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Abstract 

The t(8;21)(q22;q22) is a common abnormality in acute myeloid leukaemia 

(AML). This translocation encodes the RUNX1-ETO fusion protein which blocks the 

differentiation of human CD34+ haematopoietic stem and progenitor cells (HSPC) and 

promotes their self-renewal, hallmarks of AML. Transcriptional repression of RUNX3 by 

RUNX1-ETO has been identified in t(8;21) AML but is strongly expressed in AML 

without core binding factor abnormalities. This study examines RUNX3 expression 

during normal and malignant human haematopoiesis and the consequences of 

increased and reduced RUNX3 expression for erythroid and myeloid cell development.  

Analysis of transcriptomic data showed that RUNX3 mRNA expression is 

downregulated during normal haematopoietic development. In AML, variable RUNX3 

expression across different subtypes was observed, with core binding factor AML being 

associated with RUNX3 downregulation whilst AML patients with complex cytogenetics 

overexpressed RUNX3 compared to normal karyotype. The impact of altering RUNX3 

expression on haematopoiesis was determined by transducing human HSPC with 

RUNX3 overexpression or shRNA knockdown vectors. RUNX3 overexpression 

inhibited both erythroid and myeloid growth and differentiation. Colony forming ability 

was also reduced but accompanied by increased self-renewal of progenitors. Reduced 

RUNX3 expression negatively impacted the survival of erythroid cells but did not cause 

significant effects in erythropoiesis and myelopoiesis. Attempts were also made to show 

whether RUNX3 could rescue the suppression of haematopoietic development seen in 

RUNX1-ETO-expresing cells. Further RNA-sequencing analysis showed that RUNX3 

overexpression dysregulates the HSPC transcriptome, characterised by the repression 

of important erythroid-related genes, including KIT and LMO2. Differentiation markers 

GYPA, CD36 and ITGAM were also downregulated by RUNX3, validating the RUNX3-

induced phenotypic changes during erythroid and myeloid development. In addition, 

cross-regulation among RUNX proteins was observed, as RUNX3 overexpression 

downregulated RUNX1 and RUNX2 levels in HSPC. 

In conclusion, this study shows that downregulation of RUNX3 expression is 

important for normal human erythroid and myeloid development. The ability of RUNX3 

overexpression to inhibit differentiation suggest that RUNX3 could be a driver of 

leukaemogenesis.
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Chapter 1 – Introduction 

1 

1 Introduction 

 Normal human haematopoiesis 

Blood is characterised as a highly regenerative and diverse tissue, and the 

constant production of blood cells is called haematopoiesis. In early days, a unitarian 

theory for haematopoiesis defined a common precursor for the origin of all blood cells, 

the haematopoietic stem cell (HSC) (Doulatov et al. 2012). The existence of HSC was 

further supported during the atomic era where a bone marrow (BM) failure in radiation 

exposed recipients could be rescued using BM or spleen cells from non-exposed 

donors (Lorenz et al. 1951). A major breakthrough in this field happened when Till and 

McCulloch developed a clonal in vivo repopulation assay to assess the regenerative 

potential of HSC, supporting their multipotency capacity (Till and McCulloch 1961). 

Over the years, the concept of haematopoietic development has been refined into a 

more detailed cellular hierarchy with multipotent HSC sitting atop and mature 

differentiated cells on the bottom. Single-cell RNA sequencing (scRNA-seq) is a 

powerful tool that has helped defining the cellular heterogeneity associated with 

haematopoiesis. HSC are characterised by their self-renewal capacity as well as ability 

to differentiate into intermediate progenitor cells, the haematopoietic stem and 

progenitor cells (HSPC), and later to mature blood cells of all haematopoietic lineages 

(Doulatov et al. 2012).  

During embryogenesis, haematopoiesis occurs in successive temporally and 

spatially different waves producing specific haematopoietic progenitors: primitive and 

definitive haematopoiesis. The primitive wave takes place in the yolk sac where 

precursors give rise to primitive erythroid progenitor cells, which in turn differentiate 

into primitive erythrocytes, macrophages and megakaryocytes (Jagannathan-Bogdan 

and Zon 2013; Lacaud and Kouskoff 2017). Definitive haematopoiesis takes place 

later in development and starts with the emergence of erythroid-myeloid progenitors, 

responsible for the production of definitive erythrocytes and most myeloid lineages 

(Lacaud and Kouskoff 2017). B and T lymphoid progenitors are further generated, 

preceding the emergence of long-term multipotent HSC (LT-HSC) that will ultimately 

reside in the BM throughout adult life (Lacaud and Kouskoff 2017).   
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1.1.1 Haematopoietic stem cells 

HSC are the only cells within the haematopoietic system with multipotency and 

self-renewal potential, being able to differentiate into all functional haematopoietic cells 

while maintaining the HSC pool (Seita and Weissman 2010). The current 

understanding of normal and malignant haematopoiesis comes from mouse studies. 

The obvious differences between mouse and human basic biology and haematology 

drove the development of genetic tools and in vivo repopulation assays to study 

human HSC (Doulatov et al. 2012). The discovery of colony-forming units (CFU) in the 

spleen of transplanted mice (Till and McCulloch 1961) instigated the first studies of 

human colony-forming progenitors using in vitro CFU assays (Pike and Robinson 

1970; Gartner and Kaplan 1980; Sutherland et al. 1989). In addition, engraftment of 

primary human HSC into immunocompromised mice prompted the development of 

different humanised mouse models that have helped characterise HSC (Bosma et al. 

