells were seeded at 

increasing densities with differentiation to ensure high recovery for assays.  

Cells were cultured at a seeding density of 0.5x105 cells/mL prior to day six, enabling 

maximum growth potential. At day six until day ten cells were seeded at 2x105, before the 

density was raised to 3x105 from day ten onwards.  

2.3 Primary Cell Culture: Primary AML 

2.3.1 In Vitro Culture of Primary AML 

AML-patient derived cells used within this study were established from BM biopsies 

collected from individuals enrolled into the National Cancer Research Institute AML15 UK 

Clinical Trial, obtained following full ethical approval from the AML Clinical Trials Research 

Tissue Bank in the Haematology Department at Cardiff University. Clinical data was available 

on some, but not all, patients involved within this study (Table 2-3). Primary AML material 

was frozen as previously described (2.1.4). Primary AML were carefully thawed to maximise 

recovery by addition of 1mL of complete IMDM prior to thawing in a 37°C water bath, after 

which point, dropwise addition of 5mL complete IMDM was added to further dilute the 

DMSO. Cells were centrifuged at 270g for 5-minutes before resuspension at 2x105 cells per 

mL in primary AML growth medium (Table 2-4). Cells were maintained at 2x105 cells per mL 

by addition of media every 72 hours.  
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Table 2-2: Cell Culture Medium Used for Growth and Development of CD34+ HSPC 

Media Days Context Cytokine Concentration Source* 

36SHIGH 0-3 HSPC Recovery 

IL-3 50ng/mL 578002 

SCF 50ng/mL 573902 

FLT3 50ng/mL 710802 

IL-6 25ng/mL 570806 

G-CSF 25ng/mL 578602 

GM-CSF 25ng/mL 572902 

3SLOWG/GM 3-17 Extended Culture 

IL-3 5ng/mL 578002 

SCF 5ng/mL 573902 

G-CSF 5ng/mL 578602 

GM-CSF 5ng/mL 572902 
*Human recombinant cytokines were purchased from BioLegend. 

IL-3 – Human Interleukin-3; SCF – Human Stem Cell Factor; FLT3 - Human Fms-Like Tyrosine Kinase-3 Ligand; IL-6 - 

Human Interleukin-6; G-CSF - Human Granulocyte Colony-Stimulating Factor; GM-CSF - Human Granulocyte-Macrophage 

Colony Stimulating Factor.  

 

Table 2-3: Patient-derived Primary AML Samples 

FAB – French American British Classification; IND – Investigative New Drug; del – Deletion.  

 

Table 2-4: Patient-derived Primary AML Culture Medium 

*Human recombinant cytokines were purchased from BioLegend. 

IL-3 – Human Interleukin-3; SCF – Human Stem Cell Factor; FLT3 - Human Fms-Like Tyrosine Kinase-3 Ligand; IL-6 - 

Human Interleukin-6; G-CSF - Human Granulocyte Colony-Stimulating Factor; GM-CSF - Human Granulocyte-Macrophage 

Colony Stimulating Factor; M-CSF – Macrophage Colony Stimulating Factor. 

Patient ID Gender Age FAB Karyotype Outcome Relapse 

AML92 - No clinical data available 

AML148 15-2296 Male 46 M4 46 (X,Y) del(9), q(13q22.3) Survived Clinical Remission 

AML160 15-2422 Female 26 M4 46 (X,X) Deceased Clinical Remission 

AML162 15-2465 Male 40 - 46 (X,Y) Deceased IND Death 

AML164 15-2468 Female 56 M4 46 (X,X) del(7), q(32q36) Deceased Clinical Remission 

AML165 15-1121 No clinical data available 

AML172 15-2552 Female 52 M1 46 (X,X) Survived Censored 

AML177 - No clinical data available 

Media Cytokine Concentration Source* 

Primary AML Growth 

Medium 

IL-3 5ng/mL 578002 

SCF 5ng/mL 573902 

FLT3 5ng/mL 710802 

IL-6 5ng/mL 570806 

G-CSF 5ng/mL 578602 

GM-CSF 5ng/mL 572902 

 M-CSF 5ng/mL 574802 
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2.3.2 Assessment of Cell Morphology 

Cell morphology was examined through cytospins. Briefly, 100µL of culture medium 

containing 3x10 cells were transferred to an assembled cytospins unit constituting a chamber 

and glass slide. This unit was loaded into a Cytospin 3 (Fisher Scientific) and centrifuged at 

60g for 5-minutes to disperse the cells onto the slide. Slides were airdried for 5-minutes before 

staining with May–Grünwald–Giemsa stain. Slides were subsequently mounted with DPX and 

scanned using a Zeiss Axioscan Z1 slide scanner (Carl Zeiss) at 20x magnification.  

For cell lines, recovered images were analysed using the EBImage (Pau et al., 2010) 

package within R, with cells segmented into image moments based upon nuclei detection and 

subsequent Voronoi tessellation to determine membrane bounds. Individual cells, or moments, 

were examined for cell radius (size), eccentricity (roundness), and haralick texture features 

(granularity), alongside stain intensity. For CD34+ HSPC models, subtype counts were 

performed using QuPath (University of Edinburgh). Cells were defined as being in an early, 

intermediate, or late phase of development based upon their presentation as myeloblasts-

promyelocytes, myelocytes-metamyelocytes, and band-segmented cells, respectively. For 

primary AML samples, a more bespoke visual analysis was necessary as each patient sample 

would present with different types of AML.  

 

 

 

 

 

 

 

 

 

2.4 Limiting Dilution Cloning 

In the context of generating complete knockout clones from AML cell lines, bulk 

knockout cell populations were cloned by limiting dilution. Cells were cultured within log-

phase growth to >85% viability with TOPRO (2.11.9), before three accurate counts were taken 

and averaged. Cells were recovered and diluted to 1000 cells per mL in fresh media, before a 

second dilution into 1 cell per 150μL in fresh media. 50μL of the diluted cells were then plated 

into 96-well U bottom plates, leading to one cell per three wells. Plates were then boxed and 

allowed to gas in the incubator with the addition of a wet tissue to maintain humidity, thereby 

minimising evaporation. After 7, days 50μL of additional media was added. Depending upon 

20x Slide Scan       Nuclei Detection       Surface Detection     Cell Segmentation        Cell Isolation 
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the cell lines growth, 7 to 10 days later cells were examined under a light microscope and 

expanded from 96-well plates up through 48-well and 24-well. At the 24-well stage, cells were 

analysed with the WNT reporter assay (2.9), with only non-responder clones continued for 

further expansion. Non-responder clones were expanded to 12-well plates, then 6-well plates, 

before further use in research and cryopreservation. MV4;11 was supplemented with 20% FBS 

(v/v) for cloning. 

Clonal rescue conditions focused upon the addition of factors which could support 

clonal growth during limiting dilution cloning. These included addition of cytokines, 

conditioned media (CM) from the scrambled or dual knockout cultures, and CM which had 

been sourced from cells with activated WNT signalling (2.9). These conditions are described 

in Table 2-5. These conditions were applied for limiting dilution cloning (2.4).  

Further co-culture conditions were applied to rescue cells in which a single knockout 

cell was co-cultured with a supportive population of cells. These conditions included the use 

of stromal support cells which were expected to better reflect the in vivo condition. To this end, 

plates were prepared with the stroma support cell lines MS-5 (murine) or HS-5 (human) stromal 

support cells which were mitotically inhibited by treatment with mitomycin C at 10µg/mL for 

2-hours at 37oC prior to addition of AML cells. Co-culture with parental cells (1:10) was 

achieved by preparing 96 well plates with 10 parental cells per well. These are described in 

Table 2-6. Knockout cells were plated with the standard limiting dilution cloning process (2.4). 

Recovery was measured by flow cytometry, as scrambled and knockout cells contained the 

pBARV reporter, which constitutively expressed DsRed (2.9.3). DsRed was used to screen all 

96-wells of each plate to isolate those containing a scrambled or knockout clonal population. 

Complete knockout clones which were rescued in co-culture conditions would require 

subsequent isolation. As knockout cells harbour the pBARV reporter, which constitutively 

expressed DsRed (2.9.3), this was used to pre-screen all 96-wells of each plate to isolate those 

containing a knockout cell. DsRed+ wells were expanded, and after a further 7 days the WNT 

reporter assay was conducted to isolate only non-responsive clones which would be 

DsRed+Venus- (2.11.5). Candidate clones were fluorescence activated cell sorting (FACS) 

based on DsRed+, after which they were expanded to produce protein lysates (2.10.1) for 

western blot screening of -catenin and -catenin at protein level (2.10). Clones which were 

negative for -catenin and -catenin protein were taken forward for DNA examination of InDel 

knockout (2.12.3).  



Materials and Methods 

62 

 

For CD34+ HSPC models, limiting dilution was similarly performed in 96-well U plates 

at a density of 0.3 cells per well and incubated at 37°C with 5% CO2. After 7 days, each well 

was scored as individual myeloid colonies (>50 cells) or clusters (>5 cells) by brightfield 

microscopy. To assess self-renewal efficiency, the colonies were harvested, counted, and re-

plated at a density of 1 cell per well for a further 7 days of culture. These re-plated cultures 

were then again scored as before with several colonies retained for potential DNA isolation to 

validate survival of complete knockout clones.  

For primary AML models, limiting dilution was performed in 96-well U plates at a 

density of 1 cell per well and incubated at 37°C with 5% CO2.  After 7 days, each well was 

scored as having self-renewed if greater than three cells were present by brightfield 

microscopy. Wells with two to three cells were considered a potential pipetting error, whilst 

those with one had proved incapable of self-renewal.  
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Table 2-5: Single Cell Supplemented Media Conditions for Rescue 

Describing the supplemented media used for limiting dilution cloning within this study. Conditioned media was prepared 

immediately before use to minimise concerns of degradation over time.  

CM – Conditioned Media 

SCR – Scrambled 

dKO – Dual Catenin Knockout 

 

Table 2-6: Co-culture Conditions for Rescue of Dual Knockout AML Responder Lines 

Describing the preparation of co-culture conditions used for limiting dilution cloning within this study. MS-5 and HS-5 

methods required preparation of plates (96w, 48w, 24w, 12w, 6w) before recovered knockout cells were expanded. Parental 

co-cultures were considered a single culture and expanded under normal conditions.  

 

Rescue Condition Additive(s) Preparation 

Cytokines IL3, IL6, SCF, G-CSF, GM-CSF, FL3, M-CSF 5ng/mL in Fresh 

Media 

SCR CM 4x105 scrambled cells cultured for 24 hours, media was centrifuged 

300g for 5min and 0.45µM filtered 

1:1 (v/v) with Fresh  

Media 

SCR CM + CHIR 4x105  scrambled cells cultured with 5µM CHIR for 24 hours, 

media was centrifuged 300g for 5min and 0.45µM filtered  

1:1 (v/v) with Fresh  

Media 

dKO CM 4x105 dual knockout cells cultured for 24 hours, media was 

centrifuged 300g for 5min and 0.45µM filtered 

1:1 (v/v) with Fresh  

Media 

dKO CM + CHIR 4x105  dual knockout cells cultured with 5µM CHIR for 24 hours, 

media was centrifuged 300g for 5min and 0.45µM filtered  

1:1 (v/v) with Fresh  

Media 

Rescue Condition Preparation 

MS-5 

96w Flat Bottomed TC plates were prepared with 2x103 MS-5 cells. MS-5 cells 

were treated with Mitomycin C to stop excessive growth during limiting dilution 

cloning. After 24-hours, the media within wells was removed and replaced with 

knockout cell growth media containing 1 cell per 3 wells.  

HS-5 

96w Flat Bottomed TC plates were prepared with 2x103 HS-5 cells. HS-5 cells are 

anchorage-dependent for growth and as such required no growth suppressing 

treatment. After 24-hours, the media within wells was removed and replaced with 

knockout cell growth media containing 1 cell per 3 wells.  

Parental 

96w U-Bottomed TC plates was prepared with 10 parental cells in the respective 

knockout line’s growth media in 50µL. 50µL of media containing 1 knockout cell 

per 3 wells was added thereafter. 
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2.5 Molecular Biology 

Lentiviruses are a sub-member of the Retroviridae viral family and are characteristically 

capable of integrating DNA into non-dividing host cells. Lentiviruses produce DNA via reverse 

transcriptase which is incorporated by integrase colocalizing viral cDNA with host DNA for 

insertion. A full list of plasmids used within this study can be found in Table 2-8. 

2.5.1 Plating and liquid growth of Escherichia coli bacteria 

 Plasmids were designed and purchased from VectorBuilder™ or AddGene™ with the 

plasmid harboured within Stbl3 E. coli bacteria at high-copy number. Using a sterile 

inoculation loop, a small portion of frozen glycerol bacterial stock was spread upon a 

prewarmed selective agar plate created from 30mL of Sigma™ LB Agar (L2897) supplemented 

with 100µg/mL ampicillin with a sterile plastic spreading tool. Plates were returned to the 37oC 

incubator for an overnight culture. The subsequent morning, plates were removed from the 

incubator and a single colony was selected into a universal container holding 5mL of 

prewarmed Sigma™ LB Broth (L3022) for an over-day incubation at 37oC with shaking at 

225RPM. 150μL of this culture was transferred to a sterile 1L flask containing 150mL LB broth 

supplemented with 100µg/mL ampicillin before an overnight incubation at 37oC with shaking 

at 225RPM.  

2.5.2 Isolation of Plasmid DNA  

Plasmid was isolated with the QIAGEN® Plasmid Maxi Kit as per the manufacturer’s 

instructions (12163). In brief, bacterial cells were recovered from the incubator and pelleted by 

centrifugation at 6000g for 15-minutes at 4oC. The supernatant was removed, and cells were 

resuspended and vortexed in 10mL of Buffer P1. 10mL of Buffer P2 was added and mixed by 

inverting 5-times for 3-minutes. After this incubation, 10mL of Buffer P3 was added and mixed 

by inverting 5-times. The lysate was immediately transferred into a QIAfilter cartridge and 

incubated for 10-minutes, during which time, a HiSpeed Maxi tip was equilibrated with 10mL 

of Buffer QBT. Following the incubation, the lysate was expelled through the QIAfilter 

cartridge into the equilibrated HiSpeed Maxi tip. The lysate was cleared by gravity, after which 

60mL of Buffer QC was added and allowed to clear by gravity again to wash DNA. DNA was 

eluted by addition of 15mL of Buffer QF which was collected into a 50mL falcon tube and 

precipitated through a 5-minute incubation with 10.5mL of room temperature isopropanol, 

whilst the QIAprecipitator Maxi Module was prepared. The eluate mixture was transferred to 

the QIAprecipitator and expelled, before a second expulsion using 2mL 70% ethanol (v/v), and 
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a dry expulsion all into waste. A labelled 1.5mL extract vial was prepared, and a final expulsion 

using 500µL of water was repeated twice to ensure effective DNA recovery. DNA 

concentration and quality metrics were determined using the Thermo Scientific™ NanoDrop™ 

spectrophotometer before storage at -20oC.  

2.6 Viral Transfection 

2.6.1 Transfection of HEK293T Cells 

HEK293T, a subline of HEK293, were used to generate assembled virus. HEK293T were 

cultured in Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10% FBS, 2mM 

L-glutamine, and 1/2500 Gentamicin to confluency (30x106 cells per flask). F75 culture flasks 

were coated with Poly-L-lysine (Sigma) for 30-minutes and rinsed with medium before 

addition of 15x106 HEK293T cells for an overnight culture to ensure adherence. The 

Lipofectamine 3000 Kit™ (Thermo) was used to enhance lipofection. Two tubes were prepared 

at a 1:1 ratio. The first universal container was prepared containing 2mL of Opti-MEM I 

Reduced Serum Medium (Gibco, 31985062), 6.6µg of pMD.2G and 12µg of psPAX2 

packaging vectors, 6.3µg of the chosen transfer vector, and 16L of P3000 reagent. A second 

tube contained 2025µL OptiMEM and 57µL Lipofectamine 3000. The prepared reagents were 

mixed and incubated for 15-minutes, during which time the F75 media was reduced to 6mL. 

The primed lipid-DNA complex mix was added and mixed to the HEK293T culture for a 6-

hour incubation at 37oC 5% CO2, following which the media was replaced to 9mL and 

incubated overnight. This protocol could be reduced or expanded for alternate flask sizes.  

2.6.2 Harvesting of Lentiviral Virions 

Generated virions were harvested on each of the two days after lipofection. The 

supernatant was removed from the HEK293T packaging cells on day two and stored in a 

universal container at 4oC overnight, whilst the media replenished to 7.5mL. On day three, the 

supernatant was combined with the previous extraction and centrifuged at 280g for 5-minutes. 

The virus containing supernatant was aliquoted into 1mL vials which were snap frozen in liquid 

nitrogen to lyse contaminating HEK293T cells. Virus stocks were stored at -80oC. Virus titre 

was determined where necessary with the Clontech™ Lenti-X GoStix per manufacturers 

instruction, or by titration in K562 by green fluorescent protein (GFP) against an established 

in-house benchmark.  
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2.7 Lentiviral Transduction 

2.7.1 Lentiviral Transduction of Suspension Cell Lines 

Cells were transduced in non-tissue culture treated 24-well plates. Lentiviral mediated 

transduction was enhanced with the assistance of RetroNectin™ (Takara, T202), a recombinant 

human fibronectin fragment (rFN-CH-296), which facilitates colocalisation of lentivirus with 

target cells. 24-well plates were pre-coated overnight at 4oC with 300µL of RetroNectin at a 

concentration of 30µg/mL. Wells were washed with 300µL 1% (v/v) BSA in PBS solution for 

30-minutes whilst frozen virus was collected and rapidly thawed in a water bath at 37oC. The 

BSA was removed and 1mL of virus was added to each well before the plate was centrifuged 

in a containment box at 2500g for 90-minutes at 20oC for viral coating. During this time, the 

recipient cells were counted and 1mL of cells were prepared at a density of 5x105 cells per mL 

in the appropriate medium. After the centrifugation, the supernatant containing unbound virus 

was removed and replaced with the diluted cells for an overnight incubation at 37oC.  

The following day the plate was recovered, and the supernatant was discarded. Bound 

cells were resuspended in 1mL of the appropriate medium before transfer to a universal 

container with 5mL of pre-warmed medium for centrifugation at 280g for 5-minutes. The 

supernatant was once again discarded, with the pellet resuspended in 2mL and cultured in a 12-

well dish at 37oC for expansion. Subsequent divergence in selection occurs with considerations 

to the inserted plasmid. Cells were selected based upon incorporation of a marker, such as 

DsRed, or through addition of selective antibiotics such as puromycin or geneticin if the 

plasmid harboured genes enabling resistance (2.8.2).  

2.7.2 Lentiviral Transduction of Adherent Cell Lines 

Lentiviral mediated transduction of adherent cell lines was enhanced with the assistance 

of Polybrene, which facilitates colocalisation of lentivirus with target cells. 5x105 cells were 

cultured in a non-tissue culture treated 24-well plate overnight. The following morning, frozen 

virus was collected and rapidly thawed in a water bath before 1mL of virus was added to the 

well, alongside addition of Polybrene at 8µg/mL. After 48 hours, the plate was recovered, and 

the cells resuspended by pipetting for transfer to a universal container with 5mL of pre-warmed 

medium for centrifugation at 280g for 5-minutes. The supernatant was once again discarded, 

with the pellet resuspended in 2mL and cultured in a 12-well dish at 37oC for expansion. Cells 

were selected based upon incorporation of a marker, such as DsRed, or through addition of 

selective antibiotics. 
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2.7.3 Lentiviral Transduction of CD34+ HSPC 

For lentiviral transduction of CD34+ HSPC, plates were prepared equivalent to 

suspension cell lines (2.1.1). Following centrifugation, the viral supernatant was removed and 

the CD34+ cells that had been previously seeded at 2 x 105 cells/mL were added to the wells. 

The following day, cells were temporarily transferred to a UC and placed at 37˚C in the 

incubator, during which time the plate was once again prepared with a viral base coat by 

centrifugation; HSPC were then transferred to the virally re-coated plate for a further 24-hours 

of transduction.  

2.7.4 Lentiviral Transduction of Primary AML 

For lentiviral transduction of primary AML cells, plates were prepared equivalent to 

suspension cell lines (2.1.1). Following centrifugation, the viral supernatant was removed and 

the primary AML cells that had been previously seeded at 2 x 105 cells per mL were added to 

the wells. For primary AML studies cells were incubated with lentiviral particles for 48-hours 

before harvesting for further study. 

2.8 CRISPR-Cas9 

2.8.1 In Silico Generation of guide-RNA 

For knockout studies, which rely on the generation of InDel, leading to a frameshift 

mutation, NHEJ of DSB was necessary. The targeting gRNA was designed in chopchop™ (v2) 

with a 5’-NGG-3’ PAM recognition motif. Target gRNA selection was limited to targets 

present in all alternate transcripts as verified via SpliceMiner™ which did not exhibit SNP as 

assessed with the UCSC™ genome browser (v. GRCh38/hg38). Selected gRNA showed 

minimal off-target and self-complementarity effects, as mismatches in the 5’ end can be 

tolerated due to the 5’-3’ binding activity of CRISPR-Cas9. GC content should ideally be 

between 40-80% to stabilize the RNA:DNA duplex whilst reducing off-target hybridization. 

Self-complementarity refers to the number of self-recognizing areas within the strand predicted 

(Figure 2-1). Predicted cleavage efficiencies were calculated (Doench et al., 2016), with the 

highest three predicted gRNA tested. Six plasmids were constructed through VectorBuilder™ 

which contained the designed gRNA sequences, alongside Cas9 in a T2A dual-expression 

system with Puromycin or Neomycin resistance for selection as described in 2.7.1, and 

ampicillin resistance for selection during bacterial growth (Table 2-8).   

For CRISPRa and CRISPRi studies, the Broad Institute CRISPick™ software was used 

to rank and select an optimal guide-RNA to maximise the on-target activity whilst minimising 
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off-target concerns. Guide-RNA were comparably validated with SpliceMiner™ and the 

UCSC genome browser™.  

2.8.2 Selection of Transduced Cells 

Following lentiviral transduction, cells were selected on the basis of the transduced 

plasmids incorporated resistance gene, or alternatively by a fluorescent marker. Cells were 

selected by addition of Puromycin (Sigma) at 1µg/mL, 200–1000µg/mL of Geneticin (G418; 

Gibco), 5-10μg/ml Blasticidin (Sigma) and 1000µg/mL of Hygromycin B (ThermoFisher) 

(Table 2-7). Selection pressure was applied for 2-14 days with a killing control performed in 

parallel to verify complete selection.  
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Table 2-7: The Determined Antibiotic Minimum Lethal Concentrations After Seven 

Days 

Minimum lethal concentrations of Puromycin, Blasticidin, and Geneticin for each cell line as determined. Manufacturers 

recommend a concentration between 400 to 1000 µg/mL for seven to fourteen days to generate a stable population. A drug 

sensitivity assay was completed over seven days with a range of concentrations. An untreated population was used as a control 

reference. 

 

 

Cell Line 

Geneticin: Minimum 

Lethal Concentration 

(µg/mL) 

Blasticidin: Minimum 

Lethal Concentration 

(µg/mL) 

Hygromycin B: 

Minimum Lethal 

Concentration (µg/mL) 

Puromycin: Minimum 

Lethal Concentration 

(µg/mL) 

NOMO1 200 Not tested Not tested 1 

K562 400 5 500 1 

HEL 600 8 500 1 

KG-1a 600 8 500 1 

ML-1 600 Not tested Not tested 1 

MV4;11 600 6 500 1 

OCI-AML2 600 Not tested Not tested 1 

SKNO-1 600 Not tested Not tested 1 

PLB985 800 Not tested Not tested 1 

U937 800 10 500 1 

OCI-AML5 1000 Not tested Not tested 1 

TF-1 1000 Not tested Not tested 1 

THP-1 1000 10 500 1 
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Table 2-8: Plasmid Vectors used within this Study 

pBARV - β-catenin Activated-Reporter Venus; pfuBARV – Found unresponsive β-catenin Activated-Reporter Venus; SCR - Scrambled; KO – Knockout; Puro – Puromycin Resistance; Neo – 

Geneticin Resistance; Bst – Blasticidin Resistance; GFP – Green Fluorescent Protein; DsRed - Discosoma Red; AIO – All-in-one CRISPR construct; gRNA – Guide-RNA-only construct; HSPC 

– Haematopoeitic Stem Progenitor Cell (CD34+); P-AML – Primary Acute Myeloid Leukaemia; WT – Wildtype; CRISPR-KO – CRISPR Knockout construct; CRISPRa – CRISPR Activator 

construct; CRISPRi – CRISPR Inhibitor construct; UTR – Untranslated Promoter Region; NEB – New England Biolabs 

 

  

Context Type Target Vector Name Vector ID Target sequence Exon Marker Host bacteria Source 

Lentiviral 

Generation 

Packaging 

Plasmid 
Packaging 

pMD2 Addgene_12259 158 N/A N/A N/A Stbl3 
Addgene 

pMD2 Addgene_12260 189 N/A N/A N/A DH5 

WNT 

Reporter 

Reporter    

(Cell Lines) 

Active Reporter pBARV Reporter 200 N/A N/A DsRed Stbl3 E.coli Prof. Randall Moon  

Inactive Reporter pfuBARV Control 202 N/A N/A DsRed Stbl3 E.coli Prof. Randall Moon  

WNT 

Knockout 

CRISPR-KO 
(Cell Lines) 

Scrambled CRISPR-SCR-1 [AIO] VB170925-1200uae GCACTACCAGAGCTAACTCA N/A Puro UltraStable E.coli VectorBuilder 

CTNNB1 (Beta) 

CRISPR-CTNNB1-1 [AIO] VB181017-1120bsy ACCCAGCGCCGTACGTCCAT 10 Puro UltraStable E.coli VectorBuilder 

CRISPR-CTNNB1-2 [AIO] VB181017-1121uss GTGCGTACTGTCCTTCGGGC 9 Puro UltraStable E.coli VectorBuilder 

CRISPR-CTNNB1-3 [AIO] VB181017-1119nfm TACCCAGCGCCGTACGTCCA 10 Puro UltraStable E.coli VectorBuilder 

CRISPR-CTNNB1-4 [AIO] VB190603-1087sew  TATAGCTGATTTGATGGAGT 3 Puro UltraStable E.coli VectorBuilder 

CRISPR-CTNNB1-5 [AIO] VB190603-1093heq  GATGGAGTTGGACATGGCCA 3 Puro UltraStable E.coli VectorBuilder 

CRISPR-CTNNB1-6 [AIO] VB190603-1091rjh  TGATTTGATGGAGTTGGACA 3 Puro UltraStable E.coli VectorBuilder 

JUP (Gamma) 

CRISPR-JUP-1 [gRNA] VB181218-1048cve AGTTACGCATGATCTGCACG 6 Neo UltraStable E.coli VectorBuilder 

CRISPR-JUP-2 [gRNA] VB181218-1049xfj CGAGTGGATACCCGAGTCGT 2 Neo UltraStable E.coli VectorBuilder 

CRISPR-JUP-3 [gRNA] VB181218-1050rfg TACGACTCGGGTATCCACTC 2 Neo UltraStable E.coli VectorBuilder 

CRISPR-JUP-1-AIO [AIO] VB200218-1050qmv AGTTACGCATGATCTGCACG 6 Neo UltraStable E.coli VectorBuilder 

CRISPR-KO  Scrambled CRISPR-SCR-GFP [AIO] VB210615-1141war GCACTACCAGAGCTAACTCA N/A GFP UltraStable E.coli VectorBuilder 

(HSPC, P-AML) CTNNB1 (Beta) CRISPR-CTNNB1-GFP [AIO] VB210615-1138aud GTGCGTACTGTCCTTCGGGC 9 GFP UltraStable E.coli VectorBuilder 

RAP1 

Signalling 

CRISPRa 
Scrambled CRISPRa-SCR VB211013-1065art GTGTAGTTCGACCATTCGTG N/A Neo UltraStable E.coli VectorBuilder 

RAPGEF4 CRISPRa-RAPGEF4-MS2 VB211003-1013cfw CGGACGCCTGGCGACCAGCG UTR Neo UltraStable E.coli VectorBuilder 

 N/A dCas9-VPR VB220104-1097prr N/A N/A Hygro UltraStable E.coli VectorBuilder 

CRISPRi 
Scrambled CRISPRi-SCR VB211013-1071ksb GTGTAGTTCGACCATTCGTG N/A Bst UltraStable E.coli VectorBuilder 

SIPA1L1 CRISPRi-SIPA1L1 VB211013-1070qbv CCCCGGGGACCCTCCAGCCG UTR Bst UltraStable E.coli VectorBuilder 

 N/A dCas9-KRAB-MeCP2 VB220104-1129cuu N/A N/A Hygro UltraStable E.coli VectorBuilder 

RAP1 
RAP1 WT RAP1-CONTROL AG#156173 N/A N/A Neo NEB Stable E.coli AddGene [Friedel] 

RAP1 E63 RAP1-E63 AG#156174 N/A N/A Neo NEB Stable E.coli AddGene [Friedel] 
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Figure 2-1: The CRISPR-CTNNB1-2 gRNA Target Site 

gRNA CRISPR-CTNNB1-2 drawn in green will target the specific complementary sequence in the gene CTNNB1. The 

Cas9:guide-RNA complex will bind the antisense strand (-) of the gene and generate a double-stranded break at location 

41,233,685 three nucleotides upstream of the PAM recognition site (red nucleotides), as indicated with two orange triangle 

markers. Repair of this double strand break by non-homologous end joining will facilitate the generation of a frameshift 

mutation by producing InDels, or homology-directed repair will return the sequence to the wild-type state. This will lead to 

Cas9 generating another double-strand break. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Materials and Methods 

72 

 

2.9 Modulating and Quantifying WNT Signalling 

2.9.1 Stabilisation of -catenin 

To assess the WNT response and -catenin translocation capability of each cell line, 

stabilisation of -catenin was necessary. This was primarily achieved by inhibiting the -

catenin destruction complex with CHIR99021 (Tocris, 4423), a GSK3 inhibitor which 

competes with ATP to bind the destruction component GSK3 Alternatively, recombinant 

WNT3a (R&D, 5036-WN-010) or WNT3a CM produced from L-WNT3a cells was applied to 

stimulate WNT signalling through binding of a FZD surface receptor.  Mechanistically, these 

methods stop phosphorylation and degradation of -catenin by blocking the kinase activity of 

GSK3. 

Culture conditions were prepared with 5µM CHIR, 1µg/mL rWNT3a, or WNT3a CM 

with culture medium for 24 hours. WNT3a CM was applied at 1:1 to 1:10 (v/v) with normal 

growth medium, ranges which are widely adopted in the literature (Tickenbrock et al., 2005; 

Aly et al., 2013; Powell et al., 2017; VanDussen et al., 2019); some studies reduced the levels 

of CM to 1:4 (Yamane et al., 2001), 1:8 (Hamidouche et al., 2008; Rao et al., 2018), or 1:10 

(James et al., 2012), with these variances likely explained by batch effects and different 

objectives. In order to prepare samples for western blotting, overnight cultures were expanded 

to a culture of 1x106 cells for total protein levels or 5x106 cells for fractionation (2.10.1, 2.11.5).  

2.9.2 Generating WNT3a Conditioned Media 

WNT3a is one of several natural agonists which stimulate WNT signalling. WNT3a CM 

was produced from the L-WNT3A (CRL-2647) cell line, which are L cells that have been 

transduced to constitutively produce WNT3a. Parental L cells were also prepared as a CM 

control. 

WNT3a L cells and parental L cells were thawed per 2.1.4, and the WNT3a line was 

cultured under 0.4mg per mL G418 for a period of 7 days. When confluent, cells were passaged 

1:10 into a T175 totalling 30mL of culture medium. After 4 days, the media was harvested and 

replaced with 20mL of fresh culture medium. The first batch of harvested CM was retained in 

the fridge at 4oC. At day 7, the second batch of CM was harvested, and the spent flasks were 

discarded. Both batches were centrifuged at 1200g for 5-minutes to remove any carryover of 

material, before they were sterile filtered (0.22µm).  
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2.9.3 pBARV and pfuBARV TCF Reporters 

To quantify and assess WNT signalling, the -catenin Activated Reporter Venus 

(pBARV) lentiviral plasmid was incorporated into cell lines. pBARV encompasses twelve TCF 

response elements (5’-CCTTTGATC-3’) representing a concatemer, which are pair linked to 

lessen loss of elements to recombination. Upstream of pBARV is a minimal thymidine kinase 

promotor (minP) which controls transcription of Venus, a fluorescent protein derived from 

Aequorea victoria (Ex-λ: 515, Em-λ: 528). Downstream, a Ubiquitin promoter constitutively 

drives DsRed expression, a second fluorescent protein derived from Discosoma sp. (Ex-λ: 558, 

Em-λ: 583). The construct is flanked by long terminal repeats. An alternate construct with a 

two-base substitution in the TCF response element acts as a non-responsive control and is 

known as found-unresponsive pBARV (pfuBARV). A diagram is shown below. 

 

2.10 Protein Analysis by Western Blotting 

2.10.1 Whole Protein Extraction 

For western blotting analysis, 1x106 cells were centrifuged at 280g for 10 minutes. 

Supernatant was discarded, and cell pellets were washed using 10 mL of ice-cold tris-buffered 

saline (TBS; 50 mM Tris (Sigma) dissolved in dH2O and adjusted to pH 7.6 with HCl; 150 

mM NaCl (Sigma) dissolved in dH2O). Supernatant was discarded and pellets were snap frozen 

in liquid nitrogen before protein extraction. When required, frozen cell pellets were thawed on 

ice in the presence of 1 mg per mL DNase for 5 minutes and resuspended in 50 μL of 

homogenisation buffer (0.25 M sucrose (Sigma), 10 mM HEPES-KOH pH7.2 (Gibco), 1mM 

magnesium acetate (Sigma), 0.5 mM EDTA (Sigma), 0.5 mM EGTA (Sigma), 12.6 M -ME 

(Sigma), 1 tablet of EDTA free-protease inhibitor (Roche), 1% v/v x100-Triton (Sigma)). Cells 

were incubated on ice for 30 minutes and subjected to occasional vortexing. Then, the cell 

suspension was transferred to ice cold Eppendorf tubes and centrifuged for at 16,000g for 5 

minutes at 4°C. Supernatant was collected transferred to a new pre-chilled Eppendorf and 

stored at -80°C until required. Protein concentration was determined by Bradford assay 

(2.10.3). 

LTR TCF TCF TCF TCF TCF TCF TCF TCF TCF TCF TCF TCF minP β-globin Venus Ubi DsRed LTR

The structure of the pBARV and pfuBARV constructs 
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2.10.2 Cytosolic and Nuclear Cell Protein Fractionation 

An adapted version of the procedure obtained with the BioVision™ fractionation kit 

(K266-100) was utilised to obtain cytoplasmic and nuclear fractionation protein lysates for 

western blotting. Briefly, 5x106 cells were pelleted and carefully washed with 20mL of TBS, 

before a second 10-minute centrifugation at 280g. After removing the supernatant, the pellet 

was resuspended in 0.2mL of cytosol extraction buffer A (CEB-A) containing 1x protease 

inhibitor cocktail (PIC) and 1mM dithiothreitol (DTT) through vortexing, before incubation 

for 10-minutes on ice. 11L of cytosol extraction buffer B (CEB-B) was added and vortexed, 

before a 1-minute incubation on ice. After, cells were vortexed and centrifuged at 13,000RPM 

for 8-minutes at 4oC. The resulting supernatant contained the cytoplasmic lysate and was 

transferred for protein quantification into a fresh labelled 1.5mL Eppendorf. Any residual 

supernatant was removed which would contaminate the nuclear fraction before 500L of PBS 

with 5mM MgCl2+ pellet wash was added.  

The nuclear pellet was centrifuged maximally at 10,000g for 3-minutes, with the pellet 

wash subsequently discarded. The pellet was snap frozen in liquid nitrogen and freeze-thawed 

thrice further in the vapour phase of liquid nitrogen. 2L of benzonase was added to the pellet 

and centrifuged briefly to ensure mixing before a 30-minute incubation on ice. The tube was 

vortexed every 10-minute interval. 100L of TAEB buffer per 1x107 cells, or 50L per 1x107 

AML blasts, was added and the tube incubated a second time for 30-minutes on ice, with 

vortexing every ten minutes. A final centrifugation at 10,000g at 4oC for 10-minutes produces 

a supernatant containing the nuclear extract, which is transferred to a fresh tube and stored at -

80oC until protein quantification (2.10.3). 

2.10.3 Determining Protein Concentration by Bradford Assay 

The Bradford’s reagent protein assay was used to determine the concentration of protein 

in whole and fractionated cell lysates (2.10.10). Protein standards were generated to act as a 

standard range within which protein levels could be interpolated to determine extract 

concentrations. These standards were prepared from diluted BSA in lysis buffer (100, 70, 40, 

10, 0g per mL). Bradford reagent (Merck, B6916) was diluted 1:1 (v/v) with dH20 and allowed 

to reach room temperature. Samples were diluted 1:100 in dH20, before transfer of duplicate 

10L aliquots to a 96-well plate, in addition to the protein standards. 190L of diluted 

Bradford’s reagent was mixed with each duplicated sample and absorbance was measured at 

590nm on a Chameleon spectrophotometer (Noki Technologies) after a 10-minute incubation. 
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The BSA standards were used to generate a standard curve, allowing protein levels to be 

determined, as below. 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝑢𝑔/𝑚𝐿) =
𝐴595 − 𝑦𝑖𝑛𝑡

𝑠
 

A595 = Sample absorbance at 595nm 

yint = Y-axis intersection 

s = Slope of the linear regression 

2.10.4 Polyacrylamide Gel Electrophoresis and Electroblotting 

The Invitrogen™ NuPAGE® XCell SureLock™ Mini-Cell and XCell II™ blot module 

(Thermo, EI0002) was used to perform western blotting with proteins separated by size 

migration through sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). 

Protein extracts were prepared to a standard concentration of 500μg/mL (10μg of protein per 

well of 12-well) by addition of sterile H20, NuPAGE™ 10x reducing agent (NP0004), and 

NuPAGE™ 4x lithium dodecyl sulphate (LDS) sample buffer (NP0008) before an incubation 

in a water bath at 70oc for 10-minutes to denature proteins. Pre-cast 12-well NuPAGE™ 12% 

Bis-Tris (NP0342BOX; 20L maximum) or 17-well NuPAGE™ 12% Bis-Tris (NP0349BOX; 

10L maximum) protein gels were washed, inserted into the XCell blotting module, and filled 

with 200mL of 1x NuPAGE™ MOPS SDS Running Buffer (NP0001) with 500μL NuPAGE™ 

Antioxidant (NP0005) prior to sample loading. Flanking wells were loaded with Invitrogen™ 

MagicMark™ XP Western protein standard ladder (LC5602) in order to estimate the molecular 

weight (MW) of detected protein bands. The external chamber was filled with 600mL of 1x 

Running Buffer (NP0001) before gel electrophoresis was electroporated at 200 volts for 50-

minutes. Prior to the run completing, blotting pads and Invitrolon™ filter paper was soaked in 

1x NuPAGE™ Transfer Buffer (NP00061) with 10% methanol and 1% NuPAGE™ 

Antioxidant (v/v) whilst 0.45µm Invitrolon™ Polyvinylidene Fluoride membranes were soaked 

for 10-minutes in methanol. Upon conclusion of the run, the gel was carefully removed and 

placed into the constructed transfer sandwich of layered pre-soaked filter pads and filter paper, 

with the gel contacting the PVDF membrane and orientated toward the anode. The transfer 

sandwich was pressed to ensure trapped air bubbles were expelled before insertion into the 

XCell blotting module. The inner module was filled with transfer buffer whilst the external 

area was filled with 600mL of dH20 before the transfer was conducted at 30 volts for 60-

minutes.  
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After the transfer, the membrane was extracted from the transfer sandwich and washed 

with for 5-minutes on a plate shaker with 20mL ultrapure H20 to remove residual gel fragments. 

To assess successful transfer of protein, and as a visible inspection of equal loading and 

fractionation of lysates, membranes were incubated with 20mL of Ponceau S solution (Merck, 

P7170) and agitated for 60-seconds. Membranes were cut at this point, if necessary, before 

washing twice with 20mL of ultrapure H20 to remove the Ponceau S solution. The membrane 

was then incubated at RT for 30-minutes in 10mL of 2.5% Marvel Milk blocking solution in 

Tris-Buffered-Saline-Tween (TBS-T). Blocked membranes were rinsed with 10mL of TBS-T 

and then washed for 15-minutes with 20mL of TBS-T, before three further washes for 5-

minutes. Washed membranes were incubated with diluted primary antibody in 1% Marvel Milk 

solution in TBS-Tween for 24-hours at 4oC (Table 2-9). 

2.10.5 Protein Detection Methods 

2.10.5.1 Chemiluminescent detection of protein 

On the day following electroblotting, probed membranes were washed with TBS-T as 

before and were subsequently incubated for 60-minutes in secondary GE Healthcare® 

Horseradish Peroxidase conjugated anti-mouse or anti-rabbit antibody solution which was 

prepared in 10mL of TBS-T at 1:5000 (Table 2-9). Membranes were then washed in TBS-T 

as before for 15-minutes and thrice for 5-minutes, during which time the GE Healthcare™ 

ECL™ Prime western blotting detection agent (12994780) was prepared by combining equal 

volumes of solutions A and B in the dark at RT. After washing, the membrane was placed upon 

a layer of acetate and the prepared enhanced chemiluminescent prime detection agent was 

added dropwise to the membrane for a 5-minute incubation in the dark. Excess detection agent 

was then removed with blotting paper, and a second layer of acetate was added to seal the 

membrane for transfer to the Fujifilm® LAS3000 digital imaging unit. Exposures ranged from 

10-seconds to 30-minutes. 

To assess successful fractionation of lysates and verify equal loading, GAPDH and 

Histone H1 were probed for cytosolic and nuclear fractions, respectively. GAPDH was probed 

immediately following chemiluminescent detection, see 2.10.5.2, as it was detected using 

fluorescent methods.  
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2.10.5.2  Fluorescent detection of protein 

As a cytoplasmic loading control, GAPDH protein levels were investigated by incubating 

membranes with mouse anti-human DyLight® 680 mAb (Invitrogen) at 1:10000 for 60-

minutes at RT before a further TBS-T wash. Membranes were transferred for fluorescent 

detection at 700nm on the LI-COR® Odyssey® Fc imaging system with an exposure time of 

30-seconds. For the nuclear control, the same process was repeated using a mouse anti-human 

Histone H1 (SCBT) at 1:2000 (Table 2-9).  

2.10.6 Densitometric Quantification of Protein 

Digital images were stored in the Tagged Image File Format lossless format (.TIFF) for 

analysis with the Fiji edition of ImageJ2 (v. 2.0.0.71 acquired Dec 2018). Background levels 

and noise effects were corrected for by measuring the area immediately surrounding each 

individual band, before protein bands were quantitated by conversion to a histogram and 

measured by area surrounding peak intensity. The resulting area was normalized to a common 

control, which was present across western blots to allow for cross-blot normalization of protein 

levels. By measuring protein loading of cytosolic and nuclear fractions with GAPDH and 

Histone H1 bands, respectively, protein measurements were corrected for unequal sample 

loading.  
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Table 2-9: Western Blot Antibodies used within Study 

mW – Molecular Weight; kDa – Kilodalton; HRP – Horseradish peroxidase; AF790 – AlexaFluor790. 

 

 

 

 

 

 

Antibody Target mW Cat.No Species Conjugate Conditions Detection Method Dilution Source 

Primary antibodies 

Beta-catenin 92kDa 610153 Mouse N/A 4°C - 24Hr 

Chemiluminescent 

1:5000 BD Biosciences 

Gamma-catenin 83kDa 75550 Rabbit N/A 4°C - 24Hr 1:2500 Cell Signalling 

LEF1 25-58kDa  2230 Rabbit N/A 4°C - 24Hr 1:2000 Cell Signalling 

RAPGEF4 116kDa 19103-1-AP Rabbit N/A 4°C - 24Hr 1:1000 Proteintech 

SIPA1L1 220kDa 25086-1-AP Rabbit N/A 4°C - 24Hr 1:2500 Proteintech 

Secondary Antibodies 

Anti-mouse N/A NA931 Donkey HRP RT - 1Hr 
Chemiluminescent 

1:5000 GE Healthcare 

Anti-rabbit N/A NA934 Donkey HRP RT - 1Hr 1:5000 GE Healthcare 

Loading Controls 

GAPDH DyLight® 680 37kDa 15738-D680 Mouse DyLight680 RT - 1Hr 
Fluorescent 

1:10000 Fisher Scientific 

Histone H1 AF ® 790 22kDa 8030-AF790 Mouse AF790 RT - 1Hr 1:2000 Santa Cruz 
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2.11 Flow Cytometry 

Flow cytometry is a technique enabling the analysis of cells on a single cell level based 

upon individual cells size, granularity, and expression of up to fifty select markers either bound 

upon on the membrane or intracellularly depending on the capabilities of the chosen cytometer. 

The sample is propelled through a flow cell containing laminar flowing sheath fluid in which 

single cells are separated linearly by hydrodynamic focusing into a stream. Cells pass through 

a series of lasers individually, which vary depending upon the cytometer, allowing capture of 

measurements. Measurements can include fluorescent-conjugated antibodies, fluorescent 

chemicals, and integrated fluorescent elements.  

Locally, a BD Accuri™ C6 Plus was available which can detect up to four fluorescent 

colours. It was equipped with a red and blue laser alongside four fluorescence detectors. Two 

light scatter detectors for forward scatter (FSC) and side scatter (SSC) measure size and 

granularity respectively, enabling six total parameters to be explored (Table 2-10). For more 

complex studies, the Cardiff University Central Biotechnology Service (CU-CBS) provided 

access to two tri-laser BD FACSCanto™ II cytometers and one hepta-laser BD LSRFortessa™ 

which can detect ten and twenty parameters, respectively. In addition, the CBS provided access 

to a BD FACSAria™ III cell sorter which can measure 20 parameters simultaneously to isolate 

a cell population of choice.  

Flow data was stored in the FCS 3.0 format and analysis was undertaken in the De Novo 

Software™ FCS Express™ software (v6.0) or the statistical software language R (v4). 

2.11.1 Estimation of CD34+ HSPC Cell Proportion  

In parallel with the isolation of MNC from umbilical CB, examination for CD34, a 

marker of HSPC, was performed to enable the percentage of HSPC to be determined. In brief, 

100μL of undiluted blood was recovered and stained with 10μL of CD34-phycoerythrin (PE) 

and 5μL of CD45-allophycocyanin (APCF). A control stain with 10μL of IgG1-PE and 5μL of 

CD45-APCF was performed (Table 2-11). Samples were incubated at 4°C for 30-minutes, after 

which time, 5mL of FACS™ Lysis Buffer (BD) was added to each tube and a further RT 

incubation for 10-minutes was performed. The cells were recovered and washed in 5mL 1x 

PBS and centrifuged at 200g for 5-minutes to form a pellet, with the supernatant discarded and 

the cells resuspended in residual supernatant. Samples were then transferred to miniflow tubes 

and acquired on the Accuri flow cytometer, with CD34+ percentage determined with the gating 

strategy demonstrated in Figure 2-2. 
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Table 2-10: Technical Specifications of the Accuri C6 Plus 

FITC - Fluorescein isothiocyanate; GFP - Green fluorescent protein; AF488 - Alexa Fluor 488; PE - Phycoerythrin; PI - 

Propidium iodide; PerCP-Cy5.5 - Peridinin chlorophyll protein–Cyanine5.5; DsRed – Discosoma Red; APCF - 

Allophycocyanin; TO-PRO-3 - TO-PRO®-3 iodide 

 

Table 2-11: Flow Cytometry Antibodies used for Cord Blood HSPC Estimation 

APCF -  Allophycocyanin; PE - Phycoerythrin 

 

 

 

 

 

 

 

 

 

 

 

 

Classifier Characteristic Detection Example 

Laser excitation 
488nm N/A 

640nm N/A 

Emission Detection 

533/30nm (FL1) FITC, GFP, AF488 

585/40nm (FL2) PE, PI 

670nm LP (FL3) PerCP-Cy5.5, DsRed 

675/25nm(FL4) APCF, TO-PRO-3 

Flow rate 10-100µL/min N/A 

Antibody Fluorescent-marker Clone Dilution Source Cat. No 

IgG1 PE MOPC-21 1/10 BioLegend 400112 

CD34 PE 581 1/10 BioLegend 343506 

CD45 APCF HI30 1/20 BioLegend 304012 
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Figure 2-2: Gating Strategy used to Estimate CD34+ HSPC Percentage by Flow 

Cytometry 

Representative bivariate density plots showing the gating strategy applied to estimate CD34+ HSPC from a human cord blood 

donation. (A) A debris exclusion gating based on FSC and SSC. (B) Within the non-debris gating, mononuclear cells were 

identified on the basis of CD45+ and low side scatter profile. (C) Within the mononuclear cell gating, the percentage of CD34+ 

cells were estimated based upon background autofluorescence determined with the isotype control IgG1-PE. 

FSC – Forward scatter; SSC – Side scatter; APCF - Allophycocyanin; PE - Phycoerythrin; MNC – Mononuclear Cells; HSPC 

– Haematopoietic Stem Progenitor Cells. 
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2.11.2 Fluorescence Activated Cell Sorting of Transduced CD34+ HSPC 

Following lentiviral transduction, transduced HSPC were sorted using a BD 

FACSAria™ III within the CU-CBS facilities at Cardiff University. Transduced HSPC were 

counted and centrifuged at 270g for 10-minutes to form a pellet, with the supernatant discarded. 

HSPC were resuspended in 1 x 106 cells/mL in 1x PBS containing 1% BSA (v/v) and 5ng/mL 

IL-3. Resuspended cells were filtered through a 40µM cell strainer into labelled 15mL falcon 

tubes. Transduced HSPC were sorted on the basis of GFP positivity with a mock (non-infected) 

population used to design the gating strategy (Figure 2-3). Cells were sorted at RT at low flow 

rate with the 100µm nozzle. Cells were sorted into a 15mL falcon tube containing 8mL of 

IMDM media supplemented with 10% FBS (v/v) and 20mg/mL gentamicin. After returning to 

tissue culture, sorted populations were transferred to UC and centrifuged at 270g for 10-

minutes with the supernatant discarded. Cells were resuspended in 1mL 3SLOWG/GM and 

counted by flow cytometry. Density was then adjusted to 0.5x105/mL. 

2.11.3 Sorting Populations for pBARV and pfuBARV Construct Incorporation 

Cell lines transduced with pBARV and pfuBARV lentivirus were cultured to a total of 8 

x 106 cells, with a continuation culture maintained. The cells were pelleted and resuspended in 

500μL of PBS + 1% BSA (v/v). Cells were passed through a 40μm strainer into a BD FACS 

tube to remove aggregate bodies. Receiver tubes were prepared containing 5mL of the 

appropriate growth medium. The BD FACSAria™ III was maintained at RT, and the maximal 

nozzle of 100μm was fitted to reduce cell compression stress. Parental cells were used to 

exclude debris and doublets before a threshold gate was devised for DsRed positivity which 

avoided inclusion of autofluorescent events. Sorted cells were transferred to a universal 

container and centrifuged at 280g for 5-minutes at RT before resuspending at 5 x 105 cells per 

mL for culture based upon the sorted event count.  
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Representative bivariate density plots demonstrating transduced CD34+ HSPC cultures as revealed by GFP positivity versus 

Mock on a BD FACSAria™ III. (1) Mock (2) Scrambled Lentivirus (A) A debris exclusion gating based on FSC and SSC. 

(B) Within the non-debris gating, singlet cells were identified. (C) Within the two prior gates, the percentage of GFP+ cells 

within a bulk culture were established based upon the background autofluorescence which was established using a mock 

culture which was otherwise treated comparably with the exception of lentiviral coating. 

 

 

1A    1B                                1C

    

2A    2B                                2C

    

Figure 2-3: Flow Cytometry Gating Strategy applied to Sort Transduced CD34+ HSPC 
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2.11.4 Immunophenotyping of Transduced CD34+ HSPC 

Immunophenotyping was performed to assess myeloid cell differentiation over the time 

course of 13 days. CD13-APCF and CD36-biotin were utilised for lineage discrimination, with 

the latter requiring a secondary streptavidin PerCP-Cy5.5. Cells were further stained 

independently with IgG1, CD11b, CD14, CD15, and CD34 conjugated to PE (Table 2-12). In 

brief, 3x105 cells were washed by addition of staining buffer (SB; 1x PBS supplemented with 

0.02% (v/v) sodium azide and 1% (v/v) BSA)) and centrifugation at 270g for 5-minutes. The 

pellet was resuspended in 75µL SB. 96V-bottom plates were prepared with additions of 

antibodies before addition of 15µL cell suspension. Plates were centrifuged at 15-seconds to 

associate the contents, before a brief vortex prior to incubation at 4°C for 30-minutes. After the 

incubation, the reaction was quenched by addition of 150µL of SB and the resuspended 

contents were transferred to miniflow tubes. Samples were centrifuged at 270g for 5-minutes, 

with the pellet resuspended in SB containing PerCP-Cy5.5 Streptavidin secondary antibody 

and were incubated again at 4°C for 30-minutes. Finally, stained cells were washed by addition 

of 150µL SB and centrifugation at 270g for 5-minutes before the pellet was resuspended in 

100µL of SB. Prepared samples were acquired on the Accuri C6 Plus and the gating strategy 

was applied was in Figure 2-4. 
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Table 2-12: Flow Cytometry Antibody Panel used for CD34+ HSPC 

Immunophenotyping 

PE – Phycoerythrin; APCF -  Allophycocyanin; PerCP-Cy5.5 – Peridinin chlorophyll protein–Cyanine5.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Target Fluorescent-marker Clone Dilution Source Cat. No 

IgG1 PE MOPC-21 5ng/µL BioLegend 400112 

CD11b PE ICRF44 5ng/µL BioLegend 301306 

CD13 APC
F
 WM15 5ng/µL BioLegend 301706 

CD14 PE HCD14 5ng/µL BioLegend 325606 

CD15 PE W6D3 5ng/µL BioLegend 323006 

CD34 PE 581 5ng/µL BioLegend 343506 

CD36 Biotin SMO 1ng/µL Ancell Corporation 185-030 

PerCP-Cy5.5 Streptavidin PerCP-Cy5.5 - 1ng/µL BD Biosciences 551419 
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Figure 2-4: Immunophenotyping Gating Strategy for Lineage Determination 

 

Representative bivariate plots and a histogram detailing the gating strategy applied for immunophenotyping HSPC at day 13. 

(A) Cells were excluded from debris on the basis of removal of events below <5x105. (B) Cells were subset to those transduced 

and expressing GFP. (C) Expression of the lineage discrimination markers CD13 and CD36 were applied to resolve the 

monocytic, granulocytic, and erythroid progenitor populations within the bulk culture. (D) Within the monocytic and 

granulocytic populations the expression of established maturation markers (CD14 - blue) were applied to examine maturation 

against an isotype control (Isotype - grey). 

 

 

A        B 

C        D 



Materials and Methods 

87 

 

2.11.5  Measuring the pBARV Response 

WNT/-catenin signalling levels were assessed by the percentage of responder cells and 

shift in mean fluorescent intensity (MFI) based upon the emission from Venus. Venus is 

measured with the 533/30nm channel (Venus ex. 515, em. 528). Doublets and debris are first 

removed from the cell population before cells are identified. By contrasting the different 

conditions within an experiment, histogram subtraction can be applied which will show the 

difference in positivity and show any shifts in MFI. This measurement represents the pBARV 

response, further controlled against pfuBARV which represents a background noise reading 

for the -catenin/TCF-axis controlled pBARV reporter.  

2.11.6 Monitoring Cell Viability 

For experiments assessing cell viability, the monomeric cyanine stain TOPRO (T3605) 

was used to bind dsDNA which would only be accessible in non-viable cells undergoing 

apoptosis or autophagy. TOPRO was added at a concentration of 50nM and incubated at RT 

for 30-minutes before analysis. TOPRO has excitation and emission wavelengths of 642nm 

and 661nm, respectively. The FL-3 channel (670nm LP) was used for analysis. 

2.11.7 Proliferation and Viability Assay 

As cell number can be determined by counting with a flow cytometer, proliferation can 

be determined by counting cells on a time course. TOPRO can be used as a dead cell indicator 

as detected with the FL-3 (670nm LP) channel. Cells were prepared in a 12-well tissue culture 

plate at their minimal recommended subcultural concentration, typically between 1x105 and 

2x105 cells per mL. Each day, 50μL was recovered and TOPRO was added at 50nM, before 

10μL was acquired on an Accuri C6 Plus. Cells were expanded as populations approached the 

upper bound of the log-phase growth by moving to an appropriate plate or flask. A time course 

of 5 or greater days was followed.  

2.11.8 DNA Content Assay 

Propidium iodide (PI) is a DNA binding dye which provides a measure proportional to 

the amount of DNA within cells. Cells within G2 phase of mitosis have twice the DNA content 

than cells in G1, therefore, they will uptake proportionally twice the dye and fluorescence with 

a greater MFI. By utilising this, cell cycle condition was measured. Cells were required to be 

fixed to enable DNA accessibility by addition of ethanol. 2x105 cells were recovered and 

centrifuged at 280g for 10 minutes to pellet cells. Cells were then resuspended in 300μL PBS 
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and placed on ice for 5 minutes, before addition of 700μL of 100% ethanol before returning 

the samples to ice for a further 30 minutes, after which they were transferred to -20oC overnight. 

Later, cells were retrieved and pelleted by addition of 10mL PBS and centrifugation at 280g 

for 10 minutes. During this spin, a dye mix was prepared in PBS containing PI at 40μg/ml and 

RNase at 0.1mg/ml. After centrifugation, the supernatant was carefully aspirated, cells were 

resuspended in 75μL PBS, and transferred to a miniflow tube. 25μL staining solution was 

added, and cells were covered with a plate sealer before transfer to a 37 oc water bath for 30 

minutes. Subsequently, cells were analysed on an Accuri C6 Plus. Cells were gated as per 

Figure 2-5. 

2.11.9 Annexin V Assay 

Population-based cell viability was determined with Annexin V and 7-AAD. Annexin 

V detects apoptotic cells by binding to phosphatidylserine, an apoptotic marker present on the 

outer region of the plasma membrane as apoptosis occurs. 1x105 cells were recovered and 

washed in PBS by centrifugation at 280g for 5 minutes. This was repeated in 1x Binding Buffer. 

Cells were resuspended in 1x Binding Buffer at 1x106 cells per mL and 5μL of Annexin-APCF 

was added for a 15-minute incubation at RT. Subsequently, cells were washed in 1mL of 1x 

Binding Buffer, then resuspended in 200μL of 1x Binding Buffer. 5μL of 7-AAD was added 

before immediate acquisition on an Accuri C6 Plus for analysis (Figure 2-6). 

2.11.10 Migration Assay 

The motility capacity of cells to migrate toward a chemoattractant was assayed using 

the Transwell® cell migration system which constitutes an upper and lower chamber separated 

by a membrane. A negative control for migration was used by preparing a well with only 

chemotaxis medium (serum-free IMDM containing 1% v/v BSA) to account for free movement 

and validate membrane integrity. Chemotaxis medium or filtered CM was pre-warmed and a 

24-well Transwell plate was prepared by addition of 600μL the lower chamber and 100μL to 

the upper chamber, respectively; this was placed in the incubator whilst cells were prepared. 

1x105 cells were washed and resuspended in 590µL of chemotaxis medium, with 100µL of this 

suspension used to replace the chemotaxis media in the upper chamber. 5µL of 

SDF1 (Peprotech, 300-28A-10) at 12µg/mL was added to relevant lower wells. 

Plates were incubated at 37°C and 5% CO2 for 4 hours, after which time 50µL of the 

cell suspension in the upper chamber was harvested and transferred to miniflow tubes. The full 

contents of the lower chamber were harvested and centrifuged at 280g for 5minutes, before 
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resuspending in 100µL for transfer to a miniflow tube. 10µL of the upper and lower chamber 

was acquired on an BD Accuri™ C6 Plus and the counts recovered were converted into 

percentage migration through division of the number of cells having migrated to the lower 

chamber respective to those in the upper chamber.  

2.11.11 Immunophenotyping Assay 

To study for perturbed differentiation of AML cell lines as a result of gene knockout, a 

panel of cell surface members which are well characterised as markers of certain lineages were 

studied (Table 2-13). Cell lines were examined for presence of markers which are documented 

to be present, alongside markers of differentiation which would not be present normally. To 

determine marker expression, 1x105 cells were harvested per antibody of interest, and these 

were washed by centrifugation at 280g for 5-minutes, before resuspending in cold SB to 1x105 

cells per mL. Antibodies were added to wells to an appropriate final dilution, with 15µL of the 

cell suspension added subsequently. The plate was centrifuged at 280g for 3-minutes to bring 

together well contents, before a 30-minute incubation at 4°C. After the incubation, 150µL of 

SB was added to each well to quench reactions, and these contents were transferred to miniflow 

tubes. Samples were centrifuged at 280g for 5-minutes, with the supernatant discarded. Cells 

were then resuspended in 100µL of SB and analysed on a BD Accuri™ C6 Plus. Isotype control 

antibodies were used in order to determine appropriate marker placement. FSC and SSC were 

used as approximate indicators of cell size and surface granularity, respectively. 
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Table 2-13: Cell Line Immunophenotyping Marker Antibody Panel 

APCF -  Allophycocyanin; PerCP-Cy5.5 – Peridinin chlorophyll protein–Cyanine5.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Antibody Marker Clone Dilution 
Supplier 

Company  Cat. No 

PerCP-Cy5.5 IgG1 
N/A 

MOPC-21 1/20 BioLegend 400150 

APCF IgG1 MOPC-21 1/20 BioLegend 400120 

CD3 PerCP-Cy5.5  T-cell SK7 1/20 BD Biosci 641397 

CD4 PerCP-Cy5.5  Monocytic SK3 1/20 BD Biosci 332772 

CD13 APCF Myeloid WM15 1/20 BioLegend 301706 

CD14 APCF Monocytic HCD14 1/20 BioLegend 325608 

CD15 PerCP Granulocyte W6D3 1/20 BioLegend 323018 

CD19 APCF Progenitor HIB19 1/20 BioLegend 302212 

CD33 APCF Myeloid P67.6 1/20 BioLegend 366606 

CD34 APCF Myeloblasts 581 1/20 BioLegend 343510 

CD235a PerCP-Cy5.5 Erythroid HI264 1/20 BioLegend 349109 
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Figure 2-5: Cell Cycle Strategy 

DNA-content analysis elucidates the cell cycle condition of a population of cells. To achieve this propidium iodide was used 

which is an intercalative agent capable of binding DNA. Detection of PI with a flow cytometer (FL-2) was used, with the 

subsequent fluorescence profile used to predict cell cycle staging. A multi-cycle model was fit to the data with FCS Express, 

allowing the determination of per-phase population proportion. 

 

 

 

 

 

 

 

 

 

Figure 2-6: Apoptosis Gating Strategy 

Analysis of apoptosis can be achieved with annexin-V to determine the early stages of apoptosis, whilst late apoptotic cells 

can be delineated with agents including 7-ADD, TOPRO, and propidium iodide. Phosphatidylserine (PS) in healthy cells was 

expressed exclusively within the intracellular leaflet of the plasma membrane, however, during early apoptosis, membrane 

condition is affected and translocates to the external leaflet. This enables Annexin-V to bind PS. In our study, Annexin-V is 

bound to the fluorochrome APCF which was detected on a flow cytometer with FL-4. Late apoptotic cells was detected through 

DNA binding agents which bind DNA after the nuclear membrane disassociates and DNA fragmentation occurs. In this study, 

7-Aminoactinomycin D (7-AAD) was used which was detected with FL-3. 
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2.11.12 Drug Sensitivity Assay 

To perform the drug sensitivity assay, serial dilutions of DNR (Cayman, 14159) and 

Ara-C (Merck, C1768) were prepared in order to generate working dilutions. 1.6x106 cells were 

harvested and washed with a 280g for 5-minute centrifugation, before being resuspended in 

8mL of appropriate fresh growth medium. 0.4mL of suspended cells were plated into each well 

of a 48-well dish and 4µL additions of prepared DNR or Ara-C were added. Final 

concentrations used were 50nM, 100nM, 200nM, 400nM, 800nM for Ara-C, and 3nM, 12nM, 

25nM, and 50nM for DNR. A control well with a vehicle control was used. Treated cells were 

incubated at 37°C and 5% CO2 for 48 hours. After 48 hours, a harvest mix was prepared 

constituting 10xHEPES with 2xTOPRO in RPMI complete medium. Cells were resuspended 

and 225µL was added to miniflow tubes containing 25µL of the HEPES/TOPRO harvest mix. 

10µL of each miniflow tube was acquired on the  BD Accuri™ C6 Plus. Cell counts were 

computed into growth inhibition polynominal regressions, which were used to determine the 

point at which 50% growth inhibition was obtained (GI50) using the GRmetrics package as 

described (Hafner et al., 2016). 

2.11.13 Stress-induction Assays 

2.11.13.1  Serum-depletion Assay 

Foetal-bovine serum provides cells with growth factors that are essential to cell 

maintenance and growth, alongside amino acids, sugars, lipids, and hormones. Cell lines often 

require between 10% and 20% FBS (v/v). To achieve this, serum-free medium for the 

respective cell line was prepared, alongside a serial dilution of 2x FBS media providing final 

concentrations of 10%, 5%, 2.5%, 1.25%, 0.5%, 0.25%, and 0.125% (v/v). 250µL of 2xFBS 

media was plated into each well of a 48-well plate, alongside a serum-free culture as a control; 

this was allowed to pre-warm in the incubator at 37°C and 5% CO2. 1x106 cells were harvested 

and pelleted through centrifugation at 280g for 5-minutes. The cells were then washed with 

10mL of serum-free medium to reduce FBS carryover, before resuspending in 2.5mL of serum-

free medium (<0.01% FBS carryover). 250µL was transferred to each of the pre-prepared wells 

within the plate. Cells were incubated at 37°C and 5% CO2 for 72 hours. After 72 hours, 

miniflow tubes were prepared containing TOPRO (50nM) and 100µL of culture was harvested 

after resuspending. 10µL of each miniflow tube was acquired on the  BD Accuri™ C6 Plus. 

Cell counts were computed into growth inhibition polynominal regressions, which were used 
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to determine the point at which 50% growth inhibition was obtained (GI50) using the 

GRmetrics package as described (Hafner et al., 2016). 

2.11.13.2 Low-density Assay 

As clonal issues presented, low-density assays were designed which were well below 

the recommended culture densities in efforts the stress of culture under such conditions which 

could reveal susceptibilities. Cells were serially diluted to prepare culture densities of 1x105, 

5x104, 1x104, 5x103, 1x103, and 1x102 cells in 1mL and were plated into a 24-well TC plate 

for incubation at 37°C and 5% CO2 for 72 hours. After 72 hours, miniflow tubes were prepared 

containing TOPRO (50nM) and 100µL of culture was harvested after resuspending. 10µL of 

each miniflow tube was acquired on the  BD Accuri™ C6 Plus. Cell counts were computed 

into growth inhibition polynominal regressions, which were used to determine the point at 

which 50% growth inhibition was obtained (GI50) using the GRmetrics package as described 

(Hafner et al., 2016). 

2.12 Genomics 

2.12.1 Cleavage Detection by Polymerase Chain Reaction 

To determine the InDel mutation rate, the Invitrogen™ GeneArt® Genomic Cleavage 

Detection Kit (A24372) was used. Primers were designed to amplify the DSB gRNA target 

site, and this locus was amplified by PCR. The PCR product was denatured and reannealed 

enabling mismatches to form as strands with differing InDel mutations or no InDel combine. 

Mismatches were cleaved by an endonuclease enzyme, which generates shortened products 

that were detected via electrophoresis and quantified by densitometry.  

2.12.1.1  Determining InDel Hit Rate 

Genomic DNA was amplified prior to detection, requiring primers be designed for the 

target loci. Primers were designed with a Tm >55oC and a length of 22bp with 45-60% GC 

content, these are detailed in Table 2-14. To do this, 2x106 cells were centrifuged at 200g for 

5-minutes at 4oC to harvest cells. 50μL of cell lysis buffer and 2μL protein degrader were mixed 

in a microcentrifuge tube, before 50μL of this mix was added to each pellet for resuspension. 

The resuspended pellet was transferred to a PCR tube and run in a GeneAmp® PCR 9700 to 

lyse cells and extract DNA with the following parameters: 68oC for 15-minutes, 95oC for 10-

minutes, and held at 4oC. The samples were recovered and vortexed, with 2μL of sample was 

transferred to a fresh PCR tube containing 1μL of 10μM forward/reverse primer mix, 25μL of 
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AmpliTaq Gold® 360 Master Mix, and 22μL of dH20 for PCR amplification. DNA was 

amplified in the PCR machine with the following parameters: enzyme activation at 95oC for 

10-minutes once, cycling through a 95oc denaturing step for 30-seconds, an annealing step at 

55oC for 30-seconds, and an extension stage at 72oC for 30-seconds 40-times over. A final 

extension was completed by a 7-minute 72oC incubation, before finally holding at 4oC. 3μL of 

PCR product was combined with 1μL of 10x detection reaction buffer and brought to a volume 

of 9μL of dH20. A re-annealing reaction enabled heteroduplexes to form and was undertaken 

in the Techne® Prime™ thermal cycler with the following parameters: 95oC for 5-minutes, 

temperature stepped at -2oC per second from 95oC to 85oC, before a second stepping at -0.1oC 

per second from 85oC to 25oC, before a final hold at 4oC. Samples were immediately advanced 

to enzyme digestion to produce cleaved products. 1μL of Detection Enzyme was added to each 

sample and incubated for 37oC for 1-hour, vortexed, and centrifuged for detection by 

microfluidic electrophoresis on a Bioanalyzer 2100 (2.12.2). 
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Table 2-14: Primer Design for Cleavage Detection 

To detect cleavage events, primers were designed to immediately flank the double-strand break target site. These primers were designed to have no predicted off-target effects, and to possess a 

predicted melting temperature of approximately 60 degrees Celsius. The cleavage site was centred relative to the flanking primer location, ensuring ease of detection as cleaved products would be 

approximately half the size of wild-type, unaffected sequences. Product size was maintained below 250bp to ensure ample PCR product production for accurate prediction of cleavage, alongside ease 

of running on a DNA gel or with the Agilent Technologies™ Bioanalyzer 2100™.  

TM – Melting temperature.  

 

 

Target ID 
Left primer 

coordinates 
Left primer (5-3’) TM 

Right primer 

coordinates 
Right primer (5’-3’) TM 

Product 

size 

CTNNB1 #1 chr3:41234119 TTCTTCCTTCTGTTTTTCAGGC 60 chr3:41234335 TCCTTTGGATTTATGCATTCCT 60 238 

CTNNB1 #2 chr3:41233552 GACTCTTGTTCAGCTTCTGGG

T 

60 chr3:41233736 TCAGATGACGAAGAGCACAGA

T 

60 206 

CTNNB1 #3 chr3:41234119 TTCTTCCTTCTGTTTTTCAGGC 60 chr3:41234335 TCCTTTGGATTTATGCATTCCT 60 238 

JUP #1 chr17:41765064 TTCCCTCTTTACCCATAGCTG

A 

60 chr17:41764915 ATACTCACCAGCCTCCACAATG 61 171 

JUP #2 chr17:41771870 CTTCCTGACTTCCTCCTTTGTG 60 chr17:41771680 TGGTTTTCTTGAGCGTGTACTG 60 212 

JUP #3 chr17:41771870 CTTCCTGACTTCCTCCTTTGTG 60 chr17:41771680 TGGTTTTCTTGAGCGTGTACTG 60 212 
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2.12.2 Quantifying DNA by Capillary Electrophoresis 

To quantify the cleavage products, samples were analysed by microfluidic 

electrophoresis with the Agilent Technologies™ Bioanalyzer 2100™. The Agilent DNA 1000 

Chip™ was used. A gel-dye mix was equilibrated to room temperature for 30-minutes before 

a DNA chip was prepared on the priming station. 9μL of gel-dye mix was loaded, and the mix 

plunged for 60-seconds to disperse throughout the chip. 9μL of gel-dye mix was loaded into 

two further preparatory wells. 5μL of flanking marker was loaded into each sample well and 

the 1μL of DNA ladder was loaded into the ladder channel. 1μL of prepared sample was loaded 

into each of the 12 available wells. The chip was primed by vortexing in an adapter for 1-

minute at 2400RPM. The chip was then immediately transferred to the Bioanalyzer 2100.  

2.12.3 DNA Sequencing 

To validate knockouts sequencing of the DNA at regions immediately flanking the 

CRISPR-Cas9 target site was necessary. To achieve this, DNA was extracted from an expanded 

clone before PCR amplification of the target site, and subsequent sequencing.  

2.12.3.1  Extracting DNA 

In total, a minimum of 150ng of DNA was necessary for each PCR reaction, therefore, 

to obtain 2μg of DNA, only 2x105 cells were required for extraction (0.01ng/cell). High quality 

DNA was extracted with a Qiagen DNeasy Blood & Tissue Kit which in principle relies upon 

cell lysis with proteinase K and DNA isolation using a filter membrane containing a chaotropic 

salt rich buffer. Extracts were verified for purity with a Nanodrop A260/A280 ratio of 1.7 to 1.9.  

Cells were first centrifuged at 280g x 5 minutes and resuspended in a mixture of 200μL 

PBS, 200μL Buffer AL, and 20μL Proteinase K before vortexing and incubation at 56oC  for 

10 minutes. After this, 200μL 100% Ethanol was added and samples were vortexed to 

homogenise the solution. The solution was transferred to a prepared DNeasy Mini spin column 

and centrifuged at 6000g for 1 minute, before the flow-through was discarded. The spin column 

was then transferred to a fresh collection tube and 500μL Buffer AW1 was added before a 

second centrifugation at 6000g for 1 minute, allowing the flow-through to be discarded a 

second time. 500μL of Buffer AW2 was then pipetted onto the membrane before a 

centrifugation at 20,000g for 3 minutes with the flow-through discarded. Subsequently, the 

column was transferred to a final collection tube and 200μL of Buffer AE was added before a 

1-minute incubation, after which, the column was centrifuged at 6000g for 1 minute to elute 
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DNA. The elute was then transferred and centrifuged again to maximise the DNA extraction. 

With the extraction complete, DNA was quantified, and purity checked using a Nanodrop.  

2.12.3.2 PCR Amplification for Sequencing  

PCR is a technique for DNA amplification. Taq DNA Polymerase is a thermostable 

enzyme derived from Thermus aquaticus; it is capable of functionally withstanding repeat 

heating to 95oc in order to amplify DNA fragments. An initial DNA denaturation step denatures 

the DNA to ensure efficient utilisation of the primary templates. Following this, a cycle repeats 

between denaturation, primer annealing, and extension. The denaturation step occurs at 95oC 

to separate strands. Primer annealing then occurs at 55oC, which is below the melting 

temperature of the primers. Finally, extension at 72oC occurs. These three stages repeat 30-40 

times to amplify the DNA region of interest. A final extension cycle occurs at 72oC for 10 

minutes to ensure complete reaction products. In this case, two primers are used for each gene 

of interest, enabling a 200bp region of each allele to be sequenced for the presence of InDel 

events.  

A reagents mastermix was prepared without the primer and template (Table 2-15). The 

mastermix was then transferred to PCR tubes depending upon the reaction volume before 

primers and template DNA were added. Contents were gently mixed by vortexing, before 

amplification occurred (Table 2-16). Extracts were verified by DNA gel. 

2.12.3.3  PCR Product Verification 

The PCR amplification stage generates substantial quantities of the same length of DNA. 

To verify that no off-target amplification has occurred, a small quantity of the PCR product 

was run by electrophoresis on an agarose gel. As DNA is negative and all strands should be of 

the same length, they form a single uniform band. 0.8% agarose was prepared in 1 x Tris base, 

boric acid, and EDTA (TBE) and melted using a microwave. 25mL was transferred to a 

universal container, and 1μL of Peq Green, a fluorescent DNA-binding dye, was added to the 

liquid gel. Rapidly, the mixture was transferred to a pre-assembled gel electrophoresis box and 

allowed to set over 30 minutes. With the gel set, 1 x TBE was poured over the gel until 

sufficiently covered, and the well comb was then removed. Samples were prepared by addition 

of a loading dye and were added to designated wells for a run at 120V for 45minutes. A UV 

box illuminated bands.  
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2.12.3.4  PCR Product Purification 

PCR purification was necessary to remove contaminant enzymes, nucleotides, primers, 

and buffer components which would interfere with downstream DNA sequencing. The Qiagen 

QIAquick PCR Purification kit (28104) was used which purifies with up to 95% efficiency. 

Buffer PE was first prepared by adding 100% ethanol. To purify PCR products, 5 volumes of 

Buffer PB was added to each volume of PCR product and mixed. The sample was then 

transferred to a prepared QIAquick column and centrifuged for 1 minute at 18000g with the 

flow-through discarded. 750μL of Buffer PE was then added to the QIAquick column to wash 

the sample, allowing centrifugation for 1 minute as before with the flow-through once again 

discarded. The QIAquick column was then transferred to a fresh 1.5mL collection tube and 

centrifuged with 30uL PCR grade water for 1 minute as before. The resulting purified product 

was then verified on the Nanodrop and stored at -20oC for DNA-sequencing. 

Table 2-15: Mastermix Composition for PCR 

DNA – Deoxyribonucleic Acid; dNTP - Deoxynucleotide triphosphate; MgCl2 – Magnesium Chloride.  

Table 2-16: PCR Cycle Conditions 

PCR was completed with a GeneAmp® PCR 9700 on conditions as stated. These conditions are adapted from Thermofisher’ 

recommended guidelines, with the denaturation, annealing, extension, and terminal extension durations extended to ensure 

complete cycling success. A cycle count of thirty-five was found to produce sufficient downstream PCR product for DNA-

sequencing. 

 

Component 25μL Reaction 50μL Reaction Final Concentration 

 10X Gold DNA Polymerase Buffer 2.5μL 5μL 1X 

 10mM dNTP Mix (each) 1.25μL 2.5μL 500μM 

 10uM Primer (each) 2μL 4μL 0.8μM 

 AmpliTaq Gold DNA Polymerase 0.125μL 0.25μL 1.25U/50uL 

 25mM MgCl2 1.5μL 3μL 1.5mM 

 Template DNA Variable Variable 200ng 

 Nuclease-free Water To 25μL To 50μL N/A 

PCR Stage Temperature Duration Cycles 

 Initial Denaturation 95oC 10 Minute 1 

 Denaturation 95oC 1 Minute 

35  Annealing 55oC 1 Minute 

 Extension 72oC 1 Minute 

 Terminal Extension 72oC 10 Minutes 1 

 Hold 4oC ∞ N/A 
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2.12.3.5 Sample DNA-Sequencing 

To reveal the presence and exact nature of an InDel event, DNA-Sequencing of the 

flanking region was completed. To achieve this, purified PCR product was shipped to Eurofins 

with sequencing primers. This involved mixing 15μL of purified PCR product at 10ng/μL with 

2μL of sequencing primer at 10uM. This mix was then transferred to a Mix2Seq Eurofins 

sample tube and shipped to Eurofins (Eurofins Genomics, Germany) for DNA-Sequencing.  

2.12.3.6  Resolving DNA InDels by Digital Deconvolution 

Genetic mutations facilitated by erroneous NHEJ are likely to differ between alleles 

which, in cases of aneuploid cell lines such as THP-1, will generate up to three different DNA 

sequences. Sanger sequencing of a combined population will lead to a mixed spectrogram. 

Classically, this is solved by cloning the mixture of alleles into a bacterial vector and 

sequencing numerous colonies to elucidate the individual alleles. This method is laborious and 

expensive, especially with the high throughput screening required for this project. To overcome 

this, Dehairs, J. et al. developed a digital deconvolution method to resolve up to three alleles 

that have been concurrently sequenced against a reference sequence. To achieve this, DNA 

sequences are aligned, trimmed, and scored allowing determination of each allele sequence. 

With this, the presence of InDels in each allele can be confirmed, and the individual alleles 

mutations can be determined, alongside the resulting presence of possible early stop codons. 

These were independently validated with the Synthego™ Inference of CRISPR edits (ICE) tool 

which functions comparably and was released in October 2019. 

2.13 Transcriptomics  

2.13.1 Total RNA Extraction 

Total RNA was extracted from cell lines with the RNeasy® Plus Mini Kit (Qiagen, 

74034) per the manufacturer’s instruction. Briefly, 1x106 cells were harvested and plated with 

rWNT3a (R&D Systems, 5036-WN-010) to stimulate canonical WNT signalling activity, or 

with a vehicle control (1xPBS), in a 12-well plate. After 24 hours these cells were resuspended 

and harvested for centrifugation at 280g for 5minutes. Cells were resuspended in 350µL RLT 

Plus containing β-ME (10 µL/mL) to lyse cells. The resuspended cells were then passed 

through a QIAshredder spin column (Qiagen, 79656) by centrifuging at 10,000g for 2minutes 

to fully homogenise the cell lysate. DNA was subsequently removed by passing the 

homogenised lysate through a gDNA Eliminator spin column at 8000g for 30seconds. 350µL 

of 70% ethanol (v/v) was added to the flow-through and vortexed, before the sample was 
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transferred into a RNeasy spin column. The sample was centrifuged at 8000g for 15seconds, 

with the flow-through discarded and the upper chamber replenished with 700µL of Buffer 

RW1. After an 8000g centrifugation for 30seconds, the flow-through was discarded and 500µL 

Buffer RPE containing ethanol was added to the RNeasy spin column before a further 

centrifugation at 8000g for 30seconds. This was repeated a second time to reduce ethanol 

carryover, but with an extended two-minute centrifugation. A final dry centrifugation into a 

fresh tube was performed to ensure no carryover. Finally, 40µL of RNase-free water was added 

directly to the spin column membrane and this was centrifuged at 8000g for 1 minute to elute 

the RNA. RNA concentration and purity were determined by assessment on a Nanodrop™ and 

through capillary electrophoresis with an Agilent 2100 Bioanalyzer, which scored RNA quality 

as an RNA integrity number (RIN) based upon the ratio of the area under the 18S and 28S 

rRNA peaks to the total area under the graph.  

2.13.2 Generation of Data 

Sixteen total RNA samples (Table 2-17) were shipped to the NGS specialist Novogene 

(Cambridge, UK). Novogene verified the RNA was of acceptable quality before proceeding 

with a Nanodrop to test RNA purity (OD260/OD280), an Agarose Gel Electrophoresis to test 

RNA degradation and potential contamination, and finally with an Agilent 2100 Bioanalyzer 

to check RNA integrity before library preparation, adaptor addition, and sequencing. Library 

preparation includes mRNA enrichment to remove tRNA, mRNA fragmentation, double-

strand cDNA synthesis, sequencing adapter addition, before PCR amplification of cDNA 

products (Figure 2-7). The cDNA library was scored to assess the quality and concentration of 

the library preparation using a Qubit 2.0 fluorometer (Life Technologies) and insert size was 

verified on an Agilent 2100 Bioanalyzer. An Illumina NovaSeq 6000 was used to sequence the 

cDNA library with a paired end read depth of 150bp, totalling 20 million reads per sample. 

Raw sequencing data was transformed to sequence reads by base calling, producing FASTQ 

files in both directions. Base call error rates were assessed for quality control (QC), with a 

quality score per base limited to those over 80% confidence. Sequence reads were assessed 

with FASTQC (v0.11.9) to assess per base sequence quality, content, GC content, no call 

content, length distributions, sequence duplication, and overrepresentation. Trimming of 

adapter sequences was performed where necessary with trimmomatic (v0.4).  
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Table 2-17: Samples Preparation for RNA-Seq 

Summary of the clones and their respective treatment contexts for RNA preparation toward RNA-sequencing. 

SCR - Scrambled; dKO – Dual Knockout.  

Figure 2-7: RNA-Sequencing Overview 

RNA-sequencing for the purposes of this study is segregated into the in vitro preparation of samples with or without WNT 

stimulation with WNT3a (2.9.1), and then subsequent RNA isolation (2.13.1). Isolated RNA was shipped to Novogene for 

library preparation and sequencing as a service before alignment and quantification of counts (2.13).  

Cell Line Clone Context rWnt3a 

THP1 

SCR C1 
Control   

Control Stimulated + 

SCR C2 
Control   

Control Stimulated + 

dKO C29 
Dual Knockout   

Dual Knockout Stimulated + 

dKO C47 
Dual Knockout   

Dual Knockout Stimulated + 

HEL 

SCR C1 
Control   

Control Stimulated + 

SCR C2 
Control   

Control Stimulated + 

dKO C17 
Dual Knockout   

Dual Knockout Stimulated + 

dKO C17 
Dual Knockout   

Dual Knockout Stimulated + 
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Sequence reads were then mapped to the hg19 reference genome using STAR (v2.5) with 

default parameters, resulting in a SAM file. The SAM alignment file was converted to a BAM 

format file using Samtools (v1.12). Mapping quality of these BAM files was assessed using 

MultiQC (v1.10.1) which quantified alignment scores, adapter sequence trimming, and feature 

counts. Aligned sequence reads were quantified using HTSeq (v0.6.1), producing a comma 

separated value file of transcript counts. As transcript abundance is proportional to gene length, 

transcript abundance was normalised for gene length. 

2.13.3 RNA-Sequencing Bioinformatic Analysis 

2.13.3.1  Exploratory Analysis 

All high-level analyses of RNA-Seq data were performed with R. Samples were 

normalised with the DESeq2 package which performs normalisation for each transcript to 

account library size and RNA composition bias. Samples were inspected through use of 

correlation matrices and hierarchical clustering which were drawn between experimental 

replicates to determine reproducibility. A principal component analysis (PCA) was performed, 

which is a linear dimensional reduction technique for visualising variance between samples 

from high-dimensional data, which separates samples based upon components (eigenvectors) 

distanced from mean (eigenvalues). The primary and secondary components were used, and a 

scree plot was performed to demonstrate that a significant degree of the variance was explained 

by these components alone. 

2.13.3.2  Differential Expression 

 Differential gene expression was performed with DESeq2 which fits a negative binomial 

linear model for each gene and performs a Wald test for significance testing, which 

incorporated a multi-level design to account for the pairwise nature of samples and cell lines 

where appropriate. DESeq2 enables detection of outliers based upon Cooks’ distance of fold 

change between replicates, allowing removal of these transcripts to lessen the impact of 

multiple test correction. P-values were corrected with the Benjamini-Hochberg multiple test 

correction method. Resulting p-values which were below the minimum floating point number 

limitation were adjusted to the machine minimum (5e-324). Transcripts with an adjusted p-

value < 0.05 and a fold change ± 1.5 were considered significantly differentially expressed 

transcripts (DET). Differential expression was visualised using volcano plots, and the 

unadjusted p-value distribution was assessed to examine test validity. Heatmaps were drawn 

for accepted DET to demonstrate the homogeneity of expression between classifiers.  
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2.13.3.3 WNT Signalling Annotation  

As the broad range of target genes of WNT/-catenin signalling is capable of being 

activated or repressed by active signalling or knockout conditions, it was necessary to construct 

a list of known or suspected WNT-target genes for ease of identification. A comprehensive 

meta-list was constructed by merging the WNT-target gene related pathways, a public database 

of identified target genes (in CRC) (Herbst et al., 2014), and the list of WNT targets from the 

online WNT homepage2. In total, 617 genes were considered WNT-target genes or closely 

related. 

2.13.3.4  Pathway Analysis 

Pathway analyses were performed to translate the gene-level findings to consequences 

upon established pathways, thereby enhancing the biological interpretability. The current 

consensus recommends the parallel study of transcriptomic data using numerous curated priori 

databases to maximise interpretability as database choice can influence results of enrichment 

(Mubeen et al., 2019). Whilst it is has recently become possible to integrate different databases 

in order to generate a meta-pathway database using PathMe (Domingo-Fernández et al., 

2019b), this often limits statistical power due to the higher number of comparisons performed 

and expanded gene-set size and was thus not applied (Mubeen et al., 2019). Further, pathways 

may not have a comparable equivalent between databases as is often the case; for example, 

whilst one database considers pathways at a higher level, such as WNT signalling activity as a 

whole component, other databases divide the pathway into constituent subsets. Analyses were 

performed using the curated priori databases Exploratory Kyoto Encyclopaedia of Genes and 

Genomes (KEGG) (Ogata et al., 1999), Gene Ontology (GO) (Carbon et al., 2019), 

REACTOME (REAC) (Croft et al., 2014), WikiPathways (WP) (Kutmon et al., 2016), 

Hallmark Molecular Signatures (MSIG) (Liberzon et al., 2015), and Biocarta (BC) (Nishimura, 

2001).  

As an extension to applying multiple databases to improve interpretation, distinct 

statistical techniques were applied to comprehensively examine the transcriptomic data. These 

include classical techniques and more modern methods. These included classic 

overrepresentation analysis (ORA), Gene Set Enrichment Analysis (GSEA), and Gene Set 

Variance Analysis (GSVA), before the application of more recently developed techniques 

 
2 https://web.stanford.edu/group/nusselab/cgi-bin/wnt/target_genes 
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which further consider the topology of pathways; these include Pathway Topology Analysis 

(PTA) and Mechanistic Pathway Analysis (MPA). DET as previously described were used 

where necessary, with some techniques applying the entire transcriptome.  

ORA performs a hypergeometric probability test to examine the enrichment of pathways 

based upon the list of genes found differentially expressed irrespective of the direction of 

change (Boyle et al., 2004). ORA was performed with the gProfiler2 package (Raudvere et al., 

2019). ORA does not provide directional interpretation, nor does it account for the interaction 

between genes, rather, ORA provides a means to identify the top candidate pathways for further 

detailed inspection. 

GSEA examines all genes. Classically, genes are ranked by fold-change, however, due 

to the small sample size within this experiment, a ranking method incorporating p-value and 

fold-change was applied, which has been demonstrated to perform more robustly (Xiao et al., 

2014). A series of random walks are performed through this ranked list which attempts to find 

gene-sets which are enriched disproportionately within the ranking which is computed into a 

pathway score. GSEA was performed with the Clusterprofiler (Yu et al., 2012) package. GSEA 

can provide an approximate directional measure of pathway activity based upon term rank 

trending, however, closer inspection is required as negative regulation of pathway inhibitions 

would active the pathway, acting inversely to the pathway enrichment. Further, GSEA is 

limited in regard to the identification of pathways which are centrally controlled rather than 

linear and consecutively regulated, as these pathways often exhibit both inhibition and 

activation around a central mediator. In summary, GSEA has poor sensitivity for pathways 

which behave in a ‘see-saw’ like manner of regulation. 

GSVA overcomes the requirement to define groupings when the study in question 

contains heterogeneous data sets, which is applicable here due to the use of patient data and 

two cell lines with two stimulation states. GSVA utilises the entire transcriptome and does not 

rely upon fold changes from a defined contrast (Hänzelmann et al., 2013). Rather, GSVA fits 

a model and ranks genes based upon normalised count data to respective pathways in order to 

generate a per pathway score on a per sample basis. With pathways scored per sample, 

variations are revealed irrespective of groupings. In this way, GSVA can offer greater statistical 

power over GSEA when groups contain heterogeneous samples.  

The priorly mentioned classical techniques are widely used and are useful to identify 

pathways of interest, however, they are incapable of considering the topology of pathways, and 

further, cannot accurately capture whether a pathway is considered activated or repressed. 
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Modern techniques enable the study of sub-pathways and are capable of considering whether 

a pathway, or elements of a pathway, are activated. Study of sub-pathways are a particular 

interest for this study, as the canonical WNT signalling pathway is often not considered 

independently from the wider non-canonical WNT calcium and Planar Cell Polarity Pathway 

such as in the KEGG database which could conceal findings.  

Pathway topology analysis applies the found differentially expressed genes for analysis 

and was performed with the PathfindR (Ulgen et al., 2019) and Signalling Pathway Impact 

Analysis (SPIA) packages (Tarca et al., 2009). PathfindR considers the interaction between 

gene members within a pathway to identify pathways which are perturbed; however, as many 

pathway databases do not define interactions as activators or repressors, PathfindR cannot 

establish whether a pathway is activated or repressed. An alternative to PathfindR is SPIA, 

which is able to consider the nature of gene interactions and therefore compute a prediction as 

to whether a pathway is activated or repressed. This is currently possible with select databases 

which include information on gene-level interactions, limiting the technique to the KEGG and 

REAC databases. The current KEGG (v99, 01/07/21) and REAC (v77, 09/06/21) databases 

were downloaded in full and converted into a gene network using the Graphite package (Sales 

et al., 2012). A final analysis technique known as MPA was applied which extends PTA. MPA 

was performed with MinePath (Koumakis et al., 2016). These techniques are distinct from the 

PTA methods as they utilise the entire transcriptome, similarly to GSEA and GSVA, in order 

to examine consistent fluctuations. 

To study TF activity, the package Corto (Mercatelli et al., 2020) was used to perform TF 

and co-TF master regulator analysis (MRA). Factor annotations were acquired from the human 

TF database (v1.01) (Lambert et al., 2018). Enrichment of target genes for each centroid factor 

was performed using an integrative model of spearman’s correlation and data processing 

inequality as described (Reverter et al., 2008). Together, this enabled co-expression and co-

regulation networks to be constructed, revealing significant factors between conditions. MRA 

is able to identify significantly perturbed factors which are unaltered at the mRNA level which 

limits identification by differential analysis; this is often owed to factors which are regulated 

post-translationally, such as CTNNB1, from which mRNA levels are unable to convey the 

biological state. MRA is biased by aneuploidy and sample impurities, however, aneuploidy is 

rare in AML, and low quality samples have been removed (2.13.4) (Schubert et al., 2020).  

A caveat to each advancing technique is a greater reliance upon the established priori, 

and as such, better statistical techniques may not reveal novel insights if the underlying 
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database information is insufficient. Pathways can act differently between cell types, diseases, 

and in different conditions. To overcome the reliance upon a priori, co-expression analyses 

were performed which do not rely upon established priori; this was performed with the 

Differential Gene Correlation Analysis (DGCA) (McKenzie et al., 2016) package to identify 

differential correlation of co-expressed genes, and extended with the CEMiTool (Russo et al., 

2018) package which identifies co-expressed modules.  

A summation of the techniques applied can be found in Table 2-18 and represented in 

Figure 2-8. 

2.13.4 Publicly Available Data 

2.13.4.1 Bloodspot 

 The bulk population data relating to CTNNB1, JUP, TCF7L2, and LEF1 mRNA 

expression in human HSPC and constituent cell types was mined from the Bloodspot repository 

(Bagger et al., 2019). Expression was determined by microarray (GSE42519). If multiple probe 

sets related to an individual gene the resulting values were averaged. 

2.13.4.2 Cancer Dependency Map 

 The Cancer Dependency Map (DEPMAP) is a collaborative project between the 

Wellcome Sanger Institute and the Broad Institute and represents a public repository of pooled 

CRISPR-Seq data performed in human cancer cell lines (Tsherniak et al., 2017). AML and 

CRC cell line dependency data was mined to examine gene necessity in AML based upon 

determined fitness scores. In brief, CRISPR-Seq enables high-throughput examination of gene 

necessity in disease by performing a highly multiplexed (pooled) gRNA knockout. After 

application of CRISPR, pooled populations are scRNA-seq and DNA barcoding of gRNA 

enables deconvolution of the remaining gRNA within the pooled population. The gRNA which 

are absent are deemed to be essential, however, as this is performed in a non-clonal setting, the 

resulting essentiality score is derived from a population of complete, incomplete, and escape 

gene inactivation events.  
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 Table 2-18: The Statistical Pathway Analysis Methods Applied 

Statistical 

Method 
Package Database Runtime Input Output 

Considerations 

Benefits Drawbacks 

Over-

representation 

Analysis 

gProfiler2 All Seconds 

List of differentially 

expressed genes, no 

associated statistic 

Per-pathway 

hypergeometric 

scores 

• Simple 

• Identifies most impacted pathway 

• Computationally inexpensive 

• Arbitrary threshold required 

• No associated statistics 

• Sample size independent 

Gene Set 

Enrichment 

Analysis 

Cluster 

profiler 
All <30 Minutes 

List of pre-ranked 

genes with summary 

statistics 

Per-pathway 

enrichment scores 

• Includes all genes 

• Measures general coordination 

• Widely adopted methodology 

• Computationally expensive 

• Relies upon a defined contrast 

• Limited in low sample size 

Gene Set 

Variance 

Analysis 

GSVA All <30 Minutes 
Normalised count 

expression matrix 

Per-pathway per-

sample enrichment 

scores 

• Does not require defined groups 

• Enhanced sensitivity in 

heterogeneous sets 

• Requires >10 samples minimum 

• Computationally expensive 

• Inexact measure of directionality 

Pathway 

Topology 

Analysis 

PathfindR 

KEGG 

Reactome 

GO, BC 

Hours 

List of differentially 

expressed genes, with 

associated statistic 

Per-pathway 

hypergeometric 

scores 

• Incorporates gene interaction 

• Examines numerous databases  

• Computationally expensive 

• Arbitrary threshold required 

• Cannot determine directionality 

SPIA 
KEGG 

Reactome 
Hours++ 

List of differentially 

expressed genes, with 

associated statistic 

Per-pathway 

activation scores 

• Incorporates gene interactions  

• Capable of predicting pathway 

activation or repression 

• Computationally expensive 

• Arbitrary threshold required 

• Limited compatible datasets 

Mechanistic 

Pathway Analysis 
MinePath KEGG Hours+++ 

Normalised count 

expression matrix 

Per-pathway per-

group enrichment 

scores 

• Incorporates gene interactions  

• Examines the entire transcriptome 

• Predicts pathway status 

• Computationally expensive 

• Limited compatible dataset 

• Requires defined groupings 

Differential 

Co-expression 

Correlation 

DGCA 

N/A 

Hours+++ 
Normalised count 

expression matrix 

Co-expression 

scores 

• Identifies co-regulated genes 

• Provides novel insight 

• Computationally expensive 

• Requires >20 samples ideally 

• Frequent false findings 

Module Co-

expression 
CemiTools Hours+++ 

Normalised count 

expression matrix 

Module co-

expression scores 

•   Capture co-regulated module 

• Provides novel pathway insight 

• Examines entire transcriptome 

• Computationally expensive 

• Requires >20 samples ideally 

• Limited biological interpretability 

Transcription 

Factor Regulator 

Analysis 

Corto 
Human TF 

Database 
Hours+++ 

Variance stabilised 

normalised count 

matrix 

Per-factor 

Enrichment Scores 

• Utilises entire transcriptome 

• Identifies targets regulated by 

post-translational mechanisms 

• Computationally expensive 

• Biased by ploidy, contaminants  

• Inexact measure of directionality 
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Figure 2-8: A Flowchart of the RNA-Sequencing Analysis Plan 

(A) The plan for RNA-sequencing involved multiple facets in order to determine critical gene expression and pathway 

perturbation. This included study of differentially expressed genes, pathway analyses, co-expression analyses, and meta-

pathway considerations. (B) Recently developed pathway analysis techniques are able to prove more informative as to the 

exact biological consequences, though this requires greater reliance upon the priori databases. X represents a co-expression 

study, with no reliance upon the priori. A is a gene enrichment analysis in which all genes are considered. B is a gene set 

enrichment analysis, where pre-defined lists of genes are examined for involvement in a specified pathway. C is a topology 

pathway analysis, which incorporates weighting of gene members contributions to the pathway. A recently developed 

extension of topology analysis is mechanistic analysis, D, which sub-divides pathways based upon specific downstream roles. 

Cross-pathway interactions can be revealed through network enrichment analysis. 

 

 

 

 

A 
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2.13.4.3 The Cancer Cell Line Encyclopaedia 

The Cancer Cell Line Encyclopaedia (CCLE) is a public repository provided by the 

Broad Institute which avails proteomic, RNA-seq, mutation, fusion, methylation, splicing, 

miRNA, chromatin profiling, and a select subset of proteomic data in the context of human 

cancer cell lines. This data was mined to enable contrast of characterised AML cell lines 

(Barretina et al., 2012; Ghandi et al., 2019; Nusinow et al., 2020). 

2.13.4.4 The Cancer Genome Atlas  

The public cancer genome atlas (TCGA) database provides RNA data as non-integer 

RNA-Seq by Expectation-Maximization (RSEM) normalised values based on a dated pre-

processing pipeline rather than raw counts. RSEM normalised values are unsuitable for use 

with DESeq2 and it has further been established that this method of normalisation can conceal 

results (Rahman et al., 2015). Alternate databases were screened, but unfortunately most are 

only available as Fragments Per Kilobase of transcript per Million mapped reads (FPKM) or 

Reads Per Kilobase of transcript, per Million mapped reads (RPKM) normalised data; whilst 

these normalisation techniques were initially designed to facilitate cross-sample comparisons 

(Mortazavi et al., 2008), and are hence widely adopted, recent studies have demonstrated this 

is highly misinformative and unsuitable for differential studies (Wagner et al., 2012; S. Zhao 

et al., 2020). Raw counts were acquired from GSE62944 which is a public repository of TCGA 

data that has been pre-processed with a more modern Rsubread pipeline, and the data is 

provided as raw counts. Raw counts were processed comparably to the raw counts from the 

generated data as previously mentioned (2.13). Use of a consistent, modern pipeline is critical 

to accurate results as it was recently revealed that 12% of all genes (2068 total) differ in 

abundance estimates by greater than 4-fold between pipelines despite the use of the same 

samples and same RNA-seq reads; this represents a major challenge in the field of 

bioinformatics currently (Arora et al., 2020). Indeed, many of these genes are known to be 

involved in leukaemia and other diseases, hence, results could differ on the basis of alternate 

processing rather than the underlying biological state (Arora et al., 2020). One source of this 

variability is found from alternate mapping, particularly of multi-mapped reads (Wu et al., 

2013), which is caused by the use of different reference genomes during alignment, as these 

vary in gene exon and length considerably (Frankish et al., 2019). This was found in 52% of 

the inconsistent genes (Arora et al., 2020).  
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In addition, as these samples are prepared from whole BM, some degree of cellular 

contamination was anticipated. This was examined by analysing the transcriptomic profile of 

each sample with the XCell 489-gene signature which scores RNA profiles based on 

contributions from 64 independent cell types (Aran et al., 2017). This revealed seven core 

clusters of predicted cell types, with a notable cluster of patient samples containing high T-cell 

characteristics. These samples were considered contaminated by T-cells and were removed 

(Figure 2-9). This left 109 patient RNA profiles for analysis.  

2.13.4.5 Survival and Disease-Free Analysis 

Survival analysis was performed with the survival (Lin et al., 2002) and survminer 

(Kassambara et al., 2017) packages. RNA-seq data from the TCGA AML NEJM 2013 study 

(Ley, 2013) was acquired, filtered, and pre-processed (2.13.2). Patients were annotated based 

upon individual gene expression levels as either above and below median expression levels, or 

by upper and lower quartiles, with both representing widely adopted methods to study 

prognostic influence of genes. It would be expected a gene found significant by the prior 

method would be significant in the later, however, gene expression distributions can conceal 

results which necessitated the latter approach. Kaplan-Meier curves were constructed to 

examine the prognostic relationship between specific gene expression levels and overall 

survival, and disease-free survival. The package Regparallel was used to study hundreds of 

genes in high-throughput (Blighe K, 2021).  

2.14 Statistical Analyses 

Statistical analyses were performed in R version 4.03. Statistical methods included 

Student’s t-test and ANOVA with Tukey's honestly significant difference post-hoc test. Graphs 

represent the mean expression observed between repeats. Error bars represent one standard 

deviation. Significance symbols: ****=< 0.0001; *** = 0.0001 to 0.001; ** = 0.001 to 0.01; * 

= 0.01 to 0.05; not significant (NS) = >0.05. 

 
3 Obtained from https://www.r-project.org/ 
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Figure 2-9: XCell Cell Type Contributions to Total RNA Profile Identifies T-Cell Contaminated Samples 

Profiling of the total RNA profile with the XCell gene signature enabled contributions of each cell type to the overall RNA expression profile. Samples were clustered without supervision into seven 

distinct subsets: Contaminated, pDC, Erythrocytes, Monocytes, GMP High with Monocyte High, GMP High with Monocyte Low, and Highly Heterogeneous. 



Characterising WNT/beta-catenin signalling and gamma-catenin in AML and haematopoiesis 

112 

 

 

Chapter 3  

 

Characterising WNT/beta-catenin signalling 

and gamma-catenin in AML and 

haematopoiesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Characterising WNT/beta-catenin signalling and gamma-catenin in AML and haematopoiesis 

113 

 

3.1 Introduction 
WNT/-catenin signalling is an integral pathway for normal developmental processes 

and has been implicated in human haematopoiesis and AML maintenance (Richter et al., 2017). 

Up to 70% of AML patients have increased WNT/-catenin signalling (Simon et al., 2005b). 

Previous studies have used incomplete RNA silencing methods or animal models which led to 

conflicting results (1.3.5); some have concluded that substantial knockdown did not affect 

haematopoiesis or AML maintenance, even with a 95% reduction in protein levels of -catenin 

(Cobas et al., 2004b; Koch et al., 2008a). To conclusively determine the individual role of -

catenin, alongside its close homolog -catenin, these will be independently and simultaneously 

deleted genetically with CRISPR-Cas9 in AML cell lines, enabling consequent assessment to 

AML characteristics and maintenance. Firstly, and prior to the application of CRISPR-Cas9, 

this study will characterise the WNT/-catenin signalling activity within AML cell lines, to 

continue with an appropriate panel of WNT/-catenin signalling activity capable cell lines. 

Further to the AML context, as several authors have documented that loss of -catenin 

is detrimental to, or possibly incompatible with, HSC differentiation and self-renewal (Zhao et 

al., 2007; Fleming et al., 2008a; T. C. Luis et al., 2009), it will be vital to examine the 

consequence of -catenin and -catenin knockout in the context of haematopoiesis and HSPC 

self-renewal. If -catenin is required for normal haematopoiesis, efforts to target WNT/-

catenin signalling clinically with targeted therapeutics would be unsuitable. 

3.2 Aims 

I hypothesise that a subset of AML patients relies on WNT/-catenin signalling for 

maintenance, based upon analysis of AML patients and AML cell lines.  

To test this, CRISPR-Cas9 will be used to generate complete deletion of -catenin and 

-catenin, thereby facilitating the production of a clonal line without functional -catenin and 

-catenin, with minimal off-target effects. This will provide a conclusive answer regarding the 

role of these catenin members, and further elucidate the exact role of WNT/-catenin signalling 

in AML.  
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Objective 1: Characterise central WNT/-catenin signalling members contribution to 

survival, disease subtypes, and haematopoiesis. 

Initially, I will make use of available transcriptomic and clinical characteristic patient data to 

determine whether WNT/-catenin signalling members are associated with patient survival or 

are associated with specific genetic aberrations, as has been suggested in the literature. Finally, 

central WNT/-catenin signalling members will be examined in the context of haematopoiesis 

for expression changes throughout lineage development, providing an indication of WNT/-

catenin signalling activity in HSPC and derivatives.  

Objective 2: Characterise basal and stimulated WNT/-catenin signalling activity 

capacity in AML cell lines. 

Prior to investigating the consequence of knockout, AML cell lines will require 

characterisation, both at basal levels and within an activated state. The stimulation method will 

require optimisation to ensure the activation is not dosage limited and will be achieved through 

inhibition of GSK3. Cell lines will be classified as responders or non-responders based on a 

combination of a fluorescent WNT reporter and western blots of nuclear and cytosolic 

subcellular fractions to determine -catenin nuclear translocation. 

Objective 3: Use CRISPR-Cas9 to characterise a bulk single knockout of -catenin or -

catenin independently, and in a dual knockout setting in AML cell lines. 

Following characterisation of AML cell lines for WNT/-catenin signalling activity, single and 

dual knockout of -catenin and/or -catenin will be generated at a bulk level4 using CRISPR-

Cas9. This will enable initial assessment of necessity for each of these genes for AML 

maintenance, and the impact on WNT/-catenin signalling activity for each knockout 

condition. 

Objective 4: Characterise WNT/-catenin signalling activity in normal haematopoietic 

development, through CRISPR-Cas9 knockout. 

In order to therapeutically target WNT/-catenin signalling in the clinical setting, consideration 

of the implications to normal haematopoiesis and HSPC self-renewal is necessary. To this end, 

HSPC will be recovered from umbilical cord blood for culture in vitro under conditions 

 
4 Bulk level refers to the non-clonal nature of the CRISPR-Cas9 knockout which contains complete biallelic 

knockout, incomplete knockout (monoallelic wildtype), and CRISPR-Cas9 evading cells. 
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supporting myeloid development. CRISPR-Cas9 will be applied to knockout -catenin and/or 

-catenin to determine whether WNT/-catenin signalling is integral to myeloid development.  

 

3.3 Results 

3.3.1 Examination of WNT/-catenin Gene Expression in Haematopoiesis and AML 

3.3.1.1 CTNNB1 and JUP are Variably Expressed in Haematopoiesis and AML subtypes 

WNT/-catenin signalling is implicated in essential roles, such as proliferation, 

differentiation, and self-renewal (1.3); however, the expression patterns of -catenin, -catenin, 

and several WNT-associated genes have not been explored to determine whether a pattern of 

expression implies a role in development. To examine the transcriptomic levels of CTNNB1 

and JUP, publicly available transcriptomic data was analysed in both the haematopoietic and 

AML context.  

Expression of CTNNB1 was not significantly differentially regulated during normal 

haematopoiesis (Figure 3-1A). Differences between molecular profiles in AML was 

statistically significant after correction when subtypes were contrasted with normal karyotype 

AML, harbouring no molecular abnormalities, as suggested in the literature (1.2.6). AML 

t(8;21) patients were found to express significantly greater levels of CTNNB1, a finding 

supported by a proposed WNT/-catenin-induced model of t(8;21) (1.3.5). Inversely, CTNNB1 

was reduced in numerous karyotypes compared to normal karyotype, and in MDS which 

frequently transforms into AML (Rio-Machin et al., 2020). However, the narrow range of 

CTNNB1 expression suggests that while these differences may be statistically significant, they 

may not be biologically consequential, especially given that -catenin levels are further 

controlled post-translationally.  

Expression of JUP, on the other hand, was shown to decrease during haematopoiesis, 

between HSC and differentiated cells, with the exception of monocytes which present 

transcriptomic levels comparable to HSC (Figure 3-1B). These data could indicate a role in 

maintaining stemness, however, little literature evidence supports this. In AML, a greater range 

of expression presented when compared with CTNNB1, with JUP levels elevated as compared 

to normal karyotype. As with CTNNB1, t(8;21) demonstrated significantly higher levels of JUP 

again suggesting a potential involvement of WNT/-catenin signalling with this translocation. 

In contrast, MDS demonstrated significantly less JUP expression. These findings were later 
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confirmed in a scRNA-seq dataset which was recently released (S1. ; Figure S-6-1, Figure 

S-6-2) (Triana et al., 2021).  

In the TCGA patient cohort, the expression pattern of CTNNB1 demonstrated a gaussian 

distribution with no notable separation of a low and high expression group (Figure S-6-3). All 

patients were found to express CTNNB1 at appreciable levels, though the established post-

translational regulation of -catenin limits interpretation of mRNA expression as an indicator 

of protein presence. Contrastingly, JUP expression was low in most TCGA patients, though a 

noted population exists with high expression of JUP whom also express high CTNNB1 levels. 

As only ten patients form the elevated JUP group, the observation of elevated CTNNB1 levels 

in such a limited number of patients is insufficient to conclude a connection.  

3.3.2 CTNNB1 and JUP Expression do not Significantly Impact Clinical Outcome in AML 

To study the relationship between WNT/-catenin signalling activity and patient 

outcome, the TCGA dataset was examined. Expression patterns of specific genes have been 

demonstrated to convey prognostic indications, such as CXCR4 and CD47 (Majeti, Chao, et 

al., 2009; Du et al., 2019). If WNT/-catenin target genes are involved in disease severity or 

drug resistance, an association with poor survival would be expected. Patients were stratified 

into high or low mRNA expression from mean expression for the central members of the 

WNT/-catenin signalling pathway respectively (CTNNB1, LRP6, GSK3B, TCF7L2, LEF1) 

and -catenin (JUP), to best capture a potential WNT/-catenin signalling profile. 

 CTNNB1 was significantly associated with an elevated BM blast percentage which is 

an established poor prognostic indicator for remission (DiNardo et al., 2016) (Figure 3-2A|B). 

Conversely, high levels of JUP expression were associated with a significant decrease in BM 

blast percentage suggesting an association with improved prognosis (DiNardo et al., 2016). 

To examine whether expression of WNT/-catenin member impacted overall survival 

and disease-free survival, Kaplan-Meier survival curves were generated for the aforementioned 

mRNA targets. No statistical significance was found (Figure 3-3A|B). Together, these data 

suggest central members of the WNT/-catenin at the mRNA level are not intrinsically linked 

to patient survival.  
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Figure 3-1: Expression of CTNNB1 and JUP in Haematopoiesis and AML Subtypes 

Normalised microarray mRNA expression data for A) CTNNB1 (-catenin) and B) JUP (-catenin) in normal human 

haematopoiesis and AML. 

Human normal haematopoiesis data are from GSE42519. Human AML data are from: GSE13159, GSE15434, GSE61804, 

GSE14468 and TCGA. If applicable, multiple probes matching an individual gene were averaged. Data indicates mean ± 1SD. 

Significant differences were analysed by one-way ANOVA with Tukey’s multiple test correction; * denotes p<0.05; ** denotes 

p<0.01; *** denotes p<0.001; **** denotes p<0.0001. Red line indicates mean within each group. 

HSC - Hematopoietic stem cell; MPP - Multipotential progenitors; CMP - Common myeloid progenitor cell; GMP - 

Granulocyte monocyte progenitors; MEP - Megakaryocyte-erythroid progenitor cell; Early PM - Early Promyelocyte; Late 

PM - Late Promyelocyte; BC - Band cell; MM - Metamyelocytes; MY - Myelocyte; Mono - Monocytes; PMN - 

Polymorphonuclear cells; Normal - AML with Normal karyotype; Complex - AML with Complex karyotype; inv(16) - AML 

with inv(16); t(15;17) - AML with t(15;17); t(8;21) - AML with t(8;21); t(11q23)/MLL - AML with t(11q23)/MLL; MDS - 

MDS; Trisomy 8 - AML with Trisomy 8; del(5q) - AML with del(5q); del(7q)/7q- - AML with del(7q)/7q-; t(9;11) - AML 

with t(9;11); Other - AML with Other abnormalities; Plus 7 - AML with +7; Complex del(5q) - AML with Complex del(5q); 

Complex untypical - AML with Complex untypical karyotype; inv(3) - AML with inv(3); Trisomy 11 - AML with trisomy 

11; Trisomy 13 - AML with trisomy 13; t(6;9) - AML with t(6;9); t(8;16) - AML with t(8;16); del(9q) - AML with del(9q); 

t(1;3) - AML with t(1;3); -5/7(q) - AML with -5/7(q); -9q - AML with -9q; Plus 8 - AML with +8; t(9;22) - AML with t(9;22); 

abn(3q) - AML with abn(3q) 
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Figure 3-2: CTNNB1 and JUP Expression are Indicative of Clinical Characteristics 

A) Violin plots showing the relationship between clinical characteristics and CTNNB1 (-catenin) high  (n=55) and low (n=55) 

classifications in AML patients based upon distance from mean expression in mRNA expression data. B) Relationship between 

clinical characteristics and JUP (-catenin) high (n=55) and low (n=55) classifications in AML patients based upon mRNA 

expression data. Multiple test correction was performed as a collective set. 

Expression and clinical data sourced from TCGA (Ley, 2013). Statistical differences between high and low expression 

classifications in AML patients were analysed using a Mann-Whitney test.  

WBC – White blood cell; BM – BM; PB – Peripheral blood.  
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Figure 3-3: Overall Survival Analysis of Central WNT/-catenin Members  

(A) Normalised mRNA expression data was applied to study OS of patients based upon selected WNT/-catenin members, 

with each stratified by median expression into high (n=55) and low (n=55) cohorts. (B) Normalised mRNA expression data 

was applied to study disease free survival of patients based upon selected WNT/-catenin members, with each stratified by 

median expression into high (n=55) and low (n=55) cohorts. Untreated patients, t(15;17) AML patients, and non-AML 

contaminated samples were excluded from this analysis. Statistical analysis was performed using the log-rank test between 

high and low expression groups. Multiple test correction was not performed. Data obtained from TCGA (Ley, 2013).
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3.3.3 Characterising WNT/-catenin Activity in AML 

3.3.3.1 Lentiviral Insertion of WNT Reporter Constructs into AML cell lines 

To study the WNT/-catenin signalling activity of AML cell lines, the pBARV and 

pfuBARV WNT reporter constructs were incorporated into cell lines by lentiviral transduction, 

corresponding to response read and background read, respectively (2.9.3). Cells were sorted 

based on DsRed+ expression, driven by the pBARV and pfuBARV constructs (Figure 3-4). 

Successful integration was achieved in K562, HEL, THP1, KG1, KG1a, TF1, SKNO1, 

NOMO1, PLB985, MV4;11, ML1, OCI-AML2, OCI-AML5, Kasumi-1, and U937. At basal 

state without antagonism of the pathway, no cell line presented detectable basal WNT reporter 

activity compared to control pfuBARV, though low-level signalling below the limits of 

detection cannot be ruled out by this comparison. 

3.3.3.2 Optimisation of GSK3 Inhibitor Treatment 

To enable assessment of WNT/-catenin signalling capacity, cells were treated with 

GSK3 inhibitors. Moreover, to validate reporter data, western blotting of -catenin protein in 

the cytosolic and nuclear compartments was also carried out.  

The GSK3 inhibitor, 6-Bromoindirubin-3′-oxime (BIO; C16H10BrN3O2,), previously 

used within the group has the disadvantage of being fluorescent in FL1 and FL2 channels 

(Table 2-10) which are used for reporter analysis. To circumvent this, validation of the more 

recently developed GSK3 inhibitor, 6-[[2-[[4-(2,4-dichlorophenyl)-5-(5-methyl-1H-

imidazol-2-yl)-2-pyrimidinyl]amino]ethyl]amino]-3-pyridinecarbonitrile, known as 

CHIR99021, (hereafter referred to as CHIR; C₂₂H₁₈Cl₂N₈) was performed.  To optimise 

inhibitor concentration, an overnight incubation of K562 pBARV and pfuBARV cells with 

CHIR at a range between 0.25μM to 25μM was performed. Despite being a CML model, the 

K562 cell line was selected for this optimisation experiment because of its strong repose to 

WNT agonists. A concentration of 5μM was shown to induce the greatest response, at 

approximately 90% positive versus vehicle control (Figure 3-5). Higher concentrations 

presented lower positivity, possibly because the viability of the cells was impacted, which 

became evident for both inhibitors when the time of exposure was extended beyond 24 hours 

(Figure 3-6). These results indicate that the use of either agent would not be suitable for 

incubation times of more than 24 hours. 
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3.3.4 WNT/-catenin Signalling Response is Heterogeneous in AML Cell Lines 

Treatment with the GSK3 inhibitors CHIR and BIO was able to induce a consistent 

WNT reporter readout in HEK293T5, K562, HEL, THP1, KG1a, TF1, SKNO1, NOMO1, and 

PLB985 cell lines (Figure 3-7), whilst MV4;11, ML1, OCI-AML2, OCI-AML5, and U937 

never displayed any detectable WNT response. The response to each inhibitor was consistent. 

A detectable response over the vehicle treated DMSO threshold enabled the classification as a 

responder cell line, whilst absence of a WNT response despite treatment with either GSK3 

inhibitor classified them as a non-responder line.  

 

 

 

 

 
5 HEK293T was assessed as a potential control WNT responder line with established tolerance of -catenin 

knockout based on published data (Guan et al., 2018). K562 subsequently fulfilled this role and HEK293T was 

not applied further. 
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Figure 3-4: Expression of pBARV and pfuBARV in AML cell lines 

Representative histograms demonstrating expression of pBARV and pfuBARV constructs (2.9.3) following FACS based upon 

the DsRed fluorescence which was constitutively expressed by the constructs (2.11.3).  
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Figure 3-5: CHIR Induces WNT/-catenin Signalling in K562 pBARV 

A) Representative histograms for the WNT reporter readout (2.11.5) following treatment with CHIR for 24-hours compared to vehicle control. B) Bar charts demonstrating the percentage positivity 

of the WNT reporter (Venus YFP) and cell viability of K562 pBARV and pfuBARV lines following CHIR incubation at indicated concentrations for 24 hours compared to vehicle control (0.1% 

DMSO, v/v). (n=3; data indicates mean +1SD).  
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Figure 3-6: Relative Viability Changes over 72-hours with CHIR and BIO GSK3 Treatment 

A bar chart demonstrating the percentage cell viability determined using TOPRO (2.11.6) following BIO, and CHIR treatment (2.9.1) of K562 parental, pBARV, and pfuBARV cells at 2.5M and 

5M respectively over 24-hour, 48-hour, 72-hour timepoints normalized to vehicle control (0.1% DMSO, v/v). (n=3; data indicates mean +1SD). 
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Figure 3-7: AML Cell Line WNT Reporter Assessment Following Treatment with GSK3 Inhibitors 

A) Bar charts representing the response to GSK3 inhibitors as established with the WNT reporter, pBARV (2.11.5). White bars represent DMSO vehicle control (0.1% v/v), black represents CHIR 

(5.0µM) and grey represents BIO (2.5µM) (2.9.1). The horizontal dashed line represents the pBARV unstimulated levels within each respective cell line (n=5; data indicates mean ±1SD; note, error 

bars are often too small for visibility on panel A). B) Bar chart representing fold-induction in cell lines categorised based on fold response with >5-fold induction deemed strong, <5 fold & >1-fold 

considered intermediate, and <1.1 fold considered undetectable(n=5; data indicates mean +1SD).
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3.3.5 Validating -catenin Translocation in AML Cell Lines by Western Blot 

As nuclear accumulation of -catenin is critical to WNT/-catenin signalling, and to 

validate the flow cytometry findings, cells from each line were fractionated into cytoplasmic 

and nuclear components, with and without CHIR treatment. Basal levels of -catenin were 

extremely low, below the levels required for reliable quantification (Figure 3-8). Following 

CHIR treatment, all lines accumulated -catenin in the cytoplasm; however, only HEL, THP1, 

KG1a, KG1, TF1, NOMO1, NB4, PLB985, and SKNO1 translocated -catenin into the 

nucleus upon stimulation and were thus confirmed as responders. The non-responders U937, 

OCI-AML2, OCI-AML5, MV4;11, and ML1 all showed cytoplasmic accumulation of -

catenin without nuclear translocation. These data agree with the WNT reporter assay, with the 

exception of KG1 due to WNT reporter silencing (3.3.4). A summary is provided in Table 3-1. 

3.3.6 Validating -catenin Expression in AML Cell Lines by Western Blot 

-catenin has potential direct and indirect roles in WNT/-catenin signalling. As with 

-catenin, fractionated western blots under basal and CHIR-treated conditions were examined. 

However, the antibody used for -catenin demonstrated significant vertical streaking which 

hindered quantification efforts (data not shown). Despite this, it was possible to determine that 

GSK3 inhibition did not affect the levels of -catenin, nor was -catenin translocated in 

response to GSK3 inhibition. Together, these results demonstrate that -catenin levels are 

regulated independently from the -catenin destruction complex.  

With this established, a second screen was applied to examine -catenin expression in 

a series of AML cell lines by total unstimulated expression. -catenin levels were shown to be 

low in AML when compared to the CML line K562 (Figure 3-9). The absence of -catenin in 

three responder lines (TF1, NB4, PLB985) suggests -catenin is not an essential feature of 

responder AML cells. Both t(8;21) lines, Kasumi-1 and SKNO1, were found to express high 

levels of -catenin, supporting the earlier transcriptomic observations in AML patient data 

(3.3.1.1). However, when public CCLE RNA-seq data was analysed to assess the conformity 

between mRNA expression levels and protein presence, no correlation was found (Figure 

3-9D). This indicates that transcriptomic levels of JUP are not broadly indicative of -catenin 

expression levels. Though, as the CCLE data was not prepared internally, culture conditions 

and other confounding factors may affect direct comparison between these data sets. A full 

summary is provided in Table 3-1. 
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Figure 3-8: -catenin Expression in AML Cell Lines 
A) Representative western blot analysis showing sub-cellular localisation of -catenin (2.10.2) following a 24-hour treatment with vehicle control (0.1% DMSO v/v) or GSK3 inhibition with 5µM 

CHIR in select cell lines (2.9.1). Treated K562 were used as a positive control (+ve Cont), GAPDH was used as a cytoplasmic loading control, Histone H1 was used as a nuclear loading control 

(2.10.5).  B) Summary bar chart showing -catenin normalised expression relative to the positive control and refactored to relative percentages based on cytoplasmic or nuclear location. Facets are 

coloured by translocation status: green indicates nuclear translocation, red none (n=2; data indicates mean +1SD). C – Cytoplasmic; N – Nuclear. 
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Figure 3-9: -catenin Expression in AML Cell Lines 

A) Western blot analysis showing basal expression levels of -catenin (2.10). The K562 cell line was used as a positive control, 

GAPDH was used as a loading control (2.10.5). B) Bar chart showing normalised protein expression values relative to K562 

protein expression levels (n=1). C) Bar chart showing normalised mRNA expression values acquired from the CCLE database 

(Barretina et al., 2012). D) Linear regression analysis between protein expression levels and mRNA expression levels.  

 

 

 

 

 

 

B 

 

 

 

 

 

 

B 

C 

 

 

 

 

 

 

B 

D 

 

 

 

 

 

 

B 

K
5

6
2

 

O
C

I-
A

M
L5

 

O
C

I-
A

M
L2

 

M
L1

 

KG
1

 

N
B

4
 

TF
1

 

P
LB

9
8

5
 

H
EL

 

TH
P-

1 

SK
N

O
-1

 

Ka
su

m
i-

1 

N
O

M
O

1
 

U
9

3
7

 

M
V

4
;1

1
 

-catenin 
(83kDa) 

GAPDH 

(37kDa) 

A 

 

 

 

 

 

 

B 



Characterising WNT/beta-catenin signalling and gamma-catenin in AML and haematopoiesis 

129 

 

 

Table 3-1: Summary Table of -catenin and -catenin Expression 

Summary table representing the basal state detection of -catenin, -catenin, and associated WNT reporter activity, alongside 

the GSK3 inhibitor treatment state.  

- No detection 

 -/+ Non-quantifiable presence 

+  Low detection 

++ Moderate detection 

+++ High detection 

 

 

 

 

 

 

 

 

 

 

 Basal State GSK3b Inhibitor 
 -catenin -catenin 

Reporter 

Activity 

-catenin -catenin 
Reporter 

Induction Line 
Cytosolic 

Expression 

Nuclear 

Expression 

Cytosolic 

Expression 

Nuclear 

Expression 

Cytosolic 

Expression 

Nuclear 

Expression 

Cytosolic 

Expression 

Nuclear 

Expression 

K562 -/+ - +++ + - +++ ++ +++ + +++ 

HEL -/+ - +++ + - +++ ++ +++ + +++ 

THP1 -/+ - + + - +++ + + + ++ 

KG1 -/+ - ++ + - +++ ++ ++ + ++ 

KG1a -/+ - ++ + - +++ ++ ++ + ++ 

TF1 -/+ - - - - +++ + - - + 

NOMO1 -/+ - + - - +++ + + - + 

SKNO1 -/+ - + - - +++ + - - + 

NB4 - - - - - +++ + - - + 

PLB985 -/+ - - - - +++ + - - + 

OCI-

AML2 
-/+ - - - - +++ - - - - 

OCI-

AML5 
-/+ - + - - +++ - + - - 

ML1 - - - - - +++ - - - - 

MV4;11 -/+ - - - - +++ - - - - 

U937 -/+ - - - - +++ - - - - 
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3.4 CRISPR-Cas9 Knockout Method Development 

3.4.1 Evaluation of CTNNB1 CRISPR-Cas9 gRNA in K562 

The gRNA were designed to target all known transcript variants of CTNNB1 to avoid 

sites with SNP and were of minimal off-target risk (2.8). To evaluate each gRNA for CTNNB1, 

the K562 pBARV line was transduced with all six gRNA in parallel. The CTNNB1 CRISPR-

Cas9 vectors were all-in-one designs harbouring the gRNA and Cas9. Following transduction 

and selection with the appropriate antibiotic (2.8.2), K562 pBARV cells were subsequently 

assessed for WNT reporter activity over fifteen days. A statistically significant reduction in 

WNT reported activity was apparent by day three after transduction with each of the CTNNB1 

targeting guides (Figure 3-10A). The reduction in WNT reporter activity following CTNNB1 

deletion was stable over the course of two weeks, indicating rapid and stable deletion (Figure 

3-10B). Construct guide 517 was optimal with levels reduced by approximately 75%.  

3.4.2 Genetic Cleavage Assay Verifies DNA-level Presence of InDels 

A genetic cleavage assay was used to validate the CTNNB1 knockout and the efficacy 

of JUP gRNA (where the WNT reporter could not be used). DNA was examined from the 

CTNNB1 knockout 517 population on day 3, day 6, and day 15 to verify the proportion of 

knockout within the population was stable, whilst the three JUP constructs were examined on 

day 15. For CTNNB1 construct 517, the cleavage efficiency was 45% at day 3, which plateaued 

at 60% on day 6 (Figure 3-11). JUP constructs 519, 521, and 523 showed cleavage efficiencies 

of 75%, 77%, and 60%, respectively, by day 15 . Cleavage efficiency above 50% is indicative 

of a non-critical gene in a diploid cell. 

3.4.2.1 Protein Levels of -catenin and -catenin following knockout with CRISPR-Cas9 

To further validate the knockout at protein level, western blot analysis was performed. 

K562 pBARV transduced with each respective combination of CTNNB1 and JUP knockout 

was tested. -catenin levels were shown to be significantly reduced regardless of gRNA. The 

most effective construct was 517, as found previously, which reduced -catenin levels to 

39%±12, as compared to scrambled levels (Figure 3-12A). Regarding -catenin, protein levels 

were reduced to 25%±2, 47%±4, and 39%±15 for gRNA 519, 521, and 523, respectively 

(Figure 3-12B). Protein assessment was performed on days six and fifteen following 

transduction.  These data showed that the knockout is sustained within the mixed population. 

These results indicate that knockout of both -catenin and -catenin is tolerated in K562 cells, 

and is best achieved with constructs 517 and 519, respectively.   
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Figure 3-10: CRISPR-Cas9 Knockout Rapidly and Stably Reduces WNT Reporter 

Activity 

A) Representative histograms of WNT reporter activity following CHIR treatment (5µM) for 24-hours in K562 scrambled 

control lines, alongside construct 517 CRISPR-Cas9 knockout lines on day three and day fifteen (2.11.5, 2.9.1). B) Line charts 

representing the response to CHIR treatment (5µM) for 24-hours, as established using the WNT reporter at the indicated time 

points. DMSO vehicle concentrations were maintained at 0.1% v/v. The horizontal dashed line represents the wildtype pBARV 

stimulated levels (n=3; data indicates mean ±1SD). 
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Figure 3-11: Genetic Cleavage Assay Reveals InDel Rate and Stability 

A) A genetic cleavage assay was conducted using a T7 endonuclease to measure the proportion of target sites exhibiting an 

InDel mutation, which are cleaved due to mismatch (2.12.2). DNA was detected with a Bioanalyzer 2100 through a fluorescent 

DNA dye in fluorescent units relative to quantity, appearing as peaks. Elution time is relative to DNA length. Samples were 

flanked with a 15bp and 1500bp DNA ladder. Summed peak area was divided by peak wildtype area to determine cleavage 

efficiency as a percentage. As construct 517 (517-Puro) had been established as the best gRNA for targeting CTNNB1 (-

catenin), the cleavage assay was conducted as a time course upon DNA extracted at day three, six, and fifteen. For gRNA 

targeting JUP (-catenin) guides 519-Neo, 521-Neo, and 523-Neo were considered at day fifteen to determine which produced 

the greatest extent of InDel generation. (n=1) 

* - Full length wildtype gene (CTNNB1 and JUP) detected in control and scrambled samples. Smaller fragments were identified 

in knockout conditions of varying length as a consequence of CRISPR-Cas9 cleavage, as shown to the left of the control peak. 

Control peaks were of comparable size in the CTNNB1 and JUP samples as the target site was flanked by PCR primers 

producing a comparable template length. 

B) Bar charts representing the quantified InDel proportion as measured by proportion cleaved. By contrasting the full-length 

DNA against cleaved products, a cleavage score was obtained.  
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Figure 3-12: Protein Analysis of -catenin and -catenin Following Knockout 

Western blots demonstrating protein-level reductions in (A) -catenin and (C) -catenin (2.10). K562 pBARV cells were 

transduced with scrambled control (Scrambled-Puro; 463), -catenin target gRNA (517-Puro, 520-Puro), and -catenin target 

gRNA (519-Neo, 521-Neo, 523-Neo) lentivirus. Non-transduced cells were removed by addition of puromycin (2.8.2). Whole 

lysates were prepared 24 hours following the addition of 5μM CHIR to cultures of K562 WT, scrambled, and bulk knockout 

cells (2.9.1). GAPDH was used as a loading control (2.10.5). Ladders flank the samples. (C) -catenin and (D) -catenin 

protein expression was normalised to loading control. (n=2; data indicates mean +1SD). 
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3.5 Selection of AML Cell Lines for Knockout 

3.5.1 Establishment of AML Cell Lines for Knockout Studies 

With cell lines characterised as responders and non-responders based upon their 

capability to translocate stabilised -catenin (3.3.3), in addition to the selection of an optimal 

gRNA for CTNNB1 and JUP (3.4), it was necessary to determine the most appropriate panel 

of cell lines for subsequent knockout research. Some lines were excluded based upon general 

characteristics: KG1 was replaced with the subline KG1a, which did not exhibit the 

problematic rapid silencing of reporter constructs. Similarly, PLB985 was also discarded due 

to gradual reporter silencing issues. The slow doubling time of ML1 cells (3-7 days) would 

prolong cloning times, so it was not considered for knockout. The AML cell lines HEL, THP1, 

KG1a, TF1, NOMO1, OCI-AML2, OCI-AML5, U937, and MV4;11 were selected to cover the 

broad range of subtypes within AML to limit confounding factors (Table 2-1).  

For knockout studies, HEL, THP1, KG1a, TF1, and NOMO1 were selected as the 

responder group, whilst the non-responder group consisted of OCI-AML2, OCI-AML5, U937, 

and MV4;11. In place of the generated pBARV lines previously used, pre-existing clonal 

pBARV WNT reporter lines were used in the case of HEL, THP1, U937, and MV4;11; these 

were kindly provided by Prof. Richard Darley. The previously mentioned remaining cell lines 

were non-clonal. Using a clonal WNT reporter cell line to generate knockout clones reduced 

concerns regarding selection variation, such as ploidy variants within a cell line population, as 

the WNT reporter line represents a singular ploidy status. This is notable for lines with 

additional copies of the targeted genes. K562, a responder CML cell line, was included as a 

non-AML control which has no ploidy variations. Representative WNT reporter responses of 

the clonal and non-clonal lines selected for the panel are shown in Figure 3-13, with clonal 

pBARV lines demonstrating a near complete response. 
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Figure 3-13: WNT Signalling Activity Delineates AML Cell Lines in Knockout Panel 

Representative histograms showing WNT reporter activity (Venus fluorescence) of pBARV WNT reporter transduced AML cell lines demonstrating responder cell lines (green) and non-responder 

lines (red) (2.11.5). Cells were cultured with 5μM CHIR for 24-hours prior to recovery (2.9). A vehicle control (0.1% DMSO, v/v) was used for each line to define a threshold of positivity (n=3).  
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3.6 Single -catenin Knockout in AML 

As two genes were considered as part of this study, it was necessary to generate 

individual knockouts for -catenin and -catenin to determine conclusive roles of each member 

prior to attempting to both genes simultaneously. -catenin knockouts were established in all 

cell lines, -catenin knockouts are discussed in 3.7. 

3.6.1 WNT Signalling was Significantly Reduced in Responder Lines with Knockout 

WNT/-catenin signalling was examined with the pBARV flow reporter following the 

generation of a bulk stable population (2.9.3). No change to the non-responder group was 

noted, as expected (data not shown). Responder lines, on the other hand, displayed significantly 

reduced response. The clonal pBARV cell lines HEL, and THP1 were reduced by 85%, and 

75%, respectively (Figure 3-14). Non-clonal responder lines KG1a, TF1, and NOMO1 were 

reduced by 82%, 86%, and 99%, respectively. These results show that -catenin knockout 

reduces WNT/-catenin signalling activity. That residual activity remains indicates either a 

proportion of the population has evaded CRISPR-Cas9 knockout, or there is redundancy of -

catenin function (e.g., -catenin). This was the predicted outcome based on the typical known 

knockout capacity of CRISPR-Cas9, with the single-guide method applied here-in expected to 

achieve 10-60% knockout at an average of 34% efficiency (Dang et al., 2015; Farboud et al., 

2015). Alternatively, -catenin could be providing a limited residual compensatory effect. 

3.6.2 -catenin Protein Levels are Substantially Reduced by CRISPR-Cas9 KO 

By total protein assessment through western blot, bulk knockout of -catenin level varied 

between cell lines, ranging from 20 to 75% reduction in protein readout (Figure 3-15). 

Knockout was most substantial in HEL, THP1, KG1a, TF1, and U937. OCI-AML2 and 

MV4;11 presented very little reduction in -catenin levels. Levels of -catenin were unaffected 

by -catenin knockout, demonstrating no co-regulation mechanism and the specificity of the 

gRNA. 
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Figure 3-14: -catenin Knockout Significantly Reduces WNT Reporter Activity 

Percentage positive WNT reporter activity (Venus fluorescence, 2.11.5) of AML responder cell lines transduced with control 

(Scrambled-Puro; 463), and knockout (KO) -catenin target gRNA (517-Puro) lentivirus. Transduced cells were selected for 

using puromycin (2.8.2). Cells were cultured in the presence of 5μM CHIR for 24 hours or a vehicle control (0.1% DMSO, 

v/v) (2.9.1). WNT reporter levels were assessed by flow cytometry. An unstimulated vehicle control was used to define a 

threshold of positivity. (n=3; data indicates mean ±1SD; t-test.  < 0.0001 = ****, 0.0001 to 0.001 = ***, 0.001 to 0.01 = **, 

0.01 to 0.05 = *.) 

SCR - Scrambled; KO - CTNNB1 Partial Knockout 
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Figure 3-15: Establishing Levels of -catenin Knockout in Single CTNNB1 Knockout 

Cells 

A) Western blots showing protein expression for −catenin and -catenin in AML cell lines following transduction with a 

CRISPR-Cas9 construct targeting CTNNB1, or a scrambled control (2.10, 2.8).  Whole lysates were prepared 24 hours after 

addition of 5μM CHIR to cultures of scrambled and bulk knockout cells (2.9.1). Protein loading was controlled by analysis of 

GAPDH, which allowed quantification for (B) -catenin and -catenin (2.10.6, n=1). Bars labelled with limit of detection 

represent expression levels which required extended exposure to an extent at which background banding was present, 

indicating potential concerns of reliable quantification.  

SCR - Scrambled; KO - CTNNB1 Partial Knockout. 
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3.6.3 -catenin Knockout Does Not Perturb General Characteristics 

Examination of the bulk -catenin knockout population was undertaken to determine if 

reductions in -catenin levels resulted in a perturbed phenotype. Proliferation and viability 

were unaffected between bulk scrambled and -catenin knockout conditions, suggesting 

knockout was tolerated (Figure 3-16A|B). In addition, an apoptosis assay was performed, again 

showing no impact of reduced -catenin levels. (Figure 3-16C). DNA content was examined 

to determine whether any arrest or other perturbation of the cell cycle was present, but again 

was unaffected by reduced -catenin levels (Figure 3-16D). While these findings do not 

indicate a role for -catenin in AML maintenance, these results were based upon incomplete 

knockout cultures. It is possible that CTNNB1+/- and genetically unaffected cells are able to 

provide the necessary factors to sustain CTNNB1-/- cells. To address this, it is necessary to clone 

these cultures to obtain a complete knockout line. Further, these lines did not rule out the 

possible redundancy of -catenin in respect of -catenin, which was detected in most of the 

lines. 
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Figure 3-16: Partial Knockout of CTNNB1 Does Not Perturb General Characteristics of AML in a Bulk Population Setting 

A) Proliferation assays were conducted on each line by seeding cells at log-phase growth (1x105 – 2.5x105) and monitored over 5 days (2.11.7). Dashed black line represents scrambled control, solid 

red line indicates knockout.  B) Simultaneously, population viability was recorded each day with TOPRO DNA staining (2.11.6).  C) An apoptosis assay was conducted by staining with Annexin-V 

and 7-ADD to reveal early and late-stage apoptotic proportions respectively (2.11.9). D) DNA content was used to examine cell cycle phase conditions with a propidium iodide-based DNA-content 

assay (2.11.8). Responders (green) or non-responders (red). (n=3; data indicates mean ±1SD). SCR - Scrambled; KO - CTNNB1 Partial Knockout
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3.6.4 Clonogenicity is Significantly Reduced for Responder Lines with -catenin Knockout 

To determine definitively whether -catenin is integral to AML maintenance, it was 

necessary to generate a complete knockout clone. This required limiting dilution cloning, 

which results in a single-cell per well for culture (2.4). 

A significant reduction in clonal efficiency was noted between AML bulk scrambled 

control and -catenin knockout conditions for the responder AML cell lines, whilst non-

responder cell lines had no observed difference in clonogenicity (Figure 3-17). K562 did not 

present clonal deficiencies, suggesting clonal growth of CML is independent of -catenin, 

despite responding to CHIR.  The responder lines, HEL, THP1, KG1a, TF1, and NOMO1 

generated 97%, 68%, 39%, 48% and 34% fewer clones, respectively. The reduction in WNT 

reporter activity and protein reductions are closely proportional to the reduction in cloning 

efficiency. Together these data suggest that knockout is incompatible with cloning, and by 

extension, that WNT/-catenin signalling is required for clonal growth.  
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Figure 3-17: Clonogenicity is Significantly Reduced in -catenin Knockout Responder 

Lines  

Limiting dilution cloning was performed to examine clonal efficiency (2.4). AML cell lines were transduced with scrambled 

control and -catenin target gRNA lentivirus (2.8). Non-transduced cells were removed by addition of selective agents 

puromycin and G418 (2.8.2). After 3 passages cells underwent clonal expansion and were examined 7-14 days later. Responder 

AML cell lines (green); non-responder lines (red) . K562, a CML cell line, was used as a non-AML control. (n=3; data 

indicates mean +1SD; t-test.  < 0.0001 = ****, 0.0001 to 0.001 = ***, 0.001 to 0.01 = **, 0.01 to 0.05 = *, ≥ 0.05 = Not 

significant) 

SCR - Scrambled; KO - CTNNB1 Partial Knockout 
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3.7 Single -catenin Knockout in AML 

3.7.1 WNT Signalling was Unaffected by -catenin Knockout in Responder Lines 

To examine the contribution -catenin provides to WNT/-catenin signalling, WNT 

reporter assay was performed following generation of a stable bulk population. Responder lines 

displayed no alteration to response (Figure 3-18). These preliminary data  do not support a role 

for -catenin in the WNT/-catenin signalling pathway.  

3.7.2 -catenin Protein Levels are Substantially Reduced by CRISPR-Cas9 KO 

Similarly to the CTNNB1 guide, level of knockout was assessed at the protein level by 

performing western blot analysis between cell lines (2.10). As expected, bulk knockout of -

catenin level varied between cell lines, with some showing no reduction, such as NOMO1, 

whilst TF1 displayed 90% knockout (Figure 3-19). A challenge of studying -catenin knockout 

by western blot analysis was the difficulty in detecting -catenin expression in certain cell lines. 

This was particularly troublesome in KG1a, OCI-AML2, and MV4;11, which presented very 

faint bands even after an extended exposure. 

Interestingly, -catenin levels were reduced by -catenin knockout, even within cell lines 

with very low levels of -catenin expression. This suggests a shared destruction mechanism or 

other method of overlap in catenin turnover. 

3.7.3 Clonogenicity and Proliferation are Unaffected by -catenin Knockout 

As knockout of -catenin was shown to significantly reduce clonogenicity, an 

equivalent limiting dilution assay was performed for -catenin knockout lines. No alteration to 

clonal efficiency was observed between AML bulk scrambled control and -catenin knockout 

conditions for any AML cell line or the K562 control line, suggesting -catenin is not integral 

to this process (Figure 3-20). Similarly, growth trends were monitored and found to be 

unchanged from the wildtype condition (data not shown).  
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Figure 3-18: -catenin Knockout Does Not Influence WNT/-catenin Signalling  

The WNT reporter assay was performed to assess WNT/-catenin signalling activity, indicated as a percentage positive relative 

to a vehicle control (2.11.5). Cells were treated with 5μM CHIR for 24-hours prior to assessment by flow cytometry (2.9.1). 

An unstimulated vehicle control was used to define a threshold of positivity (0.1% DMSO, v/v).  (n=3; data indicates mean 

+1SD; t-test; NS = Not Significant (p > 0.05). 

SCR - Scrambled; KO - JUP Partial Knockout
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Figure 3-19: -catenin Knockout in Single JUP Target Cell Lines 

A) Western blots demonstrating protein-level states for -catenin and -catenin in AML cell lines following transduction with 

a CRISPR-Cas9 construct targeting JUP, or a scrambled control (2.10).  Whole lysates were prepared 24 hours after addition 

of 5μM CHIR to cultures of 1x106 scrambled and bulk knockout cells (2.9.1). Protein loading was controlled by analysis of 

GAPDH, which allowed quantification for -catenin and -catenin (2.10.6, n=1). Bars labelled with limit of detection represent 

expression levels which required extended exposure to an extent at which background banding was present, indicating potential 

concerns of reliable quantification. 

SCR - Scrambled; KO - JUP Partial Knockout
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Figure 3-20: Clonogenicity is Unaffected by -catenin Knockout 

Limiting dilution cloning was performed to examine clonal efficiency (2.4). AML cell lines were transduced with scrambled 

control and gamma catenin target gRNA lentivirus (2.8). Non-transduced cells were removed by addition of selective agent 

(2.8.2). After 3 passages cells underwent clonal expansion and were examined 7-14 days later. Responder AML cell lines 

(green) and non-responder lines (red). K562, a CML cell line, was used as a control. (n=3; data indicates mean +1SD; t-test.  

< 0.0001 = ****, 0.0001 to 0.001 = ***, 0.001 to 0.01 = **, 0.01 to 0.05 = *, ≥ 0.05 = Not significant). 

SCR - Scrambled; KO - JUP Partial Knockout 
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3.8 Dual -catenin and -catenin Knockout in AML Cell Lines 

3.8.1 Generation of Dual Knockout Cell Lines 

As previous data indicated -catenin was linked to clonogenicity (1.3.5), and -catenin 

was perhaps capable of compensating for -catenin, it was necessary to examine the 

consequence of simultaneous dual knockout in the bulk setting. As before, cells were 

transduced with lentiviral scrambled gRNA as a control, whilst both targeting gRNA were 

utilised in parallel (2.8).  

3.8.2  WNT Reporter Activity was Reduced Significantly by Dual KO in Responder Lines 

To determine whether dual knockout further reduced WNT/-catenin signalling activity, 

a WNT reporter assay was performed immediately following transduction. Responder lines 

with dual knockout displayed significantly reduced response, regardless of cell line, in 

agreement with previous studies on single -catenin knockdown. The clonal pBARV cell lines 

K562, HEL, and THP1 were reduced by 75%, 85%, and 50%, respectively (Figure 3-21). Non-

clonal responder lines KG1a, TF1, and NOMO1 were reduced by 55%, 86%, and 99%, 

respectively.  

3.8.3 -catenin and -catenin were Reduced by CRISPR-Cas9 Mediated Knockout 

To confirm that CRISPR-Cas9 was able to simultaneously induce reductions in -

catenin and -catenin levels, protein expression were assessed by western blotting. Dual gRNA 

targeting was capable of substantially reducing -catenin and -catenin levels simultaneously 

to levels beyond, or comparable to, previous knockdown studies (1.3.5). However, it is 

conceded that -catenin knockout also reduced -catenin expression, limiting interpretation. 

These data indicate a significant proportion of the bulk population in  HEL, THP1, U937, and 

MV4;11 had complete knockout of both genes; however, as had been expected, there was a 

high degree of variance between cell lines due to target site accessibility, DNA damage 

response variations, and copy number variations due to ploidy differences. (Figure 3-22).  

3.8.4 Combined Knockout of -catenin and -catenin Does Not affect Growth and Viability 

of the Bulk Population 

No changes were observed to proliferation, viability, apoptosis, or DNA content for any 

cell line (Figure 3-23). These data suggest that no compensative redundancy mechanism exists 

between -catenin for -catenin, though a true complete knockout clone would be required to 

validate this suggestion.   
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Figure 3-21: Dual-catenin Knockout Significantly Reduces WNT Reporter Activity 

A) Representative histograms showing the reduction in WNT reporter activity with dual knockout. B) Percentage positive 

WNT reporter activity (Venus fluorescence) of AML cell lines transduced with control (Scrambled-Puro; 463), or KO -

catenin target gRNA (517-Puro) and -catenin target gRNA (519-Neo) lentivirus (2.8, 2.11.5). Non-transduced cells were 

removed by addition of puromycin and G418 (2.8.2). Cells were treated with 5μM CHIR for 24-hours or a vehicle control 

(0.1% DMSO, v/v) (2.9.1). (n=3; data indicates mean +1SD; t-test.  < 0.0001 = ****, 0.0001 to 0.001 = ***, 0.001 to 0.01 = 

**, 0.01 to 0.05 = *.) 

SCR - Scrambled; dKO - Dual Partial Knockout
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Figure 3-22: Levels of -catenin and -catenin Knockout in Dual gRNA Target Model 

A) Western blots demonstrating protein-level states for -catenin and -catenin in AML cell lines following transduction with 

a CRISPR-Cas9 construct targeting CTNNB1 and JUP, or a scrambled control (2.8, 2.10).  Whole lysates were prepared 24 

hours after treatment with 5μM CHIR to cultures of scrambled and bulk knockout cells (2.9.1). B) Protein loading was 

controlled by analysis of GAPDH, which allowed quantification for -catenin and -catenin (2.10.6, n=1). Bars labelled with 

limit of detection represent expression levels which required extended exposure to an extent at which background banding was 

present, indicating potential concerns of reliable quantification. 

SCR - Scrambled; dKO - Dual Partial Knockout
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Figure 3-23: Dual Knockout Has No Influence on Proliferation, Apoptosis, and Cell Cycle 

A) Proliferation assays were conducted on each line by seeding cells at the lowest bound for log-phase growth and the population was monitored over 5 subsequent days (2.11.7).  B) Simultaneously, 

population viability was recorded each day with TOPRO DNA staining (2.11.6).  C) An apoptotic assay was conducted by isolating 1x105 cells from each cell line condition. Populations were stained 

with Annexin-V and 7-ADD to reveal early and late-stage apoptotic proportions respectively (2.11.9). D) DNA content was used to examine cell cycle phase conditions with a propidium iodide-based 

DNA-content assay (2.11.8). Responders (green) or non-responders (red). (n=3; data indicates mean ±1SD). WT – Wildtype; SCR - Scrambled; KO - CTNNB1 and JUP knockout

A 

B 

C 

D 
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3.9 Knockout Clones from Responder Lines are Lost During Clonal Expansion 

In order to conclusively determine whether knockout of -catenin and -catenin affects 

AML maintenance, cloning was performed to recover a complete dual knockout clone. This 

was achieved with limiting dilution cloning (2.4). Efforts to expand clones of -catenin 

knockout bulk cultures was achieved in non-responder lines without issue, with the same true 

for -catenin knockouts irrespective of responder status. As clonal efficiency was significantly 

reduced upon knockout of -catenin, it is suggested that this was incompatible with clonal 

expansion of the responder AML cell lines (3.6.4).  

The WNT reporter assay was performed for responder AML knockout clones in order to 

pre-screen incomplete knockout clones, which would retain a WNT responsive profile. A 

caveat of the WNT reporter construct was the tendency for the activity to become silenced over 

time. A small proportion of the cells within the bulk cultures of the clonal pBARV lines were 

not responsive; therefore, false negatives would be expected to the region of 5-20% depending 

upon the line considered. Following pre-screening, the ratio of responsive clones to non- 

responsive clones from knockout lines was considered. Knockout clones observed a 

disproportionate recovery of responder clones. This was particularly observed in the HEL cell 

line, in which 15% of the bulk knockout population was non-responsive, whilst the few clones 

recovered were all responsive (Figure 3-24). This indicates non-compatibility with cloning for 

knockouts of -catenin and a selective pressure for -catenin+ clones. 

A total of eight non-responsive THP1 dual knockout clones were identified in the pre-

screening process and were expanded to extract DNA. DNA-seq was performed flanking the 

CTNNB1 (-catenin) InDel target site (2.12.3). The spectrogram data for all clones displayed 

convoluted base calls, as expected, indicating an allele had suffered an InDel CRISPR-Cas9 

induced mutation (Figure 3-25). However, when the spectrogram was digitally deconvoluted, 

all clones were revealed to retained at least one functional copy of CTNNB1 which was 

confirmed by reverse sequencing. This suggests these non-responsive clones are derived from 

the small proportion of clonal THP1 pBARV cells which have suffered silencing of the 

reporter. To validate the DNA-sequencing, stimulated lysates from each non-responder THP1 

bulk dual knockout clone were examined. As expected, each clone still showed detectable -

catenin levels, though highly variable, with different presentations than the scrambled control 

(Figure 3-25). These data demonstrate that limiting dilution cloning of -catenin knockout 

cells is incompatible with complete knockout responder cell lines and a supportive condition 

would be required. This will be covered in Chapter 4. 
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Figure 3-24: Loss of  Knockout Clones During Limiting Dilution Cloning 

Percentage positive WNT reporter activity (Venus fluorescence) of responder AML cell lines transduced with control or dual 

-catenin target gRNA (517-Puro) and -catenin target gRNA (519-Neo) lentivirus (2.8, 2.11.5). Cells were treated with 5μM 

CHIR for 24-hours (2.9.1). An unstimulated vehicle control was used to define a threshold of positivity (0.1% DMSO, v/v). 

Contrasts were drawn between the proportion responsive per the WNT reporter in the bulk population to the proportion of 

responsive clones after limiting dilution cloning. (n=3; data indicates mean +1SD; t-test.  < 0.0001 = ****, 0.0001 to 0.001 = 

***, 0.001 to 0.01 = **, 0.01 to 0.05 = *.). Unintended selection for responders in the knockout condition suggests knockout 

responders are lost during cloning.
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Figure 3-25: THP1 Clones Retained a Functional CTNNB1 Allele and Protein Expression 

A) Western blots demonstrating -catenin in non-responsive THP1 knockout clones following transduction with a CRISPR-Cas9 construct targeting CTNNB1 and JUP, or a scrambled control (2.8, 

2.10).  Whole lysates were prepared 24 hours after addition of 5μM CHIR to cultures of scrambled and bulk knockout cells (2.9.1). B) CRISPR-Cas9-induced mutations were examined by isolating 

cells from each clonal THP-1 dual knockout culture for DNA-sequencing (2.12.3). Black arrows indicate the InDel mutagenesis site, after which point coherence between spectrogram sequence trace 

is lost (2.12.3.6). All clones retained at least one functional copy of CTNNB1, confirmed by reverse sequencing.  

 

 

 

T
H

P
1

 C
lo

n
e 

1
  

  
  

 T
H

P
1

 C
lo

n
e 

2
  
  

  
T

H
P

1
 C

lo
n

e 
3

 

K
5

6
2

 C
o

n
tr

.

T
H

P
1

 W
T

K
O

 C
L
O

N
E

 1

K
O

 C
L
O

N
E

 2

K
O

 C
L
O

N
E

 3

K
O

 C
L
O

N
E

 4

K
O

 C
L
O

N
E

 5

K
O

 C
L
O

N
E

 6

K
O

 C
L
O

N
E

 7

K
O

 C
L
O

N
E

 8

Beta

GAPDH

C
o

n
tr

o
l 

TH
P

1
 S

C
R

 

TH
P

1
 K

O
 1

 

TH
P

 K
O

 2
 

TH
P

 K
O

 3
 

TH
P

 K
O

 4
 

TH
P

 K
O

 5
 

TH
P

 K
O

 6
 

TH
P

 K
O

 7
 

TH
P

 K
O

 8
 

 

β-catenin 
(92kDa) 

GAPDH 

(37kDa) 

A B 



Characterising WNT/beta-catenin signalling and gamma-catenin in AML and haematopoiesis 

154 

 

3.10 -catenin KO in HSPC is Inconsequential for Differentiation and Self-renewal 

3.10.1 Generation of CTNNB1 Knockout in CD34+ HSPC 

As -catenin represents an interesting therapeutic target for AML, it was necessary to 

determine the requirement of this gene for normal haematopoiesis. To address dependency, 

CTNNB1 knockout in an in vitro model of myeloid development was undertaken. HSPC from 

normal human umbilical CB were recovered (2.2.1). First, -catenin was examined by western 

blot over a time course to determine expression levels during myeloid development (Figure 

3-26). This demonstrated loss of -catenin expression by day six, an observation shared for -

catenin. As the previously applied CRISPR-Cas9 constructs require puromycin selection for 

72-hours to achieve a pure population, thus limiting study of the early multipotent stages of 

haematopoiesis, the original CRISPR-Cas9 construct was substituted with a new plasmid 

harbouring the same gRNA targeting CTNNB1, but with the addition of a GFP selectable 

marker, to allow for immediate FACS recovery of a GFP+ pure population. The new construct 

was tested in THP1 parental cells with transduction efficiency was above 90% (Figure 3-27A). 

Knockout within the population was approximately 75% (data not shown). When HSPC were 

transduced with the same batch of lentivirus, transduction efficiency ranged between 10-15% 

with a lower intensity of fluorescence (Figure 3-27B). Within the GFP+ FACS population of 

HSPC, -catenin expression was reduced by 75% when examined by western blot on day 14 

following treatment with 5µM CHIR (Figure 3-28A|B). 
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Figure 3-26: -catenin and -catenin Expression Reduces During Haematopoiesis 

Western blot analysis showing -catenin and -catenin expression in HSPC over 13 days in culture in IMDM supplemented 

with IL-3 SCF, G- and GM-CSF (3SLOWG/GM) (2.2, 2.10). HSPC and differentiated subsets at later timepoints were recovered 

on day three, day six, day eight, day ten, and day thirteen for protein lysates. K562 treated with 5µM CHIR for 24-hours was 

used as a positive control (2.9.1). GAPDH was used as a loading control (n=1). 
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Figure 3-27: Infection Efficiency of CRISPR-Cas9-gRNA-GFP 

A) Representative scatter plot and histogram demonstrating the infection efficiency of the CRISPR-Cas9-gRNA-GFP in THP1 

parental cell line (2.7.1, 2.11). Top left represents mock, bottom left with lentivirus. Histogram on the right demonstrates the 

high transduction rate and range of fluorescence characteristics (n=3). B) Representative scatter plot and histogram 

demonstrating the infection efficiency of the CRISPR-Cas9-gRNA-GFP in CD34+ HSPC (2.7.3, 2.11). Top left represents 

mock, bottom left with lentivirus. Histogram on the right demonstrates the low transduction rate and dim fluorescence 

characteristics observed in HSPC (n=3). 
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3.10.2 -catenin Knockout in HSPC Does Not Impact Proliferation or Lineage Development 

This study examined the impact of reduced -catenin expression on cell proliferation 

and differentiation of human HSPC. Cells were isolated from umbilical CB, transduced with 

scrambled control and -catenin knockout CRISPR-Cas9 constructs, sorted for GFP 

expression, and then cultured in growth conditions such to drive myeloid lineage development 

(2.2.3). Knockout of -catenin had no impact on the proliferation or frequency of monocytic, 

granulocytic and erythroid lineages (Figure 3-28C), nor was the expression of developmental 

markers on these population significantly affected. Together, these data demonstrate that -

catenin knockout has no consequence upon myeloid lineage development and proliferation.  

3.10.3 -catenin Knockout has no Impact on Colony Formation, Apoptosis, and Cell Cycle 

As -catenin had been determined to be involved in cloning efficiency in responder 

AML cell lines (3.6.4), an assessment of colony formation and colony replating (a measure of 

self-renewal potential) was performed to determine whether similar consequence were 

observed in HSPC. No impact on colony formation or colony replating was observed (Figure 

3-29). Neither was there any perturbation of apoptosis or cell cycle distribution or morphology. 

These data indicate -catenin is not required for myeloid development of human cells in vitro. 

However, its impact on growth, differentiation and repopulation capacity in a xenograft model 

would be necessary to fully establish whether -catenin is redundant for human 

haematopoiesis. 
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Figure 3-28: -catenin Knockout Does Not Perturb Lineage Development and 

Proliferation During Haematopoiesis 
A) Western blot analysis showing -catenin protein expression in myeloid cells transduced with a control scrambled or 

CTNNB1-targeted CRISPR-Cas9-gRNA construct (2.8, 2.10). Lysates were prepared on day 14 of culture following a 24-hour 

treatment with 5µM CHIR (2.9.1). CHIR treated K562 was used as a positive control. GAPDH was used as a loading control. 

B) Bar chart showing densitometry analysis following quantification, normalisation to GAPDH, and relative abundance to 

scrambled control. C) Cumulative fold-expansion of myeloid subsets transduced with scrambled control and knockout cells 

gated for GFP positive cells in culture medium containing IL-3, SCF, G- and GM-CSF; monocytic cells (CD13+ CD36+) 

granulocytic cells (CD13+/- CD36-), and erythroid cells (CD13- CD36+). D) CD34 expression in monocytic cells  over time 

with associated Mean Fluorescent Intensity (MFI) expression of CD11b and CD14 expression. E) CD34 expression in 

granulocytic cells over time with associated MFI expression of CD11b and CD15 expression (2.11.4). Significant difference 

between scrambled control and knockout cultures were analysed by t-test with multiple test correction using Benjamini-

Hochberg where timepoints were applied (n=3; data indicates mean ±1SD).
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Figure 3-29: -catenin Knockout Does Not Impact Normal Cell Cycle, Apoptosis, or Self-renewal 

A) Summary data showing the effect of -catenin knockout on apoptosis in HSPC on day six, ten, and thirteen days of culture (2.2). Early apoptotic cells are characterized by Annexin V+ / 7-AAD-  

whilst apoptotic cells are characterised as Annexin V+ / 7-AAD+ (2.11.9). B) Colony forming efficiency of scrambled and -catenin knockout cultures following limiting dilution assay. After seven 

days of growth in culture supplemented with IL-3, SCF, G- and GM-CSF colonies (>50 cells) and clusters (<50 cells) were quantified. Self-renewal potential was assessed by recovering colonies after 

one week and performing a single replating of recovered scrambled and -catenin knockout cultures in the same conditions as previously stated. These were assessed after a further seven days (2.4). 

C) Stacked bar plot showing cell cycle distribution of CD34+ HSPC scrambled and knockout on day six of culture (2.11.8). (n=3; data indicates mean ±1SD). 

A B C 
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3.11 Discussion 

WNT/-catenin signalling within the haematopoietic process has been demonstrated to 

be active in HSPC, but inactivate in early progenitor and differentiated constituent cells, as 

observed herein, with the latter incapable of self-renewal (1.1.2). Dysregulation of WNT/-

catenin signalling has been linked with AML initiation and progression (Lane et al., 2011) and 

has been shown to be essential to LSC survival and self-renewal (Hu et al., 2009; Wang et al., 

2010; Dietrich et al., 2014). In fact, LSC and HSC share numerous biological properties, 

including their self-renewal capacity. The transformation of an HSC into an LSC results from 

the loss of self-renewal regulation and studies have documented that committed progenitors 

can regain self-renewal potential by acquiring certain mutations, and form a comparable LSC 

with partial differentiation capacity (Cozzio et al., 2003; Huntly et al., 2004; Krivtsov et al., 

2006; Somervaille et al., 2006a). Overexpression of -catenin is an independent adverse 

prognostic factor in AML (Ysebaert et al., 2006) and is a frequent observation in patient 

samples when compared with matched CD34+ HSPC (Gandillet et al., 2011a). Critically, -

catenin expression has been documented to be significantly higher in relapsed patients as 

compared to matched newly diagnosed samples, suggesting a direct mechanism in self-renewal 

and resurgence of disease (X. Jiang et al., 2018b). This has led to speculations that WNT/-

catenin is centrally involved in AML onset, progression, and maintenance. However, research 

has been inconclusive, necessitating further, conclusive work. 

Firstly, this study examined the mRNA expression of the central WNT/-catenin 

signalling regulators, alongside JUP, both in human haematopoiesis and AML patients. Whilst 

the expression levels of mRNA are not conclusive indicators of protein levels due to post-

translational regulation, they are broadly indicative for most mRNA (Pearson’s 

correlation=0.51), as determined through cross-examination of recently released RNA-seq and 

mass spectrometry data (Nusinow et al., 2020). However, the correlation between protein -

catenin and mRNA CTNNB1 was unreliable due to the poor correlation between mRNA and 

protein (Pearson’s 0.27)6. As expected, CTNNB1 mRNA levels remained unchanged 

throughout haematopoiesis, whilst JUP mRNA was found to decrease throughout this process; 

whilst the former is likely an mRNA:protein discrepancy because of post-translational 

regulation, the reduction in JUP is indicative of a potential contribution to HSC characteristics 

(3.3.1). These findings were replicated with scRNA-seq data of normal haematopoiesis, which 

 
6 Other WNT/-catenin signalling genes or target genes had reasonable correlation to protein level (Pearson’s – 

TCF4 - 0.57; GSK3 - 0.41; LRP6 - 0.54; CCND2 - 0.81; LEF1 - 0.68) 
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supported these observations (S1. ). In AML, as compared to normal karyotype AML or HSC, 

no biologically meaningful alteration to CTNNB1 expression levels were observed relative to 

healthy control. To examine the relationship between mRNA expression and overall or disease-

free survival in AML patients, Kaplan-Meier estimates were performed for selected WNT-

related genes by stratifying patients according to high and low expression cohorts, though no 

significance was obtained, suggesting that neither WNT/-catenin signalling nor JUP convey 

prognostic indication.  

Overall, the public mRNA data supported the observation that the expression of CTNNB1 

is predominantly an HSC feature, which was consistent in JUP; however, efforts to align the 

expression of these genes, alongside other WNT-related genes, with patient characteristics, was 

unable to capture a consistent consequence to patient survival. The discrepancy could be 

explained by potential mRNA:protein discrepancies, as -catenin, which is regulated post-

translationally rather than at the transcript level, would be most misrepresented by mRNA-

based studies. Further, high levels of -catenin expression at protein level has been 

demonstrated to be an unfavourable prognostic indicator in patients at the protein level in which 

disease severity, treatment resistance, and relapse risk is high (X. Jiang et al., 2018b). 

The requirement of -catenin and the potential participation of -catenin in WNT/-

catenin signalling, alongside the necessity of WNT/-catenin signalling for AML maintenance, 

remains a contentious topic within the literature (Cobas et al., 2004b; Serinsöz et al., 2004; Hu 

et al., 2009; Wang et al., 2010; Gandillet et al., 2011b). Previous studies claiming -catenin 

and -catenin are dispensable for haematopoiesis and AML maintenance have mainly relied on 

murine models, which may not appropriately represent the human condition (Yeung et al., 

2010). Studies utilising murine models inherently deviate from the human context; for instance, 

addition of WNT3a or overexpression of -catenin resulted in a 100-fold HSPC expansion is 

this model; yet no comparable effect is documented in human HSPC (Reya et al., 2003; Willert 

et al., 2003). Alternatively, human research has relied upon incomplete knockdown 

experiments (Jeannet et al., 2008b; Gandillet et al., 2011a). To overcome this, and conclusively 

determine the role of -catenin and -catenin in AML, this study applied CRISPR-Cas9; 

however, this firstly required the characterisation of both catenin members in AML cell lines. 

A broad panel of AML cell lines was assessed in this study for WNT/-catenin signalling 

activity by examination of -catenin expression through western blots, along with a flow 

cytometry-based WNT reporter. It was not possible to determine basal activation by flow 
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cytometry; however, basal levels of nuclear -catenin, a proxy measure of activation, were 

detected by western blot, though the extended exposure necessary to document this precluded 

quantification as very low levels were present. Treatment with CHIR stabilised -catenin, 

enabling assessment by the WNT reporter and reliable detection by western blot (3.3.3). This 

further enabled the classification of AML cells into responder or non-responder, based on 

nuclear -catenin translocation ability and WNT reporter activity, a feature not often 

considered in the literature, which could explain discrepancies between studies (Gandillet et 

al., 2011a). Of the AML lines considered, 8/13 were shown to be nuclear translocators of -

catenin with associated WNT reporter activity (Table 3-1), which is consistent with the 

heterogeneity documented in patients, 60-65% of which are suggested to exhibit active 

WNT/-catenin signalling (Simon et al., 2005b; Mikesch et al., 2007). CHIR did not stabilise 

-catenin, indicating the mechanism of regulation by GSK3 is not shared, although reductions 

in -catenin with sole -catenin knockout suggests some shared processing through alternate 

mechanism. -catenin was detectable in 7/14 cell lines compared to 80% in patients (Morgan 

et al., 2013). 

The extremely low basal levels of -catenin in AML cell lines are supported by public 

data, corroborated by recently released data from the CCLE. The Mass Spectrometry Proteome 

dataset (Nusinow et al., 2020) found levels were within the bottom 10% of all cancer cell lines 

considered, and were hence below background after normalisation. However, despite the use 

of a highly sensitive mass spectrometer, proteomic techniques remain incapable of detecting 

low‐abundance proteins without targeting (De Graaf et al., 2011; Gillet et al., 2012; Schmidlin 

et al., 2016). The CCLE Reverse Phase Protein Array (RPPA) dataset (Ghandi et al., 2019), on 

the other hand, is more sensitive than mass spectrometry-based approaches. The RPPA dataset 

found very low -catenin expression within all AML cell lines. In fact, expression of -catenin 

in AML is lower than all other diseases considered, with the exception of non-Hodgkin 

lymphoma. These observations are in contrast to the CCLE RNA-seq dataset (Barretina et al., 

2012), in which CTNNB1 was found to be abundantly expressed at the mRNA level within all 

AML cell lines, regardless of classification (considered in S2. ). However, as mentioned above, 

CTNNB1 is well recognised for its poor correlation between mRNA and protein levels, due to 

post-translational regulation. These data suggest low expression of -catenin exists in AML 

cell lines; a finding also observed in the literature (Morgan et al., 2019). As CHIR was not 

found to stabilise -catenin, this suggests -catenin may be expressed when WNT/-catenin 

activity is excessive in an attempt to suppress -catenin transcriptional activity through 
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competitive binding of -catenin to TCF4, as documented in the literature (Zhurinsky et al., 

2000; Miravet et al., 2002; Wickline, Du, Donna B Stolz, et al., 2013). Collectively, the flow-

based WNT reporter results agreed with western blotting analysis, which showed an 

accumulation of -catenin in the nucleus. However, the KG1 cell line is an exception, though 

the absence of detectable DsRed expression suggests that promotor silencing had occurred in 

this engineered line. Indeed, the KG1 subline, KG1a, was responsive in the flow-based reporter 

assay without WNT reporter silencing issues. The presence of AML cell lines without 

detectable nuclear -catenin and -catenin indicates that these lines have no requirement of 

WNT/-catenin signalling for maintenance, though the limited sensitivity of western blotting 

cannot conclusively establish this.  

With the AML cell lines classified based upon translocation capability, the public 

CCLE RNA-seq dataset was applied to contrast the two groups and determine whether a WNT-

active profile could be established, and whether the prior observation of -catenin expression 

correlating with responder status via western blot was also seen at the transcriptomic level 

(discussed in S2. ). Notably, CTNNB1 was abundantly expressed in both responder and non-

responder lines. When specific genes were examined in the responder cell lines with respect 

to non-responder cell lines, a significant increase in JUP, LEF1, TCF7L2, LRP6, PTK7, FZD6, 

WNT3, and WNT5a expression was documented, alongside the repression of DACT3 and 

DKK4. DACT3, encoding Dishevelled Binding Antagonist of Beta Catenin 3, is an established 

epigenetic repressor of WNT/-catenin signalling with important roles in CRC progression 

(Jiang et al., 2008). DKK4, encoding Dickkopf WNT Signalling Pathway Inhibitor 4 inhibits 

-catenin accumulation and self-renewal characteristics in CRC and hepatocellular carcinoma 

(HCC) (Fatima et al., 2012). Contrarily, WNT3, a close homolog of WNT3a, is recognised as 

the driver of WNT/-catenin signalling in APCMUT CRC (Voloshanenko et al., 2013). WNT5a 

is classically regarded as a prototypical non-canonical WNT ligand; however, WNT5a is 

overexpressed in CRC, and has been demonstrated to drive WNT/-catenin signalling via 

FZD7, suggesting context specific roles (Li et al., 2018; Astudillo, 2021). FZD6 is a recognised 

WNT ligand receptor for WNT/-catenin signalling, though it is classically considered a non-

canonical receptor, and was found significantly overexpressed in the responder lines, an 

observation also documented in CRC (Kim et al., 2015). LRP6, encoding LDL Receptor 

Related Protein 6, is the central WNT/-catenin co-receptor and has similarly been shown to 

be frequently overexpressed in CRC and other cancers, in which it is critical to the excessive 

WNT ligand response observed in cancer associated fibroblasts (Astudillo, 2021; F. Wu et al., 
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2021; Jeong et al., 2021), and was recently demonstrated to be the only co-receptor required 

for WNT/-catenin signalling through CRISPR-Cas9 knockout in CRC (Chen et al., 2021). 

PTK7, encoding Protein Tyrosine Kinase 7, was classically considered a non-canonical WNT 

pathway receptor, which repressed canonical WNT signalling (Peradziryi et al., 2011; Hayes 

et al., 2013); however, recent evidence has demonstrated PTK7 increases the WNT/-catenin 

signalling response to WNT3a, and this amplification is reliant upon the co-receptor LRP6 

(Puppo et al., 2011). PTK7 is overexpressed in CRC and conveys a poor prognostic indication 

(Tian et al., 2016), and was proposed to act as a mechanistic switch by upregulating LRP6 to 

alternate between canonical and non-canonical WNT signalling (Bin-Nun et al., 2014). A 

recent study has also reported PTK7 can bind -catenin directly to enhance WNT/-catenin 

target gene expression, with small molecule inhibitors blocking the association of these two 

members capable of reducing WNT/-catenin activity and proliferation in CRC (Ganier et al., 

2021). The overexpression of LEF1 supports recent research suggesting LEF1 is a mediator of 

-catenin translocation (Morgan et al., 2019), whilst the overexpression of JUP supports 

further investigation of -catenin for contributory or redundancy roles, or suppressive roles. 

Taken together, these results indicate that WNT/-catenin signalling is active at low levels 

within responder cells with increased levels of core WNT signalling members that could 

facilitate a primed state from which further extrinsic activation would enable a substantially 

stronger response.  

To conclusively determine whether -catenin and -catenin are involved in AML (e.g., 

for maintenance or drug resistance) CRISPR-Cas9 was applied to AML cell lines. To achieve 

this, selection of gRNA was first required; however, this remains an area of intense 

development and optimisation within the field (Wilson et al., 2018; Liu et al., 2020; G. Zhang 

et al., 2021). Whilst application of early generation gRNA would achieve <5% knockout 

efficiencies, thus requiring the assessment of hundreds of clones (Friedland et al., 2013; 

Waaijers et al., 2013; Kim et al., 2014), this has been optimised to 10-60% in a single-guide 

approach, with an average of 34% efficiency (Dang et al., 2015; Farboud et al., 2015). Whilst 

multi-guide approaches have become commonplace in recent years, enabling average editing 

efficiencies >75% (Joberty et al., 2020), a single-guide approach was applied due to the need 

to target two different genes, which limited the expected knockout efficiency.  

In K562, a CML cell line, CRISPR-Cas9 was able to successfully generate InDel events 

within three days of transduction, as deduced by detectable reductions in the flow-based 

reporter assay, and through genetic cleavage assessment (3.4). The knockout achieved was 
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greater than 50%, indicating haplosufficiency, and the readout by both the western blot and 

WNT reporter assay measures was consistent over three weeks, indicating no proliferative 

alterations as a consequence of knockout. If both copies of a gene are being actively transcribed 

to produce minimal protein levels required for survival, hemizygosity will be incompatible 

with survival, as cells are unable to produce sufficient protein and are deemed haploinsufficient 

(Delaney et al., 2017; Song et al., 2017). MDS, which can be a precursor to AML, is associated 

with 5q- or 7q- hemizygosity, leading to gene dosage leukaemia (Ebert, 2009, 2011; J. C. Wong 

et al., 2015; Sperling et al., 2017). Cells are haplosufficient if survival occurs with reduced 

protein, or through increased production of protein when hemizygous. Cells without a 

transcriptionally active second allele are inherently haplosufficient. Having selected an optimal 

guide for each gene, these were applied in AML cell lines singly and in combination.  

In AML cell lines, CRISPR-Cas9 reduced -catenin levels by 20-80%, whilst -catenin 

was reduced by 20-90% (3.6, 3.7, 3.8). The discrepancy between cell lines can be explained by 

differences in DNA accessibility due to condensed regions, inherent variations in DNA error 

repair pathways, which are often perturbed in cancer cells, or as a result of copy number 

variations due to aneuploidy. Indeed, the random nature of InDel incorporation, with an 

average of 81% of InDels causing a frameshift mutation (Chakrabarti et al., 2019), also 

complicates frameshift mutation generation. Curiously, -catenin levels were reduced by -

catenin knockout, even within cell lines with very low levels of -catenin expression. It is not 

likely that the gRNA targeting JUP is targeting CTNNB1 despite the shared homology, as the 

specific target sequence differs enough to preclude an unintended pan-catenin effect. Rather, 

these results suggest that -catenin either directly stabilises accumulated -catenin or, 

alternatively, elevated proteasomal clearance of -catenin is a result of increased availability 

of the destruction complex as an indirect consequence of reduced -catenin levels, as suggested 

in the literature (Morgan et al., 2013). The former is perhaps more likely, as CHIR inhibition 

did not stabilise -catenin levels, suggesting the destruction complex does not act comparably 

upon -catenin as -catenin.  

Through examination of proliferation, viability, apoptosis, and DNA content within the 

bulk knockout culture condition, no effect of -catenin or -catenin knockout was documented, 

even in the combined knockout cultures (3.6, 3.7, 3.8). A significant feature, however, was the 

reduction in clonogenicity of responder AML cell lines with -catenin knockout at a bulk level 

(3.9). The proportion of knockout was approximately comparable to the reduction in -catenin 

at the protein level which, alongside the recovery of only clones with incomplete knockout, 
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indicated that -catenin knockout was incompatible with clonal expansion. Inhibition of 

WNT/-catenin signalling has been reported to reduce clonogenicity in the literature in vitro 

(Wang et al., 2010; Gandillet et al., 2011a; Pepe et al., 2022), supporting these observations. 

No alteration to clonal efficiency was observed with bulk -catenin knockout conditions for 

any AML cell line, suggesting -catenin is not required for this process. 

The consequence of -catenin knockdown in the literature is an area of active debate. 

Several studies in cell lines, primary tissue, and murine MLL leukaemic models found no 

alteration to phenotype with -catenin knockdown, even when reduced by >95% (Kim et al., 

2002; Cobas et al., 2004b; Yeung et al., 2010). Conversely, drug inhibition and knockdown 

studies of -catenin in cell lines or primary samples have been documented to induce G1 cell 

cycle arrest, heighten apoptosis, and lead to reduced proliferation and viability, even with only 

50% reduction in protein levels of -catenin  (Siapati et al., 2008; Gandillet et al., 2011a; Saenz 

et al., 2019).  

Here, I found no observable anti-proliferative, apoptosis inducing, or cell cycle 

perturbation; however, there is concordance with studies which have documented alterations 

to clonogenicity. Gandillet et al. reported reductions in cloning efficiency through an short 

hairpin RNA (shRNA) knockdown study in HL60 cells, a responder cell line, with little other 

effect, in concordance with the observations within this study (Gandillet et al., 2011a). 

However, Siapati et al. applied shRNA to knockdown -catenin levels by 40% in U937 cells, 

a non-responder line, and noted minor reductions in proliferation, without change to TCF4 or 

LEF1 levels, suggesting an off-target effect (Siapati et al., 2008). An explanation for the 

discrepancies observed in -catenin knockdown response has been proposed to be due to 

variant reductions in the remaining protein levels between studies. However, numerous studies 

have obtained a high degree of knockdown without observing any resulting anti-proliferative, 

apoptosis inducing, or cell cycle perturbing effect in murine models, cell lines, and primary 

tissue indicating the observed effects are more likely off-target effects. Studies have 

demonstrated that CRISPR-Cas9 has negligible off-target activity, whilst RNA inhibition 

methods have frequent off-target effects, something underappreciated in the literature (Smith 

et al., 2017; Subramanian et al., 2017). Further to this, the use of unsuitable models, either 

through study of WNT/-catenin signalling in non-responder cell lines, non-responder primary 

samples, or murine models, has further complicated interpretation. 
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DEPMAP, a repository of loss-of-function data, determined CRISPR as the gold 

standard for studies over misinformative RNA inhibition data, and has developed future builds 

with CRISPR technology exclusively (Subramanian et al., 2017). The finding of non-

dependency observed in this study is in-line with this public data (S3. ). CRISPR-Seq was 

recently developed and has enabled mass screening of gene dependency. As CRISPR-Seq 

represents a marrying of scRNA-seq and CRISPR-Cas9 genetic manipulation, it was 

simultaneously published by distinct groups. The recently published DEPMAP database of 

pooled single-cell CRISPR-Seq data in cancer cell lines from the Achilles, Sanger and GeCKO 

projects  (Dempster et al., 2019) were examined to determine the predicted necessity of -

catenin and -catenin for AML maintenance, with no resulting consequence observed (Figure 

S-6-6). As a benchmark reference, CRC, which is well recognised for being a WNT/-catenin 

signalling driven cancer (Morin et al., 1997; Emons et al., 2017), was demonstrated to have 

dependency upon -catenin, with a small proportion of the cell lines also showing dependency 

for -catenin. However, it was observed that -catenin and -catenin are unnecessary for AML 

maintenance in any cell line, which is supported by smaller scale, independent CRISPR-Seq 

screens, as mentioned above (Wang et al., 2014; Tzelepis et al., 2016; Meyers et al., 2017; T. 

Wang et al., 2017; Behan et al., 2019; Chen et al., 2019; Nechiporuk et al., 2019; Sharon et 

al., 2019; X. Wu et al., 2020). Ultimately, however, it is not possible to definitively conclude 

that knockout is incompatible with clonogenicity without attempting to clone these cells to 

generate either a validated knockout clone, or through the inability to recover such a clone. 

Even in the case of substantial knockout, it is possible that residual WT cells are capable of 

producing factors necessary to sustain the population in paracrine fashion. Reductions in 

clonogenicity with knockout of -catenin are indicative of an inability to survive clonal stresses 

and this would necessitate the use of a different approach, or a supportive environment. Recent 

developments in CRISPR-Cas9 technology have enabled the study of knockout lethal genes 

through conditional expression systems known as knockout-rescue CRISPR (B. Wang et al., 

2019). These allow for complete deletion of endogenous alleles by rescuing cells with a 

conditionally controlled copy of the gene. The provided gene contains synonymous mutations 

of the DNA sequence within the gRNA target site such that it enables evasion of CRISPR-Cas9 

mediated knockout, whilst producing the same resulting amino acid sequence. The system 

relies upon a tetracycline-regulated inducible gene promoter system. Unfortunately, the system 

is not capable of completely terminating transcription and mRNA levels remain detectable to 

the region of 2-5% after tetracycline treatment (B. Wang et al., 2019). For this reason alone, 
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the system is unsuitable for use within this research. Instead, it was necessary to examine 

supportive conditions, as described in Chapter 4. 

As knockout of -catenin, but not -catenin, was shown to influence clonogenicity in 

AML cell lines, I determined whether -catenin was integral in an in vitro myeloid 

development and HSPC self-renewal by colony replating. Firstly, assessment of expression 

through an in vitro model of myeloid development was performed, which revealed detection 

of -catenin solely at day three, at which point most of the population consists of 

undifferentiated HSPC. After this, with differentiation into the several lineages, there was no 

detectable expression (3.10). These findings are consistent with the literature. CRISPR-Cas9 

knockout in CD34+ HSPC and subsequent sorting of the GFP+ population enabled the analysis 

of proliferation, lineage development, apoptosis, cell cycle, colony formation ability, and, 

critically, self-renewal capacity by colony replating. As expected, no impact was found as a 

consequence of -catenin knockout, which is consistent with the consensus reached in the 

literature (X. Zhao et al., 2020; Pepe et al., 2022). These data indicate that -catenin is not 

required for the myeloid development of human cells in vitro, though it is acknowledged that 

these data were generated as an incomplete knockout model. However, generation of a 

complete knockout clone is not possible with these methods. To better assess the impact on 

growth, differentiation, and repopulation capacity, a xenograft model would be necessary to 

fully establish whether -catenin is redundant for human haematopoiesis. This would also 

benefit from the application of a tandem multi-gRNA CRISPR-Cas9 platform, although size 

limitations would make the generation of an all-in-one vector difficult and multiple vectors 

would likely be required.  

Collectively, these results demonstrate that -catenin could be a valid therapeutic target 

as no evidence was found that indicates -catenin is required for HSPC function. Recent cre-

lox knockout in vivo murine models support this finding (X. Zhao et al., 2020), alongside in 

vitro models (Pepe et al., 2022), although further investigation into a complete knockout clone 

would be required to fully appreciate the effect on AML cells, as explored in Chapter 4.
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4.1 Introduction 

4.1.1 Canonical WNT/-catenin Signalling in AML 

WNT/-catenin signalling is an integral pathway for normal developmental processes 

and has been implicated in human haematopoiesis, leukaemogenesis, and AML maintenance 

(Richter et al., 2017).  WNT/-catenin signalling in AML is documented to be perturbed at all 

stages of signal transduction: from receptors, ligands, transducers, catenin stabilisation, to 

nuclear translocation (Cate et al., 2009; Kim et al., 2011; Ghosh et al., 2019; Gruszka et al., 

2019). In fact, 50-70% of AML patients have elevated WNT signalling (Simon et al., 2005a). 

Evidence has suggested adult human HSC do not show absolute dependency on WNT 

signalling for self-renewal or differentiation, rendering the pathway an attractive target (Wang 

et al., 2010; X. Zhao et al., 2020; Pepe et al., 2022). Consistent with these findings, previous 

research has demonstrated WNT/-catenin signalling was disposable in an in vitro model of 

haematopoiesis and self-renewal (3.10), whilst also delimiting AML cell lines into responder 

and non-responder groups (3.3.4), with the former demonstrating potential dependency on 

WNT/-catenin signalling for clonogenicity (3.6.4). 

Existing in vivo studies have either relied on incomplete gene inactivation methods, 

represent a rare subset of AML, or are less pertinent to the human condition due to the murine 

setting, resulting in conflicting results (Günschmann et al., 2014; Song et al., 2018). In vivo 

murine studies have concluded that substantial knockdown or knockout of -catenin does not 

affect haematopoiesis or AML maintenance, even in cases with 95% reduction of total -

catenin protein (Cobas et al., 2004a; Koch et al., 2008a; X. Zhao et al., 2020; Pepe et al., 2022). 

However, others have documented apoptosis in a dose dependent behaviour (Lento et al., 

2014). Several in vivo murine studies document that loss of -catenin is detrimental for, or 

possibly incompatible with, LSC self-renewal (Wang et al., 2010; Yeung et al., 2010; Lane et 

al., 2011; Fiskus et al., 2015; S. Ma et al., 2015). Recently, a murine in vivo study showed LSC 

self-renewal, AML onset, and AML maintenance despite -catenin, -catenin, and TCF/LEF 

family depletion (X. Zhao et al., 2020).  

Current in vitro studies have applied incomplete RNA silencing methods or 

pharmacological inhibitors and present conflicting results. Promising research on BC2059, a 

small molecule anthraquinone oxime-analog, promoted β-catenin degradation and induced 

anti-proliferative and apoptotic-inducing effects in AML cell lines and primary AML samples 

(Fiskus et al., 2015). Targeting of -catenin with PRI-724, an inhibitor of β-catenin and CBP 
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interaction, had a mild anti-proliferative and pro-apoptotic effect on some AML cell lines, with 

no effect observed in several lines; however, primary AML samples were highly sensitive to 

PRI-724 with significant apoptosis and growth inhibition observed (X. Jiang et al., 2018b). 

Critically, no impact was observed for normal BM CD34+ cells. Treatment of primary AML 

samples in vitro with iCRT3, a small molecule inhibitor of -catenin and TCF family 

interaction, significantly reduced proliferation, however, a significant expansion of the CD34+ 

pool was also observed (Griffiths et al., 2015). Application of RNA silencing methods have 

also revealed discrepant results. In an shRNA knockdown experiment, HL60 was found to 

incur anti-proliferative and pro-apoptotic effects, whilst also reducing leukaemogenic potential 

assessed by in vivo implantation; yet, in primary AML samples, no effect was observed 

(Gandillet et al., 2011b). Exploring WNT/-catenin signalling and -catenin in a broad range 

of human AML cell line models and patient-derived primary AML models will prove more 

informative in this regard. 

Concerns of incomplete protein removal or functional inhibition limits interpretation; 

therefore, to conclusively determine role of -catenin, alongside the close homolog -catenin, 

both genes need to be deleted.  No published or pre-print publications have accomplished this 

to date. This study will achieve this by using CRISPR-Cas9 to derive complete knockout 

clones, i.e. deletion in all alleles, which is the subject of this chapter.    

4.1.2 Deductions from Chapter 3 

WNT/-catenin signalling activity is reliant upon subcellular translocation of 

cytosolically accumulated -catenin into the nucleus. Previously, all AML cell lines were 

documented to accumulate -catenin in the cytoplasm when treated with the GSK3 inhibitor 

CHIR, but only two-thirds of cell lines presented detectable nuclear -catenin following 

treatment. Cell lines which were capable of nuclear -catenin translocation were termed 

responders, whilst cell lines which could not translocate -catenin were termed non-responders 

(3.3.3). A panel of responders and non-responders’ cells were selected to undergo -catenin 

(CTNNB1) and -catenin (JUP) knockout through the use of CRISPR-Cas9 (3.5). The final 

responder panel comprised HEL, THP1, KG1a, TF1, and NOMO1 cells, alongside the non-

responders OCI-AML2, OCI-AML5, U937, and MV4;11. Limiting dilution was applied to 

generate a complete knockout clone; however, attempts to clone the responder cell lines failed, 

whilst non-responders cloned without issue, suggesting a WNT-dependency for clonal growth 

in responder lines only (3.6). Further efforts were therefore necessary to generate a complete 
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knockout clone to determine whether WNT/-catenin signalling is critical to AML 

maintenance. 

In addition to roles in AML maintenance, recent publications have linked 

chemoresistance to active WNT/-catenin signalling in the case of DNR (Xiao et al., 2020), 

Ara-C (L. Chen et al., 2020), and other chemotherapeutic agents (Wang et al., 2018; Perry et 

al., 2020). In addition, high expression of -catenin is associated with poor patient prognosis, 

with knockdown of -catenin demonstrated to sensitise AML cell lines to Ara-C (Qian et al., 

2020). LRP6, previously established to be overexpressed in responder AML cell lines (S2. ), 

has been targeted with Niclosamide, which increased drug sensitivity in vitro and 

synergistically enhanced Ara-C efficacy in vivo (Kamga et al., 2020). Silencing of WNT/-

catenin signalling could therefore sensitise cells to chemotherapeutic agents, thus representing 

an attractive synergistic agent particularly for multi-drug resistant AML cells which frequently 

presents at relapse.  

4.2 Aims 

The aim of this chapter is to generate complete knockout cell lines for subsequent analysis. 

This will reveal whether WNT/-catenin signalling represents a viable target in AML. This 

will be achieved through the following objectives: 

Objective 1: Rescue of clonal growth for dual - and -catenin knockout responder AML 

cell lines through development of a supportive condition. 

Generation of a complete knockout clone will require the application of a supportive system to 

rescue responder AML cell lines during the limiting dilution cloning process. A series of 

single-cell and co-culture conditions will be applied to further provide insight into the 

mechanism by which cells are incapable of clonal growth. 

Objective 2: Investigate the consequence to AML characteristics as a result of complete 

knockout of -catenin, -catenin, and combined knockout of -catenin and -catenin in 

clonal responder and non-responder cell lines. 

Complete knockout clones will be assessed with a panel of assays designed to evaluate the 

consequences upon proliferation, cell cycle, apoptosis, morphology, and differentiation. 

Objective 3: Determine whether the catenin knockout conditions derived above affect the 

sensitivity of AML cell lines to standard chemotherapeutic agents.   
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Complete knockout clones will be assessed with the standard chemotherapeutics DNR and Ara-

C applied in the clinical setting to evaluate whether knockout sensitises cells to therapy. 

Objective 4: Validate the findings in patient-derived primary AML samples with 

CRISPR-Cas9 knockout of -catenin and alternatively with -catenin-targeting small 

molecule inhibitors.   

To better represent the clinical condition, patient-derived primary AML samples will be 

characterised for WNT/-catenin signalling activity. -catenin+ and -catenin- (equivalent to 

responder and non-responder) primary AML samples then be subjected to CRISPR-Cas9 

knockout and small molecule inhibitors, to determine their dependency on -catenin signalling.
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4.3 Results 

4.3.1 Generating Complete Knockout Clones 

4.3.1.1 Supportive Media Did Not Improve Clonal Recovery for Responder AML Cells 

As determined in the previous results chapter, bulk -catenin knockout was found to 

significantly reduce clonogenicity in responder AML cell lines only (3.6.4). Furthermore, it 

was only possible to recover incomplete -catenin knockout cells by limiting dilution (3.9). 

Therefore, it was hypothesised that a supportive condition could rescue these cells. Several 

strategies were employed to rescue the growth of knockout clones from the responder AML 

cell lines, HEL and THP1, which included cytokines, conditioned media from parental cultures, 

with and without WNT stimulation (2.4). No improvement to clonal efficiency was noted above 

background recovery of incomplete knockout cells, suggesting single-cell conditions are 

incompatible with clonal growth, regardless of supportive media conditions (Figure 4-1). 

4.3.1.2 Co-culture Conditions Rescue Knockout Responder AML Clonal Growth 

Within the in vivo context, stromal components provide cells with cytokine WNT factors, 

which are reported to be short-range and labile (Tamai et al., 2004; Boutros et al., 2016; Farin 

et al., 2016; Seth et al., 2016). Stromal components would also provide cell-cell adhesion 

properties. In the prior supportive media context (4.3.1.1), short-range, labile WNT factors 

could be depleted before rescue occurs, and no cell-cell contact was afforded in initial clonal 

monoculture. To determine whether a stromal microenvironment could rescue clonal growth 

of -catenin knockout cells (HEL and THP1), these were bulk co-cultured with MS-5 murine 

stromal cells (2.4). However, when knockout clones were co-cultured with these cells, there 

clonal efficiency was actually impaired (Figure 4-2). A human-derived stromal line, HS-5, on 

the other hand, was able to recover knockout cells, demonstrating successful rescue of complete 

-catenin knockout clones. Alternatively, high efficiency rescue of clonal growth was achieved 

through co-culture with matched parental cells to levels comparable to scrambled controls 

(Figure 4-2). This indicates that while -catenin knockout is incompatible with growth in the 

single-cell condition, knockout clones can be rescued by co-culture. 
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It was necessary to determine whether the rescue of the clonal growth of knockout cells 

through parental co-culture or with HS-5 was due to provided factors which are perhaps a result 

of active WNT/-catenin signalling or, alternatively, if this was due to cell-cell contact. To 

examine this, scrambled and dual knockout HEL and THP1 cells were co-cultured with clonal 

U937 scrambled and dual knockout cells, which have no WNT/-catenin signalling activity 

regardless of knockout status (4.3.3). U937 cells were selected over MV4;11, as HEL, THP1, 

and U937 share the same culture medium, circumventing concerns of medium-based growth 

problems. After a period of 10 days, wells were combined and analysed for DsRed 

fluorescence, as U937 and HEL expressed distinct DsRed intensities, thus enabling a clear 

separating of cell populations (Figure 4-3A). U937 cells were able to successfully rescue HEL 

knockout cells at levels comparable to previous successful rescue attempts, indicating the 

rescue was due to cell-to-cell contact rather than the presence of a WNT-derived factor (Figure 

4-3B) 

4.3.2 Generation and Isolation of Putative Knockout Clones 

While co-culture conditions were successful in increasing clonal recovery, it was 

necessary to validate a complete dual knockout clone for further study. As previously 

mentioned, non-responder clones did not require co-culture, as no reduction in clonal 

efficiency was noted, as was also the case for all -catenin knockout lines (3.7.3). 

For the generation of -catenin and dual knockout clones in responder AML cell lines, 

co-culture conditions with matched parental cells were required. As an initial screen to identify 

complete -catenin knockout clones from the responder AML lines HEL and THP1, WNT 

reporter-negative clones grown within a supportive co-culture with parental matched cells were 

identified (Figure 4-4). Scrambled clones were generated in the same manner for control 

purposes. Scrambled and knockout clones expressed DsRed constitutively (through the WNT 

pBARV reporter construct) enabling these cells to be differentiated from supporting parental 

cells by FACS (Figure 4-5). A total of 288 co-culture wells were screened for scrambled and 

an equal number of dual knockout clones within each cell line and condition, with every third 

culture expected to contain a knockout clone, resulting in a hypothetical maximum of 96 

possible putative knockout clones. This was limited by the clonogenicity characteristics of each 

cell line. A maximum of ten reporter-negative clones underwent FACS per line with matched 

scrambled clones. The putative knockout clones were subsequently able to proliferate without 

the support of parental cells. Next, these clones were screened for -catenin and -catenin 
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expression using western blot (Figure 4-6). These data showed successful isolation of -

catenin and dual knockout clones in responder AML cell lines. For THP1, 5/9 clones 

demonstrated no -catenin, 7/9 demonstrated no -catenin, and 4/9 presented with loss of both 

catenins. In HEL, 2/3 clones demonstrated no -catenin, 2/3 demonstrated no -catenin, and 

only 1/3 presented with absence of both catenins of three total clones.  

For the generation of single -catenin knockout, single -catenin knockout in non-

responder AML lines, and dual knockouts in K562, co-culture conditions with matched 

parental cells were not required and clones were recovered by limiting dilution. The WNT 

reporter pre-screen was not possible in non-responder lines as these have no WNT response. 

Rather, the putative knockout clones were screened for -catenin and -catenin expression 

using western blot (Figure 4-7). These data showed successful isolation of -catenin, -catenin, 

and dual knockout clones. In K562, 5/12 clones had -catenin knockout, 6/12 had -catenin 

knockout, and 2/12 had knockout of both catenins. In U937, 7/15 had -catenin knockout, 

whilst -catenin was not reliably detectible above diffuse banding. In MV4;11, 11/14 had -

catenin knockout, whilst -catenin was similarly not reliably detectible above diffuse banding.  

4.3.3 Sequence Validation of Complete Knockout AML Responder Clones 

For the clones which showed absence of either/both catenins by western blot, a final 

validation was carried out at the DNA-level by examining the DNA sequence flanking the 

gRNA target site. DNA was isolated from every clone, before PCR amplification of the gRNA 

target sites, and subsequent high-read DNA-seq was performed. This revealed successful 

generation and isolation of -catenin (Table 4-1) and -catenin (Table 4-2) knockout clones. 

With the exception of cases in which -catenin could not be reliably detected (U937, MV4;11), 

all lines with absent protein demonstrated complete allelic knockout.
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Figure 4-1: Soluble Rescue Conditions Do Not Rescue Clonal Growth of Dual Knockout 

Responder AML Cells 

Bulk dual knockout responder AML cell lines HEL and THP1 were cultured with several supportive conditions in order to 

recover a complete knockout cell line from a bulk knockout culture. Samples were cultured alone, with cytokine 

supplementation, with conditioned media, and with conditioned media prepared after CHIR stimulation. These conditions are 

detailed in 2.4. (n=3; data indicates mean +1SD; t-test; *** = <0.001; **=<0.01). 

 

SCR – Scrambled transduced cells 

dKO – Dual knockout transduced cells 

Cytokines - IL3, IL6, SCF, G-CSF, GM-CSF, FL3, M-CSF at 5ng/mL in fresh media 

SCR CM  - Scrambled cells cultured for 24 hours, media was centrifuged 300g for 5min and 0.45µM filtered then used at 1:1 

(v/v) with fresh media 

SCR CM + CHIR - Scrambled cells cultured with 5µM CHIR for 24 hours, media was centrifuged 300g for 5min and 0.45µM 

filtered then used at1:1 (v/v) with fresh media 

dKO CM - Dual knockout cells cultured for 24 hours, media was centrifuged 300g for 5min and 0.45µM filtered then used 

at1:1 (v/v) with fresh media 

dKO CM + CHIR - Dual knockout cells cultured with 5µM CHIR for 24 hours, media was centrifuged 300g for 5min and 

0.45µM filtered then used at1:1 (v/v) with fresh media 

 

 

 

 

 

A B 
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Figure 4-2: Parental Co-culture Improves Clonal Growth of Dual Knockout Responder 

AML Cells 

Bulk dual knockout responder AML cell lines HEL and THP1 were cultured with several supportive conditions in order to 

recover a complete knockout cell line from a bulk knockout culture. These are described in 2.4. Clones were cultured with (A) 

supplemented media, or (B) co-culture conditions, in which a stromal or parental support was applied. (n=3 for control, n=1 

for MS-5 co-culture, n=3 for HS-5 and parental co-culture; data indicates mean +1SD; t-test; *** = <0.001; **=<0.01; NS = 

not significant). 

 

SCR – Scrambled transduced cells 

dKO – Dual knockout transduced cells 

HS-5 – Human stromal (5) cells 

MS-5 – Mouse stromal (5) cells

A B 
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Figure 4-3: Co-culture  with Dual Knockout U937 cells Rescues Clonal Growth of Dual 

Knockout Responder HEL Cells 

(A) Representative fluorescence histograms demonstrating distinct DsRed expression derived from the WNT pBARV reporter 

for clonal pBARV HEL and U937, enabling separation based on spectral profiles (2.9.3). (B) Representative fluorescence 

histograms demonstrating rescue of dual knockout clones after limiting dilution co-culture at 10:1 ratio of U937 to HEL (2.4). 

Cultures were examined after 10-days with the WNT reporter (2.11.5). The marker was determined in U937 monoculture to 

elucidate the HEL DsRed expression profile (n=2). 

 

HEL:U937 DsRed Profiles 
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Figure 4-4: Screening for Non-Responsive Clones using the WNT Reporter Assay 

Representative histograms generated with the WNT pBARV reporter (2.9.3). The reporter was used as a screen for -catenin knockout in clones generated by limiting dilution cloning supported with 

parental co-culture (1:10; 2.4). Expanded colonies were treated with 5µM CHIR and screened after 24 hours incubation or a vehicle control (0.1% DMSO, v/v). (2.9.1). Clones were differentiated 

from the parental supporting cells by presence of DsRed, determined by a parental monoculture (2.9.3). Complete knockout clones were deemed incapable of generating a WNT reporter response in 

(A) K562 (B) HEL and (C) THP1; top panels represent clones isolated from scrambled knockout controls, whilst the bottom panel shows negative clones from the dual knockout bulk cultures. (n=3). 
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Figure 4-5: Representative Histograms Illustrating Purification of Putative Knockout 

Clones by FACS 

Representative histograms demonstrating the DsRed profile pre-FACS and post-FACS putative knockout isolation process 

(2.9.3, 2.11.3). Left pre-FACS histogram demonstrates the mixed spectra profile from parental and DsRed+ knockout clones, 

whilst the right histogram demonstrates the pure putative knockout population post-sort.
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Figure 4-6: Absence of -catenin and -catenin in Recovered Putative Dual Knockout 

Clones Generated by Parental Co-culture 

Western blot of putative -catenin and -catenin knockout clones in THP1 (A) and HEL (B). Clones were generated by parental 

co-culture (2.4). Putative knockout clones were recovered by FACS (2.11). Samples were treated with 5µM CHIR for 24-

hours before lysates were prepared (2.10.1). K562 wildtype and a matched scrambled clone generated in the same method 

were treated with 5µM CHIR for 24-hours before lysates were extracted and acted as positive controls. Protein loading was 

confirmed by assessment of GAPDH (2.10.5). Western blots were performed in parallel due to the close proximity of each 

catenin.  
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Figure 4-7: Absence of  -catenin and -catenin in Putative Dual Knockout Clones 

Western blot of putative -catenin and -catenin knockout clones in U937 (A), MV4;11 (B), and K562 (C). Clones were generated by limiting dilution without support (2.4). Samples were treated 

with 5µM CHIR for 24-hours before lysates were prepared (2.9). K562 wildtype and a matched scrambled clone were treated with 5µM CHIR for 24-hours before lysates were extracted and acted as 

positive controls. Protein loading was confirmed by assessment of GAPDH (2.10.5). Western blots were performed in parallel due to the close proximity of each catenin.  
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Table 4-1: CTNNB1 DNA-Sequencing Reveals InDel Events 

DNA-deconvolution was applied to validate an InDel event had occurred, and that knockout had been established; the resulting sequence was deconvoluted with high prediction accuracy (2.12.3.6). 

The sequences are displayed following multiple sequence alignment. The clones used here were negative for WNT pBARV reporter activity, if applicable (Figure 4-4), and were selected for negative 

expression of either catenin based upon western blot (Figure 4-6). DNA was isolated from these clones (2.12.3.1) before the gRNA target region was amplified by PCR (2.12.3.2) for subsequent 

DNA-sequencing (2.12.3.5). Red vertical line represents the expected InDel cut site, three base pairs downstream of the PAM recognition site. The dashed fields are deleted base pairs, or in the case 

of wildtype, represent an insertion event as a consequence of an InDel event.  

 

 

 

Cell Line Allele Status

WT WT G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G WT

1 G G T G G T A T A G A G G C T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C G C A C T G G G T A C G G C G C T G G G T A T C C T G A T G - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C G C A C T G G G T A C G G C G C T G G G T A T C C T G A T G - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G A G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C G T G C G - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

3 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C C G T G C G - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

3 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G T G A C A G G G A A G A C A T C A C T G A G

3 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C - A C A T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C T A G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T G G T G A C A G G G A A G A C A T C A C T G A G

1 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T T C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G A C A G G G A A G A C A T C A C T G A G

2 G G T G G T A T A G A G G C T C T T G T G C G T A C T G T C C T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G G C T G G T G A C A G G G A A G A C A T C A C T G A G

K562 C1

K562 C8

MV4;11 C3

THP C11

U937 C3

U937 C5

THP C29

Sequence

MV4;11 C7

MV4;11 C9

U937 C6

Biallelic 

Knockout

Biallelic 

Knockout

Biallelic 

Knockout

Biallelic 

Knockout

Biallelic 

Knockout

Triallelic 

Knockout

Biallelic 

Knockout

Biallelic 

Knockout

Biallelic 

Knockout

HEL C3

Triallelic 

Knockout

THP C47
Triallelic 

Knockout

Biallelic 

Knockout

HEL C13 Wildtype

HEL C17
Biallelic 

Knockout
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Table 4-2: JUP DNA-Sequencing Reveals InDel Events 

DNA-deconvolution was applied to validate an InDel event had occurred, and that knockout had been established; the resulting sequence was deconvoluted with high prediction accuracy (2.12.3.6). 

The sequences are displayed following multiple sequence alignment. The clones used here were negative for WNT pBARV reporter activity, if applicable (Figure 4-4) and were selected for negative 

expression of either catenin based upon western blot (Figure 4-6). DNA was isolated from these clones (2.12.3.1) before the gRNA target region was amplified by PCR (2.12.3.2) for subsequent 

DNA-sequencing (2.12.3.5). Red vertical line represents the expected InDel cut site, three base pairs downstream of the PAM recognition site. The dashed fields are deleted base pairs, or in the case 

of wildtype, represent an insertion event as a consequence of an InDel event.  

 

 

Cell Line Allele Status

WT WT C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C WT

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G - - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G - - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G - - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - - - - - C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G - - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - - - - - - - T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - - - T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T A G G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C - - - - - - - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C - - - - - - - - - - - - - - - - - - - - - - - A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C - - - - - - - - - - - - - - - - - - - - - - - - - - G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T - - - - - - - - - - - - - - - C A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A G G C C C T C G T A - G C A G A T C A T G C G T A A C T A C A G T T A T G A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

1 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C A - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - T C T G G A C C A C C A G T C G T G T G C

2 C C A T A G C T G A T C A T C C T G G C C A A T G G T G G G C C C C - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - A A A A G C T G C T C T G G A C C A C C A G T C G T G T G C

Sequence

K562 C1
Biallelic 

Knockout

K562 C8
Biallelic 

Knockout

HEL C3 Wildtype

HEL C13
Biallelic 

Knockout

THP C29
Biallelic 

Knockout

THP C47
Biallelic 

Knockout

HEL C17
Biallelic 

Knockout

THP C11
Biallelic 

Knockout

U937 C3
Biallelic 

Knockout

U937 C5
Biallelic 

Knockout

MV4;11 C9
Biallelic 

Knockout

U937 C6 Wildtype

MV4;11 C3
Biallelic 

Knockout

MV4;11 C7
Biallelic 

Knockout
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Table 4-3: Summary Table of Generated Knockout Clones 

Knockout clones generated within this study, and associated allele status. Red indicates knockout, green indicates wildtype, 

whilst grey represents not present within cell line, or a replicated deletion has occurred masking detection by Sanger 

sequencing (2.12.3). 

Status refers to complete knockout; clone is considered wildtype if even a singular wildtype allele is detected. 

Green – Wildtype 

Red – Knockout Allele 

Grey – Not present in Cell Line 

 

 

 

Cell 

Line 

WNT 

Type 
Result 

Clone 

ID 

β Allele γ Allele Status 

1 2 3 1 2 3 β γ 

K562 

(CML) 

R
es

p
o

n
d

er
 

Dual 
B1C01             Knockout Knockout 

B1C08             Knockout Knockout 

β 

B1C05             Knockout Wildtype 

B1C06             Knockout Wildtype 

B1C10             Knockout Wildtype 

γ 

B1C11             Wildtype Knockout 

B1C02             Wildtype Knockout 

B1C03             Wildtype Knockout 

THP1 

Dual 

B5C11             Knockout Wildtype 

B5C29             Knockout Knockout 

B5C47             Knockout Knockout 

β B5C31             Knockout Wildtype 

γ 

B1C04             Wildtype Knockout 

B1C08             Wildtype Knockout 

B1C10             Wildtype Knockout 

HEL 

Dual B5C17             Knockout Knockout 

β B5C03             Knockout Wildtype 

γ B5C13             Wildtype Knockout 

U937  

N
o

n
-r

es
p

o
n

d
er

 

Dual 
B1C03             Knockout Knockout 

B1C05             Knockout Knockout 

β 

B1C06             Knockout Wildtype 

B1C08             Knockout Wildtype 

B1C09             Knockout Wildtype 

γ 

B1C04             Wildtype Knockout 

B1C07             Wildtype Knockout 

B1C12             Wildtype Knockout 

MV4;11 

Dual 

B1C03             Knockout Knockout 

B1C07             Knockout Knockout 

B1C09             Knockout Knockout 

β 

B1C08             Knockout Wildtype 

B1C10             Knockout Wildtype 

B1C12             Knockout Wildtype 

γ 

B1C01             Wildtype Knockout 

B1C02             Wildtype Knockout 

B1C05             Wildtype Knockout 
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4.3.4 Characterisation of Complete Dual Knockout Clones 

4.3.4.1 Dual Knockout has no Impact on General Characteristics 

 Use of incomplete knockout methods in vitro and in vivo to study -catenin and -

catenin have yielded conflicting results (4.1.1). Studies have documented induction of cell 

differentiation, slowed growth, perturbed cell cycling, and increased apoptosis, yet others have 

observed no effect (Gandillet et al., 2011a; Fiskus et al., 2015; X. Jiang et al., 2018b; Saenz et 

al., 2019). To investigate this in the context of complete dual knockout clones, a series of assays 

to examine cell characteristics was performed. These included growth and viability, cell cycle, 

apoptosis, morphology, and changes to cell surface marker expression. In order to control for 

clonal variation, three scrambled controls and three dual knockout clones were examined in 

each assay. In brief, no difference in any of the above cell characteristics was observed between 

scrambled controls and dual knockouts for the responder AML cell lines, HEL (Figure 4-8), 

and THP1 (Figure 4-9), or in the non-responder AML lines, U937 (Figure 4-10), and MV4;11 

(Figure 4-11). These data indicate that -catenin and -catenin have no role in the maintenance 

of AML responder or non-responder lines in complete clonal dual catenin knockout conditions. 

4.3.4.2 -catenin Cannot Compensate for -catenin Knockout in Responder AML Lines 

WNT reporter activity was assessed in -catenin knockout clones, as well as in dual 

knockout clones to determine their respective roles in WNT signalling. WNT reporter activity 

was ablated in -catenin knockout clones, solely or in combination with -catenin knockout 

(Figure 4-12), suggesting absolute requirement of -catenin for WNT signalling activity and 

that -catenin was unable to compensate for -catenin absence under these conditions. 

4.3.4.3 Knockout Responder AML Retain Dependence on -catenin for Clonogenicity 

 In order to determine whether these clones remained incapable of single-cell expansion, 

it was necessary to re-examine clonogenicity through limiting dilution cloning. Dependency 

on -catenin for clonal growth was found to be retained in the responder AML cell line clones, 

with no dependency noted for non-responder AML lines (Figure 4-13). No dependency was 

found for -catenin in any context. Concurrent complete knockout clones of both -catenin and 

-catenin were used for further experiments, as -catenin could compensate for -catenin 

deletion, in different, unconsidered contexts.
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Figure 4-8: Dual Knockout Has No Impact on Cell Characteristics of HEL 

Cell characteristics were examined in complete knockout HEL clones and were found to be unchanged by (A-B) growth, viability, and doubling time (2.11.7), (C) cell cycle distribution (2.11.8), (D) 

apoptosis (2.11.9), (E) morphological assessment by cytospins (2.3.2, radius in µM), and (F) through immunophenotypic analysis of known surface markers and indicators of differentiation (2.11.11). 

Scrambled clones were applied as a control. (n=3 for growth and viability, cell cycle, apoptosis, and immunophenotyping; n=1 for cytospins; data indicates mean ±1SD).

A B C D 

E F 
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Figure 4-9: Dual Knockout Has No Impact on Cell Characteristics of THP1 

Cell characteristics were examined in complete dual knockout THP1 clones and were found to be unchanged by (A-B) growth, viability, and doubling time (2.11.7), (C) cell cycle distribution (2.11.8), 

(D) apoptosis (2.11.9), (E) morphological assessment by cytospins (2.3.2, radius in µM), and (F) through immunophenotypic analysis of known surface markers and indicators of differentiation 

(2.11.11). Scrambled clones were applied as a control. (n=3 for growth and viability, cell cycle, apoptosis, and immunophenotyping; n=1 for cytospins; data indicates mean ±1SD).

A B C D 

E F 
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Figure 4-10: Dual Knockout Has No Impact on Cell Characteristics of U937 

Cell characteristics were examined in complete dual knockout U937 clones and were found to be unchanged by (A-B) growth, viability, and doubling time (2.11.7), (C) cell cycle distribution (2.11.8), 

(D) apoptosis (2.11.9), (E) morphological assessment by cytospins (2.3.2, radius in µM), and (F) through immunophenotypic analysis of known surface markers and indicators of differentiation 

(2.11.11). Scrambled clones were applied as a control. (n=3 for growth and viability, cell cycle, apoptosis, and immunophenotyping; n=1 for cytospins; data indicates mean ±1SD).

A B C D 

E F 
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Figure 4-11: Dual Knockout Has No Impact on Cell Characteristics of MV4;11 

Cell characteristics were examined in complete dual knockout MV4;11 clones and were found to be unchanged by (A-B) growth, viability, and doubling time (2.11.7), (C) cell cycle distribution 

(2.11.8), (D) apoptosis (2.11.9), (E) morphological assessment by cytospins (2.3.2, radius in µM), and (F) through immunophenotypic analysis of known surface markers and indicators of 

differentiation (2.11.11). Scrambled clones were applied as a control. (n=3 for growth and viability, cell cycle, apoptosis, and immunophenotyping; n=1 for cytospins; data indicates mean ±1SD).

A B C D 

E F 
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Figure 4-12: WNT Reporter Activity is -catenin Dependent in Responder AML Cells 

Established complete knockout clones of -catenin, -catenin, or dual knockout were examined for WNT reporter activity with 

the flow-based WNT reporter relative to vehicle treatment (2.9.3). Samples were treated with 5µM CHIR for 24-hours before 

analysis, or a vehicle control (0.1% DMSO, v/v). (2.9.1). A scrambled clone was applied as a control. (n=3, data indicates 

mean +1SD; ***<0.001; ANOVA with post-hoc Tukey). 

 

Control – Scrambled Control 1 (Matched Cell Line) 

-catenin Knockout – HEL: B5C13; THP1: B1C04 

-catenin Knockout – HEL: B5C03; THP1: B5C31 

Dual-catenin Knockout – HEL: B5C17; THP1: B5C47 
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Figure 4-13: Responder AML Cell Lines Retain Dependence on -catenin for Clonal 

Growth 

Validated complete knockout clones of -catenin, -catenin, or dual knockouts were examined for clonal growth with a limiting 

dilution assay, with colonies scored after fourteen days of culture (2.4). Green facets represent responder cell lines (HEL, 

THP1), whilst red facets are non-responder cell lines (U937, MV4;11). A cell line matching scrambled clone was applied as a 

control. (n=3, data indicates mean +1SD; ***<0.001; ANOVA with post-hoc Tukey) 

 

Control – Scrambled Control 1 (Matched Cell Line) 

-catenin Knockout – HEL: B5C13; THP1: B1C04; U937: B1C04; MV4;11: B1C01 

-catenin Knockout – HEL: B5C03; THP1: B5C31; U937: B1C06, MV4;11: B1C08 

Dual-catenin Knockout – HEL: B5C17; THP1: B5C47; U937: B1C05; MV4;11: B1C07 
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4.3.4.4 Dual Knockout Does Not Sensitise Cells to Standard Chemotherapeutics 

WNT-derived mechanisms of chemoresistance indicate WNT signalling would represent 

an attractive target to synergistically enhance the efficacy of existing chemotherapeutic agents 

(4.1.2). To investigate whether silencing of WNT/-catenin signalling sensitises cells to 

standard chemotherapeutic agents, a drug sensitivity assay was undertaken using DNR and 

Ara-C. To examine potential sensitisation, scrambled and dual knockout clones were treated 

with increasing concentrations of these agents and the resulting impact upon growth and 

viability was examined (2.11.12).  

No significant difference was observed with dual knockout as compared to scrambled 

clones in HEL (Figure 4-14A-B), THP1 (Figure 4-14C-D), U937 (Figure 4-15A-B), and 

MV4;11 (Figure 4-15C-D). THP1, U937, and MV4;11 remained consistently sensitive to 

DNR, whilst HEL remained insensitive as expected (Quillet-Mary et al., 1996). In addition, no 

WNT/-catenin reporter activity was noted in response to either chemotherapy regardless of 

dosage in scrambled clones (data not shown), indicating chemotherapy treatment did not induce 

WNT/-catenin signalling activity as suggested in the literature  (Martin-Orozco et al., 2019). 

These data indicate WNT/-catenin signalling, and -catenin do not convey demonstratable 

chemoresistance in this context.  

4.3.4.5 Dual Knockout Does Not Impair Survival Through Serum-Depletion  

Growth under single-cell conditions was expected to impose stresses that are not present 

in a clonal mass culture. Hence, the phenotype of dual knockout cells may be explained by a 

reduced capacity to survive stress conditions. To model this, the effect of serum-depletion on 

responder and non-responder AML cell lines with dual knockout or a scrambled control was 

determined (2.11.13.1). Reductions in growth were observed for all cell lines which correlated 

with serum concentration. After contrasting scrambled clones with dual knockout clones within 

each respective line, differences were not significant. This was true for the responder cell lines 

HEL (Figure 4-16A), and THP1 (Figure 4-16B), and for the non-responder cell lines U937 

(Figure 4-16C), and MV4;11 (Figure 4-16D). No WNT activity was seen in scrambled control 

cells through the examination of the WNT reporter, suggesting WNT/-catenin signalling is 

not activated or required for stress tolerance at the low serum concentrations considered (data 

not shown).  
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4.3.4.6  Low-Density Does Not Delimit Stress Response 

As -catenin knockout responder lines are incapable of growth under single-cell 

conditions, this suggested growth could be affected by the culture density as reduced densities 

incur stress. Scrambled and dual knockout clones were cultured at densities far below 

recommendations. To achieve this, an extreme low-density growth assay was undertaken 

(2.11.13.2).  

All cell lines demonstrated reduced growth rates as culture density was reduced. When 

contrasting dual knockout clones with scrambled clones within each cell line, no significant 

differences were observed (Figure 4-17). Again, no WNT activity was noted in scrambled 

control cells through examination of the WNT reporter, suggesting WNT/-catenin signalling 

is not activated or required for stress tolerance at the densities considered (data not shown).  
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Figure 4-14: Responder Knockout Cells are Not Sensitised to Chemotherapeutics   

Standard chemotherapeutic agents daunorubicin and cytarabine were applied to examine potential sensitivity in the dual 

knockout context for responder AML lines (2.11.12). HEL (1) was assessed for sensitivity to cytarabine (A), and daunorubicin 

(B); THP (2) was similarly contrasted. Within each quadrant from the upper left, these plots represent the growth after 48-

hours, viability, loess regression fit for each line, and bar plots of the calculated 50% growth inhibition (GI50). The growth 

and viability were relative to the vehicle condition. Scrambled clones were used as a control. (n=3; data indicates mean ±1SD).

1A 1B 

2A 2B 
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Figure 4-15: Non-responder Knockout Cells are Not Sensitised to Chemotherapeutics  
Standard chemotherapeutic agents daunorubicin and cytarabine were applied to examine potential sensitivity in the dual 

knockout context for responder AML lines (2.11.12). U937 (1) was assessed for sensitivity to cytarabine (A), and daunorubicin 

(B); MV4;11 (2) was similarly contrasted. Within each quadrant from the upper left, these plots represent the growth after 48-

hours, viability, loess regression fit for each line, and bar plots of the calculated 50% growth inhibition (GI50). The growth 

and viability were relative to the vehicle condition. Scrambled clones were used as a control. (n=3; data indicates mean ±1SD).

1A 1B 

2A 2B 
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Figure 4-16: Dual Knockout Has No Effect on Response to Serum-depletion Conditions 
Demonstrating the effect of serum-depletion on growth and viability for responder AML cell lines (A) HEL and (B) THP1 

(coloured green), and for non-responder cell lines (C) U937 and (D) MV4;11 (coloured red) based on a serum-depletion assay 

(2.11.13.1). From left to right in each line: line plots showing growth and viability relative to 10% FBS, loess regression plots, 

and finally calculated GI50 scores (n=2; data indicates mean ±1SD). Colouring labels represent the following knockout clones, 

respectively: 

HEL dKO =  B5C03;  B5C17. 

THP1 dKO = B5C29; B5C47. 

U937 dKO = B1C05; B1C06. 

MV4;11 dKO = B1C07;  B1C09.

A 

B 

C 

D 
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Figure 4-17: Dual Knockout Has No Effect on Growth at Low-density 
Demonstrating the effect of low-density growth on growth and viability for responder AML cell lines (A) HEL and (B) THP1 

(coloured green), and for non-responder cell lines (C) U937 and (D) MV4;11 (coloured red)(0). From left to right in each line: 

line plots showing growth and viability relative to 1x105/mL plating density (n=2; data indicates mean ±1SD). Colouring labels 

represent the following knockout clones, respectively: 

HEL dKO =  B5C03;  B5C17. 

THP1 dKO = B5C29; B5C47. 

U937 dKO = B1C05; B1C06. 

MV4;11 dKO = B1C07;  B1C09.
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4.3.5 Characterising WNT/-catenin Activity in Primary AML Cultures  

It is well recognised that to better represent the clinical condition from which cell lines 

can deviate, analysis in the context of patient-derived primary AML blasts is essential, where 

possible. Eight primary AML blast samples were obtained and cryopreserved for later use. 

Before proceeding, it was necessary to determine the activity levels of WNT/-catenin 

signalling, in order to characterise each primary sample as -catenin+ (akin to responder) and 

-catenin- (akin to non-responder). However, the limited cell number and limited growth 

potential precluded the generation of WNT reporter clonal lines and fractionated western blots. 

Instead, it was necessary to rely upon -catenin and LEF1 protein expression to classify these 

samples. Based on this analysis, putative WNT-active primary samples were determined as 

AML162, AML165, and AML172, whilst absence of -catenin and low LEF1 levels enabled 

AML92, AML148, and AML160 to be deemed WNT-inactive (Figure 4-18). The two final 

samples, AML164 and AML177, were inconclusive due to non-specific banding and low 

protein content, respectively. No primary samples presented detectable -catenin, which was 

unexpected based on observations in the literature. Research comparing primary AML samples 

to HSPC found heterogeneous -catenin expression in AML, with 18% of AML samples 

demonstrating overexpression of whilst 20% did not express -catenin (Morgan et al., 2013).  

4.3.5.1 Generating CRISPR-Cas9 Knockout in Primary AML Samples 

As -catenin was readily detectible in primary samples, replicating CRISPR-Cas9 

knockout of -catenin as in AML cell lines was performed to provide further conclusion to the 

necessity of this protein for AML maintenance. -catenin was not considered for knockout as 

no prior result indicated a contributory or augmentative role to WNT-catenin signalling 

(4.3.4.2, 4.3.4.3), nor was -catenin found to be expressed with these primary samples (4.3.5). 

For this purpose, the CRISPR-Cas9 all-in-one lentiviral vector encoding a gRNA 

targeting -catenin and incorporating GFP to facilitate identification of transduced cells was 

applied for lentiviral transduction (3.10). An equivalent scrambled control vector was also 

used. Transduction efficiency was low, as expected, with the levels suitable for subsequent 

analyses without need for sorting, but unsuitable for subsequent FACS due to the limited 

expected recovery (Figure 4-19). GFP intensity was low, with no delimitation of the negative 

and positive populations, suggesting it was possible the transduction rate was potentially higher 

than recorded for dimly fluorescent transduced cells.
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Figure 4-18: Analysis of Primary AML Cultures for WNT/-catenin Mediators 

Western blot screening of -catenin, -catenin and LEF1 presence in primary AML cultures (2.10). Lysates were kindly 

provided by Dr Rachael Nicholson and were untreated. K562 was used as a positive control and treated with 5µM CHIR for 

24-hours before lysates were prepared (2.9.1). GAPDH was used as a loading control (2.10.6). Samples highlighted green 

indicate those deemed WNT active, whilst those highlighted red are WNT inactive. Those without highlighting are 

inconclusive owed to either limited protein for assessment (AML177 – see faint GAPDH) or indefinite banding (see potential 

faint band in AML164 for -catenin which is at the limit of detection) (n=1). 
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4.3.5.2 -catenin Knockout in Primary AML Does Not Affect AML Maintenance 

Following lentiviral transduction, if the loss of -catenin was incompatible with normal 

growth or survival, it would lead to a reduction in the frequency of GFP+ cells in the knockout 

population compared to the scrambled control. To examine this, the proportion of the 

population documented to be GFP+ was examined by flow cytometry relative to a mock over 

the course of ten days (2.11.7).  

No reduction in GFP positivity was noted between knockout and scrambled controls 

irrespective of WNT-status (Figure 4-20). In fact, GFP expression levels increased by 

approximately 10-15% over the first three days and stabilised thereafter. However, it must be 

conceded that the GFP+ knockout population, which is not a pure, sorted population, will 

further comprise a combination of complete knockout, incomplete knockout, and unaffected 

cells which have evaded any InDel event. However, it was anticipated that sufficient complete 

knockout would occur as to generate a detectable, but not definitive, phenotype. 

In order to validate the knockout of -catenin within the bulk population, cultures were 

recovered at the end of the proliferation assay for protein analysis by western blot of -catenin 

levels. The levels of -catenin within the knockout population were reduced by 10-60%  

(Figure 4-21). Bulk knockout was proportional to the GFP+ transduction rate, with the 

exception of AML160 which presented with a ~50% reduction in -catenin, despite only ~5-

15% GFP+. At the same time, the levels of -catenin were considered to determine whether any 

stabilisation occurred following reductions in -catenin. As had been observed in AML cell 

lines (4.3.2), -catenin remained undetectable despite reasonable reductions in -catenin 

expression levels. Biological repeats would be required to verify these findings. 
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Figure 4-19: Frequency of Lentiviral CRISPR-Cas9 Transduction in Primary AML 

Cultures 

Dot plots demonstrating the transduction efficiency in primary AML samples immediately following a second round of 

lentiviral transduction, as determined by flow cytometry (2.11). Gates were set against a culture which had been transduced 

with mock virus (without inclusion of the vector during lentiviral generation) and otherwise processed comparably (2.7). Red 

facets represent WNT-inactive samples, whilst green facets represent WNT-active samples (n=1).
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Figure 4-20: Growth of CRISPR-Cas9 Transduced Primary AML Cultures is 

Unaffected by -catenin Knockout 

Line charts demonstrating growth of primary AML samples in vitro in a cytokine enriched medium for ten days following 

lentiviral transduction with CRISPR-Cas9-gRNA-GFP constructs containing scrambled or CTNNB1 targeting guide 

sequences. Growth was examined each day in duplicate by flow cytometry. TOPRO staining was applied to assess viable cells 

only, which was further gated for GFP+ fluorescence against a reference mock (2.11.6). Red facets represent WNT-inactive 

samples, whilst green facets represent WNT-active samples (technical n=2, biological n=1; data indicates mean ±1SD).
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Figure 4-21: Quantification of -catenin Knockout in Primary AML Samples by Western Blot 

A) Western blot analysis of -catenin and -catenin following lentiviral transduction of CRISPR-Cas9-gRNA-GFP scrambled control or CTNNB1 targeting constructs in primary AML samples (2.8, 

2.10). K562 control samples were treated with 5µM CHIR for 24-hours before lysates were prepared (2.9.1). Primary AML samples were prepared on day ten of study with 5µM CHIR for 24-hours, 

following which lysates were prepared. AML172 was immediately prepared due to the inability to expand this material. GAPDH was applied as a loading control. B) Bar plots demonstrating the 

quantified -catenin expression following normalisation to GAPDH. Samples highlighted green indicate those deemed WNT active, whilst those highlighted red are WNT inactive (n=1). 

A
M

L9
2

 S
C

R
 

A
M

L9
2

 K
O

 

A
M

L1
4

8
 S

C
R

 

A
M

L1
4

8
 K

O
 

A
M

L1
6

0
 S

C
R

 

A
M

L1
6

0
 K

O
 

A
M

L1
6

2
 S

C
R

 

A
M

L1
6

2
 K

O
 

A
M

L1
6

5
 S

C
R

 

A
M

L1
6

5
 K

O
 

A
M

L1
7

2
 S

C
R

 

A
M

L1
7

2
 K

O
 

K
5

6
2

 C
o

n
tr

o
l 

A B 

β-catenin 
(92kDa) 

GAPDH 

(37kDa) 

γ-catenin 
(83kDa) 



Functional Consequences of Catenin Knockout 

206 

 

4.3.5.3 -catenin Knockout in Primary AML Reduces Clonal Growth Capacity 

Next, I examined whether the reduction in clonal efficiency observed in responder AML 

cell lines was recapitulated in primary AML cells (4.3.4.3). The proportion of knockout was 

approximately consistent with the GFP+ hit rate for AML92, AML148, AML162, AML165, 

and AML172, suggesting these lines were suitable for assessment of clonal dependence.  

 To this end, following lentiviral transduction, limiting dilution cloning was performed 

and assessed after 14-days (2.4). WNT-inactive samples had comparable clonal capacity 

despite -catenin knockout; however, WNT-active samples were found to suffer significant 

reductions in clonal efficiency following -catenin knockout at a bulk level (Figure 4-22). 

Whilst insufficient sample size exists to perform a regression analysis, the approximate 

reduction in -catenin determined by western blotting approximately corresponds to the 

reduction in clonogenicity (Table 4-4). Discrepancies with AML160 between GFP+ and -

catenin reductions by western blot complicate interpretation, however, remaining lines were 

sufficient to indicate non-dependency in -catenin- primary AML. Biological repeats would be 

required to verify these findings.
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Figure 4-22: Knockout of -catenin Reduces Colony Forming Efficiency of WNT Active 

Primary AML Cultures  

Scrambled and CTNNB1 CRISPR-Cas9 transduced primary AML lines were examined for clonal growth with the limiting 

dilution assay on days one, two, and three following lentiviral transduction and scored ten days after plating at 1 cell per well 

(2.4). A t-test was performed to examine the statistical difference between scrambled and knockout clonogenicity (n=3, data 

indicates mean +1SD; NS=Not significant, ***<0.001).
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Table 4-4: Summary Data for CRISPR-Cas9 Transduced Primary AML samples 

Table demonstrating the approximate relationship between transduction rate, as scored by GFP+ (2.11) in comparison to a 

mock, -catenin reduction, as scored by western blot (2.10), and clonal efficiency reduction, as scored by limiting dilution 

assay (2.4). 

 

 

Primary 

AML 
Class Maximal GFP+ 

-catenin 

Reduction 

Clonal Efficiency 

Reduction 

AML92 

-catenin- 

~30% ~25% 0% 

AML148 ~35% ~50% 0% 

AML160 ~15% ~50% 0% 

AML162 

-catenin+ 

~35% ~50% ~40% 

AML165 ~35% ~30% ~30% 

AML172 ~50% ~45% ~37% 



Functional Consequences of Catenin Knockout 

209 

 

4.3.5.4 Targeted WNT/-catenin Inhibitors Reduce AML Cell Line Clonogenicity 

Whilst CRISPR-Cas9 is beginning to reach clinical application (1.2.7.2), targeting of 

WNT/-catenin signalling could be more easily achieved using available small molecule 

inhibitors. iCRT3, iCRT14, and LF3 are small molecule inhibitors which specifically block the 

TCF binding site of -catenin, resulting in the inability to recruit TCF4 and generate the -

catenin-TCF4:LEF1 transcription complex. The reported IC50 of iCRT3, iCRT14, and LF3 are 

8nM, 40nM, and 2µM respectively (Gonsalves et al., 2011; Fang et al., 2016).  

Before applying these small molecule inhibitors to primary AML cultures, it was 

necessary to screen an optimal compound concentration for use. This was achieved with the 

clonal WNT reporter AML cell lines, by performing both proliferation and clonogenicity 

assays, alongside WNT reporter assessment (2.11.5). The expected outcome of inhibitor 

treatment (based on the phenotype of the -catenin knockout cells) is that WNT reporter 

readouts would be reduced in a dose-dependent manner, proliferation would unaffected, and 

clonogenicity would be reduced.  However, while WNT reporter levels were reduced with low 

concentrations of treatment (5nM), levels did not decrease in a dose-dependent manner and 

were only modestly reduced before non-specific lethality was observed when applied 

simultaneously with CHIR treatment in HEL and THP1 (Figure 4-23A). Several potential 

mechanisms explain this observation. Whilst it is possible that the inhibitors were metabolised, 

or expelled through efflux pumps, elevated doses would be expected to eventually overcome 

this effect. Rather, it is  likely that CHIR treatment, which induces stabilisation of -catenin to 

levels substantially greater than in vivo activity, enables the competitive inhibitors to be 

overwhelmed. Therefore, the inhibitors are unable to reduce WNT/-catenin signalling 

completely under such a strong stimulus.  

A maximum dosage of 5µM was selected which represented the highest concentration 

before lethality. The inhibitors were applied in a proliferation and clonogenicity assay to 

examine whether comparable findings to the -catenin knockout setting were demonstrated.  

As expected, no impact on proliferation or viability was noted versus vehicle control, (Figure 

4-23B|C) whilst clonogenicity was significantly reduced following treatment at 5µM  in 

responder AML cell lines (Figure 4-23D). Clonogenicity was reduced most significantly by 

iCRT3 (c50% reduction), less so by iCRT14 (c40% reduction), and only modestly by LF3 

(c30% reduction) in both HEL and THP1 cells. U937 and MV4;11 were unaffected, as 

expected based upon knockout data. Notably, clones were still recovered, suggesting WNT/-
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catenin activity remains despite the presence of inhibitors. As the pBARV lines are clonal, it 

would not be expected that variations within the cell line enabled a proportion of the population 

to possess an advantage or evasive mechanism; rather, this suggests that low levels of WNT/-

catenin signalling activity remain, perhaps as -catenin stabilisation varies between individual 

cells. 

4.3.5.5 Targeted WNT/-catenin Inhibitors Do Not Affect Primary AML Maintenance 

Having optimised the targeted inhibitors (4.3.5.4), primary AML samples were thawed 

and cultured immediately with 5µM of iCRT3, iCRT14, and LF3 inhibitors. As was observed 

in the CRISPR-Cas9 context, application of small molecule inhibitors did not impact 

proliferation or viability of the cells (Figure 4-24). These results support the CRISPR-Cas9 

knockout findings and are consistent with the conclusion that -catenin is not required for AML 

maintenance in bulk culture conditions. Biological repeats would be required to verify these 

findings. 

4.3.5.6 Targeted WNT/-catenin Inhibitors Reduces AML Clonogenicity 

To examine whether inhibition of -catenin:TCF binding impacts AML clonogenicity as 

was observed with CRISPR-Cas9 knockout (4.3.4.3), limiting dilution cloning was performed 

in the presence of 5µM of iCRT3, iCRT14, and LF3. As had been previously demonstrated 

(4.3.4.3), application of targeted small molecule inhibitors resulted in a significant reduction 

in clonogenicity for -catenin+ primary AML samples, whilst no effect was observed in -

catenin- primary AML samples. (Figure 4-25). In -catenin+ primary AML samples, iCRT3 

reduced clonogenicity by c85%, iCRT14 by 75%, and LF3 by c70%. Collectively, these data 

demonstrate that WNT/-catenin signalling is essential for clonogenicity in AML cell lines and 

patient-derived primary samples. Therefore, targeting of -catenin using existing small 

molecule inhibitors has the potential to significantly decrease cell clonogenicity in AML as a 

therapeutic approach to improve patient outcome and relapse risk.  
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Figure 4-23: Optimising WNT/-catenin Inhibitors in AML Cell Lines 
A) Drug sensitivity screen of the -catenin:TCF inhibitors iCRT3, iCRT14, and LF3 scored by WNT reporter readout after 24-hours following simultaneous addition of 5µM CHIR, as indicated by 

the grey bars (2.11.5). Cell viability was examined with TOPRO and is represented by the blue line (2.11.6) (n=3). B) Examination of growth following treatment with WNT inhibitors (5µM) or a 

vehicle control (0.1% v/v DMSO)  C) Examination of viability by TOPRO staining as assessed by flow cytometry following treatment (5µM) or vehicle. D) Assessment of clonogenicity following 

treatment (5µM) after ten days of culture (n=3, data indicates mean ±1SD; ANOVA with Tukey’s; *=<0.05; **=<0.01;***=<0.001).  Green facets represent responder AML cell lines, whilst red 

facets represent non-responder cell lines. 
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Figure 4-24: -catenin Inhibitors are Inconsequential to Proliferation and Viability in 

Primary AML 

A) Line charts demonstrating growth of primary AML samples in vitro in a cytokine enriched medium for ten days following 

treatment with 5µM WNT inhibitor or a DMSO vehicle control (0.1% v/v). Growth was examined each day by flow cytometric 

counting (2.11.7). B) Line charts demonstrating viability of primary AML samples in vitro as determined by flow cytometry 

with TOPRO staining (2.11.6) (technical n=2, biological n=1; data indicates mean ±1SD). 
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Figure 4-25: WNT/-catenin Inhibitors Reduce the Clonogenicity of Primary AML 

Primary AML samples were incubated with 5µM of the indicated WNT inhibitors or vehicle control (0.1% DMSO v/v) and 

plated at a density of one cell per well to assess colony forming efficiency (2.4). After fourteen days, colonies were scored by 

light microscopy. Red facets represent -catenin- samples, whilst green facets represent -catenin+ samples (4.3.5) (n=3, data 

indicates mean +1SD; ANOVA with post-hoc Tukey was performed;***<0.001; ANOVA with post-hoc Tukey) 
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4.4 Discussion 

In the previous chapter, -catenin, but not -catenin, was associated with a significant 

reduction in clonogenicity, impacting the generation of complete knockout clones (3.6, 3.7). 

As clonogenicity is a central feature of leukaemia, which often relapses due to self-renewal 

characteristics of LSC, establishing the conditions necessary to rescue a complete dual 

knockout clone was critical to further investigation. To explore this, several experiments were 

designed to recover clones through supplemented and assistive conditions, through the addition 

of cytokines and CM, or supportive co-culture, respectively.  

Cytokine network deregulation is often observed in AML patients, and has previously 

been shown to convey prognostic value (Sanchez-Correa et al., 2013; Binder et al., 2018). 

Further, Yeung et al. reported diminished cytokine independence in a murine model of AML, 

when -catenin was knocked down by >80% (Yeung et al., 2010). This study determined that 

cytokine supplementation of fresh media with IL-3, IL-6, SCF, GM-CSF, TPO, G-CSF, FLT3, 

and M-CSF did not improve cloning efficiency, suggesting cytokine dependence is not the 

mechanism by which clones are lost (4.3.1.1). It is possible that other cytokines, which were 

not considered, could represent the critical factor; for instance, studies of AML patient samples 

have found TNF-, IL-1, IL-4, IL-5, IL-8, and IL-12p70 were elevated and associated with 

disease severity (Sanchez-Correa et al., 2013; Binder et al., 2018). Additionally, experiments 

with CM similarly failed to rescue clones, both with and without stimulation with CHIR. These 

findings indicate that complete knockout clones require contact interaction for survival. 

Alternatively, within the in vivo context, stromal components provide cells with WNT factors 

which are reported to be short-range and labile (Tamai et al., 2004; Boutros et al., 2016; Farin 

et al., 2016; Seth et al., 2016). It is possible that a factor provided by WT or incomplete 

knockout cells was able to support the knockout cells during co-culture, but that these are 

rapidly depleted or inactivated, and as such they cannot sustain knockout clones during cloning 

when provided in CM. 

To address both contact deficiencies and to provide continuous cytokine stimulation, 

murine marrow stromal (MS-5) cells were co-cultured with knockout clones. MS-5 cells have 

known ability to amplify HSC survival and to improve colony forming capacities (Lee et al., 

2015). As the human BM stroma consists of numerous cell types and an extracellular matrix, 

comprising a microenvironment niche which modulates quiescence, self-renewal, and lineage 

commitment, closely replicating these conditions in vitro could assist in recovering knockout 

clones. However, when cultured with MS-5 cells, a reduction was noted to scrambled clonal 
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efficiency (4.3.1.2). Biologically, this could be due to incompatibilities between murine and 

human cells. Human-derived stromal HS-5 cells provided similar characteristics to the 

microenvironment niche and are reported to generate and excrete WNT ligands in exosomes 

which enhance clonogenicity (Gross et al., 2012; Johnson et al., 2014). HS-5 were found to be 

compatible with AML cell lines in co-culture and increased clonal recovery. However, a 

difficulty with HS-5 co-culture was the observation of cobblestone formation of the AML cells. 

As HS-5 were treated with mitomycin-C to prevent their growth, this was not caused by 

outgrowth of fibroblasts, but rather ‘burrowing’ of AML cell lines beneath the monolayer. This 

complicated rescue of cells for replating, as demonstrated by the reduction compared to 

monoculture scrambled cloning.  

Co-culture with parental cells was next examined, which circumvented issues with 

recovery. Parental co-culture was found to completely recover knockout clones, as determined 

by DsRed positivity, with concomitant absence of a flow-based reporter readout after CHIR 

treatment. These newly generated responder knockout clones were recovered by FACS (4.3.2). 

Putative knockout clones were assessed by western blotting, thus enabling the detection of 

clones which had absence of both -catenin and -catenin and exclusion of false-negatives 

arising from silencing of the flow-based reporter in some clones. Candidate clones were 

subsequently assessed by targeted DNA-seq flanking the InDel site, revealing the exact nature 

of the InDel present and establishing true complete knockout clones. Whilst aneuploidy is 

observed in only 20% of AML patients, it is a more common feature of AML cell lines as a 

result of their greater genetic instability (Simonetti et al., 2019). It was further anticipated that 

additional copies of chromosome three (CTNNB1) and chromosome seventeen (JUP), 

alongside potential double minutes, would result in the observation of differing numbering of 

Sanger tracks between cell lines for each respective allele (2.12.3.6). Whilst MV4;11 has a 

diploid karyotype, U937, THP1, and HEL are aneuploid and are expected to possess three 

copies of chromosome three. However, the presence of greater than two alleles was only 

observed for THP1 with CTNNB1.  

It is not possible to confidently conclude a specific karyotype of a cell line due to the 

continuing evolution of cell line genomes over time in vitro giving rise to differences between 

tissue bank collections; in fact, ancestry analyses have revealed branching points between 

suppliers based on the accumulation of in vitro variances (Mackinnon et al., 2013; MacKinnon 

et al., 2020). For instance, U937 was first described in 1976 (Sundstrom, 1976), but its 

karyotyping from different laboratories in 1988 revealed divergent profiles (Shipley et al., 
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1988), which has further branched in the years since (Matteucci et al., 2002). This is most 

extreme for the THP1 cell line, which was established in 1980 with a near-diploid karyotype 

(Tsuchiya et al., 1980), but branched into THP-1-R and THP-1-Cs5; THP-1-R was 

characterised as near-tetraploid (Hyodoh, 1987), whilst THP-1-R was characterised as 

hypotriploid in 2000 (Odero et al., 2000). Both forms of THP1 are sold and often published 

without regard of the subtype, with ATCC selling the hypotriploid variant (Adati et al., 2009), 

whilst the DSMZ supplies the near-tetraploid variant (Hultmark et al., 2021). HEL and U937 

were recently fully characterised and displayed similar variances (Mackinnon et al., 2013; 

MacKinnon et al., 2020). Alternatively, the discrepancy between expected allele number can 

be explained by the presence of identical InDel. Single-nucleotide InDel are the most 

frequently observed consequence of CRISPR-Cas9-induced DSB, and account for 

approximately 70% of resulting effects (Chakrabarti et al., 2019). Nonetheless, this study was 

able to establish complete dual knockout clones for further study. 

The necessity of -catenin and -catenin in AML maintenance remains a contentious 

topic within the literature. Views are polarised between -catenin proving dispensable for AML 

maintenance, whilst others report -catenin is integral to maintaining AML. Here, the 

generation of complete dual knockout clones added further evidence that both catenin 

members, and more broadly WNT/-catenin signalling, are dispensable for AML maintenance. 

Individually, -catenin knockout did not reduce the flow-based reporter activity levels (4.3.4.2), 

nor was -catenin able to act compensatively to -catenin during limiting dilution cloning 

(4.3.4.3). That -catenin and -catenin are not required at the bulk culture level in AML cell 

lines agrees with studies which obtained a high degree of knockdown, without observing any 

resulting phenotype. These findings also suggest that changes in phenotype arising from RNA 

or -catenin binding inhibition in cell lines that have no documented capacity to translocate -

catenin are likely due to off-target effects. Gandillet et al. reported that shRNA-mediated 

knockdown of -catenin in the responder cell line HL60 reduced expression levels by 70%, 

and resulted in minor reductions to proliferation rate and elevated cell apoptosis, though no 

changes were observed in cell cycle (Gandillet et al., 2011a). Siapati et al. reported -catenin 

knockdown at the protein level by 40% in U937, a line deemed a non-responder in this study, 

resulting in reduced proliferation, cell cycle arrest in G1, and increased apoptosis, yet no 

change to TCF4 or LEF1 expression (Siapati et al., 2008). Evidently, based upon the findings 

here that U937 is a non-responder, it would be unexpected the latter would have consequence, 

whilst the minor impacts noted in the former suggest a mild off-target effect. Fortunately, 
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CRISPR-Cas9 has negligible off-target activity in comparison with alternate methods, which 

have frequent off-target effects often exceeding on-target effects (Smith et al., 2017; 

Subramanian et al., 2017).  In vivo findings have been speculated to be due to the generation 

of truncated dominant negative -catenin protein as a result of Cre-Lox methods, which possess 

unintended adverse effects, leading to consequent effects to proliferation, apoptosis, and cell 

cycle which have been misinterpreted as dependency (X. Zhao et al., 2020). 

Here, study of dual knockout of -catenin and -catenin in AML cell lines investigated 

proliferation, apoptosis, cell cycle condition, basic morphological features, and a panel of 

immunophenotypic markers both expected to be expressed, and indicators of differentiation. 

No resulting perturbation was documented because of dual catenin knockout (4.3.4.1) in any 

of the parameters mentioned. These findings support prior studies in which knockdown of -

catenin had no consequence in AML (Kim et al., 2002; Cobas et al., 2004a; Gandillet et al., 

2011b; X. Zhao et al., 2020). 

In addition to speculated contributions to AML maintenance, WNT/-catenin signalling, 

and -catenin, have independently been proposed as driving chemoresistance in AML (Wang 

et al., 2018; Zhao et al., 2018; Perry et al., 2020). It has been shown that -catenin and -

catenin can independently promote mechanisms resulting in resistance to Ara-C or DNR, 

amongst other agents, through chemotherapeutic induction of a WNT/-catenin signalling 

response (Martin-Orozco et al., 2019), necessitating investigation. Here, no sensitisation of 

AML cell lines to DNR or Ara-C in the context of dual knockout, regardless of classification, 

was documented, nor was a WNT/-catenin signalling response induced (4.3.4.4). These 

findings suggest that the heightened expression of the WNT target gene ABCB1, encoding PGP, 

in responder AML cell lines (S2. ), and established in the literature for facilitating 

chemoresistance of numerous cancers (Lim et al., 2008; Corrêa, Binato, Du Rocher, Morgana 

T.L. Castelo-Branco, et al., 2012; Riganti et al., 2013; Staal et al., 2016), was not impacting 

drug resistance in the context of these cell line models, with the caveat that expression of PGP 

was not validated at the protein level within this study. PGP was not explored further as recent 

research has demonstrated poor results in clinical trials (Cripe et al., 2010) with no direct link 

between PGP activity and DNR drug resistance established in AML patients (Boyer et al., 

2019). As PGP activity remains a validated indicator of prognostic outcome, and it has been 

found that the ABCB1 gene is expressed in close correlation with BAALC, CD34, CD200, and 

CD7, PGP activity is perhaps a passenger characteristic for high-risk AML (Boyer et al., 2019).  
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Further evidence in the literature supports WNT/-catenin signalling activity as secondary 

to chemoresistance mechanisms. Ubiquitin-specific protease 7 (USP7) is a member of the 

deubiquitinating enzyme family and is highly expressed in relapsed AML (Cartel et al., 2021). 

USP7 is reported to participate in the regulation of apoptosis and senescence through 

modulation of the p53 pathway (An et al., 2017). USP7 can further promote WNT/-catenin 

signalling activity by deubiquitinating -catenin (Novellasdemunt et al., 2017), and its 

inhibition was found to sensitise primary cells and AML cell lines (HEL, HL-60) to Ara-C, 

thus inhibiting WNT/-catenin signalling, and reducing colony-forming potential (Cartel et al., 

2021). Overexpression of USP7 would provide LSC with chemoresistance properties, whilst 

simultaneously upregulating WNT/-catenin signalling promoting survival and self-renewal 

ability. A further example of concurrent chemoresistance and WNT promotion is CD44, which 

is overexpressed in LSC and is established as a poor prognostic indicator in AML (Legras et 

al., 1998; Jin et al., 2006). CD44 is documented to upregulate the expression of cell cycle 

inhibitors, anti-apoptotic proteins, ABC transporters, alongside simultaneous promotion of 

WNT/-catenin signalling through LRP6 activation (Schmitt et al., 2015). It has been 

suggested that LSC require interaction with a niche to maintain stem cell properties in an in 

vivo study which documented that CD44 inhibition eradicates LSC (Jin et al., 2006). The 

secondary promotion of WNT/-catenin signalling was not considered, but it is possible that 

CD44 inhibition also reduced WNT/-catenin signalling activity, contributing to LSC 

eradication. Curiously, anti-CD44 experiments were found to induce differentiation in AML 

cell lines which were found to be responders in this study (THP1, KG1a, and HL60) (Gadhoum 

et al., 2016). A separate study found HS-5 stromal co-culture rescued AML cell lines from 

anti-CD44 induced differentiation; again, the involved cell lines were established as responders 

in this study (THP1, HL60, NB4). These findings could be due to loss of WNT/-catenin 

signalling augmented by CD44, which was rescued through stromal co-culture (Chen et al., 

2015).  

Whilst it is disappointing that AML cell lines demonstrated no dependency on -catenin 

or -catenin for maintenance, tolerance of stress conditions, or as a mechanism of 

chemoresistance, a limitation of these in vitro findings surrounds the concern that -catenin, 

and hence WNT/-catenin signalling activity, is very low in expression in AML cell lines, 

which is supported in the literature (Morgan et al., 2019), and in public proteomic databases 

(Ghandi et al., 2019; Nusinow et al., 2020). This suggests that AML cell lines are perhaps not 

representative of the patient context in this respect. To this end, primary AML samples were 
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investigated for -catenin expression, response to CRISPR-Cas9-induced -catenin knockout, 

and response to small molecule inhibitors. Primary AML samples were found to express -

catenin at heterogenous levels, thus enabling the classification of a panel of samples as -

catenin+ and -catenin-, suggesting that responder and non-responder phenotypes may also 

exist in patients (4.3.5). Subsequent knockout of -catenin with CRISPR-Cas9 did not affect 

AML maintenance (4.3.5.2), nor when treated with three small molecule inhibitors of -

catenin:TCF interaction. A recent in vivo murine study has shown that knockout of -catenin 

was unnecessary for AML onset, maintenance, and LSC self-renewal (X. Zhao et al., 2020). 

The authors additionally examined the downstream TCF/LEF family of transcription factors 

(TCF1, TCF3, TCF4, and LEF1), and found simultaneous knockout of these members was 

redundant in AML. However, this research used the potentially incomplete Cre-lox knockout 

methodology, and was only capable of representing the murine MLL AML model, which 

accounts for a mere 5-10% of human AML (Basecke et al., 2006). 

A consistent effect within the responder AML cell line population was the absolute, 

continual inability for complete -catenin knockout responder AML cells to clonally grow, 

which represents an advancement of previous reports that shRNA knockdown in cell lines lead 

to reductions in cloning efficiency (Gandillet et al., 2011b). The knockout was replicated at 

bulk level in primary AML samples with CRISPR-Cas9 which demonstrated a significant 

reduction in clonal growth capacity was documented only in -catenin+ primary AML lines 

(4.3.5.3), supporting the AML cell line findings. These findings were reproduced with three 

small molecule inhibitors of -catenin:TCF interaction, demonstrating clinical translatability, 

which is consistent with recently published findings (Pepe et al., 2022) (4.3.5.6). Collectively, 

these findings conclusively expose -catenin as indispensable for a subset of AML patients 

with regard to clonogenicity. Similarly, the application of targeted small molecule inhibitors of 

the WNT/-catenin pathway has significantly reduced the self-renewal capacity of cancer stem 

cells in CRC, HCC, lung cancer, breast cancer, and bowel cancer (Fang et al., 2016; Hwang et 

al., 2016; Kim et al., 2016; Löcken et al., 2018; Cheng et al., 2019). The results within this 

study suggest comparable benefit could exist for AML with particular regard to disease relapse; 

however, further research in an ex vivo or in vivo method would be required to substantiate this, 

which is unfortunately beyond the scope of this research.  

Together, these results disagree with a recent publication, which is the only other published 

study to apply CRISPR-Cas9 to target CTNNB1 in AML cell lines (Saenz et al., 2019). The 
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central focus of the Saenz publication covered drug-mediated -catenin inhibition with 

BC2059, but also included use of CRISPR-Cas9. Saenz et al. established a dose-dependent 

anti-leukaemic effect of BC2059, furthered by CRISPR-Cas9 knockout, which showed that 

after five passages (approximately fifteen days), the HEL bulk knockout culture completely 

began to collapse over the subsequent twelve days in a viability assay. No explanation was 

offered for the delay in lethality, nor why the entire population collapsed in an incomplete 

knockout model. If -catenin knockout is incompatible with survival, these cells would not 

have survived the approximately fifteen days of culture necessary to progress through selection 

prior to the viability assessment over five subsequent passages considering the half-life of -

catenin is <1 hour (Aberle et al., 1997; Stamos et al., 2013). Consequently, bulk knockout 

cultures will never completely collapse as a proportion of the population will invariably possess 

unaffected or one functional allele. This proportion, which is perhaps around half of the culture 

in the authors conditions, would have expanded and repopulated the culture before the initial 

five passages were completed, and certainly during the two-week viability assay. 

Methodologically, Saenz et al. nucleofected HEL cells with three anti-CTNNB1 gRNA and 

Cas9 before a three-day puromycin selection. Critically, complete knockout cell lines were not 

generated but rather the bulk knockout condition was examined. Saenz et al. reported 

incomplete knockout HEL cultures had ‘depleted’ -catenin protein, despite detectable protein 

levels by immunofluorescence microscopy. Moreover, Saenz et al. did not quantify the 

remaining -catenin protein levels nor examine the DNA, but through densitometric 

assessment of the provided representative confocal images, I determined -catenin had been 

reduced by c40% when compared to scrambled control levels. Considering three gRNA had 

been applied, the level of knockout achieved is poor and, fundamentally, knockout and an 

incompletely ‘depleted’ state are not comparable.  

Mechanistically, CRISPR-Cas9 mediated knockout will never achieve complete 

knockout of a gene within all target cells due to numerous escape mechanisms which enable 

the continued expression of WT, or near WT, functional protein. Escape methods include 

component silencing, silent mutations, synonymous mutations, in-frame InDel, translation 

reinitiation, biological plasticity (exon skipping), alongside other considerations (Mianné et 

al., 2017; García-Tuñón et al., 2019; Smits et al., 2019). Therefore, it is a certainty that a 

proportion of the cells which incorporate the selection marker will not experience loss of 

functional protein. A consensus has been reached that the non-clonal application of CRISPR-

Cas9 to generate InDel should be assessed by Sanger spectrogram analysis to determine 
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knockout rate, rather than potentially misrepresentative techniques such as western blot, 

immunofluorescence microscopy, or qPCR (Bloh et al., 2021; Conant et al., 2022). Saenz et 

al. did not disclose critical information which would allow their application of CRISPR-Cas9 

to be assessed. For example, the gRNA target sequences or even target exon(s) were not 

disclosed, which would inform whether alternative splice variants could circumvent knockout. 

Further, they disclose that each CTNNB1 gRNA plasmid independently harboured Cas9 and 

puromycin resistance, and as such, this does not represent a true multi-guide approach, and the 

resulting selection would recover even single gRNA incorporating cells; this explains the poor 

knockout achieved. A true multi-guide approach typically incorporates tandem gRNA 

separated by a T2A self-cleaving peptide, or alternate promoter sites, ensuring each cell has 

equivalent components, which target immediately adjacent sites to enhance InDel generation. 

The authors do not state whether they controlled for the fact three plasmids were utilised in the 

CTNNB1 knockout nucleofection method versus one in the scrambled population. Excessive 

plasmid input in electroporation can be cytotoxic even with very small increases to loading, 

which could explain these findings (Lesueur et al., 2016; Chicaybam et al., 2017; Batista 

Napotnik et al., 2021). However, it is more likely that these findings are an artefact as only a 

technical replicate was performed, further, such observations should never occur with CRISPR-

Cas9 methodology unless a particular protein has an extended half-life enabling latency before 

a phenotype emerges as existing protein is depleted, at which point loss of knockout cells will 

occur and haplosufficient or CRISPR-Cas9 escape cells will repopulate the culture. The 

turnover of -catenin within a cell has been established to be within 24 hours, negating any 

concern of residual, supportive -catenin enabling survival of cells following selection  (Mo et 

al., 2009).  

The discrepancies between the finding that -catenin knockout was incompatible with 

clonal growth represent an in vitro finding which is perhaps not replicated in the in vivo 

condition, as recently observed (X. Zhao et al., 2020). Cells within the microenvironment 

would assist clonal growth, which was the case even with dual knockout non-responder U937 

cells, demonstrating the rescue effect is not WNT-mediated. However, this would rely upon 

LSC migration to a supportive microenvironment niche, which could explain discrepancies 

between in vivo studies (Jin et al., 2006; Lane et al., 2011; Ruan et al., 2020). Further, LSC 

self-renewal is assessed through the injection of between 103 and 104 cells in vivo, rather than 

a single LSC alone, and hence the chance of an LSC reaching a sustaining microenvironment 

is perhaps high, and LSC may sustain one another despite knockout. However, a representative 
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number of LSC is impossible to determine at current, as the definition of an LSC is in dispute 

and as such the population size of the pool is inconclusive due to the different approaches 

applied to estimate the LSC pool in patients (Marchand et al., 2021). The in vitro to in vivo 

discrepancy was recently reproduced in a publication studying the novel WNT inhibitor 

WNT974 (porcupine inhibitor), which resulted in a significant reduction in clonogenicity in 

vitro (75-90%) that was not reproducible in an in vivo murine model (Pepe et al., 2022). No 

other effect was observed in cell lines in vitro, nor was an effect on overall survival or 

engraftment after re-transplantation noted, despite application of WNT974 at doses in excess 

of human tolerance, enabling the authors to conclude WNT inhibition was not limited by poor 

pharmacokinetics or pharmacodynamics; rather, alternate pathways were sustaining cells or, as 

the study here-in suggests, WNT/-catenin signalling is not required unless cells are 

spatiotemporally isolated. Nonetheless, the findings of elevated WNT/-catenin signalling 

activity at relapse suggests a contributory effect even if the pathway is not completely essential, 

perhaps through activation of a secondary pathway. 

In conclusion, the mechanism through which -catenin knockout was incompatible with 

clonal growth remains elusive despite substantial efforts to provide supplementary cytokines, 

examine differentiation status, or stress effects, and as such, a transcriptomic analysis by RNA-

seq is necessary in order to best capture the full consequence of knockout. Identification of the 

precise mechanism by which cells are sustained by WNT/-catenin signalling could further 

explain the in vitro to in vivo discrepancy, thereby revealing potential new and more effective 

therapeutic targets. This will be explored in Chapter 5.
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5.1 Introduction 

In previous chapters, knockout of -catenin, the central mediator of WNT/-catenin 

signalling, was shown to be incompatible with clonal growth, but did not perturb the AML 

phenotype within the bulk culture in terms of proliferation, cell cycle, apoptosis, and 

differentiation (4.3.4). Considering that in vitro methodologies to study a single cell or even a 

low number of cells are limited and challenging, the study progressed to examine the impact 

of dual catenin knockout on the transcriptome of these cells to understand the mechanism by 

which clonogenicity process is affected. Transcriptomic analysis represents an unsupervised 

method to examine the entire transcript expression profile of the cells, enabling the assessment 

of genes and pathways which might not necessarily be considered related to WNT/-catenin 

signalling based on current biological understanding. Whilst the methodology underlying 

RNA-seq has become highly standardised in recent years, bioinformatic analyses have 

improved to better incorporate and interpret biological features (Rahman et al., 2015; J. Ma et 

al., 2019; Liao et al., 2019). Classical methods, such as ORA and GSEA, can reveal pathways 

of interest; however, they do not consider the constituent member interactions and, therefore, 

cannot determine true directionality (Koumakis et al., 2016; Yang et al., 2019). Next-

generation pathway techniques, such as SPIA and MinePath,  are capable of considering 

mechanistic interactions between proteins, referred to as network topology, which allows more 

precise mapping of differentially expressed genes to reveal a pathway activation state, resulting 

in substantially more information regarding the underlying biology involved (Koumakis et al., 

2016; Domingo-Fernández et al., 2019b; Yang et al., 2019; Geistlinger et al., 2021). 

5.2 Aims 

This study hypothesises that dual -catenin and -catenin knockout silences WNT/-

catenin signalling activity and perturbs the activity of specific genes and related pathways. In 

turn, these changes are responsible for the loss of clonogenicity observed in previous chapters 

(4.3.4.3). The main aim of this chapter is to examine the mechanistic basis for this observation 

using transcriptomic profiling of scrambled cells treated with rWNT3a, anticipated to activate 

WNT/-catenin signalling, as compared to dual -catenin and -catenin knockout cultures 

which are incapable of WNT/-catenin signalling activation. 
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Objective 1: Conduct RNA-seq in -catenin and -catenin knockout in AML cell lines. 

Total RNA will be extracted from HEL and THP1 dual -catenin and -catenin knockout 

or scrambled control clones, along with cells treated with the WNT ligand rWNT3a (or 

vehicle), to examine the impact on WNT/-catenin signalling. Following sequence quality 

assessment, mRNA samples will be shipped to Novogene for library preparation and RNA-

seq.  

Objective 2: Determine the genes and pathways activated by rWNT3a treatment and 

perturbed as a result of dual knockout. 

Differentially expressed genes and the entire transcriptomic dataset will be used to perform 

pathway analysis techniques (ORA, GSEA, GSVA, SPIA, Minepath) against independent 

pathway databases to fully dissect the transcriptomic consequences of rWNT3a stimulation 

and /-catenin knockout in AML. This analysis will range from the classical widely 

applied techniques to next-generational methods. These results will be contrasted with the 

CCLE data, and finally public patient TCGA data, enabling identification of clinical 

relevancy by comparing gene expression profiles with clinical survival outcomes. 

Objective 3: Investigate pathways of interest perturbed by dual-catenin knockout and 

verify roles in clonogenicity disruption in vitro 

Speculative identified genes and pathways identified in dual -catenin and -catenin 

knockout cells will be examined at the in vitro to confirm in silico findings. Modulation of 

the respective genes and pathways through incorporation of constitutively active forms, or 

by gene expression regulator technologies such as CRISPRa-dCas9 and CRISPRi-dCas9 

will determine the specific contributions of specific genes and whole pathways to 

clonogenicity in AML. By extension, these in vitro experiments should reveal precise 

downstream partners of WNT/-catenin signalling with critical roles in AML.
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5.3 Results 

5.3.1 Preparation of samples for RNA-Sequencing 

To identify the changes associated with dual -catenin and -catenin knockout at the 

transcriptomic level in responder AML cell lines, it was necessary to examine the 

transcriptomic profile of WNT-active and knockout cell lines. To achieve this, cells were 

cultured with rWNT3a, rather than CHIR, as rWNT3a is a natural ligand for WNT signalling 

activation, whilst CHIR is a potent GSK3 inhibitor with established non-relevant off-target 

effects, as described in the literature (Naujok et al., 2014; Laco et al., 2018; Merenda et al., 

2020; Miao et al., 2020). The full experimental design has been represented in Figure 5-1.  

Biological replicate dual CRISPR-Cas9 -catenin and -catenin knockout clones were 

selected for RNA-seq, with the exception of HEL, in which only one dual -catenin and -

catenin knockout clone was derived, alongside scrambled control clones. In THP1, scrambled 

clones 1 and 2, alongside dual knockout clones 29 and 47 were used; in HEL, scrambled clones 

1 and 2, and dual knockout clone 17 was applied (Table 4-3). These were cultured with and 

without rWNT3a (1µg/mL) for 24-hours, thus enabling an immediate assessment of WNT/-

catenin signalling response by the flow-based reporter assay, followed by RNA extraction. 

THP1 scrambled cultures showed a response to rWNT3a ligand (Figure 5-2) whilst HEL, 

however, did not respond to rWNT3a treatment when measured with the WNT reporter, 

possibly due to the absence of receptor for this ligand in the clonal pBARV parental line. RNA 

was isolated and assessed for quality by spectrophotometry (Nanodrop method) and by 

electrophoresis (Agilent 2100 Bioanalyzer method), revealing recovery of abundant, pure 

RNA. Total RNA samples were sent to Novogene, where they were also examined for RNA 

QC (Table 5-1), prior to library preparation, mRNA enrichment, cDNA synthesis, adapter 

ligation, fragment PCR, and RNA-seq. 

5.3.1.1 Pre-processing of Raw RNA-Sequencing Data 

RNA-seq relies upon accurate sequence read alignment to a reference genome, with the 

sequencing in this experiment performed in a paired format, thus increasing the accuracy of 

resulting sequence calls (Liao et al., 2019). Novogene performed the pre-processing of RNA-

seq data, including library preparation, in which sequencing adapters were ligated to each 

150bp sequence, followed by trimming with Trimmomatic (v0.39), prior to alignment. During 
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this process, filtering to remove poor quality reads was also performed. The pre-processed data 

was aligned to the GRCh38.p13 genome using Spliced Transcripts Alignment to a Reference 

(STAR, v2.5), and aligned reads were converted to counts with HTSeq (v0.6.1). At this stage, 

the count data was returned from Novogene. This study analysed the alignment and 

quantification, which were deemed to be acceptable, using MultiQC (v1.10.1). The error rate 

was consistently low and minimal filtering was necessary (Table 5-2); moreover, STAR 

alignment successfully mapped most of the sequences to unique regions (Table 5-3). These 

results demonstrate a successful RNA-seq run has been performed by Novogene. Resulting 

counts demonstrated a comparable distribution between samples, with only a small proportion 

of the overall transcriptome in active expression. The low abundance genes were filtered out 

before differential expression analyses was performed, thus ensuring maximal statistical power 

to capture the significantly DET. Accordingly, the data was successfully prepared for 

downstream analysis. Reads were filtered with the standard cut-off of less than ten total reads 

across all samples. This removed 40,531 transcripts, leaving 18,204 for subsequent analysis 

(Figure 5-3). The filtered data was then normalised, and log transformed. As these samples 

were sequenced on the same flow cell, minimal normalisation was necessary, as indicated by 

the boxplot of library sizes shown in Figure 5-4.  
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Figure 5-1: RNA-Sequencing Experimental Design 

Schematic of the experimental design, ranging from the laboratory generation of complete knockout clones with CRISPR-

Cas9, to the resulting preparation and validation of clones before subsequent preparation for sequencing. 
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Figure 5-2: rWNT3a Stimulates WNT Signalling in THP1  

Flow cytometric histograms of scrambled and knockout clones from THP1 and HEL treated with 1µg/mL rWNT3a or PBS 

vehicle control (0.1% v/v) for 24-hours, prior to WNT reporter assessment (2.9.1, 2.11). Filled grey represents vehicle control, 

red line indicates rWNT3a treated cells. Marker bar was set to 1% of control cell Venus fluorescence (n=1). 
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Table 5-1: Quantification and Quality Control of Total RNA Isolate Samples 

Summary information for the total RNA samples extracted and assessed for quantity and quality, both locally and by Novogene. Internally, samples were assessed with a Nanodrop for concentration 

and purity (A260/280, A260/230) before a more in-depth validation using an Agilent 2100 Bioanalyzer, which calculates an RNA integrity number (RIN) score (0-10).  

 
        Performed Locally Novogene 
        NanoDrop Agilent 2100 Agilent 2100 

  Identifier Sample Result RNA ng/µL A260/280 A260/230 RNA ng/µL RIN RNA ng/µL RIN 

  T_SCR1_U THP SCR1 Pass 189.90 2.10 2.00 190 10.00 203 9.7 

  T_SCR2_U THP SCR2 Pass 169.00 2.10 2.04 179 10.00 171 9.8 

  T_KO1_U THP dKO 1 Pass 86.20 2.09 1.63 72 10.00 93 10 

  T_KO2_U THP dKO 2 Pass 151.30 2.10 2.03 169 10.00 158 9.8 

  H_SCR1_U HEL SCR 1 Pass 147.10 2.09 1.94 169 10.00 153 9.8 

  H_SCR2_U HEL SCR 2 Pass 156.30 2.09 1.92 180 10.00 158 9.8 

  H_KO1_U HEL dKO 1 Pass 45.70 2.05 1.61 61 10.00 50 10 

  H_KO2_U HEL dKO 2 Pass 45.50 2.07 1.58 61 10.00 51 10 

  T_SCR1_T THP SCR1 + Pass 134.80 2.09 2.13 173 10.00 137 9.7 

  T_SCR2_T THP SCR2 + Pass 97.90 2.08 2.08 128 10.00 108 9.7 

  T_KO1_T THP dKO 1 + Pass 51.90 2.10 1.99 75 10.00 58 9.9 

  T_KO2_T THP dKO 2 + Pass 69.80 2.07 2.05 97 10.00 72 9.9 

  H_SCR1_T HEL SCR 1 + Pass 150.60 2.10 1.81 149 10.00 156 9.8 

  H_SCR2_T HEL SCR 2 + Pass 122.90 2.09 1.97 127 10.00 128 9.8 

  H_KO1_T HEL dKO 1 + Pass 190.90 2.09 1.99 194 10.00 190 9.7 

  H_KO2_T HEL dKO 2 + Pass 190.80 2.10 1.99 187 10.00 196 10.00 

                     
Vehicle is equal volume of PBS.

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

 

 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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Table 5-2: Pre-filtering of Poor-Quality Sequence Reads 

Summary statistics of the pre-alignment filtering of low-quality reads, which were removed from further RNA-sequencing 

analysis. Error rate represents the percentage of reads not above the quality control threshold. 

Sample 
Raw 

reads 
Clean 

reads 
Raw 

bases 
Clean 

bases 
Error rate 

(%) 
Q20 

(%) 
Q30 

(%) 
GC content 

(%) 
T_SCR1_U 22388335 21568470 6.7G 6.5G 0.03 97.76 93.77 50.86 

T_SCR1_T 24566228 23480324 7.4G 7.0G 0.02 98.15 94.76 50.2 

T_SCR2_U 22688701 21963405 6.8G 6.6G 0.03 97.97 94.22 50.39 

T_SCR2_T 21923755 21311546 6.6G 6.4G 0.03 97.87 93.95 50.08 

H_KO1_U 22700019 22083762 6.8G 6.6G 0.03 97.73 93.64 49.73 

H_KO1_T 22206013 21572172 6.7G 6.5G 0.03 98.00 94.19 49.00 

T_KO2_U 23016712 22318003 6.9G 6.7G 0.02 98.03 94.28 49.01 

T_KO2_T 23781545 22891610 7.1G 6.9G 0.02 98.00 94.26 49.25 

H_SCR1_U 22460736 21616669 6.7G 6.5G 0.02 98.04 94.13 48.83 

H_SCR1_T 19762105 18547319 5.9G 5.6G 0.02 98.15 94.57 47.11 

H_SCR2_U 23574238 22165364 7.1G 6.6G 0.03 97.92 94.03 47.24 

H_SCR2_T 23077045 22062484 6.9G 6.6G 0.02 98.06 94.43 50.69 

T_KO1_U 22885441 21851935 6.9G 6.6G 0.03 97.90 94.21 50.66 

T_KO1_T 21733743 20899371 6.5G 6.3G 0.02 98.02 94.33 51.02 

H_KO2_U 21951936 21117420 6.6G 6.3G 0.02 97.98 94.25 50.28 

H_KO2_T 22290979 21575897 6.7G 6.5G 0.02 98.16 94.68 50.32 
 

 

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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Table 5-3: STAR Alignment Results to the GRCh38.p13 Genome 

Summary alignment data representing the proportion of samples uniquely mapped after STAR alignment. Reads not uniquely 

mapped were excluded from further study, as these are invalid. Samples were aligned to the GRCh38.p13 Genome. 

Sample name Total Mapped Uniquely Mapped Multiple Mapped 

T_SCR1_U 41696304 (96.66%) 40621934 (94.17%) 1074370 (2.49%) 

T_SCR1_T 45531208 (96.96%) 44374092 (94.49%) 1157116 (2.46%) 

T_SCR2_U 42681152 (97.16%) 41623210 (94.76%) 1057942 (2.41%) 

T_SCR2_T 41426946 (97.19%) 40376274 (94.73%) 1050672 (2.47%) 

H_KO1_U 42761210 (96.82%) 41405242 (93.75%) 1355968 (3.07%) 

H_KO1_T 41917948 (97.16%) 40561250 (94.01%) 1356698 (3.14%) 

T_KO2_U 43440912 (97.32%) 42392466 (94.97%) 1048446 (2.35%) 

T_KO2_T 44428448 (97.04%) 43238362 (94.44%) 1190086 (2.6%) 

H_SCR1_U 42080454 (97.33%) 40765880 (94.29%) 1314574 (3.04%) 

H_SCR1_T 35895436 (96.77%) 34828112 (93.89%) 1067324 (2.88%) 

H_SCR2_U 42923404 (96.83%) 41597054 (93.83%) 1326350 (2.99%) 

H_SCR2_T 42804774 (97.01%) 41334760 (93.68%) 1470014 (3.33%) 

T_KO1_U 42273520 (96.73%) 40987558 (93.78%) 1285962 (2.94%) 

T_KO1_T 40541018 (96.99%) 39510662 (94.53%) 1030356 (2.47%) 

H_KO2_U 40968592 (97.00%) 39613782 (93.79%) 1354810 (3.21%) 

H_KO2_T 41944872 (97.2%) 40398642 (93.62%) 1546230 (3.58%) 

 

 

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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Figure 5-3: Pre-filtering of Low Abundance Genes  

Representation of the filtering of low counts, representing transcripts not expressed within these sample types (<10 counts in 

whole dataset). Low counts were automatically removed with DESeq2 in order to maximise statistical power. Left panel 

demonstrates a density histogram of the transcriptome for each sample represented as individual lines, whilst the right panel 

shows the filtered dataset with low reads removed.  
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Figure 5-4: Normalisation of Filtered RNA-Seq Counts 
Boxplot demonstration of sample library size prior (left) and following normalisation (right). X-axis represents samples. Blue 

line indicates the mean library size amongst samples, whilst the black bar represents mean within each sample.  

 

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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5.3.1.2 Sample Distancing and PCA Demonstrates Cell Line Variance 

Correlation within biological replicates is critical to confer statistical power in 

downstream analyses. An indicator of sample similarity was determined using a correlation 

coefficient matrix, which compared samples based upon Pearson’s correlation. Samples 

showed a high degree of dissimilarity between cell lines, which is secondary to similarities 

between the conditions of scrambled clones and knockout clones within each cell line, 

suggesting that the biological variance between cell lines is greater than the variance incurred 

due to dual knockout, as would be expected (Figure 5-5).  

To examine the differences in gene expression profiles between samples, a PCA was 

performed. In a PCA analysis, the high-dimensional RNA-seq data is dimensionally reduced 

into a set of linear principal components (eigenvectors), each of which are orthogonal to each 

other. The value of each component (eigenvalue) is based upon a set of genes with a significant 

degree of variance. As expected, cell lines clustered together and the separation of knockout 

and scrambled cultures was secondary to this effect, supporting the outcome that cell line 

biological variance is greater than condition variance (Figure 5-6).  
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Figure 5-5: Pearson Correlation Matrix Demonstrating the Similarity Between Cell 

Lines 

Heatmap demonstrating the transcriptomic similarly between samples as computed through a Pearson’s’ correlation score 

based upon the entire transcriptome. Samples were coloured by their coefficient values, as indicated. Samples self-segregate 

into THP1 and HEL blocs without supervision as the greatest measure of variance exists between cell line type. 

 

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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Figure 5-6: PCA Biplots Showing the Separation of Scrambled and Knockout Clones 

PCA and associated scree plots demonstrate the separation of expression profiles for samples. Samples were displayed upon 

the first two principal components, which explained a significant proportion of the variation (2.13.3.1). A) Samples segregation 

based upon cell line type. B) THP1 sample segregation based upon catenin status. C) HEL sample segregation based upon 

catenin status. 
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5.3.1.3 CTNNB1 and JUP are successfully ablated at the mRNA level 

CRISPR-Cas9 causes changes at the DNA level through a frame-shift mutation with 

the intention to induce nonsense mediated decay (NMD) of mRNA and stop protein production. 

Analysis of mRNA levels was informative as to whether nonsense mediated decay was 

occurring, or a truncated non-functional form of -catenin and -catenin was being actively 

expressed. As RNA-seq examines fragments with no regard to the reading frame, it was 

anticipated that levels would remain detectable despite knockout. CTNNB1 and JUP mRNA 

levels were found to be significantly reduced to borderline undetectable levels (Figure 5-7), 

suggesting that NMD of mRNA was occurring within these samples. In addition, these 

observations establish that a truncated form of the protein is not being produced, which might 

otherwise allow some normal function or, alternatively, a dominant negative effect.  

5.3.1.4 WNT/-catenin Signalling Pathway and WNT Targets are Unchanged as a Whole 

To explore WNT/-catenin signalling pathway alterations, the impact on members of 

the WNT/-catenin pathway (GO term GO:0060070) and potential WNT target genes were 

compared between conditions (Table 5-4). No statistically significant alterations to these two 

respective collections of genes were identified (Figure 5-8), which could be interpreted to 

indicate that the pathway and targets remained unchanged. However, such a broad contrast 

between all gene members was perhaps limiting the resulting interpretation as the GO WNT/-

catenin pathway and the potential WNT target gene list is context dependent and are possibly 

not totally relevant in myeloid tissues, limiting statistical outcome. 
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Figure 5-7: CTNNB1 and JUP are Ablated at the mRNA Level 

Summary chart showing CTNNB1 (-catenin) and JUP (-catenin) mRNA expression, as measured in normalised counts. 

Scrambled control clones are coloured white, whilst dual knockout clones are coloured dark grey. Data represents mean +1SD 

(n=2). 

 

H_SCR_U = HEL Scrambled Untreated (Vehicle) 

H_SCR_T = HEL Scrambled rWNT3a Treated 

H_KO_U = HEL Dual Knockout Untreated (Vehicle) 

H_KO_T = HEL Dual Knockout rWNT3a Treated 

T_SCR_U = THP1 Scrambled Untreated (Vehicle) 

T_SCR_T = THP1 Scrambled rWNT3a Treated 

T_KO_U = THP1 Dual Knockout Untreated (Vehicle) 

T_KO_T = THP1 Dual Knockout rWNT3a Treated
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Figure 5-8: WNT/-catenin Signalling is Not Perturbed as a Whole Pathway 

A) Raincloud plots investigating the change in mRNA expression (TPM) between untreated vehicle control samples and 

rWNT3a treated samples based upon the WNT signalling pathway GO Term. Total gene expression is represented in a violin 

plot alongside the connected points. (n=2) B) Raincloud plots investigating the change in mRNA expression (TPM) between 

untreated vehicle control samples and rWNT3a treated samples based on WNT-target genes. Total sample expression is 

represented in a violin plot alongside the connected points. (n=2). 
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5.3.2 Differential Expression Analysis Reveals WNT-Active and Knockout Profile 

To determine the transcripts that are differentially expressed by normal WNT/-catenin 

signalling activity, regarding dual knockout cultures, it was necessary to compare the obtained 

transcriptomic profiles between rWNT3a treated scrambled THP1 cells and dual catenin 

knockout cells. To do this, two independent sets of analyses were performed (Table 5-4). The 

first one relied on the identification of differentially expressed transcripts in rWNT3a versus 

vehicle in scrambled clones, to determine normal WNT/-catenin activity profile. 

Subsequently, this study analysed knockout versus scrambled cultures, thus determining the 

altered expression profile as a result of -catenin knockout. However, due to the inability to 

detect a WNT response in rWNT3a treated HEL, comparisons were made on a per line basis 

prior to overall comparing. The full list of cell line comparisons performed is shown in Table 

5-4. 

To determine the transcripts in THP1 cells activated in response to rWNT3a, scrambled 

samples treated with rWNT3a were compared to equivalent vehicle controls. The p-value 

distribution demonstrates the desired anti-conservative distribution, indicative of a proper test 

(Breheny et al., 2018), though some mild bimodal skewing presents, likely caused by low 

sample size (Figure 5-9A). A total of 96 transcripts were found to be differentially expressed 

after correction, of which 38 were overexpressed and 58 were repressed in treated samples, as 

compared to the control vehicle alone (Figure 5-10A, Table 5-5). As expected, given the lack 

of reporter response (Figure 5-2), comparable tests failed to reproduce these findings in HEL 

cells (data not shown). 

Comparison between untreated knockout and scrambled samples was performed within 

THP1 cells, in which the p-value distribution displayed an ideal anti-conservative distribution, 

thus demonstrating the additional statistical power gained from a larger sample size (Figure 

5-9B). A total of 224 differentially expressed transcripts were found after correction, of which 

134 were overexpressed and 90 were repressed (Figure 5-10B, Table 5-6) in knockout 

samples, as compared to control. These data demonstrate that knockout of -catenin and -

catenin had broad transcriptional impact at basal and treated levels. 

A critical endpoint of this analysis was to identify the transcripts perturbed by knockout 

agnostic to a specific cell line, as loss of clonogenicity was a common feature. This was 

achieved by performing a comparison between scrambled and knockout cells, with the cell line 
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set as a co-variable, thus maximising the statistical power of the analysis. Both the volcano plot 

and the p-value distribution indicate a successful test (Figure 5-11), furthered by hierarchical 

distancing based upon DET in a heatmap, demonstrating clear separation between samples 

(Figure 5-12). A total of 688 DET were found after correction, of which 330 were 

overexpressed and 358 were repressed (Table 5-7). As a substantial degree of variance was 

linked to the cell line rather than the knockout status or treatment, an alternative approach to 

determine the similarity in expression patterns was performed, by comparing knockout and 

scrambled in each cell line, respectively. This method found 21 commonly directionally 

perturbed DET in both analyses (Figure 5-13).  

 Together, these results show that rWNT3a activates WNT/-catenin signalling at the 

transcriptional level in scrambled controls, based upon WNT-target gene expression changes, 

and that this activation is dependent upon -catenin. Numerous genes found upregulated or 

repressed are not recognised WNT/-catenin target genes, potentially representing false 

positives, genes regulated by pathways perturbed by WNT/-catenin or are actually true target 

genes which have not been previously recognised, as much of the published research has been 

performed in epithelial tissues, not AML. Dual catenin knockout was shown to perturb 

transcriptional activity both at basal levels and activated WNT/-catenin levels, demonstrating 

transcriptional consequence. Further examination of these perturbed genes through current and 

novel pathway analysis techniques will enable contextual insight into the consequence of active 

WNT/-catenin signalling and knockout states, performed in 5.3.3. A reciprocal promotion of 

a pathway lost in the knockout state would represent a promising target of interest, warranting 

closer examination of the genes perturbed.  
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Table 5-4: Comparisons Applied For RNA-Sequencing 

Summary of the comparisons applied in the study, alongside the associated design grouping and sizes applied, with intent for each comparison. Lines were examined independently before being 

combined to fully realise the transcriptomic changes. Public data was acquired from the TCGA. 

Source Comparison 
Cell 

Type 
Group 1 Group 2 n 

Design 

Notes 
Intent 

Generated 

Data 

1 

THP1 

THP1 Scrambled 

Treated 

THP1 Scrambled 

Untreated 
2 v 2 Paired Find WNT activated transcripts 

2 
THP1 Knockout 

Treated 

THP1 Knockout 

Untreated 
2 v 2 Paired Demonstrate WNT silencing 

3 
THP1, 

HEL 
Knockout Scrambled 4 v 4 

Paired, 

Grouped 
Find commonly perturbed transcripts 

Public Data 

4 
Patient 

Data 

High LEF Low LEF High: 36 
N/A 

Investigate if WNT-active effects are comparable within the 

patient data (Top 3rd) (Bottom 3rd) Low: 37 

5 Deceased Survived 
Dead: 67 

N/A Investigate the impact upon overall survival 
Alive: 42 
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Figure 5-9: Volcano Plots and p-value Distribution Histograms for THP1 Comparisons 

Volcano plots demonstrating the transcripts identified as differentially expressed based on p-value<0.05 (Benjamini-Hochberg 

corrected), represented by the horizontal line, and absolute fold change of 1.5-fold, as represented by the two vertical lines 

(positive and negative expression change). Associated uncorrected p-value distributions are shown below each comparison, 

which enable a general indication of statistical soundness for each contrast. Genes which are significantly overexpressed are 

coloured red, whilst repressed are coloured blue; non-significant genes are coloured black. Annotated genes are those identified 

as members of the WNT/-catenin pathway or speculated members. 

 

A) THP1 scrambled rWNT3a treated versus THP1 scrambled vehicle control 

B) THP1 scrambled versus THP1 knockout i.e., general cross-examination

A              B 
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Figure 5-10: Heatmap of Differentially Expressed Transcripts in THP1 

Heatmap of the identified differentially expressed transcripts. A) THP1 scrambled rWNT3a treated versus THP1 scrambled 

vehicle control. B) THP1 scrambled versus THP1 knockout. Columns represent samples whilst rows are genes. Samples were 

z-score scaled around expression mean, with red indicating high expression levels and blue low. Samples segregate without 

supervision into two groups with k-means clustering. In A, all HGNC gene symbols are shown. In B, only WNT-related genes 

are annotated  (A, n=2), (B, n=4).

A                                                                 B 
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Table 5-5: Top Differentially Expressed Transcripts in THP1 Scrambled Treated with 

rWNT3a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary data of the top fifteen overexpressed and repressed transcripts, as ranked first by adjusted p-value and secondly by 

fold change (log2). Fold changes are coloured green to signify overexpression and red to signify repression. Transcripts 

identified between THP1 scrambled treated and untreated. Increasing shades of green indicate degree of overexpression, whilst 

increasing shades of red represent repression (n=2).  
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Table 5-6: Top Differentially Expressed Transcripts between THP1 knockout and 

scrambled 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

Summary data of the top fifty overexpressed and repressed transcripts, as ranked first by adjusted p-value and secondly by 

fold change (log2). Fold changes are coloured green to signify overexpression and red to signify repression. Novel transcripts 

are unnamed and are represented by the ensemble ID until further annotation in the future. P-values of 0 are below the machine 

minimum (5e-324). (n=4).  
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Figure 5-11: Volcano Plot for Scrambled versus Knockout  

Volcano plot demonstrating the transcripts identified as differentially expressed based on p-value < 0.05 (Benjamini-Hochberg 

corrected), represented by the horizontal line, and absolute fold change of 1.5-fold, as represented by the two vertical lines 

(positive and negative expression change). A comparison was drawn between all scrambled samples and all knockout samples, 

with the cell line and treatment status set as covariates. Associated uncorrected p-value distributions are shown below each 

comparison, which enable a general indication of statistical soundness for each comparison. Genes which are significantly 

overexpressed are coloured red, whilst those which are repressed are coloured blue; non-significant genes are coloured black. 

Labelled points are known WNT-related genes. The adjusted p-value for CTNNB1 was below the machine minimum (5e-324) 

and was maximised within the plot bounds to best display the remaining data. 
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Figure 5-12: Heatmap of Differential Transcripts between Scrambled and Knockout 

Heatmap of the identified differentially expressed transcripts. Columns represent samples whilst rows are genes. Samples were 

z-score scaled around expression mean, with red indicating high expression levels and blue low. Samples segregate without 

supervision into two groups with k-means clustering. WNT-related genes are annotated accordingly due to the number of 

transcripts identified (n=8). A comparison was drawn between all scrambled samples and all knockout samples, with the cell 

line and treatment status set as covariates. 
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Figure 5-13: Transcripts Changed in Both HEL and THP1 Cell Lines Arising from 

Dual Knockout of -catenin  and γ-catenin   

Heatmap of the identified differentially expressed transcripts. Columns represent samples whilst rows are genes. Samples were 

z-score scaled around expression mean, with red indicating high expression levels and blue low. Samples segregate without 

supervision into two groups with k-means clustering (n=8).  
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Table 5-7: Top Differentially Expressed Transcripts Between Knockout and Scrambled 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary data of the top fifty overexpressed and repressed transcripts, as ranked first by adjusted p-value and secondly by 

fold change (log2). Fold changes are coloured green to signify overexpression and red to signify repression. Novel transcripts 

are unnamed and are represented by the ensemble ID until further annotation in the future. P-values of 0 are below the machine 

minimum (5e-324). (n=4).  
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5.3.3 Mechanistic Pathway Analysis Suggests RAP1 is a Target of WNT/-catenin 

Signalling  

5.3.3.1 Impact of rWNT3a Activation on Signalling Pathways 

To provide better biological context to the perturbed genes, pathway analysis was 

performed. Two distinct classical subtypes of pathway analysis were performed to examine the 

transcriptomic findings: ORA and GSEA. These were considered in a range of pathway 

databases to maximise the potential findings, as different databases vary in the genes 

considered within each respective pathway (2.13.3.4). Additionally, as each database is 

considered separately and are of different size, cross-comparison of databases is not 

appropriate; however, commonality in identified pathways provides greater evidence that a 

particular pathway is perturbed. A limitation of this approach is the variation in gene members 

defined within each database for pathways. For instance, WISP1 and RUNX1T1 are members 

of the WNT/-catenin signalling pathway in the WP database but both genes are not included 

in the KEGG and REAC database definition of the WNT signalling pathway. This is well 

recognised within the field and efforts to overcome this have been suggested, such as 

combining different databases into a singular priori, though these incur further limitations, such 

as reduced statistical power (Domingo-Fernández et al., 2019b; Mubeen et al., 2019). 

ORA revealed few pathways, largely owed to the low number of differentially expressed 

genes identified after multiple test correction in the THP1 rWNT3a treated versus vehicle 

comparison (5.3.2), corresponding to the input for this analysis. However, terms related to 

immune and inflammatory activation were indicated by the GO (Figure 5-14). Ferroptosis, a 

type of programmed cell death, was identified in both the KEGG and WP database, suggesting 

a potential stress effect. The RAP1 signalling pathway was identified within the KEGG dataset. 

TF analysis further revealed several related factors of interest, such as WT1, SP1, and MIZ-1.  

GSEA also identified the RAP1 signalling pathway, amongst others, in the KEGG 

database (Figure 5-15). This analysis further identified significant positive enrichment of the 

MYC Targets terms V1 and V2, confirming WNT/-catenin activation. Negative enrichment 

of inflammatory response, hypoxia, apoptosis, and interferon / response was found, 

suggesting WNT/-catenin regulates processes associated with stress conditions. In summary, 
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rWNT3a induction was associated with enrichment for MYC targets, PD-1, RAP1, and p53 

signalling pathways.  

5.3.3.2 Knockout of WNT/-catenin Signalling Perturbs RAP1 Signalling 

To examine the impact of dual -catenin and -catenin knockout, an equivalent pathway 

analysis was performed in the context of scrambled versus knockout within both cell lines. 

ORA revealed RAP1 signalling to be the only enriched signalling pathway within the 

KEGG dataset, as was observed in the rWNT3a-induced comparison (5.3.3.1). Remaining 

pathways from other databases largely related to infection, injury, and other indicators of acute 

inflammation, suggesting a state of cell stress (Figure 5-16A). 

As expected, GSEA identified WNT signalling as significantly negatively enriched in 

the BC, MSIG, REAC, and WP databases. This was particularly of interest within the WP 

database, which identified repression of the WNT/-catenin signalling pathway in leukaemia. 

MSIG further demonstrated negative enrichment of the MYC targets V1 and V2, which were 

previously shown to be activated (Figure 5-16B). The GO database results indicate modulation 

of Ca2+ levels, as the WNT/Ca2+ was negatively enriched, alongside positive enrichment of 

Calmodulin activity, GTPase regulator activity, and modulation of the ERK1 and ERK2 

cascade - all indicators of altered RAP1 signalling activity (Figure 5-17). 
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Figure 5-14: Pathway Analysis for THP1 Scrambled with rWNT3a Treatment 
The top fifteen pathways by p-value from the overrepresentation analysis (2.13.3.4) are separated by database and ordered by gene ratio (identified genes to total gene set size). B) The top fifteen by 

p-value from the gene set enrichment analysis are separated by database and ordered by their respective Enrichment Scores. Points are coloured and scaled by their p-value and gene ratio, respectively. 

GO – Gene Ontology; KEGG – Kyoto Encyclopaedia of Genes & Genomes; REAC – Reactome; TF – Transfac; WP – Wikipathways; MSIG – Hallmark Molecular Signatures. 

A                  B  
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Figure 5-15: GSEA Barcode Plot for Significant Terms with rWNT3a Treatment 
GSEA barcode plots demonstrating the transcriptional enrichment of genes identified within specific pathways, between databases (2.13.3.4). Each database represents several independent pathways, 

as demonstrated by the different colours in both the line and barcode, which is described below each plot. Each pathway shown had a p-value <0.05.
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Figure 5-16: Pathway Analysis Results for Knockout versus Scrambled Contrast 
A) The top fifteen pathways by p-value from the overrepresentation analysis (2.13.3.4) are separated by database and ordered by gene ratio (identified genes to total gene set size). B) The top fifteen 

by p-value from the gene set enrichment analysis are separated by database and ordered by their respective Enrichment Scores. Points are coloured and scaled by their p-value and gene ratio, 

respectively. GO – Gene Ontology; KEGG – Kyoto Encyclopaedia of Genes & Genomes; REAC – Reactome; TF – Transfac; WP – Wikipathways; MSIG – Hallmark Molecular Signatures. 

A              B  
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Figure 5-17: GSEA Barcode Plot for Significant Terms with Knockout 
GSEA barcode plots demonstrating the transcriptional enrichment of genes identified within specific pathways, between databases (2.13.3.4). Each database represents several independent pathways, 

as demonstrated by the different colours in both the line and barcode, which is described below each plot. Each pathway shown had a p-value <0.05 and a q-value <0.25.   
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5.3.3.3 Pathway Impact Analysis Provides Evidence for WNT/RAP Signalling  

Even though the previous classical methods (ORA and GSEA) are able to provide an 

indication of pathways which are perturbed, these are incapable of accurately indicating the 

resulting status of a perturbed pathway (Koumakis et al., 2016; Domingo-Fernández et al., 

2019a). Even when GSEA suggests a directional enrichment, this cannot be reliably interpreted 

as a pathway being activated or repressed. To overcome this limitation, SPIA was performed 

(2.13.3.4). This technique incorporates data on the protein level interactions and nature of each 

respective interaction to incorporate mechanistic study of pathway topology, thus facilitating 

the calculation of predicted pathway state. 

SPIA identified RAP1 signalling as the top signalling pathway by corrected p-value in 

both comparisons, firstly between rWNT3a treated THP1 scrambled versus untreated THP1 

scrambled, referred to as WNT-active, and later in the comparison between knockout and 

scrambled samples, referred to as knockout. Critically, RAP1 signalling was predicted to be 

active in the first comparison, and inactive in the latter (Figure 5-18A|B). This switch in 

signalling could prove critical to the observed phenotype. WNT signalling was not found to be 

significantly enriched with SPIA in the WNT-active context, but it was determined to be 

inhibited in the knockout condition. This inconsistency is owed to limitations in sub-pathway 

analysis with the KEGG database, as the WNT pathway includes the both the canonical and 

non-canonical pathways. 

The identification of a WNT-RAP1 switch between states suggests that RAP1 signalling 

is involved in the loss of clonogenicity observed in this study (4.3.4.3). However, the 

examination of WNT/-catenin signalling in the patient context is necessary to provide a 

greater insight into whether such a finding is comparable in these conditions. To this end, the 

TCGA dataset, which contains patient RNA-seq data, was analysed (5.3.4, 5.3.5).  
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Figure 5-18: SPIA of rWNT3a Treated and Knockout Comparisons 

A) The top fifteen KEGG pathways identified via SPIA (2.13.3.4) from the differentially expressed genes identified in the 

rWNT3a treated versus vehicle control test in THP1. Points are coloured and ordered by corrected p-value and scaled by gene 

ratio. B) The top fifteen KEGG pathways identified via SPIA from the differentially expressed genes identified in the knockout 

versus scrambled test in both cell lines, with the points coloured and ordered by corrected p-value and scaled by gene ratio.  

 

 

 

 

 

 

 

 

A         B  
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5.3.4 Differential Expression based on LEF1 in Patient Data 

 To investigate whether a comparable analysis of WNT/-catenin active versus WNT/-

catenin inactive state could be performed in a patient context, raw count data from the TCGA 

patient database was acquired. Patient data were pre-screened to remove those with APL, those 

who had not received treatment, and those with transcriptomic profiles presenting T-cell 

contamination; all were uninformative to further study (2.13.4.4). 

To distinguish patients with active WNT/-catenin signalling against those which are 

inactive, LEF1 expression was applied as a proxy indicator. Whilst not a definitive indicator, 

LEF1 has been documented to be involved in nuclear translocation of -catenin and is rapidly 

degraded in lines and patients without WNT/-catenin activity (Morgan et al., 2019). LEF1 

was confirmed as overexpressed in the cell line context at the transcriptomic level, indicating 

this approach is warranted (S2. ).  

LEF1 expression levels were heterogeneous between patient samples, with a small subset 

of patients presenting with extreme high expression (data not shown). These perhaps represent 

samples which have a remaining measure of T-cell contamination, as T-cells express elevated 

levels of LEF1 constitutively. Subsequently, patients were stratified according to high and low 

LEF1 expression by z-score from mean and compared for differentiation expression (S7. ). 

ORA was performed on the differentially expressed genes identified by comparing the 

patients with LEF1HIGH and LEF1LOW expression, which revealed the enrichment of a broad 

range of pathways. Notably, calcium channel activity and generation of secondary messenger 

molecules were within the top pathways, suggesting Ca2+-derived modulation is occurring; 

interestingly, RAP1 signalling was not detected (Figure 5-19A). Ca2+ signalling is being 

increasingly recognised as a central event in HSC maintenance and LSC self-renewal 

(Lewuillon et al., 2022). The remaining profile largely consisted of immune modulation and 

PD-1 signalling, consistent with prior findings in the WNT-active expression profile (5.3.3.1).  

Alternatively, GSEA was able to identify significant enrichment of the general WNT 

signalling activity in the GO, KEGG, MSIG, and WP databases (Figure 5-19B), alongside the 

focused WNT/-catenin pathway, suggesting LEF1 is a reasonable indicator of WNT activity. 

However, MSIG identified MYC targets V1 and V2 as negatively enriched, opposing the 

enrichment of WNT signalling, perhaps suggesting transcriptional activation was repressed by 

unknown mechanisms despite active WNT/-catenin signalling. 
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 As the patient expression profiles were highly heterogenous, application of a more 

recently developed pathway analysis technique known as GSVA was performed, to examine 

the perturbed pathways without the need to pre-classify patients. GSVA identified numerous 

differentially enriched pathways which, when represented in a heatmap, separated patient 

samples broadly into high and low LEF1 groups through unsupervised clustering (Figure 

5-20). Within the REAC database, GSVA identified positive enrichment of 

‘CTNNB1:TCF/LEF binding to target gene promoters’, which would suggest WNT/-catenin 

signalling activity; however, as in the GSEA analysis, positive enrichment of the ‘Repression 

of WNT target genes’ was found, suggesting repression of WNT target genes. The potential 

source of this inhibition could be via RUNX3, which was found to be significantly upregulated 

in the LEF1HIGH patients as the REAC pathway ‘RUNX3 regulates WNT signalling’. RUNX3 

negatively regulates WNT/-catenin signalling by binding to and inhibiting the transcription 

complex (Ito et al., 2008; Ju et al., 2014; Sweeney et al., 2020). Together, these observations 

suggest WNT/-catenin is possibly active in LEF1HIGH-AML patients, but downstream target 

genes are potentially not modulated due to a RUNX3-derived block.  

As SPIA relies upon an arbitrary list of differentially expressed genes to compute 

activity, the modern application of mechanistic pathway analysis, MinePath, was applied. 

MinePath examines both pathway activation and target gene levels to compute a more accurate 

pathway state. Minepath did not identify WNT signalling suggesting, instead, suppression of 

target gene promotion (Table 5-8). In conclusion, these pathway analyses indicate LEF1 is a 

reasonable, but not exact, proxy to indicate WNT-activity, but that a profile of WNT/-catenin 

repression also exists. 
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Figure 5-19: Pathway Analysis Results for LEF1HIGH versus LEF1LOW Contrast 

The top fifteen pathways by p-value from the overrepresentation analysis (2.13.3.4) are separated by database and ordered by gene ratio. B) The top fifteen by p-value from the gene set enrichment 

analysis are separated by database and ordered by Enrichment Score. Points are coloured and scaled by their p-value and gene ratio, respectively. GO – Gene Ontology; KEGG – Kyoto Encyclopaedia 

of Genes & Genomes; REAC – Reactome; TF – Transfac; WP – Wikipathways; MSIG – Hallmark Molecular Signatures.



A WNT/beta-catenin/RAP1 signalling axis in AML 

263 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-20: GSVA Heatmap of Perturbed Terms Between LEF1 Expression Levels 

Heatmap of the identified perturbed pathways by GSVA (2.13.3.4). Columns represent samples whilst rows are pathways. 

Samples were z-score scaled around expression mean, with red indicating high expression levels and blue low. Samples 

segregate without supervision into two groups with k-means clustering, with few samples’ mis-classified.  
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Table 5-8: Top Pathways Identified by Minepath Based on LEF1 Expression Levels 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary of the differentially perturbed pathways as identified by MinePath (2.13.3.4). Terms were ranked and coloured by 

corrected p-value.   

Pathway – Name of the pathway identified       

Genes – Number of genes identified         

Subpaths – Number of subpaths computed and assessed       

Active in Low/High LEF1 – Number of pathway components which were differentially activated or repressed in each 

respective group. 
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5.3.5 Patient Analysis – Survival Delimitation 

Whilst LEF1 expression was used as an indicator of active WNT/-catenin signalling in 

patients, the profile was not conclusive, with significant enrichment of terms and processes 

related to suppression of WNT target genes. If WNT/-catenin signalling indeed has a direct 

consequence upon disease severity and relapse, it would be expected that WNT/-catenin 

would manifest with a direct consequence upon patient survival. Accordingly, patients were 

separated according to five-year overall survival irrespective of LEF1 expression levels. 

Patients censored prior to achieving five-year survival were not included. In the literature, -

catenin expression has been associated with shortened relapse-free survival and overall survival 

(Ysebaert et al., 2006) and is frequently found at higher expression levels upon relapse, 

suggesting a selective pressure toward -catenin accumulation (X. Jiang et al., 2018a).  

GSEA indicated that patients who did not survive five years post-diagnosis were 

associated with a pattern of significant positive pathway enrichment. The WNT/-catenin 

signalling pathway alongside the MYC targets V1 and V2 were identified as positively 

enriched, as were the PD-1 and p53 pathways (Figure 5-22), consistent with WNT target gene 

activation in the cell line data (5.3.2). RUNX3 was identified, but levels were reduced, 

providing further evidence of WNT activation in this group. Critically, the RAP1 signalling 

pathway was identified as enriched within the KEGG database, further confirmed by the 

enrichment of downstream terms, such as the ERK1 and ERK2 cascade in the GO database, 

previously identified in the literature (Stork, 2003; Gyan et al., 2005; Stork et al., 2005; Yougen 

Wu et al., 2015; Y. L. Zhang et al., 2017; Keyes et al., 2020).  

By applying the MinePath package to account for mechanistic topology, the RAP1 and 

WNT signalling pathway were both found to be significantly differentially enriched (Table 

5-9). This was particularly evident for RAP1 signalling, which was identified as the top 

pathway by p-value, number of activated genes, and number of activated sub-paths. This 

analysis shows that these patients have a WNT-active form of AML and, further, that WNT 

signalling conveys poor prognostic indication. Collectively, these data also suggest WNT/-

catenin interacts to modulate RAP1 signalling activity either through -catenin alone, or 

directly through WNT/-catenin signalling activity.  
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Figure 5-21: Gene-set Enrichment Analysis Results for 5-year Survival Contrast 
The top fifty pathways by p-value from the gene set enrichment analysis (2.13.3.4) as separated by database and ordered by enrichment scores. Points are coloured and scaled by their p-value and 

gene ratio, respectively. GO – Gene Ontology; KEGG – Kyoto Encyclopaedia of Genes & Genomes; REAC – Reactome; TF – Transfac; WP – Wikipathways; MSIG –Molecular Signatures. 



A WNT/beta-catenin/RAP1 signalling axis in AML 

267 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-22: GSEA Barcode Plots for Top Enriched Terms Relating to 5-year Survival 
GSEA barcode plots demonstrating the transcriptional enrichment of genes identified within specific pathways, between databases (2.13.3.4). Each database represents several independent pathways, 

as demonstrated by the different colours in both the line and barcode, which is described below each plot. Each pathway shown had a p-value <0.05 and a q-value <0.25.    
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Table 5-9: Top Pathways Identified by Minepath Relating to 5-year Survival 

 

 

 

 

 

 

 

 

 

 

 

 

 

Summary of the differentially perturbed pathways as identified by MinePath. Terms were ranked by corrected p-value.   

Pathway – Name of the pathway identified       

Genes – Number of genes identified         

Subpaths – Number of subpaths computed and assessed       

Active in Low/High LEF1 – Number of pathway components which were differentially activated or repressed in each 

respective group. 
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5.3.6  Perturbed Genes Convey Prognostic Value 

Genes dysregulated by active WNT/-catenin signalling could convey prognostic 

consequence. To determine the prognostic value of perturbed genes found from the rWNT3a-

treated scrambled comparison and the knockout contrast, the TCGA database was further 

applied, as each RNA-seq sample is annotated with clinical information on survival, amongst 

other factors.  

Of the 96 genes identified by comparing THP1 scrambled clones with rWNT3a treatment 

or vehicle control (Table 5-5), 31 were found to convey survival value in the TCGA study 

(Figure 5-23A). Kaplan-Meier curves based upon above and below median gene expression, 

or upper and lower quartile, were able to establish MMP7, GRAMD1B, BNIP3, AKR1C1, 

SLC7ALL, VIT, MT1G and MGLL as genes altered by rWNT3a treatment, as compared to 

vehicle treatment alone, thus conveying a negative prognosis (Figure 5-23B).  

 Within the knockout versus scrambled contrast, 110 genes perturbed by knockout were 

found to convey an indication of survival outcome (p<0.1), with 57 of these showing a 

significant correlation (p<0.05) (Table 5-10). Genes found altered directionally such as to 

convey positive patient prognoses were discovered in the knockout gene list, and included: 

TNFSF13B, DHX32, ZNF100, ZNF345, ZNF133, ZNF708, ERG, TSPN2, UBE2C, COL2A1, 

SLC2A13, RNF130, SLC46A1, CCDC125, SEMA4A, ARK1C1, STXBP5, HRH2, PIGZ, 

KBTBD8, PDE3B, PLEKHA6, APOBEC3B, TRIB2, PHGDH, PALM, PMP22, DIXDC1, 

GSTP1, KIT, CD109, and CD7. Together these observations suggest that knockout of -catenin 

and -catenin shifted the transcriptomic profile to one indicative of survival, thus indicating 

that the profile is disadvantageous to AML (Figure 5-24).  
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Figure 5-23: Genes Perturbed by WNT-activation Convey Prognostic Value 

A) Table of genes which are significantly perturbed (adj.p<0.05, fold change >1.5) by rWNT3a treatment in THP1 scrambled. Genes 

were contrasted based on median and upper to lower quartile groupings. Significant p-values (log rank) are coloured green, whilst 

insignificant are coloured red. Fold changes (log2) are shown relative to the treated THP1 scrambled samples. B) Kaplan–Meier 

survival curves based upon above (red) and below (blue) median mRNA expression, or upper versus lower quartile.

A      B          
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Table 5-10: Significantly Perturbed Genes with Knockout Convey Prognostic Influence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table of genes which are significantly perturbed by knockout when contrasted with scrambled. Genes were contrasted based on median and upper to lower quartile groupings on survival. Significant 

p-values (log rank) are coloured green, whilst insignificant are coloured red. Fold changes (log2) are shown relative to the knockout condition. 
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Figure 5-24: Genes Perturbed by Knockout Convey Prognostic Consequence 

Kaplan–Meier survival curves based upon above (red) and below (blue) median, or higher and lower, mRNA expression for which alterations by knockout would be adjusted such to improve patient 

prognoses. Patient samples were separated as indicated previously by either above and below median expression, or upper and lower quartile ranges. P-values below 0.05 were considered significant 

by either measure.
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5.3.7 RAP1 Signalling Affects AML Growth and Modulates Clonogenicity 

As RAP1 signalling has been suggested to be modulated by WNT/-catenin signalling 

in AML cell lines through rWNT3a treatment and with dual knockout in silico (5.3.3), 

alongside comparable findings in public cell line data (S2. ), and public patient data (5.3.5), it 

was necessary to examine the impact of hyperactive RAP1 signalling activity in AML 

maintenance in vitro. To achieve this, a lentiviral plasmid containing a modified constitutively 

active form of the RAP1 signalling central mediator Ras-related protein Rap-1A (RAP1A) was 

used. This constitutive activation was achieved by mutation of Glutamine 63 to Glutamic acid, 

and is referred to as RAP1E63; this was applied alongside a WT control RAP1A (RAP1WT). 

These were a gift from Dr. Roland Friedel. The plasmids were inserted into bulk scrambled 

control and bulk non-clonal -catenin knockout lines generated in HEL, THP1, U937, and 

MV4;11 (3.6) and selected with geneticin over 14-days (2.8.2).  

An assessment of growth and viability (2.11.7) following selection revealed that 

constitutive activation of RAP1 in responder AML cell lines induced a growth suppressive 

effect, yet induced a pro-proliferative effect in non-responder AML cell lines (Figure 5-25). 

This was observed in both scrambled and knockout conditions, suggesting the effect is not 

mediated by -catenin directly. As no consequence was observed in terms of viability, these 

were not a result of cell loss. These results indicate that RAP1 has an impact in AML cell line 

growth in vitro; however, the activity levels of RAP1 are perhaps not indicative of the in vivo 

condition, and are likely substantially higher than in normal tissue, limiting interpretation.  

When a limiting dilution assay was performed to examine the ability to clonally expand 

responder cell lines, it was apparent that RAP1E63 was able to restore clonogenicity to levels 

comparable with the scrambled equivalent and, further, enhance the clonogenicity of non-

responder AML cell lines as compared to RAP1WT (Figure 5-26). These findings demonstrate 

that RAP1 signalling modulates clonogenicity and that this effect is downstream of WNT/-

catenin signalling. Unfortunately, as the levels of RAP1 recorded by western blot are 

uninformative for determining the activation status of RAP1, a prohibitively expensive protein 

pulldown would be required to validate the expression levels of active RAP1-GTP. Instead, 

direct modulation of RAP1 signalling promoters and inhibitors believed to interact with 

WNT/-catenin signalling would provide mechanistic insight into the roles in restoring 

clonogenicity. 



A WNT/beta-catenin/RAP1 signalling axis in AML 

274 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-25: Constitutive RAP1 Signalling Activity Affects AML Expansion Variably 

Scrambled and CTNNB1 CRISPR-Cas9 transduced bulk AML lines were transduced with RAP1WT or RAP1E63 and examined through a growth assay (2.11.7) and TOPRO3 viability assay (2.11.6) 

following lentiviral incorporation (2.7.1) and selection with G418 over 14-days (2.8.2). Green facets represent responder AML cell lines, whilst red facets represent non-responder AML cell lines. A 

paired t-test was performed.to examine differences to growth (n=3; p<0.05 = *; data indicates mean ±1SD). 

SCR = Scrambled Clone 

KO = -catenin Knockout 

E63 = RAP1 Constitutive Expression Form 

WT = RAP1 Wildtype Form 
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Figure 5-26: RAP1E63 Restores Responder AML Clonogenicity  

Scrambled and CTNNB1 CRISPR-Cas9 transduced bulk AML lines were further transduced with RAP1WT or RAP1E63 and 

examined for clonal growth with the limiting dilution assay (2.4) following G418 selection (2.8.2). A t-test was performed to 

examine the statistical difference between RAP1WT or RAP1E63 clonogenicity (n=3; data indicates mean +1SD; NS=Not 

significant, ***<0.001, **<0.01, *<0.05). 

SCR = Scrambled Clone 

KO = -catenin Knockout 

E63 = RAP1 Constitutive Expression Form 

WT = RAP1 Wildtype Form 
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5.3.8 RAPGEF4 and SIPA1L1 Regulate Clonogenicity in AML 

The activation of RAP1 signalling was suggested to be sourced from RAPGEF4 in the 

study here-in, in which RAPGEF4 was overexpressed by rWNT3a and repressed by dual 

knockout, further, comparable findings in the CCLE and TCGA databases added further 

credence to a WNT/-catenin/RAPGEF4 axis. In contrast, SIPA1L1 was identified as 

repressing RAP1 signalling in PTA and MTA analyses. To determine whether RAP1 signalling 

activity and the resulting rescue of clonogenicity is directly derived from RAPGEF4, a potential 

WNT/-catenin target gene (Schmidt et al., 2013; Rouillard et al., 2016), or indirectly, by 

inactivation of SIPA1L1 via CKI  (Tsai et al., 2007), modulation of both targets was 

performed. To do this, CRISPRa-dCas9 was applied to overexpress RAPGEF4, and CRISPRi-

dCas9 was applied to inhibit SIPA1L1 (2.8).  

These were inserted into bulk scrambled control and bulk -catenin knockout lines 

generated in HEL, THP1, U937, and MV4;11 (3.6) and selected over 14-days (2.8.2). Once a 

stable population was established, growth and viability assays were performed to examine 

general AML characteristics, alongside a limiting dilution assay to measure clonogenicity. No 

change to growth or viability was observed (data not shown). However, overexpression of 

RAPGEF4 was able to significantly improve clonogenicity in responder AML -catenin bulk 

knockout populations, comparable to scrambled, and an improvement to clonogenicity was 

further observed in the scrambled CRISPR-Cas9 condition (Figure 5-26). Additionally, 

inhibition of SIPA1L1 was able to improve clonogenicity by a minor, but statistically 

significant, proportion. These data support the previous findings using RAP1E63, and further 

indicate that both a direct and indirect mechanism of WNT/RAP crosstalk exists, with 

RAPGEF4 directly influencing clonogenicity in AML cell lines.  

Unfortunately, efforts to validate the overexpression and repression of RAPGEF4 and 

SIPA1L1 by western blot failed as no bands were detected, even in controls, suggesting issues 

with the antibodies (data not shown). However, these data support further investigation of 

RAP1 signalling in the context of AML, particularly with regard to clonogenicity.  
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Figure 5-27: RAPGEF4 and SIPA1L1 Restore and Enhance Clonogenicity in AML 

Scrambled and CTNNB1 CRISPR-Cas9 transduced bulk AML lines were further transduced with scrambled guide controls (CRISPRa-dCas9 SCR, CRISPRi-dCas9), targeting guides (CRISPRa-

dCas9 RAPGEF4, CRISPRi-dCas9 SIPA1L1) or both simultaneously (dual SCR, dual Hit). Cultures were examined for clonal growth with the limiting dilution assay (2.4) following selection (2.8.2). 

A t-test was performed to examine the statistical difference between RAP1WT or RAP1E63 clonogenicity (n=3, data indicates mean +1SD; ANOVA with post-Tukey’s; NS=Not significant, ***<0.001, 

**<0.01, *<0.05). 

 

SCRi  = Scrambled gRNA CRISPRi-dCas9 

SIPA1L1i = SIPA1L1 gRNA CRISPRi-dCas9 

SCRa = Scrambled gRNA CRISPRa-dCas9 

RAPGEF4a = RAPGEF4 gRNA CRISPRa-dCas9 

dSCR =  Scrambled gRNA CRISPRi-dCas9 and  Scrambled gRNA CRISPRa-dCas9 

dHit = SIPA1L1 gRNA CRISPRi-dCas9 and RAPGEF4 gRNA CRISPRa-dCas9 
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5.4 Discussion 

Previous chapters have established that -catenin is integral to clonal expansion of WNT-

responsive AML cell lines (4.3.4.3), whilst also revealing that knockout of -catenin and -

catenin had no consequence upon proliferative rate, cell cycling, apoptosis, specific surface 

marker expression, and general morphology (4.3.4). This outcome limited the ability to study 

these mechanistic changes, as few traditionally applied assays are capable of studying a lone 

single cell. Therefore, this chapter sought to determine the implications of knockout by 

transcriptomic analysis. 

To examine the transcriptome of active WNT/-catenin signalling in comparison with dual  

-catenin and -catenin knockout, clonal scrambled and dual knockout lines were employed, 

either treated with the natural WNT ligand, rWNT3a, or vehicle control. WNT-activation with 

rWNT3a treatment was able to activate WNT/-catenin signalling activity, as measured by 

WNT reporter in THP1 but, unexpectantly, not in HEL cells (5.3.1)7. Nevertheless, total RNA 

was isolated from these samples and validated to be of high quality to be suitable for RNA-seq. 

Novogene successfully performed the library preparation, adapter trimming, sequencing, 

alignment, and quantification, which this study confirmed to have been of a high standard. Raw 

counts provided by Novogene were pre-processed to remove low abundance genes, examined 

with a series of exploratory techniques, and normalised to trimmed mean of M values (TMM) 

for differential and pathway analysis. TMM normalisation represents the current gold standard 

which corrects for sequencing depth, RNA composition, and gene length which classical 

normalisation techniques such as counts per million, transcripts per million, and RPKM cannot 

achieve and are thus unsuitable for differential expression and pathway analysis (Dillies et al., 

2013; Conesa et al., 2016; Zhao et al., 2021). 

Exploratory analysis was performed through the application of hierarchical clustering and 

PCA, which revealed that variances were sourced primarily from the cell lines, as expected; 

then secondly distancing based upon the CRISPR-status; before finally separating on treatment 

type, i.e., scrambled clones and knockout clones varied more than the treatment status (5.3.1.2). 

This was expected as the biological variation between cell lines is greater than a targeted gene 

 
7 The clonal pBARV line that the scrambled and knockout clones were generated from was also found to not 

respond to rWNT3a or WNT3a conditioned media from L Wnt-3A cells (CRL-2647) suggesting alternate WNT 

ligand activation in this line (data not shown). 
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deletion, further expected to have greater consequence than application of a single ligand for a 

specific pathway. Examination of CTNNB1 and JUP revealed that mRNA levels were ablated 

by CRISPR-Cas9 in the knockout samples. When applying CRISPR-Cas9 techniques, it is 

possible that frameshift mutations lead to a malformed, non-functional protein despite mRNA 

analysis revealing unchanged levels as RNA-seq is frame agnostic; however, the ablation of 

CTNNB1 and JUP mRNA expression with knockout indicates the InDel in each case has 

triggered mRNA NMD ceasing protein production, or only small fragments remain which 

would not prove functional. Following rWNT3a treatment, CTNNB1 remained unchanged in 

scrambled clones, and JUP was reduced (5.3.1.3). The absence of change to CTNNB1 was 

expected, as changes to CTNNB1 in response to WNT ligands is not a common observation, 

owing to its post-translational regulation  (Jothimani et al., 2020). The reduction in JUP was 

not expected and suggests repression by rWNT3a. 

5.4.1 Identifying a WNT/-catenin/RAP1 Signalling Axis in AML  

As knockout of -catenin had demonstrated loss of clonogenicity, this study initially 

focussed on identifying genes upregulated by rWNT3a treatment, and inversely suppressed by 

dual catenin knockout. These dysregulated genes would likely represent the critical element 

lost, ablating clonogenicity. These dysregulated genes were used for SPIA, which revealed an 

upregulation of RAP1 signalling by rWNT3a and suppression of RAP1 signalling in the 

knockout condition (5.3.3). RAP1 signalling activation was previously demonstrated in 

responder AML cell lines (S2. ), and subsequently, in patients deceased five years after 

diagnosis (5.3.5).  

Several studies in the literature supports the concept of crosstalk between the WNT/-

catenin and RAP1 signalling pathways (Habas et al., 2007; Tsai et al., 2007; Goto et al., 2010; 

Griffin et al., 2018). Evidence here-in at the gene expression level and through in vitro 

analyses further supports crosstalk of the two respective pathways and enables speculation of 

a central role in AML relapse and overall survival. A summary of the WNT and RAP1 

signalling pathways is shown in Figure 5-28. Even though research on RAP1 signalling in 

the context of AML is very limited, the scarce existing literature supports both the 

involvement of RAP1 signalling in AML, as well as the potential interaction with WNT/-

catenin signalling (Ishida et al., 2003; Gyan et al., 2005; Qiu et al., 2012).  
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Figure 5-28: Summary of the WNT and RAP1 Signalling Pathways 

The three major WNT signalling pathways are shown: WNT/-catenin (inactive and active), WNT/Ca2+, and WNT/PCP.  

The RAP1 signalling pathway is controlled by the phosphorylation state of the central mediator RAP1, which in turn is 

controlled by the activity of RAPGEF (green) and RAPGAP (red). Further interactions between -catenin and numerous 

members are known or expected, as indicated by an asterisk.  
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Whilst -catenin and WNT/-catenin signalling have been implicated for interactions with 

other critical pathways which are often perturbed in cancer, including RAS/RAP-ERK (Goto 

et al., 2010; Jeong et al., 2018), Hedgehog (Pelullo et al., 2019), Notch (Tian et al., 2015; L. 

Ma et al., 2019), TGF- (Guo et al., 2009; Luo, 2017) Hippo (Attisano et al., 2013), MAPK 

(Horst et al., 2012; Cheruku et al., 2015), and EGFR signalling (Hu et al., 2010), these were 

not perturbed here-in. Only a select few pathways were identified as altered, including PI3K-

AKT-mTOR (Zeng et al., 2018; Prossomariti et al., 2020),  PD-1 signalling (Martin-Orozco et 

al., 2019; Perry et al., 2020; H. Zhang et al., 2021), p53 signalling (Peng et al., 2014; An et al., 

2017), and cell cycle signalling (Jamieson et al., 2014), but these were not reciprocally altered 

in the knockout state, suggesting they are not absolutely required effects for clonogenicity. 

When the profile was studied in detail, a clear pattern emerged in support of a WNT/-

catenin/RAP axis.  

Genes found to be positively upregulated in rWNT3a treated THP1, responder AML cell 

lines, and in patients deceased by five years included RAPGEF4, a suspected WNT/-catenin 

target gene (Schmidt et al., 2013; Rouillard et al., 2016). RAPGEF4 serves to promote the 

RAP1 signalling pathway by acting as a guanine exchange factors (GEF) for RAP1. Numerous 

upstream regulators of GEF, which activate RAP1, were repressed in the knockout state; these 

included F2R, P2RY1, PDGFD, GRIN1, and MAGI1. Together, these facilitate reduced 

expression of RAPGEF4 and RASGRP3 (Martemyanov et al., 2012). Further, GTPase-

activating protein (GAP), which inactivate RAP1, were found overexpressed; these include 

RAP1GAP, RAP1GAP2, SIPA1L1, SIPA1L2, and whilst only trending towards significance, 

remaining members SIPA1 and SIPA1L3 were also upregulated (Steele et al., 2012). Together, 

modulation as indicated provides tremendous repressive pressure upon RAP1 signalling 

activity upon dual catenin knockout.  

With RAP1 identified as pathway of interest, a literature search was applied to support 

further in vitro findings. RAP1, belonging to the RAS-associated family of cytosolic proteins, 

is a small GTPase integral for signal transduction, by acting as a cellular switch (Boriack-

Sjodin et al., 1998). RAP1 is activated to a GTP-bound form by guanine nucleotide exchange 

factors or inactivated to a GDP-bound form by GTPase activating proteins, and regulation of 

these two factors enables control over numerous cellular processes, such as B-

RAF/MEK/ERK activation (Vetter et al., 2001). GEF family members include DOCK4, 3G3, 
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EPAC1|2, and PDZ-GEF1 whilst GAP family members include RAP1-GAP, SPA1, and the 

SPA1L1|3 members (Minato, 2013). The balance between these factors dictates overall RAP1 

signalling activity (Bos, 2005; Retta et al., 2006).  

Recently, RAP1 activity has been identified as a promotor of stemness in long-term adult 

haematopoiesis and myeloproliferative disorders (Imai et al., 2019). Further, ectopic RAP1 

signalling driven by inhibition of GTPases was demonstrated to drive leukaemogenesis and 

promote HSC proliferation and maintenance (Ishida et al., 2003; Minato, 2013; Imai et al., 

2019). In an in vivo murine model and in vitro, RAP1 signalling was required for 

leukemogenicity of LSC (Ishida et al., 2003). Furthermore, repression of RAP1 signalling 

blocked leukaemogenesis, whilst RAP1 active cells rapidly induced aggressive leukaemia 

(Ishida et al., 2003). The authors reported that cells were only able to propagate on stromal 

cell lines, immediately dying in the absence of a support cell, but they were also shown to 

grow underneath stromal support cells like cobblestones. Moreover, no haematopoietic 

factors were able to rescue these cells (Ishida et al., 2003). Accordingly, these observations 

have been previously documented within this study in cell lines (4.3.1), suggesting tight 

regulation of RAP1 signalling is required to promote stemness, and repression of RAP1 

removes the clonogenicity of AML cells. RAP1 signalling is an effector of Ca2+ signalling 

and can control cytoplasmic Ca2+ levels to reduce stresses, thereby acting as a negative 

feedback loop to control RAP1 signal maxima (Kosuru et al., 2020). EPAC proteins are able 

to respond to and regulate the influx of extracellular Ca2+, as well as modulate glucose 

homeostasis (Almahariq et al., 2014; Kaneko et al., 2016). Calcium flux and glucose 

metabolism are further important factors which are often found perturbed in AML (W.-L. 

Chen et al., 2014; Monaco et al., 2015). 

The necessary question relates to the mechanism by which WNT/-catenin and RAP1 

signalling intersect, and whether the relationship is direct or indirectly mediated by another 

participant. No fully defined relationship between these two signalling pathways has been 

discovered; however, it is likely that the answer is complex and represents both direct and 

indirect interplay. RAP1 has been recognised to stabilise -catenin and enhance its 

transcription in several cancers, with the proposal that RAP1, which shuttles freely between 

the cytoplasm and nucleus, is perhaps translocating -catenin into the nucleus (Glading et al., 

2010; Goto et al., 2010). Similarly, RAPGEF5 is proposed to mediate the nuclear 
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translocation of -catenin (Griffin et al., 2018). Further, numerous members of the RAP1 

signalling pathway contain PDZ binding elements, which -catenin can hypothetically bind 

to, such as SIPA1, SIPA1L1, SIPA1L2, and SIPA1L3 (Stone, 2011; Shah et al., 2016). 

DOCK4, an activator of RAP1, has been described as a member of the WNT/-catenin 

pathway which stabilises -catenin via a PDZ element, and was suggested to be 

phosphorylated by GSK3 to stimulate GEF activity, thereby promoting RAP1 (Yajnik et al., 

2003; Upadhyay et al., 2008). These observations suggest direct and indirect interaction 

between WNT/-catenin and RAP1, which has been suggested in the literature as the 

WNT/RAP pathway (Habas et al., 2007). A hypothetical interplay between WNT/-catenin 

and RAP1 signalling is demonstrated in Figure 5-29. 

Numerous CK1 family members are involved in the WNT/-catenin pathway and have 

associated roles in the modulation of the RAP1 signalling pathway. Recent research has 

suggested that CK1ɛ and CK1, which are integral components of the WNT/-catenin 

initiation cascade and are activated by WNT3a (Valle-Pérez et al., 2011; Cruciat, 2014; 

Vinyoles et al., 2017), have a secondary function in the degradation process of SIPA1L1, thus 

enabling CK1ɛ/-mediated activation of RAP1 signalling (Tsai et al., 2007; Knippschild et 

al., 2014). Inversely, in the absence of a WNT ligand, CK1α phosphorylates -catenin for 

degradation and is further established to induce CK1α-mediated RAPGEF2 degradation, 

inhibiting RAP1 signalling (Magliozzi et al., 2013; S. Jiang et al., 2018). Together, these CK1 

family members are able to positively regulate RAP1 signalling in the presence of a WNT 

ligand agonist.  

The relationship between WNT and RAP1 signalling is complicated as a result of unique 

-catenin interactions. For instance, CK1α-mediated RAPGEF2 degradation in a WNT 

inactive state would suggest repression upon -catenin knockout; however, RAPGEF2 was 

shown to be upregulated (5.3.2) in this context. This is likely explained by the negative 

regulatory relationship between MAGI3 and -catenin (Q. Ma et al., 2015). Through a PDZ 

region, MAGI3 binds -catenin, negatively regulating it (Dobrosotskaya et al., 2000), with 

the inverse also established. In addition, RAPGEF2 has been demonstrated to directly form a 

complex with -catenin via a PDZ element, which is enhanced in low intracellular Ca2+ 

conditions (Kawajiri et al., 2000; Bos, 2005; Asuri et al., 2008). As MAGI3 controls 

RAPGEF2 levels, this explains how -catenin knockout increases RAPGEF2. 
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Figure 5-29: Hypothetical Crosstalk Between WNT/-catenin and RAP1 Signalling Pathways 
Whilst speculative, -catenin is reportedly or potentially capable of interacting with most members of the RAPGEF (green) and RAPGAP (red) families. Following activation WNT/-catenin activation 

results in an accumulation of -catenin which is able to interact with RAP1 signalling directly and indirectly via PDZ elements and MAGI, respectively. The WNT/Ca2+ pathway will inherently alter 

RAP1 signalling, as RAPGEF and RAPGAP contain Ca2+ and DAG responsive elements. The WNT/PCP pathway promotes CKIe which is able to repress SIPA1L1, promoting RAP1. All WNT 

pathways involve Dishevelled (DVL), which is potentially capable to simultaneously promote RAPGEF with DVL sites (EPAC, REPAC).



A WNT/beta-catenin/RAP1 signalling axis in AML 

285 

 

 

DVL, another integral component of the WNT/-catenin initiation cascade, has been 

shown to enable the crosstalk between the WNT/-catenin, WNT/Ca2+ and the RAP1 

pathway, by promoting Ca2+ influx, PKC upregulation, and CAMKII activation (Sheldahl et 

al., 2003; Sharma et al., 2018). Of note, PKC, found upregulated with -catenin knockout, 

alongside PKC which was trending toward significant upregulation with knockout, suggest 

an alternate means of RAP1 activation that is incapable of complete restoration. However, 

the function of PKC and PKC are dependent upon Ca2+ and diacylglycerol, or 

diacylglycerol alone, respectively (Luna-Ulloa et al., 2011). The downstream target of RAP1 

signalling, PKCι, has been demonstrated to be a critical component of cell-survival signal 

transduction pathways and was shown to be repressed with -catenin knockout, further 

suggesting RAP1 inactivation with knockout (Newton, 2010).  

As WNT/Ca2+ has been demonstrated to facilitate nuclear translocation of -catenin, this 

suggests Ca2+ flux represents a critical mediator in the early stages of WNT/-catenin 

initiation (Thrasivoulou et al., 2013b). Indeed, WNT3a, alongside numerous other WNT 

ligands, have been established to increase intracellular Ca2+ levels within minutes (Avila et 

al., 2010; Thrasivoulou et al., 2013a; Ashmore et al., 2019). Together, this demonstrates a 

brief, but substantial, period of Ca2+ influx, which would serve to activate the RAP1 pathway 

directly. This would further suggest a complex interplay between the previously divided 

WNT sub-pathways and RAP1.  

Together, these observations demonstrate further evidence for the WNT/RAP1 signalling 

axis. WNT/-catenin and RAP1 share the common phenotype of absolute necessity in 

embryonic haematopoiesis, but prove disposable for adult haematopoiesis (Satyanarayana et 

al., 2010); further, inactivation of both pathways attenuates leukemogenicity, whilst 

hyperactivation drives leukaemogenesis. This relationship suggests these pathways act in 

consort, perhaps further augmented by non-canonical WNT pathways. Further investigation 

was necessary to unveil the relationship between the two pathways, and their respective impact 

on AML. 

5.4.2 Validating the WNT/RAP Signalling Axis Modulates Clonogenicity 

The transcript expression profiles indicated WNT/-catenin promoted RAP1 signalling, 

whilst dual catenin knockout repressed the pathway. Regulatory GEF and GAP were 
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perturbed in directional agreement with these findings, both in the generated data here-in, in 

the CCLE responder versus non-responder data, in the LEF1HIGH versus LEF1LOW 

comparison, and the five-year deceased versus alive patient data. Furthermore, the ability to 

demonstrate both WNT and RAP1 signalling activation in patients with poor survival adds 

further credence to a mechanism of crosstalk with prognostic implications. Firstly, it was 

necessary to explain how RAP1 signalling has perhaps been missed in prior research.  

Primarily, the absence of RAP1 signalling in prior AML research relates to novelty: efforts 

to classify AML cell lines into responders and non-responders of WNT/-catenin signalling is 

often not performed in the literature even when research focuses upon WNT/-catenin. 

Secondly, most pathway analyses are performed against the GO alone, or the KEGG database; 

GO does not contain a RAP1 signalling pathway annotation, whilst the KEGG database does 

not provide annotation on the RAP1 signalling pathway in the most recent freely available 

release8. Here, the latest releases of both databases alongside several others were applied for 

analysis, maximising output. Further, the re-processing of raw data, in addition to the 

application of more modern pathway techniques, provided greater insight. This is particularly 

valuable for the analysis of patient data, which demonstrates a far higher degree of variability, 

both sourced from biological and technical variances. Lastly, greater understanding of the 

distinct and dual roles of RAP proteins in recent years has allowed for better understanding of 

the regulatory consequences of gene perturbations, particularly in relation to -catenin. 

Together, these considerations could explain why RAP1 signalling was previously overlooked. 

Data from the rWNT3a and dual knockout profiles indicated that RAPGEF4 (EPAC2) and 

SIPA1L1 (SIPA1L1) were the principal activator and repressor of RAP1 signalling, 

respectively, with the former a speculative direct WNT target gene (Schmidt et al., 2013), and 

the latter modulated indirectly by CKI of the WNT/-catenin pathway (Tsai et al., 2007).  

As RAP1 signalling is controlled by GEF and GAP proteins, which modulate RAP1 to an 

active RAP1-GTP or inactive RAP1-GDP form, respectively, it was necessary to bypass this 

modulation and incorporate a constitutively active form of RAP1 to demonstrate clonogenicity 

was restored. RAP1E63, a constitutively active form of RAP1, was able to restore the 

clonogenicity of responder AML cell lines to clonal efficiencies comparable to controls, whilst 

 
8 RAP1 signalling added in v. 68 (30/10/2013); final free KEGG database release v60 (01/06/2011) 
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a mild but appreciable increase in clonogenicity within non-responder lines was noted (5.3.7). 

A pull-down assay to recover RAP1-GTP would be required to assess the active form RAP1 

protein levels in the AML cell lines, as total RAP1 levels are uninformative for the activation 

status; unfortunately, this was cost prohibitive to conduct. Instead, direct modulation of GAP 

and GEF was undertaken to demonstrate directly involved members controlled clonogenicity. 

As transcriptomic analyses on the generated rWNT3a and knockout data, alongside the 

cell line and patient data, supported RAPGEF4 and SIPA1L1 as the driver modulators, it was 

necessary to examine both. CRISPR-Cas9 activation and inhibition was applied to enable study 

of both, respectively. The consequence on clonogenicity was scored by limiting dilution 

cloning, which enabled elucidation of RAPGEF4 as the central member enabling activation of 

RAP1 signalling and restoring clonogenicity, whilst SIPA1L1 inhibition was able to only 

mildly improve clonogenicity (5.3.8). These data indicate that the knockout condition lacks 

sufficient alternate GEF activity even with inhibition of the GAP SIPA1L1 and hence was 

unable to restore RAP1 signalling activity. Rather, RAPGEF4 is likely directly upregulated as 

a WNT/-catenin target gene, which enables subsequent activation of RAP1 signalling to an 

extent sufficient to overcome GAP activity. Unfortunately, quantification of the activation and 

inhibition could not be validated by western blot as antibodies for both were unsuccessful with 

no bands detected at the expected size despite appropriate antibody concentration and use of 

ultra-sensitive ECL (data not shown). Whilst this was expected for SIPA1L1, for which no 

validated antibodies are available and only one supplier could be found, RAPGEF4 was 

expected to be detected based upon recent published data using the same antibody under 

comparable methods (Kusnadi et al., 2020). 

The results generated support the existence of a WNT/-catenin/RAP pathway, and that 

this pathway directly contributes to the clonogenicity of AML. Such a finding is supported by 

the literature, in which RAP1 activity has been documented to be required for HSC and LSC 

maintenance and self-renewal (Imai et al., 2019), as well as being a driver of leukaemogenesis 

(Ishida et al., 2003; Minato, 2013; Imai et al., 2019). Indeed, many of the findings here-in are 

concordant with those of Minato et al., though the authors research did not consider WNT/-

catenin signalling, nor was the source of excessive RAP1 signalling activity examined. The 

observation that RAP1 signalling is required for leukemogenicity of LSC (Ishida et al., 2003; 
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Imai et al., 2019), and high pathway activation in patient deceased by five years suggests a 

central involvement of RAP1 signalling in AML biology. 

The complete pathway interaction between WNT/-catenin signalling and RAP1 

signalling is difficult to resolve with current findings, with the literature supporting the 

interaction of WNT and RAP1 bidirectionally, complicating interpretations. WNT/-catenin is 

documented to be able to activate RAP1 (Habas et al., 2007; Tsai et al., 2007) but, equally, 

RAP1 is able to activate or augment WNT/-catenin (Goto et al., 2010; Griffin et al., 2018). 

This relationship between pathways is difficult to interpret due to the limited research 

specifically on the WNT/RAP axis (Habas et al., 2007; Tsai et al., 2007). Research in HCC 

has revealed that both inhibition and activation of -catenin is able to induce repression and 

activation of RAP1, respectively, suggesting a direct -catenin-derived interaction (Mo et al., 

2018). Research in embryonic stem cells found that RAP1 was required for clonogenicity (Li 

et al., 2010), supporting a role as described here-in, whilst in HNSCC, RAP1 has been 

demonstrated to promote the nuclear localisation of -catenin (Goto et al., 2010), suggesting a 

co-operative function or positive  feedback effect. However, inhibition of RAP1 was not 

reported to alter -catenin-regulated gene expression during gastrulation in mice, suggesting 

interaction is directed from WNT to RAP1, and any roles in augmentation of the WNT pathway 

or in the translocation of -catenin to the nucleus are compensated for by other means (Tsai et 

al., 2007). Regardless of whether WNT and RAP1 are capable of mutual activation, EPAC1|2 

are well recognised for roles in driving chemoresistance in AML, and have been shown to be 

frequently overexpressed in patients (Kusnadi et al., 2020). RAP1 GAP family members are 

often repressed in AML patients, such as RAP1GAP, with restored activity of RAP1GAP 

inducing differentiation and apoptosis in cell lines in vitro (Qiu et al., 2012).  

Whilst RAP1 signalling is often found as a top perturbed pathway in recent AML studies, 

little or no investigation follows (Huang et al., 2017; Lv et al., 2018; S. Wu et al., 2019; L. Zhu 

et al., 2020; S. Chen et al., 2020; He et al., 2021; zhang et al., 2021; Hong et al., 2021; Lu et 

al., 2021; Rodríguez González et al., 2021; Almajali et al., 2022; Ling et al., 2022). In fact, 

RAP1 signalling was recently identified as the top pathway altered following treatment in 

AML, with WNT signalling also identified, regardless of the treatment applied clinically (J. 

Wu et al., 2021). Small molecule inhibitors of EPAC2 are available, such as ESI-05, which 

have been demonstrated to reduce AML cell line viability in vitro (Kusnadi et al., 2020). GGTI 
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298, a CAAZ peptidomimetic geranylgeranyl transferase I inhibitor which inhibits the 

processing of geranylgeranylated RAP1A was found to induce dose-dependent growth 

inhibition and reduced colony forming ability in AML cell lines and primary AML cells 

(Morgan et al., 2003). Loss of RAP1GAP, a suppressor of RAP1 signalling, is reduced in AML 

compared to non-malignant blood diseases and upregulation has demonstrated induction of 

differentiation, apoptosis, and migratory effects (Qiu et al., 2012). RAP1 signalling has been 

documented to have pleiotropic effects and care is required to study RAP1 signalling in a 

cancer-specific manner, which unfortunately limits interpretation as scarce research is available 

in AML (Looi et al., 2020). CRC, an archetypical WNT/-catenin cancer, represents the closest 

approximate relative, and similarly RAP1 signalling activation is associated with poorer 

prognosis and correlates negatively with MMP9 (Gao et al., 2018), a known WNT/-catenin 

target gene (M. A. Lee et al., 2014). Repression of RAP1 signalling has been documented to 

induce apoptosis, suppress cell cycle progression, inhibit proliferation, reduce tumour 

progression, and reduce clonogenicity in CRC, HCC, and other WNT-associated cancers (Li 

et al., 2021). Together, these data indicate RAP1 signalling requires further investigation and 

represents an overlooked aspect of AML with promising treatment implications.  

Further expression profile alterations were explored, revealing interesting insights into 

transcripts upregulated and repressed in response to rWNT3a treatment and dual catenin 

knockout. These represent speculative findings, as these were not validated at the protein level; 

these are discussed in S4. , S5. , S6. . 
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6.1 Background 

AML is a heterogeneous haematological malignancy characterised by the clonal 

expansion of leukaemic cells with heightened survival and proliferative capabilities 

(Lowenberg et al., 2016), saturating the BM niche with immature haematopoietic cells (De 

Kouchkovsky et al., 2016). AML originates from LSC (Fialkow, 1974; Griffin et al., 1986; 

Lapidot et al., 1994), which retain the self-renewal capability of HSC (Jordan, 2007). Five-

year survival in AML is approximately 25-30% (Noone et al., 2018), though broad differences 

between molecular abnormalities and age are observed, as previously stated (1.2.5). Critically, 

incidence and mortality rates have increased in recent years, particularly in males with a 35% 

increase to incidence and a 12% increase to mortality globally (Ahmed et al., 2022), 

demonstrating a pressing therapeutic need.  

Treatment options for AML had stagnated in recent decades, with improvements 

generally limited to dose intensification or combinational regimens (Dombret et al., 2016). 

Targeted therapies have revolutionised treatment in specific subtypes; the treatment of APL 

with retinoic acid therapy has transformed this disease subtype into the most treatable form of 

AML, with CR rates of greater than 95% (Lo-Coco et al., 2013; Sanz et al., 2019). However, 

retinoic acid therapy cannot eliminate the leukaemic clone which requires further 

chemotherapy or a differentiation agent such as ATO, enabling long-term remission in over 

90% of patients (Degos et al., 2001; Kantarjian et al., 2021). The combination of ATRA and 

ATO ± anthracycline has reduced relapse from ~50% to <10% in adult patients with APL since 

its introduction two decades ago (Sanz et al., 2019). In non-APL AML, therapies achieve CR 

in up to 80% of patients below sixty years old, and in approximately 50% of patients above 

sixty (Estey, 2009; Schlenk et al., 2018); unfortunately, relapse occurs in 50% of patients under 

sixty and up to 90% of those in the elderly cohort (Thol et al., 2020), making it the most 

frequent cause of death in AML (Dombret et al., 2016). Relapse often presents with a clonally 

evolved derivative from primary AML, frequently exhibiting greater molecular complexity 

with the acquisition of resistance to therapeutics (Ho et al., 2016; Hanekamp et al., 2017), and 

elevated WNT/-catenin signalling (Valencia et al., 2009; Griffiths et al., 2010a; Gruszka et 

al., 2019). Therefore, targeted therapeutics may enable better therapeutic outcomes, requiring 

identification and validation of WNT/-catenin axis in AML. 



Discussion, conclusion, and future work 

292 

 

 

The WNT/-catenin pathway has proposed roles in self-renewal and maintenance of 

HSC (Reya et al., 2003; Fleming et al., 2008a; Luis et al., 2011), in addition to roles in 

haematopoiesis; however, the role and necessity of WNT/-catenin remains contentious in 

these processes. Genetic mutations of the WNT/-catenin pathway are not found in AML 

(Johnson et al., 2005; Griffiths et al., 2010b; Gunes et al., 2020); rather, WNT/-catenin 

signalling is a commonly dysregulated pathway via other mechanisms in AML which is notably 

pronounced in LSC (Majeti, Becker, et al., 2009; Perry et al., 2020). Mechanistically, several 

central WNT/-catenin-related proteins have been shown to be altered in AML, including 

elevated expression of WNT3a (Simon et al., 2005a; Kawaguchi-Ihara et al., 2008), LEF1 

(Metzeler et al., 2012), and TCF4 (In’t Hout et al., 2014), alongside repression of GSK3 

(Abrahamsson et al., 2009) and sFRP family members (Guo et al., 2017) that promote pathway 

activation. In fact, 90% of AML harbour at least one hypermethylated WNT/-catenin 

signalling inhibitor gene. These include sFRP2 (66%), sFRP5 (54%), sFRP1 (34%), WIF1 

(32%), SOX17 (29%), RUNX3 (27%) or DKK1 (16%) (Griffiths et al., 2010a). -catenin is 

overexpressed at the mRNA and protein levels in 40-60% of patients with associated poor 

clinical outcomes (Ysebaert et al., 2006; Chen et al., 2009). Moreover, WNT/−catenin has 

been linked to chemoresistance to DNR (Xiao et al., 2020), and Ara-C (L. Chen et al., 2020). 

Further, -catenin overexpression has been associated with poor prognosis, and knockdown of 

-catenin has sensitised AML cell lines to Ara-C (Qian et al., 2020). Therefore, silencing of 

WNT/-catenin by CRISPR-Cas9 knockout, alongside the close homolog -catenin, has the 

potential to sensitise leukaemic cells to chemotherapeutics and eradicate LSC, which has 

formed the central focus of this study. 

6.2 WNT/-catenin Signalling Activity is Heterogenous in AML and Reveals an 

Expression Profile of Stemness and Chemoresistance Traits 

As previous research into WNT/-catenin signalling in AML has resulted in both 

demonstration of dependency (Wang et al., 2010; Fiskus et al., 2015; S. Ma et al., 2015) and 

dispensability (Cobas et al., 2004b; Gandillet et al., 2011b) for AML maintenance, it was 

necessary to first characterise a panel of AML cell lines and primary AML samples to examine 

WNT/-catenin necessity and address prior inconsistent findings. This was explored by 

western blots of cytosolic and nuclear fractions together with a flow-based WNT reporter in 

Chapter 3 (AML cell lines) and in Chapter 4 (Primary AML), which revealed that AML cell 
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lines have variable capacity to translocate -catenin into the nucleus and presented with 

variable -catenin expression levels. In this study, -catenin ‘activity’ was used to characterise 

lines as responders or non-responders based on -catenin nuclear translocation capacity. These 

classifications potentially explain inconsistent prior research, as inappropriate cell lines have 

been applied as models; furthermore, prior research in non-responder lines suggests off-target 

effects are responsible for observations of dependency (1.3.5).  

Cross-comparison of RNA expression data here-in between responder and non-

responder AML revealed an expression profile in responders consistent with stemness, pro-

proliferative effects, and mechanisms of potential chemoresistance (S2. ). Further, elevated 

JUP (-catenin) expression levels were documented, though protein detection by western blot 

only partly supported this observation. A significant increase in LEF1, TCF7L2, LRP6, PTK7, 

FZD6, WNT3, and WNT5a expression was documented in responder AML, alongside the 

repression of DACT3 and DKK4, demonstrating an expression profile biased to active WNT/-

catenin signalling. Notable WNT/-catenin target genes, such as ABCB1 were found 

significantly overexpressed with established roles in driving chemoresistance (Patel et al., 

2013).  

6.3 -catenin and -catenin are Dispensable for AML Maintenance and 

Chemoresistance, but -catenin is Absolutely Required for Clonogenicity in 

Responder AML cell lines 

The necessity of WNT/-catenin signalling and potential compensative role of -

catenin in AML has remained inconclusive, with some authors supporting the absolute 

necessity of -catenin for AML maintenance (Saenz et al., 2019), whilst others demonstrate 

expendable roles for both catenin and TCF family members in maintenance and clonogenicity 

(X. Zhao et al., 2020; Pepe et al., 2022). To address this in the current study, CRISPR-Cas9 

was applied to delete both genes independently  and simultaneously in a panel of responder 

and non-responder AML cell lines (Chapter 3, Chapter 4). CRISPR-Cas9 was validated to 

generate efficient knockout within 72 hours, and the knockout efficiency remained stable over 

a 3-week period of passaging. Within a panel of AML cell lines,  knockout of -catenin and -

catenin had no effect upon proliferation, apoptosis, cell cycle, or migration under bulk culture 

conditions, despite significant reductions in -catenin and -catenin individually or in 

combination (3.8); however, only -catenin knockout had an impact upon WNT/-catenin 
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signalling activity (3.6). -catenin knockout was found to incur a significant reduction in 

clonogenicity, and indeed, no complete knockout clones could be recovered through cloning, 

necessitating the use of supportive conditions. No consequence of -catenin knockout on 

clonogenicity was documented. 

Once complete knockout clones were obtained, using co-culture with supportive 

fibroblasts or AML cells (4.3.2), this study again found no effect upon proliferation, apoptosis, 

cell cycle, differentiation status, chemoresistance, or stress tolerance, despite absence of both 

catenin members and silencing of WNT/-catenin signalling activity (4.3.4). Single knockout 

of -catenin alone showed that this was absolutely required for WNT/-catenin signalling 

activity, with no redundancy function of -catenin (4.3.4.2). Correspondingly, -catenin 

knockout had no consequence on WNT/-catenin signalling activity, despite reductions in total 

-catenin protein levels. These findings agree with evidence studied in other contexts, such as 

gastrulation (Haegel et al., 1995) and HCC (Wickline, Du, Donna B. Stolz, et al., 2013), in 

which -catenin cannot act in place of -catenin for WNT/-catenin signalling and instead 

suppresses WNT/-catenin signalling. It is acknowledged that -catenin can compensate for -

catenin in non-WNT roles (Wickline et al., 2011); however, these are not of interest to the 

study here-in. As before, complete -catenin knockout was found to be incompatible with 

clonal growth, whilst no consequence of -catenin knockout on clonogenicity was observed. 

Examination of the role -catenin and -catenin provide for AML maintenance and 

clonogenicity was furthered by examination of primary AML material, which similarly 

presented no growth defects in a bulk culture following either CRISPR-Cas9-induced knockout 

of -catenin or by small molecule inhibition of the -catenin:LEF1:TCF4 transcriptional 

complex (4.3). -catenin was not detectable in these samples, even with knockout of -catenin, 

confirming no compensative effect or contribution. As with the responder cell lines, however, 

-catenin expressing primary AML lines did show significantly reduced clonal growth 

following -catenin knockout and following treatment with small molecule inhibitors of 

WNT/-catenin signalling. Conversely, primary AML lines not expressing -catenin- lines 

showed no phenotype following -catenin knockout under any culture conditions. These data 

suggest WNT/-catenin signalling is an appropriate target for AML eradication in a subset of 

patients with a WNT-dependent profile; however, a secondary population of patients exists 
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with no observable WNT/-catenin signalling profile, nor requirement on WNT/-catenin for 

clonal growth. This suggests a proportion of patients, perhaps 40-60%, would benefit from 

WNT/-catenin inhibition if these findings translate to relapse in vivo. 

6.4 WNT/-catenin is Dispensable for Myeloid Lineage Development in Normal 

Haematopoiesis and for HSC Self-Renewal 

As the precise role and necessity of -catenin and -catenin in the literature is inconclusive 

in regard to normal haematopoiesis, it was necessary to examine these in a comparable 

CRISPR-Cas9-induced knockout model (4.3.4). In normal haematopoiesis, JUP mRNA levels 

decreased throughout myeloid differentiation, with highest expression found in HSC, 

suggesting a role in HSC proliferation and maintenance. CTNNB1 levels were high and 

remained high despite differentiation status, though post-translational regulation limits 

interpretation of mRNA expression data. Examination of protein expression in a human 

primary HSPC model confirmed -catenin and -catenin are present until day three, after which 

point protein levels are undetectable. As -catenin had been determined to have no 

compensative role, and no data indicated necessity in AML, only -catenin was considered for 

knockout studies in HSPC. These studies showed that bulk knockout of -catenin was 

inconsequential to myeloid colony formation and in a simplified in vitro model of self-renewal 

potential. Similarly to the observations in AML cell lines, -catenin knockout had no 

consequences regarding growth, cell cycle, apoptosis, or differentiation status. These results 

indicate that, in agreement with much of the recent literature (Cobas et al., 2004a; Jeannet et 

al., 2008b; Koch et al., 2008b; X. Zhao et al., 2020), WNT/-catenin signalling is not required 

for myeloid development. These findings support the therapeutic suitability of targeting -

catenin, though further in vivo studies would be required to validate this. It is conceded that, as 

in the CRISPR-Cas9 primary AML data, these data are generated in the context of a bulk, non-

clonal CRISPR-Cas9 knockout population state rather than a complete clonal knockout state. 

However, findings in the AML cell line and primary AML context demonstrate the ability to 

detect consequence of knockout under these conditions. 

6.5 Dual catenin Knockout Perturbs the AML Transcriptome and RAP1 Signalling 

To further study the consequences of dual catenin knockout, RNA-seq was performed to 

examine the normal WNT-active and the knockout condition profile, as examined in Chapter 

5. This was achieved by application of rWNT3a, or vehicle, for active and basal WNT status, 
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respectively. Examination of the transcriptome revealed numerous upregulated and repressed 

genes as a consequence of rWNT3a treatment or knockout related to loss of stemness, evasion 

of apoptosis, and chemosensitivity. Whilst the findings related to stemness support a possible 

role in clonal growth, elevated expression of genes suppressing apoptosis in the knockout state 

suggests a potential role in promoting AML survival in the absence of WNT/-catenin.  

To better capture a biologically interpretable effect, pathway analysis was performed 

(5.3.3), which indicated that rWNT3a activated the RAP1 signalling pathway, supporting 

previous reports of a WNT/RAP1 signalling axis (Habas et al., 2007; Tsai et al., 2007; Goto et 

al., 2010; Griffin et al., 2018), whilst the knockout state demonstrated repression of the RAP1 

signalling pathway. Together, these observations suggest that WNT/-catenin signalling 

promotes RAP1 activity, and that this is an effect mediated by -catenin via upregulation of 

the GEF RAPGEF4. As a WNT/-catenin signalling profile had been determined within the 

responder AML cell lines based upon public CCLE RNA-seq data when compared with the 

non-responder group, it was also noted that RAP1 signalling was the only other signalling 

pathway overrepresented within the responder AML group . To this end, this study investigated 

whether WNT/-catenin and RAP1 signalling was perturbed in the patient context. By 

comparing patients with high and low LEF1 mRNA expression, which was previously 

determined to be an approximate indicator of WNT/-catenin activity and is supported in the 

literature (Morgan et al., 2019), or based upon five year survival, a WNT/-catenin/RAP 

profile in high LEF1 expression patients and patients deceased after five years was revealed. 

Cell line and patient data indicated that RAPGEF4 (EPAC2) and SIPA1L1 (SIPA1L1) were the 

activator and repressor of RAP1 signalling, respectively, with the former a possible direct WNT 

target gene (Schmidt et al., 2013), and the latter suppressed  by CKI of the WNT/-catenin 

pathway (Tsai et al., 2007). Speculative evidence of pathway crosstalk has been documented 

within the literature (Habas et al., 2007; Tsai et al., 2007; Goto et al., 2010), and scarce 

evidence on RAP1 has suggested roles in leukaemogenesis and an absolute requirement for 

clonogenicity in vivo and in vitro (Ishida et al., 2003; Qiu et al., 2012; Imai et al., 2019). 

6.6 Restoration of RAP1 Signalling Activity in -catenin Knockout AML Restores 

Responder Clonogenicity and Enhances Non-responder AML Clonogenicity 

Expression of a constitutively active form of RAP1, RAP1E63, was able to restore the 

clonogenicity of responder AML cell lines to clonal efficiencies comparable to controls (5.3.7). 
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As transcriptomic analyses of rWNT3a and knockout data, alongside the cell line and patient 

data, supported the RAP1 activating GEF RAPGEF4 was a WNT/-catenin target gene and the 

RAP1 inhibiting GAP SIPA1L1was inhibited by CKI of the WNT/-catenin pathway in the 

presence of a WNT agonist, it was necessary to examine both. In principle, CRISPR-Cas9 

activation of RAPGEF4 and inhibition of SIPA1L1 would restore the expression profile to a 

state comparable to the WNT/-catenin active state and was expected to restore clonogenicity. 

Activation of RAPGEF4 restored a significant proportion of the clonogenicity compared to 

scrambled knockout control, suggesting RAPGEF4 promoted RAP1 enabling clonal growth. 

Further, SIPA1L1 inhibition was able to only mildly improve clonogenicity. These data 

indicate that the knockout condition is incapable of sufficient RAP1 signalling activity to 

facilitate clonogenicity. RAPGEF4 is a likely WNT/-catenin target gene, upregulated directly 

by -catenin, which enables subsequent activation of RAP1 signalling. Unfortunately, 

quantification of the activation of RAPGEF4 and inhibition of SIPA1L1 could not be validated 

by western blot as antibodies for both were unsuccessful.  

In conclusion, this study has demonstrated that it is possible to stratify cell lines and 

primary AML samples based upon WNT/-catenin signalling activity. Secondly, WNT/-

catenin signalling activity is absolutely required for the clonal growth of AML cells with 

WNT/-catenin signalling activity, which further indicates clonal growth is also supported by 

alternate mechanisms in AML. -catenin is indispensable for WNT/-catenin signalling 

activity, as expected, and -catenin is unable to act compensatively for this purpose. Co-culture 

with fibroblasts and dual knockout AML cell lines was able to restore clonogenicity, indicating 

that the effect is only apparent at the single cell level in vitro. 

This study has also shown evidence for a WNT/-catenin/RAP1 signalling axis as a central 

mechanism of contributing to clonal growth in AML. The RAP1 signalling pathway has been 

largely overlooked despite appearing amongst the top identified perturbed pathways in 

numerous differing bioinformatics studies of AML (Huang et al., 2017; Lv et al., 2018; S. Wu 

et al., 2019; L. Zhu et al., 2020; S. Chen et al., 2020; He et al., 2021; zhang et al., 2021; Hong 

et al., 2021; Lu et al., 2021; Rodríguez González et al., 2021; Almajali et al., 2022; Ling et al., 

2022), especially as recent bioinformatics research performed on patient data indicates it is the 

most perturbed pathway following treatment regardless of the therapeutic agent applied, 

suggesting a direct, central role in AML biology (J. Wu et al., 2021). The limited existing 
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research on RAP1 or its regulators supports a putative role in AML. As targeted EPAC2 

inhibitors are in development, and have shown promise in vitro in AML cell lines (Kusnadi et 

al., 2020), further investigation of RAP1 signalling could provide new treatment possibilities. 

6.7 Future Directions and Limitations 

Based on these findings, investigation of the role RAP1 signalling in haematopoiesis, HSC 

self-renewal, and AML is a promising starting point for further research. High sensitivity ChIP-

seq assays of -catenin could be performed to validate potential binding partners within the 

RAP1 signalling axis, as reported for several members (Upadhyay et al., 2008; Griffin et al., 

2018). Alternatively, a recently developed technique for examining binding partners of -

catenin at substantially reduced cost which is currently in pre-print could provide an improved 

method to decipher -catenin interaction partners in numerous conditions (Zambanini et al., 

2022). Similarly, it is conceded that only a single timepoint was considered to examine the 

effect of rWNT3a treatment in AML lines for RNA-seq, with a recently released pre-print 

demonstrating temporal transcriptional effects ranging from hours to days, potentially 

necessitating an assessment of the effect of rWNT3a over further timepoints (Pagella et al., 

2022). A small-scale preconfigured qPCR panel could be applied to research rWNT3a response 

in AML cell lines at a wide range of timepoints at low cost.  

Furthermore, as RAP1 signalling is modulated by several GEF, numerous potential 

alternate mechanisms of RAP1 activation could be derived from mechanisms other than 

WNT/-catenin signalling, with potential relevance for the non-responder AML enabling 

broader therapeutic application. An assessment of the impact of RAP1 signalling inhibition on 

non-responder AML clonogenicity could reveal whether the pathway is commonly involved 

in clonogenicity, independent of WNT/-catenin signalling. RAP1 signalling could be 

explored broadly with the RAP1A inhibitor GGTI-298 (Chan et al., 2011), or with the specific 

EPAC2 inhibitors ESI-05 (Kirton et al., 2018), ESI-09 (Zhu et al., 2015), and HJC-0350 

(Ramos et al., 2018). However, a recent review has suggested potential off-target effects of 

these compounds, and as such, a CRISPR-Cas9-based approach may be better suited for in-

depth investigation (Ahmed et al., 2019). 

Regarding WNT/-catenin, it would be beneficial to conduct in vivo murine studies to 

determine whether the in vitro finding of inability to clonally expand alone was reproducible 

in the more supportive environment of the BM. Recent research applying a WNT inhibitor 
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demonstrated near complete in vitro inhibition of clonogenicity, whilst in vivo no effect was 

demonstrated (Pepe et al., 2022). As an alternative to in vivo experiments, complex co-culture 

experiments could be used to investigate the impact of the microenvironment. Simplified 

mono- and co-culture methods as applied here-in are recognised for the inability to reflect the 

true heterogeneity, mechanical effects, and cell-cell interactions present in vivo. To this end, 

novel 3D-based culture methods are beginning to be developed which incorporate multiple cell 

types and scaffold structures to better represent the in vivo BM condition and state (Bray et al., 

2017; Cucchi et al., 2020; Syama et al., 2021). Unfortunately, the expense of these platforms 

and difficulty of subsequent analyses limits widespread application at current, but this remains 

a direction the field will progress into to better represent the condition and to enable more 

informative outcomes to be realised.  This is particularly important for AML in the context of 

WNT/-catenin signalling, as genetic alterations in WNT/-catenin signalling components are 

not principle drivers of AML (Papaemmanuil et al., 2016; Tyner et al., 2018), rather, evidence 

classically suggests WNT activity is secondary to translocation products, oncogenic mutations 

(FLT3, NPM1, DNMT3A), and methylation changes which result in heightened expression of 

-catenin and -catenin (Müller-Tidow et al., 2004; Zheng et al., 2004; Tickenbrock et al., 

2005; Kajiguchi et al., 2007; Hou et al., 2011; Lane et al., 2011; Barbieri et al., 2016; Meyer 

et al., 2016; Gruszka et al., 2019).  

However, research has suggested that the surrounding stromal cells within the 

microenvironment are able to secrete alternate WNT ligands and factors contributing to 

WNT/-catenin activation, which the monoculture cell line model cannot mimic. For instance, 

cancer-associated fibroblasts and tumour-associated macrophages secrete WNT3a, WNT5a, as 

well as other components, such as biglycan, which can act as a pericellular WNT ligand 

reservoir, whilst also enhancing LRP6-ligand binding capacity (Berendsen et al., 2011; Zhao 

et al., 2013; Wang et al., 2016). While WNT-related mutations are rare in intrinsic cell types 

in AML, they have been reported in approximately 40% of osteoblasts, which has been 

established to generate AML in an in vivo mouse model (Raaijmakers et al., 2010; Kode et al., 

2014). Activation of Notch and WNT/-catenin signalling pathways, which have close 

crosstalk, has been demonstrated as essential for the maintenance of HSC (Bigas et al., 2010). 

Myelopoiesis is associated with low levels of Notch as much as WNT/-catenin signalling (De 

Obaldia et al., 2013). Indeed, the close crosstalk between the two pathways has resulted in the 
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so-called ‘WNTCH’ pathway (Song et al., 2015; Takam Kamga, Cassaro, et al., 2016; Azadniv 

et al., 2020). Stromal WNT/-catenin signalling induces expression of JAG1, DLL1, DLL4, 

and other Notch ligands which subsequently activate Notch signalling, supporting self-renewal 

in a cell-cell contact-dependent manner (Kadekar et al., 2015). Fibroblasts demonstrate active 

WNT/-catenin and subsequently Notch to support LSC by providing them with proliferative, 

chemoresistive, and self-renewal capacities (Takam Kamga, Bassi, et al., 2016). WNT/Notch 

inhibition is able to sensitise LSC, nullifying the protective effect of stromal cells (Kamga et 

al., 2020). Whilst not identified during pathway analysis, modulation of Notch ligands by 

rWNT3a and the knockout condition was noted and could be worth further investigation. 

In addition to the cell types and models not considered, numerous promising genes which 

were upregulated by rWNT3a and repressed in knockout, such as IL1RAP, were not 

investigated further and would be worth further examination. Interleukin 1 Receptor Accessory 

Protein (IL1RAP) is long recognised as highly expressed on LSC, but absent or minimally 

expressed on normal HSPC, with roles in LSC self-renewal suggested (Barreyro et al., 2012). 

Targeting of IL1RAP has demonstrated LSC eradication, whilst normal HSC were spared 

(Askmyr et al., 2013a; Ågerstam et al., 2016). Recently, IL1RAP was shown to play a potential 

critical role in AML onset and LSC clonogenicity in a fibroblast co-culture model (De Boer et 

al., 2021), which was furthered by a CRISPR-Cas9-derived knockout model of IL1RAP which 

demonstrated impaired clonogenicity in an in vitro THP1 fibroblast co-culture model, and a 

reduction of engraftment in an in vivo murine model (Ho et al., 2021). The source of excessive 

IL1RAP is speculative, but evidence here-in would indicate WNT/-catenin or RAP1 

signalling involvement.  

CRISPR-Cas9 has long demonstrated potential as a clinical therapy (Tufail, 2022), and 

one particular clinical trial recently approved by the FDA (NCT05066165) is of particular 

interest to the works here-in. The trial has commenced treating AML patients with NTLA-

5001, an ex vivo CRISPR/Cas9 genome editing candidate which targets WT1. WT1 is 

recognised to drive LSC self-renewal (Zhou et al., 2020), and has been shown to promote -

catenin stability, nuclear translocation, and WNT target expression (Li et al., 2014; N. Wang 

et al., 2017; Tan et al., 2018; F. Wu et al., 2021; Wagstaff et al., 2022). The results of this trial 

could further elucidate a WT1:WNT/-catenin axis, and potentially, RAP1 signalling 
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involvement. Within this thesis, WT1 was predicted as perturbed by rWNT3a treatment and 

dual catenin knockout in TF analyses of the transcriptomic profiles. 

 To conclude, this thesis has provided a potential mechanism through which WNT/-

catenin signalling drives RAP1 signalling, thereby providing clonogenicity in AML. This was 

demonstrated in vitro in complete dual-catenin CRISPR-Cas9 knockout AML cell line model, 

eliminating doubts of residual protein expression sustaining maintenance which previous 

studies with shRNA inhibition, compounds suppression, and recent incomplete CRISPR-Cas9 

knockout models were limited by. In silico analyses of AML cell line and patient data revealed 

further indication of RAP1 signalling involvement in disease relapse and overall patient 

survival, demonstrating a potential clinical benefit to further research. Additional investigation 

of RAP1 signalling in AML would be necessary to consolidate these findings and could present 

an exciting advancement of the treatment avenues in AML.
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Appendix 

S1.  Examining -catenin and -catenin in Human Haematopoiesis  

As -catenin represents an interesting target for AML, it was necessary to determine 

the expression levels and necessity of -catenin to normal haematopoiesis and HSC self-

renewal. If -catenin is dispensable to these processes, targeting it in AML could prove an 

effective strategy. 

As mounting evidence indicates haematopoiesis exists in a continuum model, efforts to 

apply recently released public scRNA-seq data to study CTNNB1 and JUP expression within 

the human context was applied. A significant benefit to scRNA-seq is the absence of need to 

pre-sort populations to defined subsets which biases an analysis. Instead, scRNA-seq is able to 

capture significantly greater granularity, enabling examination of haematopoiesis in a method 

more representative of the continuum context.  

A recently published dataset was examined, generated from healthy human BM 

samples (Triana et al., 2021). The dataset was prepared as indicated in the publication, with 

clusters identified based upon well recognised expression patterns; for instance, CD34 

expression was applied as a reference for HSC and early multipotent haematopoietic cells. The 

continuum of haematopoiesis was immediately apparent, with a spectrum of cells bridging 

classically distinct cell types (Figure S-6-1A|C). Feature profiling of CTNNB1 demonstrated 

poor correlation with CD34 expression, with levels expressed by most cell types at 

heterogeneous levels. When JUP was considered, greater correlation with CD34 expression 

was found, with a notable absence in terminally differentiated cell types. Statistical analysis 

between clustered populations in the context of the HSC reference revealed statistically 

significant upregulation of CTNNB1 in neutrophils and eosinophils, whilst downregulation was 

found for erythroid progenitors and erythroblasts. When JUP was considered, HSC were found 

to have significantly higher expression levels against nearly all differentiated cell subtypes 

(Figure S-6-2A|B). 
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Figure S-6-1: CTNNB1 Poorly Indicative for HSC in the Continuum of Haematopoiesis 

A) Uniform Manifold Approximation and Projection (UMAP) display of single-cell transcriptomics data (n = 70,017 single 

cells). Clusters are labelled and colour-coded by unsupervised clustering. B) Uniform Manifold Approximation and Projection 

(UMAP) display of single-cell transcriptomics data (n = 70,017 single cells). Cells are coloured blue based on high expression 

of the indicated transcript. C) Expression ridge plots demonstrating the heterogeneous transcript expression within cell types. 

HSC – Haematopoietic stem cell; LMPP - Lymphoid-primed multipotent progenitor; ERP - Erythrocyte progenitor; MultiLin 

– Mulipotent (MPP); MKP - Megakaryocyte progenitors; MEP - Megakaryocyte–erythroid progenitor cell; MDP - Monocyte-

dendritic cell progenitors; CLP - Common lymphoid progenitor; UNK – Unknown (incomplete definition). 

A B 

C 
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Figure S-6-2: -catenin and -catenin Expression Reduces During Haematopoiesis 

A) Violin plot demonstrating single-cell transcriptomics data for CTNNB1. B) Violin plot demonstrating single-cell 

transcriptomics data for JUP. Cell types were ordered by expression, with the red bar indicating mean expression within each 

group. Groups were contrasted against the HSC reference with a t-test; p-values were corrected for multiple tests with 

Benjamini-Hochberg correction. Data from 70,017 single cells.  

HSC – Haematopoietic stem cell; LMPP - Lymphoid-primed multipotent progenitor; ERP - Erythrocyte progenitor; MultiLin 

– Mulipotent (MPP); MKP - Megakaryocyte progenitors; MEP - Megakaryocyte–erythroid progenitor cell; MDP - Monocyte-

dendritic cell progenitors; CLP - Common lymphoid progenitor; UNK – Unknown (incomplete definition). 
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Figure S-6-3: Expression Patterns of CTNNB1 and JUP in TCGA Patients 

A) Histogram demonstrating the expression pattern of CTNNB1 in the subset TCGA cohort of patients with AML. A gaussian 

distribution presents, with all patients expressing CTNNB1. 

B) Histogram demonstrating the expression pattern of JUP in the subset TCGA cohort of patients with AML. JUP expression 

is absent or low in the majority of TCGA patients, with a small number of patients expressing a high level of JUP noted. 
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S2.  Examining the Transcriptomic Profile of Responder AML 

With the AML cell lines classified, it was possible to use the public CCLE RNA-seq data 

to further examine the transcriptomic profile of WNT/-catenin responder AML cell lines. 

Analysis of this data may reveal mechanisms by which WNT/-catenin is induced, -catenin 

translocation partners, and mechanisms by which WNT/-catenin contributes to AML.  

PCA revealed no clustering patterns on the basis of responder and non-responder status 

(Figure S-6-4A) These observations indicate responder status alone does not perturb the broad 

transcriptomic profile of AML. This is not unexpected, as the WNT/-catenin pathway 

represents only one of tens of signalling systems. 

In an exploratory differential expression analysis, hundreds of transcripts were found to 

be overexpressed or repressed relative to the responder condition (Figure S-6-4B). Notably, 

numerous promoters or activation members of the WNT/-catenin signalling pathway were 

upregulated, whilst repressors were downregulated. DACT3, encoding Dishevelled Binding 

Antagonist of Beta Catenin 3, was significantly repressed in responder AML cells, and is an 

established epigenetic repressor of WNT/-catenin signalling with important roles in CRC 

progression (Jiang et al., 2008). DKK4, encoding Dickkopf WNT Signalling Pathway Inhibitor 

4 was also repressed, which inhibits -catenin accumulation and self-renewal characteristics in 

CRC and HCC (Fatima et al., 2012).  

Contrarily, numerous WNT agonists were overexpressed in responder cell lines, 

including WNT3 and WNT5A. WNT3, a close homolog of WNT3a, is recognised as the driver 

of WNT/-catenin signalling in APCMUT CRC (Voloshanenko et al., 2013). WNT5a is 

classically regarded as a prototypical non-canonical WNT ligand; however, WNT5a is 

overexpressed in CRC, and has been demonstrated to drive WNT/-catenin signalling via 

FZD7, suggesting context specific roles (Li et al., 2018; Astudillo, 2021). Numerous WNT 

receptors were also found to be overexpressed in responder lines (Figure S-6-4). FZD6 is a 

recognised WNT ligand receptor for WNT/-catenin signalling, though is classically 

considered a non-canonical receptor. FZD6 was found significantly overexpressed in the 

responder cohort, an observation also documented for CRC and other cancers (Kim et al., 

2015). LRP6, encoding LDL Receptor Related Protein 6 is the main WNT/-catenin co-

receptor, and levels were shown to be significantly higher in the responder population. LRP6 
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is frequently overexpressed in CRC (Astudillo, 2021), and was recently demonstrated to be the 

only co-receptor integrally required for WNT/-catenin signalling through CRISPR-Cas9 

knockout in CRC (Chen et al., 2021). PTK7, encoding Protein Tyrosine Kinase 7, was 

classically considered a non-canonical WNT pathway receptor, which repressed canonical 

WNT signalling (Peradziryi et al., 2011; Hayes et al., 2013); however, recent evidence has 

demonstrated PTK7 increases the WNT/-catenin response to WNT3a, and this amplification 

is reliant upon the co-receptor LRP6 (Puppo et al., 2011). PTK7 is overexpressed in CRC and 

conveys a poor prognostic indication (Tian et al., 2016). PTK7 was proposed to act as a 

mechanistic switch by upregulating LRP6 to alternate between canonical and non-canonical 

WNT signalling (Bin-Nun et al., 2014). A recent study has also reported PTK7 can bind -

catenin directly to enhance WNT/-catenin target gene expression, with small molecule 

inhibitors blocking the association of these two members, capable of reducing WNT/-catenin 

activity and proliferation in CRC (Ganier et al., 2021). 

Additionally, several WNT/-catenin members were equally found to be overexpressed 

in the responder cohort. Notably, CTNNB1 was abundantly expressed in both cohorts, though 

levels were comparable between conditions. Critically, JUP was overexpressed in the 

responder cohort, further suggesting involvement of -catenin in WNT/-catenin signalling. 

LEF1 and TCF7L2 (TCF4) were both significantly overexpressed in the responder cohort, 

whilst other TCF members were unaltered between the two conditions. When the hallmark 

WNT/-catenin target genes MYC, POU5F1, PPARD, RUNX2, CCND1, MMP7, NANOG, and 

BIRC5 were considered, none were found significantly altered, although CCND1 was trending 

towards significance. NOTUM  is a WNT target gene classically reported to act as a negative 

WNT regulator by inactivating WNT ligands to cease excessive WNT/-catenin activity, 

which would suggest active WNT/-catenin signalling silencing via a negative feedback loop 

(Nusse, 2015). However, recent research in CRC has demonstrated NOTUM expression and 

secretion from CRC cells acts to disadvantage surrounding WT cells by conveying a clonal 

competition advantage to cancer cells (Flanagan et al., 2021). ABCB1 and ABCB11 were 

significantly overexpressed in responder AML cells, with ABCB1 a recognised WNT target 

gene regulated by WNT/-catenin and WNT5a (Corrêa, Binato, Du Rocher, Morgana T L 

Castelo-Branco, et al., 2012; Hung et al., 2014). The ABC family encodes ATP Binding 

Cassette Subfamily B members, also known as multidrug resistance genes. Taken together, 
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these results demonstrate that WNT/-catenin signalling is either active at modicum levels 

within responder cells at basal level or, alternatively, the heightened levels of core members 

facilitate a primed state from which further extrinsic activation would induce a response far 

greater than non-responder cells.  

Whilst an overexpression of WNT ligands suggests an autocrine capacity to initiate 

WNT/-catenin signalling, this has not been documented in vitro. In the in vivo context, the 

surrounding stromal cells within the microenvironment are thought to secrete alternate WNT 

ligands and augmentative factors contributing to WNT/-catenin activation, which the cell line 

model cannot mimic. For instance, cancer-associated fibroblasts and tumour-associated 

macrophages secrete WNT3a, WNT5a, and components such as biglycan, which can act as a 

pericellular WNT ligand reservoir whilst also enhancing LRP6-ligand binding capacity 

(Berendsen et al., 2011; Zhao et al., 2013; Wang et al., 2016). 

Amongst the remaining most significantly differentially expressed genes, several notable 

candidates emerge which are not currently linked to WNT/-catenin signalling but convey 

mechanisms of drug resistance or present significantly poor prognostic indication. SLC16A7, a 

member of the monocarboxylate transporter family, has been demonstrated to convey 

resistance to methotrexate in rheumatoid arthritis, another disease involving WNT/-catenin 

signalling alterations (Fujii et al., 2015). SLC16A7 is an established poor prognostic indicator 

in AML, though sparse research exists in this context (Esteve et al., 2007). CRIM1 was found 

to be significantly overexpressed and has been demonstrated to facilitate resistance to DNR 

and Ara-c in AML (Prenkert et al., 2010). Similarly, CD52 was significantly overexpressed, 

and has been established as an indicator of chemotherapy resistance by an unknown mechanism 

(Saito et al., 2011). RBM11 was significantly upregulated and is recognised as a poor 

prognostic indicator in ovarian cancer by positively regulating AKT/mTOR signalling (Fu et 

al., 2021). In addition, numerous transcripts were identified as being repressed, relating to 

DNA damage response and differentiation drivers, which could relate to leukaemogenesis. 

ZNF185 was significantly repressed in responder AML cell lines and has been established as 

a p53 target gene, upregulated in response to DNA damage. Reduced expression of ZNF185 is 

a common early feature in numerous cancers, facilitating further mutational events (Smirnov 

et al., 2018). DPYSL2 was also significantly repressed, and has recently been demonstrated to 

be a master mediator of monocytic differentiation induction in AML with evidence supporting 
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it may be targetable (Kiyose et al., 2016). Similarly, UNC5C and MNDA were significantly 

repressed in responder AML cell lines, with these encoding a dependence receptor and 

apoptotic regulator, respectively. UNC5C is frequently suppressed in cancer, with such cases 

documented in 80% of CRC patients, in which it conveys a poor prognostic outcome and is 

one of the earlier transcriptional events observed, suggesting a role in carcinogenesis (Wu et 

al., 2017). MNDA is frequently reduced in high-grade MDS, conveying poor prognosis and 

elevated risk of AML transformation (Briggs et al., 2006). 

Pathway analysis was performed to examine whether a WNT/-catenin profile was 

revealed, alongside other pathways which could be of interest. ORA of significantly 

differentially expressed genes revealed a WNT profile within all pathway databases 

considered. The KEGG pathways included several diseases which are hallmarked by WNT 

signalling, including CRC, breast cancer, and HCC (Figure S-6-5A). GSEA revealed a 

negative profile for DNA repair pathways and the p53 pathway, whilst significant enrichment 

of the WNT, TGF, RAP1, RAS, PI3K-AKT, and mTOR signalling pathways was 

documented, with a particular focus on genes regulating pluripotency, all of which are involved 

in AML (Figure S-6-5B)  

Together, these results demonstrate that the transcriptomic profile of responder AML is 

associated with an elevated WNT/-catenin profile and increased JUP expression, suggesting 

the involvement of -catenin, and multiple mechanisms by which differentiation block and drug 

resistance can occur. Further considerations of other pathways perturbed in WNT responder 

AML suggests that crosstalk between WNT/-catenin and TGF, RAP1, RAS, PI3K-AKT, 

and mTOR signalling exists. Such crosstalk is well documented with WNT signalling for 

TGF, RAS, PI3K-AKT, and mTOR signalling, whilst suggestions exist for a WNT/RAP 

pathway (Habas et al., 2007; Jeong et al., 2018; Itatani et al., 2019; Prossomariti et al., 2020). 
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Figure S-6-4: Transcriptomic Profile Reveals Mechanisms of WNT/-catenin Activation and Prognostic Indicators 
Analysis of CCLE data for responder and non-responder AML cell lines. A) Principal component analysis and scree plot based upon the entire transcriptomic profile. B) Volcano plot of responder 

contrasted with non-responder. Upregulated genes are coloured red, repressed genes are coloured blue. Horizontal dash represents significant p-value cut-off, vertical dash represents ± 1.5-fold change. 

Targets of interest are annotated. C) Violin plots demonstrating expression levels between non-responder (NR) and responder (R) AML cell lines. 
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Figure S-6-5: Pathway Analysis Reveals Pathways Associated with Responder AML 

Pathway analysis of CCLE data for responder and non-responder AML cell lines (2.13.4.3, 2.13.3.4). A) ORA of genes found <0.01 p-value and >1.5 fold change. B) Gene-set enrichment analysis 

for pathways including the Gene Ontology (GO), Kyoto Encyclopaedia of Genes & Genomes (KEGG), Reactome (REAC), Wikipathways (WP), and Molecular signatures (MSIG) databases.
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S3.  Public Pooled CRISPR Data Suggests No Requirement for -catenin or -catenin 

The DEPMAP database of pooled single-cell CRISPR-Seq data in cancer cell lines 

from the Achilles, Sanger and GeCKO projects were examined to determine the predicted 

necessity of -catenin and -catenin for AML maintenance (Dempster et al., 2019). CRISPR-

Seq was recently developed and has enabled mass screening of gene dependency. The dataset 

was generated by CRISPR-Cas9 knockout of numerous genes in parallel by applying a pool of 

gRNA, which are DNA barcoded. Cells were sequenced after several days with scRNA-seq 

enabling the detection of gRNA barcodes. Absent barcodes indicate that the gRNA targets a 

gene essential for cancer survival. If mechanisms of redundancy or compensation exist, 

deconvolution is capable of revealing gRNA partners which are only essential in concert. 

However, as the pooled population will not suffer complete knockout, the readout is not binary 

and instead presents as a spectrum. 

As CRISPR-Seq represents a marrying of scRNA-seq and CRISPR-Cas9 genetic 

manipulation, it was unsurprising that the technique was simultaneously published by distinct 

groups. However, conceptually, distinctions present between the methods: some are feasible in 

vivo, others directly read gRNA levels and do not require DNA barcoding, whilst some are 

capable of massively parallel perturbation. The flexibility of each approach has enabled 

adaption to specific research questions (Adamson et al., 2016; Dixit et al., 2016; Jaitin et al., 

2016; Datlinger et al., 2017).  

If either catenin member was absolutely required for AML maintenance, this method 

would allow this detection;  however, it is incapable of providing information on reduced drug 

resistance, proliferative, or clonogenicity characteristics, which is furthered by the constraint 

that limited cells with a functional gene may rescue other cells by extrinsic factors. To address 

this, CRC, which is well recognised for being a WNT/-catenin signalling driven cancer, was 

used as a reference (Morin et al., 1997; Emons et al., 2017). As expected, CRC demonstrated 

dependency upon -catenin, with a small proportion of the cell lines also showing dependency 

for -catenin (Figure S-6-6). Within AML, no cell line demonstrated any dependency 

characteristics for -catenin, with limited dependency in three AML cell lines for -catenin 

(KO52, HEL, CMK115). These data are indicative of -catenin and -catenin being 

unnecessary for AML maintenance, which is supported by independent CRISPR-seq screens 

(Wang et al., 2014; Tzelepis et al., 2016; Meyers et al., 2017; T. Wang et al., 2017; Behan et 

al., 2019; Chen et al., 2019; Nechiporuk et al., 2019; Sharon et al., 2019; X. Wu et al., 2020). 

 



Discussion, conclusion, and future work 

313 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-6-6: -catenin and -catenin Are Not Essential in AML. 

Public CRISPR-Seq dependency data for AML and CRC cell lines from the DEPMAP database (2.13.4). Black vertical line 

at zero score represents a gene which is not essential, whilst a score of -1, indicated by a dashed red line, is comparable to the 

median of all pan-essential genes. A lower score means that a gene is more likely to be dependent in a given cell line. Individual 

cell lines are shown as marginal rug lines, from which the density histogram was generated. CTNNB1 (-catenin) is represented 

by red fill, whilst JUP (-catenin) is represented by blue fill.
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S4.  Master Regulator Analysis Identifies Factors of Interest 

Whilst several interesting TF were found differentially expressed, this alone was 

incapable of revealing whether the associated interaction partners were affected. To determine 

whether dysregulated TF and co-TF were influencing downstream targets, MRA was 

performed, in the context of WNT-activation by rWNT3a treatment (5.3.2), in knockout 

(5.3.2), in the LEF1HIGH, and in the five-year deceased group. 

rWNT3a treated THP1 samples demonstrated a profile of positive TF and co-TF activity 

enrichment, including numerous factors centrally involved in AML (NPM1, MAPK, KRAS); 

however, due to low sample size, no statistical significance was achieved (Figure S-6-7A). 

Curiously, whilst LEF1 was positively enriched, TCF7L2 (encoding TCF4) was repressed; 

however, TCF4 (encoding a WNT/-catenin unrelated TCF4) was positively enriched. CEBPB 

(TCF5) was negatively enriched and was also found repressed transcriptionally. In the 

knockout contrast, statistical significance was achieved and a profile of both activation and 

repression was noted, including negative enrichment of CTNNB1 and JUP, as anticipated due 

to knockout (Figure S-6-7B). Notably, ETV4, GLIS3, POU4F1, RB1, and RAPGEF4 

(encoding EPAC2) were negatively enriched by knockout, whilst HIVEP1, VDR, and BCL3 

were positively enriched. 

When repeating MRA in the context of patient samples, identification of comparable 

targets and thus, similar profiles, was of interest. In the comparison between LEF1HIGH and 

LEF1LOW, which was previously proposed as an approximation of WNT-active vs WNT-

inactive contrast, CTNNB1 was once again found negatively enriched further supporting the 

repression of -catenin:TCF/LEF complex transcription effects. However, the remaining 

profile was largely positive as was the case with the rWNT3a treated samples. LEF1, TCF7 

(encoding TCF1), GATA3, RUNX3, FZD6, WNT5a, JUP, and RAPGEF4 were notable factors 

which were enriched positively in LEF1HIGH patients (Figure S-6-8A). When the contrast 

between five-year deceased and five-year survived was performed, TCF4 was once against 

identified as positively enriched, alongside WNT/-catenin-repressor RUNX3, suggesting an 

element of excessive WNT/-catenin signalling control remains present (Figure S-6-8B). 

Further, RAPGEF3 (encoding EPAC1) was identified as positively enriched. Together, these 

findings demonstrate the complex interplay between -catenin, -catenin, LEF1, and the 

WNT/-catenin signalling pathway.  
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Figure S-6-7: Identified Master Regulator Transcription Factors Perturbed Within Generated Dataset 
Transcription factors were identified with Corto. For the THP1 scrambled contrast with rWNT3a or vehicle treatment, transcription factor enrichment plots are shown (A1) alongside the associated 

top 30 (A3); enrichment plots are also shown for co-transcription factors (A2) and the top 30 tabled (A4). For the knockout versus scrambled contrast, transcription factor enrichment plots are shown 

(B1) and the associated top 30 (B3); enrichment plots are also shown for co-transcription factors (B2) and the top 30 tabled (B4). Enrichment values are coloured green blue for positive and red for 

negative. 
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Figure S-6-8: Identified Master Regulator Transcription Factors Perturbed with LEF1HIGH vs LEF1LOW and five-year survival 
Transcription factors were identified with Corto. For the LEF1HIGH vs LEF1LOW contrast, transcription factor enrichment plots are shown (A1) alongside the associated top 30 (A3); enrichment plots 

are also shown for co-transcription factors (A2) and the top 30 tabled (A4). For the five-year deceased vs survived contrast, transcription factor enrichment plots are shown (B1) and the associated top 

30 (B3); enrichment plots are also shown for co-transcription factors (B2) and the top 30 tabled (B4). Enrichment values are coloured green blue for positive and red for negative.
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S5.  Examining the rWNT3a-induced WNT-active Transcriptomic Profile 

Comparative integration of the two comparisons (WNT-active, WNT-knockout) enabled 

insights into gene and pathway expression shifts. The DET identified as upregulated with 

rWNT3a MS4A3, SLC7A11, AKR1C1, IL1RAP, and TRGC1 were lost with knockout, whilst 

ITGAL, BCL3, and RAB37 were upregulated with knockout and repressed with rWNT3a 

treatment.  

It was only possible to examine the WNT-active profile of THP1 cells with rWNT3a 

treatment versus vehicle as HEL did not respond to rWNT3a. Whilst RAP1 signalling has been 

revealed to be a central mediator of stemness in vitro in responder AML lines, other genes 

regulated by WNT/-catenin, RAP1, or incompletely defined signalling pathways could 

contribute to stemness, cell cycle progression, proliferation, and other mechanisms beneficial 

to AML.  

Notable genes identified as significantly upregulated included TNFAIP8, an anti-apoptotic 

regulator with a poor prognostic indication through chemoresistance derived from ERK 

signalling activation (Pang et al., 2020). MMP7, a matrix metalloproteinase involved in 

breakdown of extracellular matrix (Yokoyama et al., 2008) and well characterised as a poor 

indicator of survival in AML and other cancers was also identified (J. Wu et al., 2018; Y. Wu 

et al., 2019; R. Zhu et al., 2020); further, MMP7 is known to be regulated by WNT/-catenin 

signalling activity and is a biomarker for WNT/-catenin activity in several diseases (He et al., 

2012; Dey et al., 2013). ZBTB16 is a transcriptional repressor involved in cell cycle 

progression, HSC homeostasis, and apoptotic protection (Wasim et al., 2010; Vincent-Fabert 

et al., 2016) with evidence demonstrating WNT/-catenin modulates its levels (Marofi et al., 

2019). ITGA9 is an integrin transmembrane protein which functions as a cell surface receptor 

and activates numerous processes, including ERK signalling and is a potential WNT/-

catenin/ERK target in CRC (Xu et al., 2021). ITGA9 is known to be upregulated in LSC 

(Wesely et al., 2020), enhances drug resistance (Yamakawa et al., 2012), and has known 

interplay with WNT/-catenin (Z. Wang et al., 2019). MNDA, myeloid nuclear differentiation 

antigen, has been shown to protect against programmed cell death and inflammation and is 

established for AML disease progression (Briggs et al., 2006; van Galen et al., 2019). GPR160 

is a member of the G protein-coupled receptor family and is a cell surface receptor that detects 

extracellular molecules and activates cellular responses by acting as guanine nucleotide 

exchange factors; overexpression of GPR160 provides an anti-apoptotic and proliferative 

benefit, with suppression linked to decreased survival in CRC and alteration of WNT/-catenin 



Discussion, conclusion, and future work 

318 

 

suggesting co-involvement (Zhou et al., 2016; W. Guo et al., 2021). IL1RAP encodes 

Interleukin-1 receptor accessory protein and is classically recognised for inducing 

proinflammatory protein expression during stress, with recent researching expanding to 

incorporate oncogenic roles through multiple pathway potentiation (Mitchell et al., 2018). 

IL1RAP is frequently overexpressed in AML, particularly in LSC, in which it proves a poor 

prognostic indicator, marker of self-renewal, and a potential therapeutic target (Barreyro et al., 

2012; Askmyr et al., 2013b; de Boer et al., 2020). 

Secondly, numerous upregulated genes were identified which regulate energy metabolism, 

a feature often perturbed in AML which has recently received greater recognition as a target of 

interest (de Beauchamp et al., 2021; Jones et al., 2021; Kumar, 2021; Panina et al., 2021; 

Mesbahi et al., 2022). These include PPARG, which is involved in glucose metabolism, 

oxidative stress, and anti-inflammatory effects (Peluso et al., 2012; Ahmadian et al., 2013; 

Gruszka et al., 2019), alongside known interplay with WNT/-catenin signalling (Lecarpentier 

et al., 2017). SLC35F1, a glucose transporter, has been found upregulated in WNT-activated 

conditions (Goodchild et al., 2019) and reduced levels in a CRISPR-Cas9 screen have 

sensitised AML cells to Venetoclax (Chen et al., 2019). SLC7A11 is a glutamate antiporter 

which regulates glutamine metabolism and glucose dependency, alongside roles in oxidative 

stress and ferroptotic death protection (Koppula et al., 2018); further, SLC7A11 is a known 

poor prognostic indicator in AML (Lin et al., 2020). Whilst no link with WNT/-catenin 

signalling has been established in the literature, these findings and the discovery that close 

family members are established WNT targets in CRC (Sikder et al., 2020) suggests WNT-

derived regulation. HSD11B1 is an enzyme which catalyses conversion of the stress hormone 

cortisol to an inactive metabolite and has roles in glucose metabolism; ex vivo culture of 

primary AML on mesenchymal stem cells (MSC) has demonstrated upregulation of HSD11B1 

perhaps due to MSC derived WNT promotion (Chowdhury et al., 2020). UGT3A2 is a 

glucuronosyltransferase which increases water solubility and enhances excretion to eliminate 

toxic accumulation of endogenous compounds and has recently been established for roles in 

drug resistance in AML (Zahreddine et al., 2014). AKR1C1 is a hydroxysteroid dehydrogenase 

which catalyses the reduction of progesterone and was found to promote AML survival and 

drug resistance alongside roles in IL-6, MCP, and G-CSF cytokine secretion and ERK 

activation (Matsunaga et al., 2014; Jiang et al., 2020). B4GALT5 is a galactosyltransferase with 

roles in glucose metabolism, however, in addition to these roles, B4GALT5 has been shown to 

generate drug resistance in HL-60 cells by promoting known multi-drug resistance genes PGP 

and MRP1 (Zhou et al., 2013); further, in breast cancer, B4GALT5 was found to promote 



Discussion, conclusion, and future work 

319 

 

WNT/-catenin signalling and regulate breast cancer stemness (Tang et al., 2020). LPL, a 

known WNT-related gene (Luo et al., 2008), is a member of the lipase gene family and is 

involved in lipoprotein metabolism and is also recognised as an early differentiation marker; 

whilst little research exists in AML, LPL is a poor prognostic indicator in CML as LPL provides 

malignant cells with fatty acids as an energy source at the cost of reactive oxygen species 

production (Rozovski et al., 2016).  

Ca2+ signalling is potentially central to HSC maintenance and LSC self-renewal 

(Lewuillon et al., 2022). Numerous upregulated genes relate to Ca2+, such as TRGC1, which 

has established roles in Ca2+ mobilisation and ERK activation (Ribeiro et al., 2015); further, 

TRGC1 is established to be highly upregulated in LSC and conveys a poor prognostic outcome 

(Depreter, De Moerloose, et al., 2020), with research demonstrating chemoresistance roles in 

a CRISPR-Cas9 screen and successes in therapeutic targeting (Chen et al., 2019; Depreter, 

Weening, et al., 2020). Further, S100A8 and S100A9 together form the Ca2+ binding complex 

Calprotectin (Lehmann et al., 2015) which are known WNT/-catenin-modulated genes (Duan 

et al., 2013) together incurring a poor prognosis (Hu et al., 2013) by chemoresistance to 

Venetoclax (Karjalainen et al., 2017). CD300A, a glycoprotein, is activated by inflammatory 

and high reactive oxygen species conditions to inhibit G-protein-coupled receptor (GPCR) 

signalling and Ca2+ influx when activated which in turn would inhibit RAP1 signalling 

(Alvarez et al., 2008; Y et al., 2008; Munitz, 2010). Further, ADM2, encoding a calcitonin 

family member, regulates fluid composition to reduce Ca2+ levels (Naot et al., 2019). PLCB2 

is a phospholipase enzyme which utilises Ca2+ as a cofactor to transduce extracellular signals 

and modulate intracellular Ca2+ levels; downregulation is a poor prognostic indicator in AML 

(Park et al., 2021). Further, HRC is a Ca2+ and lipoprotein binding protein responsible for Ca2+ 

homeostasis (Arvanitis et al., 2011) MYOF has been demonstrated to be involved in Ca2+-

mediated membrane processes which could relate to the inability to divide properly  (Harsini 

et al., 2018; R. Zhu et al., 2020).  

Notable genes identified as significantly downregulated in response to rWNT3a treatment 

included JUP, which was not expected, as this study previously established that application of 

CHIR did not affect -catenin levels. Whilst reductions in -catenin also reduced -catenin, 

enabling speculation that -catenin and -catenin share a destruction process, the finding that 

WNT/-catenin signalling activity significantly reduces JUP levels suggests a direct 

mechanism of repression. As -catenin has been speculated to bind TCF/LEF in a suppressive 
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role, this suggests that inhibition of JUP expression may help to sustain -catenin:TCF/LEF 

promotion.  

As with the upregulated genes, notable repressed genes which relate to survival include 

GAS7 which was recently identified for roles in cell cycle suppression (F. Wu et al., 2020). 

FGFR3 was repressed with loss linked to reprogramming of non-LSC into LSC-like cells with 

promoted self-renewal and has established interaction with WNT/-catenin signalling 

(Buchtova et al., 2015; C. Guo et al., 2021). The expression of CSPG4 is controlled by 

inflammatory cytokines or hypoxic conditions, and is expressed in AML, but not HSPC, 

suggesting it promotes survival of AML (Hilden et al., 1997; Wuchter et al., 2000; Drake et 

al., 2009; Fenton et al., 2011, 2015; Ilieva et al., 2018). NFE2 was repressed, and is speculated 

to interact with WNT/-catenin signalling (D. Zhang et al., 2020); furthermore, NFE2 is 

frequently mutated in AML (Jutzi et al., 2019) and impacts overall survival (Marcault et al., 

2020). CDKN1A (p21), a target of p53 linking DNA damage to cell cycle arrest (Gartel et al., 

2005) and a known -catenin target gene (Xu et al., 2016), was repressed suggesting evasion 

of DNA damage repair. JDP2 is a positive prognostic indicator in AML as it regulates cell 

cycle arrest, apoptosis, and regulates reactive oxygen species levels; therefore, reduced levels 

of JDP2 enables progression of AML (Boasman et al., 2018, 2019). CEBPB (alias, TCF5) is a 

critical gene for normal macrophage function and is integral to differentiation in a murine 

model (Ruffell et al., 2009); repression by WNT/-catenin signalling could enable a 

differentiation block. Furthermore, DLL1, a Notch delta ligand homolog, is recognised to 

mediate cell fate decisions in haematopoiesis and upregulation is associated with AML growth 

inhibition and apoptosis (Van De Walle et al., 2011; Kannan et al., 2013). DACT3 was 

repressed, which is an established inhibitor of WNT/-catenin signalling in colon cancer (Jiang 

et al., 2008). The related member BNIP3 (BCL2) has pro-apoptotic roles and reduced levels 

are a poor prognostic indicator in AML (Lazarini et al., 2012). Similarly, RAB37 is a known 

GTPase and has established roles for repressing WNT activity and stemness in lung cancer 

patients (Cho et al., 2018); RAB37 has not been investigated in AML, but recent transcriptomic 

research has identified RAB37 as a potential drug target (J. Wu et al., 2020). Taken together, 

repression of these genes would maintain stemness. 

Further, numerous genes with roles in energy metabolism were repressed, including 

PDLIM1 which is a known -catenin interacting target (L. M. Li et al., 2020) that stimulates 

glycogenesis and regulates lipid metabolism (Y. Zhang et al., 2017).  PFKFB4 was repressed 

and is another key enzyme in glycolysis which regulates the balance between energy needs and 
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free radical accumulation (Ros et al., 2012), though contrastingly PFKFB4 has recently been 

established as essential for AML cell survival (Wang et al., 2020). The top genes induced by 

reactive oxygen species in AML, ALDOC, SUNCNR1, and SLC6A8, were repressed, 

suggesting levels are controlled; SLC6A8 is involved in import of metabolic energy  (Hopkins 

et al., 2014; Chigaev, 2015), SUCNR1 protects cells from starvation-induced death (El-Masry 

et al., 2020), and ALDOC is a key enzyme in glycolysis and ATP biosynthesis (Arakaki et al., 

2009), and is known to interact with WNT/-catenin signalling (Caspi et al., 2014).  

Additional indications of perturbed Ca2+ flux and speculative RAP1 activation are found 

in the repressed genes, such as ITGAL (CD11a) which, along with CD18, associate to form 

lymphocyte function-associated antigen-1 (LFA-1) (Béchard et al., 2001). LFA-1 is involved 

in migration, cell killing, and differentiation and is modulated by RAP1 signalling (Côte et al., 

2015; Ferreira et al., 2017; Verma et al., 2017).  RAP1GAP2, a RAP GTPase which inactivates 

RAP1, was repressed (Steele et al., 2012). CD300A, a glycoprotein, is activated by 

inflammatory and high reactive oxygen species conditions to inhibit GPCR signalling and Ca2+ 

influx when activated which in turn would inhibit RAP1 signalling (Alvarez et al., 2008; Y et 

al., 2008; Munitz, 2010). Further, ADM2, encoding a calcitonin family member, regulates fluid 

composition to reduce Ca2+ levels (Naot et al., 2019). PLCB2 is a phospholipase enzyme which 

utilises Ca2+ as a cofactor to transduce extracellular signals and modulate intracellular Ca2+ 

levels; downregulation is a poor prognostic indicator in AML (Park et al., 2021). Further, HRC 

is a Ca2+ and lipoprotein binding protein responsible for Ca2+ homeostasis (Arvanitis et al., 

2011) MYOF has been demonstrated to be involved in Ca2+-mediated membrane processes 

which could relate to the inability to divide properly  (Harsini et al., 2018; R. Zhu et al., 2020).  

S6.  Examining the Effect of Dual Knockout Transcriptomic Profile 

Genes found repressed in both cell lines upon dual gene knockout may prove to be required 

for clonal growth, survival, and evasion of apoptosis, and are possibly more relevant in this 

context than those found upregulated as loss of an effect could relate to loss of clonogenicity. 

Repressed genes included notable stemness markers, including the LSC stemness markers CD7 

(Haubner et al., 2019), CD109 (Emori et al., 2013; S. Zhou et al., 2017; Handschuh et al., 

2019), IGFBP7 (Verhagen et al., 2018), IL1RAP (Barreyro et al., 2012; Askmyr et al., 2013b; 

Mitchell et al., 2018), the HSC markers ALDH1L2 (Kastan et al., 1990; Nakahata et al., 2015; 

Tomita et al., 2016), CAMK4 (Kitsos et al., 2005), the embryonic stem cell markers ZIC2 (Luo 

et al., 2015), INHBE (Spitzhorn et al., 2019), and ESRP1 (Fagoonee et al., 2013), and the MSC 

markers MCAM (Covas et al., 2008; Russell et al., 2010) and CD79a (Chosa et al., 2018). 

Further, these included CCR7, a chemokine receptor stemness marker in breast cancer (Boyle 
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et al., 2017; Yang et al., 2020); AKR1C1 (Chang et al., 2019) an aldo-keto reductase stemness 

marker identified in head and neck squamous cell carcinoma (Pedemonte et al., 2007; Hao et 

al., 2018); as well as CBS, a stem related LEF1 target gene (Park et al., 2019). 

Numerous genes involved in, or related to, Ca2+ influx were repressed and relate to RAP1 

signalling. AQP1 (Aquaporin 1), a water channel protein, is regulated by RUNX1T1 via Ca2+ 

influx (Maltaneri et al., 2020), with recent research finding direct interaction between AQP1 

and -catenin via competitive binding at the armadillo region usually bound by GSK3 (Chong 

et al., 2021), enabling AQP1-derived -catenin accumulation. AQP1 promotes cell survival 

and is a stemness marker (Gao et al., 2013; M. Chen et al., 2020). CAMK4 is a member of the 

Ca2+/Calmodulin-dependent protein kinase family and is regulated by high intracellular Ca2+ 

levels and Calmodulin; CAMK4 ablation in HSC results in haematopoietic failure and is 

required for AML leukaemogenesis (Kitsos et al., 2005; Chan et al., 2007; Si et al., 2008; Ma 

et al., 2011; Deng et al., 2014; Monaco et al., 2015). CAMK4 promotes CREB family members, 

of which CREB3L1 was also repressed (Kang et al., 2018). HRH2, a histamine receptor, was 

found to be repressed and is a potent activator of cAMP, which classically regulates glycogen, 

sugar, and lipid metabolism via PKA, alongside activation of Ca2+ channels; furthermore, 

cAMP activates EPAC1 (RAPGEF3) and EPAC2 (RAPGEF4) which in turn activate RAP1 

signalling and ERK (ES et al., 2016; Martynov et al., 2020). RAPGEF4, in turn, was 

significantly repressed with dual knockout of -catenin and -catenin. EPAC2–RAP1 

signalling is proposed to promote endoplasmic reticulum Ca2+ store release to increase 

intracellular Ca2+ levels (Dzhura et al., 2011; Parnell et al., 2015). Similarly, RASGRP3, a dual 

RAS and RAP pathway GEF, is positively controlled directly by intracellular Ca2+ levels and 

indirectly by diacylglycerol (DAG, signalling lipid) through PKC; RASGRP3 has roles in 

inhibition of proinflammatory cytokine production in macrophages (Teixeira et al., 2003; 

Stone, 2011; Tang et al., 2014).  THBS1 is a glycoprotein which mediates cell-cell and cell-

matrix interactions (L. Zhu et al., 2020). Research indicates THBS1 can enhance cell survival, 

therapy resistance and has known roles in leukaemogenesis (Isenberg et al., 2008; Liu et al., 

2017; S. Chen et al., 2020), however, it has also been demonstrated to reduce HSC repopulation 

when expressed (Liu et al., 2017), explaining the positive impact upon patient survival. THBS1 

is also a WNT/-catenin signalling target gene suggesting complex modulation of THBS1 in 

LSC (Jackson et al., 2005; Pedemonte et al., 2007).  

Repression of genes relating to proliferation, anti-apoptotic effects, and cell cycling was 

observed in the dual knockout condition as compared to the scrambled control, which could 
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covey consequence to clonogenicity. These included the matrix metalloproteinases MMP2 and 

MMP17, which have described roles in growth, proliferation, and apoptosis and convey 

prognostic value in AML (Chaudhary et al., 2016; Si et al., 2018; Pietrzak et al., 2021). CCND2 

is mutated in AML (Eisfeld et al., 2017), particularly frequently in RUNX1::RUNX1T1 

(Martinez-Soria et al., 2018), and is a known contributor to leukaemogenesis, stemness, and 

proliferation of AML in addition to roles in glycolysis (Malumbres et al., 2001; Deshpande et 

al., 2005). Tumour necrosis factor receptor associated factor 1 (TRAF1) is a pro-survival 

signalling receptor which mediates the anti-apoptotic signals from TNF receptors (Edilova et 

al., 2018). Toll-like receptor 4 (TLR4) is noted for activation of the MAPK and NF-B 

pathways, providing proliferation, anti-apoptotic, and stemness traits to AML cells; indeed, 

TLR4 has prognostic consequence in AML (Rybka et al., 2015; Ramzi et al., 2018). TP73, 

encoding p73, induces apoptosis similarly to p53 through downstream target genes and is found 

mutated in AML frequently (Nishida et al., 2019; Mims et al., 2021); however, research on 

p73 is limited in the context of AML whilst in other diseases, p73 has been demonstrated to 

promote proliferation by regulating glucose metabolism, antioxidant capacity, and Ca2+-

dependent apoptosis which could all prove relevant in AML (Al-Bahlani et al., 2011; Fets et 

al., 2013). AIF1L  is a poorly researched gene, but roles in inflammation and survival are 

speculated, alongside findings of upregulation in primitive AML (Pei et al., 2020); further, 

AIF1L contains a Ca2+ binding element, suggesting regulatory crosstalk with Ca2+levels (Zhao 

et al., 2017).  TPD52 and TPD52L1 both represent poor prognostic markers in AML and were 

recently associated with maintenance of stemness, enabling AML to avoid control mechanisms 

(Ha et al., 2019; Kang et al., 2021). Similarly, POU4F1 is regularly overexpressed in AML, 

particularly in RUNX1::RUNX1T1, but it has been established to be correlated with, rather than 

induced by, RUNX1::RUNX1T1 and induced a similar expression profile, suggesting it is a 

cooperating factor and is able to produce similar stemness and survival traits (Hudson et al., 

2008; Fortier et al., 2010; Dunne et al., 2012). 

Opposingly, genes found upregulated by knockout included several mechanisms by which 

stemness and survival is maintained despite loss of other elements, suggesting a differentiation 

pressure in the absence of  WNT/-catenin signalling was being suppressed. These include 

leukaemia inhibitory factor (LIF), named for its ability to maintain stemness by inhibiting 

terminal differentiation and enabling the constitutive growth of myeloid leukaemic cells 

(Gearing et al., 1987). LIF is a member of the pro-inflammatory IL-6 family, with established 

roles in maintaining LSC self-renewal (Takanashi et al., 1993). A balance between apoptosis 

and survival was suggested to be in effect, as apoptosis-inducing factor 2 (AIFM2) which is 
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induced by p53 in colon cancer (Gong et al., 2007; Navarrete-Meneses et al., 2017; J. Li et al., 

2020), and anti-apoptotic genes such as TERT which enhances immortalisation (Nofrini et al., 

2021) were upregulated; the careful balance between pro- and anti-apoptotic regulation perhaps 

enables survival of knockout cells in the bulk condition. Further pro-apoptotic genes were 

found, including VIM and AHNAK (I. H. Lee et al., 2014; Petti et al., 2019). Critically, annexin 

family members are Ca2+ dependent inhibitors of inflammation and are induced by 

inflammatory stress, however, annexin members can also negatively regulate apoptosis; 

ANXA1, ANXA2, ANXA5, and ANXA6 were upregulated in knockout and would provide anti-

apoptotic effects, and are all negative prognostic indicators in AML (Niu et al., 2019).  

Stem cell growth factor receptor, encoded by KIT, was upregulated with knockout, and 

high KIT expression is a known indicator of LSC and conveys a poor prognosis in AML 

through enhancement of stemness and self-renewal capacity (Somervaille et al., 2006b; Knorr 

et al., 2020; Velten et al., 2021); however, activation requires binding of SCF, encoded by 

KITLG, which was found significantly repressed with knockout (Hassan et al., 1996; Sands et 

al., 2013; Thomas et al., 2017). ERG is a known regulator of HSC and indicator of LSC and is 

a well-established poor prognostic indicator in AML. Upregulation of these genes with 

knockout  suggests alternate pathways are activated to maintain AML without WNT/-catenin 

signalling activity, though these are incapable of compensating in regard to clonogenicity 

(Marcucci et al., 2007; Eppert et al., 2011; Hasan et al., 2017; Yassin et al., 2019). Similarly, 

genes relating to cell death signalling or evasion of death would provide an indication as to the 

mechanism by which dual knockout cells are maintained in bulk culture. C3, a central mediator 

in the complement system with known roles in regulation of inflammation and clearance of 

damaged cells, was upregulated. CD11b, complement receptor 3, was also upregulated and is 

a known binding partner to activate C3 (Lamers et al., 2021). However, as the co-receptor 

CD18 was repressed, this activation is insufficient to induce death. PIM1, an established proto-

oncogene, was upregulated with knockout and is involved in negative regulation of apoptosis 

and promotion of the cell cycle by which it conveys a poor prognosis in AML (Fathi et al., 

2012; Yu Wu et al., 2015; Cheng et al., 2017). 

Alterations to Ca2+-related genes were also found amongst the upregulated genes with 

knockout. Ca2+ homeostasis in the context of the body is controlled by three central hormones: 

parathyroid hormone (PTH), calcitonin, and calcitriol. In response to low intracellular calcium 

levels, PTH and Calcitriol serve to increase Ca2+ levels, whilst Calcitonin reduces Ca2+ influx 

to reduce calcium levels (Goltzman et al., 2018). As metabolites, these are not captured by 
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RNA-seq technology, however, closely regulates genes would provide indication as to the 

regulation of these metabolites. PTH2R, a parathyroid hormone receptor, was upregulated, 

alongside the fact that calcitriol, the active metabolite form of vitamin D,  is controlled by the 

PI3K family, of which PIK3CD was upregulated; together, these induce myeloid differentiation 

and expression of ITGAM and VDR which were both found upregulated, with the latter found 

as a positively enriched TF (Kurbel et al., 2003; Moeenrezakhanlou et al., 2008). Critically, 

ITGAM increases intracellular Ca2+ levels in immature THP1, but this effect is downmodulated 

with maturation of THP1 (Altieri et al., 1992); secondly, VDR expression has been linked to 

loss of stemness and induced differentiation in AML (Paubelle et al., 2020).  

When studying the cell lines independently, several genes which are well established in 

the literature were identified and were found to either be opposingly expressed between cell 

lines, or not expressed in one of the two. These included RUNX1, RUNX3, and RUNX1T1, 

which were downregulated in HEL upon dual -catenin and -catenin knockout, as compared 

to control scrambled cells, but not in THP1; alternatively, RUNX2 was upregulated in THP1 

with knockout compared to cells transduced with a scrambled vector, but not in HEL. Interplay 

between WNT/-catenin signalling and the RUNX family transcription factors is well 

established, and both are phosphorylated for destruction via GSK3 (Sweeney et al., 2020). 

RUNX1 is known to activate WNT/-catenin signalling at several components (Sweeney et al., 

2020), which has been suggested to thereby generate the RUNX1::RUNX1T1 translocation, 

thus leading to development of t(8;21) AML (Friedman, 2009; Wu et al., 2012; Naillat et al., 

2015; Ugarte et al., 2015). RUNX2 is both a regulator and a downstream target of WNT/-

catenin signalling; the fact that RUNX2 was shown to be upregulated in knockout cells indicates 

a potential response to -catenin knockout  (Gaur et al., 2005; Kawane et al., 2014; Ferrari et 

al., 2015). RUNX3, on the other hand, is an inhibitor of the -catenin/TCF4 complex, thus 

attenuating WNT/-catenin signalling  (Ito et al., 2008, 2011); however, in specific contexts, 

it is recognised to paradoxically promote this signalling pathway  (Ju et al., 2014). THY1 is 

recognised broadly as a stemness marker in HSC, but in AML it remains contentious; here, 

THY1 was repressed with knockout in HEL, but upregulated with knockout in THP1, 

suggesting the alterations to THY1 expression are perhaps subtype specific in AML (Blair et 

al., 1997; Buccisano et al., 2004). Similarly, TCF7 was upregulated by rWNT3a in THP1, and 

repressed significantly in knockout; however, TCF7 was not detected in HEL suggesting 

discrepancy between AML disease types. TCF7 is recognised as a regulator switch of HSC 
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self-renewal (Wu et al., 2012), and is upregulated in AML, suggesting HEL may not represent 

the patient condition with regard to TCF7. 

S7.  LEF1 Patient Context 

As -catenin is regulated post-translationally rather than transcriptionally, it was not 

suitable to utilise CTNNB1 to classify patients; rather, LEF1 was used as an indicator. LEF1 

has been established for roles in nuclear translocation of -catenin and was found significantly 

upregulated in responder AML cell lines within this study, suggesting parallel between mRNA 

and protein levels (Figure S-6-9) (Morgan et al., 2019). Comparison of patients based on 

LEF1HIGH and LEF1LOW expression was able to identify WNT/-catenin signalling as 

overrepresented. However, the ORA and GSEA were able to demonstrate downstream MYC 

target genes were negatively enriched; GSVA provided a potential explanation, as RUNX3 

regulation was enriched in LEF1HIGH patients, with RUNX3 repressing transcriptional activity 

of the -catenin:TCF4/LEF1 complex (Ito et al., 2008; Sweeney et al., 2020).  

S8.  Integrating Datasets 

Integration of comparisons between public cell line data and data generated here-in with 

public patient data revealed a gene profile of upregulation of genes via WNT/-catenin that 

was found lost with knockout (Table S-1). The only exception to this profile was MAFF, 

however MAFF has been established to be a negative indicator of stemness with upregulation 

reducing colony formation and self-renewal, whilst promoting differentiation, explaining the 

discrepancy (Cheng et al., 2016). Of the upregulated profile, RAPGEF4, an activator of RAP1 

signalling, CAMK4, a stimulator of Ca2+-dependent gene expression which is speculated to 

interact with RAP1 signalling, and TRPC1 which was previously mentioned in relation to roles 

in mediating Ca2+influx were noted (Grewal et al., 2000; Anderson et al., 2004; Si et al., 2008). 

Other stemness-related genes include ALPK3 which with knockdown in AML has been 

demonstrated to reduce colony forming efficiency (Meyer et al., 2016). Similarly, GLIS3 has 

been identified for providing stemness traits in HSC and leukaemia and was both upregulated 

at the mRNA level and negatively enriched by TF activity in knockout (Scoville et al., 2017; 

Jetten, 2019). NAP1L3 is highly expressed in HSC in which it is required for HSC proliferation, 

maintenance, and repopulation capacity in vitro and in vivo (Heshmati et al., 2018). CCR7, 

CD79a, and POU4F1 were previously mentioned for roles in breast cancer, ESC, and HSC 

stemness respectively, whilst TRAF1 was previously mentioned for mediating anti-apoptotic 

signals. CKB is scarcely researched, but evidence suggests LSC upregulate CKB to enhance 

stem traits (Ishikawa et al., 2005). 
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Figure S-6-9: Heatmap Demonstrating Transcript Expression Differences Between LEF1HIGH and LEF1LOW 
Heatmap of the identified differentially expressed transcripts. Columns represent patient samples whilst rows are transcripts. Samples were z-score scaled around expression mean, with red and blue 

indicating high respectively. Samples segregated into two groups with k-means clustering. Annotation is provided on LEF1 status, patient sex, FAB type, risk score, 5-year survival status (1=Deceased, 

0=Living) and 5-year disease-free status 1=Event, 0=Event-free). WNT-related genes are annotated. 
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Table S-1: Integration of Patient and Cell Line Data Reveals Novel Insight into Directionally Changing Genes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tables of genes found in concordance, or differentially expressed between comparison of determined contrasts. Genes are coloured by expression alterations in the respective contrast, with green 

representing overexpression and red representing repression.  A) Intersecting genes in the contrast between WNT-active vs WNT-inactive lines, and Patient LEF1HIGH and LEF1LOW. B) Intersecting 

genes between the Patient LEF1HIGH vs LEF1LOW contrast and the THP1 scrambled rWNT3a treated and untreated samples. C) Intersecting genes between the CCLE WNT-Active versus WNT-

inactive cell lines and the THP1 scrambled rWNT3a treated and untreated samples. D) Directionally opposing genes between CCLE WNT-Active versus WNT-inactive and the knockout versus 

scrambled contrast. E) Directionally opposing genes between the Patient LEF1HIGH vs LEF1LOW contrast and the knockout versus scrambled contrast.
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