1983; McCune et al. 1988; Shultz et al. 1995; Shultz et al. 2005; Rongvaux et al. 2011). 

Isolation of human HSC requires characterisation of different cell surface markers 

such as CD34, the first marker found to define human HSC as well as progenitor cells 

(Civin et al. 1984). Further studies identified human HSC by expression of CD90 

(Thy1) and absence of lineage markers (Lin–) (Baum et al. 1992; Craig et al. 1993). 

Surface marker CD38 was also identified in most of the CD34+ cells (90-99%), and 

early progenitors were found to reside in the CD38–CD90+ fraction (Huang and 

Terstappen 1994; Hao et al. 1996; Uchida et al. 1998; Miller et al. 1999). Together, 

human HSC are found within the Lin-CD34+CD38–CD90+ fraction of haematopoietic 

cells. This fraction can be further divided into three subpopulations based on the 

expression of CD90 and CD45RA: CD90+CD45RA– subpopulation containing HSC, 

CD90–CD45RA– containing multipotent progenitors (MPP), and a less primitive CD90–

CD45RA+ subpopulation (Majeti et al. 2007).   

At the cellular level, the transcriptional profile of HSC is defined by unique 

properties that are not intuitively and directly associated with multipotency. Curiously, 

around 70% of all transcriptional changes between HSC and progenitors are 

independent of lineage fate. HSC are characterised by a quiescent, autophagy-

dependent, and glycolytic state defined by reduced mitochondrial activity and tightly 

regulated protein synthesis (Laurenti and Gottgens 2018). Conversely, early 

progenitor cells are highly proliferative and metabolically active compared to HSC. The 
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HSC state and its characteristics are not absolute and an understanding of the 

mechanisms that regulate self-renewal and lineage programming are still necessary. 

1.1.1.1 Self-renewal potential of haematopoietic stem cells 

The heterogeneity of the HSC pool is intimately related with self-renewal, as 

distinct subpopulations differ in their repopulation capacity. Self-renewal potential of 

haematopoietic cells can be determined by in vivo transplantation experiments using 

immunocompromised mice (Ema et al. 2005). LT-HSC reside in the BM and are 

characterised by a sustained self-renewal capacity of more than 16 weeks post-

transplantation (reviewed by (Laurenti and Gottgens 2018)). On the other hand, cells 

that differentiate into all other haematopoietic cell types and transiently engraft in 

primary transplants are called short-term HSC or MPP (Laurenti and Gottgens 2018; 

Zhang et al. 2018). MPP have a higher differentiation potential and absent self-renewal 

capacity compared to HSC. The need to discriminate between these populations 

within the heterogenous HSC pool prompted the identification of additional markers, 

such as CD49f that differently characterises HSC and MPP (Notta et al. 2011) (1.1.1). 

An extensive and defined characterisation of such closely related cell types is essential 

for the understanding of the processes behind the loss of stem cell function. 

The differences in self-renewal capacity observed within the HSC pool are 

closely associated with their quiescent state. Previous studies have shown a direct 

relationship between the dormancy state and repopulation capacity of HSC (Wilson et 

al. 2008; Takizawa et al. 2011; Bernitz et al. 2016). In particular, increased 

repopulation capacity is correlated with lower frequency of cell divisions as well as 

slower quiescence exit (Laurenti et al. 2015). The precise control of cyclin-dependent 

kinase 6 (CDK6) expression during quiescent exit has been found important for the 

dynamics of the HSC pool (Laurenti et al. 2015). Low MYC activity and reduced protein 

synthesis are examples of additional factors associated with HSC quiescence 

(Laurenti et al. 2008; Cabezas-Wallscheid et al. 2017). Based on the previous 

observations, different cell cycle dynamics between HSC subpopulations reflects their 

inherent functions.  
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1.1.1.2 The haematopoietic stem cell niche 

Although HSC are in a quiescent state during homeostasis, extracellular signals 

can lead to their activation and subsequent cell proliferation and differentiation 

(Mendelson and Frenette 2014). These extracellular signals are regulated by a strict 

local environment within the BM called ‘niche’, initially proposed more than 40 decades 

ago (Schofield 1978). Over the years, advances in imaging techniques and the 

identification of additional markers for the different cellular constituents have improved 

the characterisation of the HSC niche (Pinho and Frenette 2019). Most of the current 

knowledge of the HSC niche is based on transgenic mouse models, allowing the 

identification of distinct cell types, niche factors and their receptors (Pinho and 

Frenette 2019). An osteoblastic niche population able to regulate HSC expansion has 

been suggested by previous studies (Taichman and Emerson 1994; Taichman et al. 

1996; Calvi et al. 2003; Zhang et al. 2003). In particular, production of angiopoietin-1, 

osteopontin and thrombopoietin (TPO) by osteoblasts was previously shown to 

influence HSC maintenance (Arai et al. 2004; Stier et al. 2005; Yoshihara et al. 2007). 

However, the role of osteoblasts in HSC function is highly controversial. Expression of 

N-cadherin, proposed to mediate the interaction between osteoblasts and HSC, was 

found dispensable for HSC niche function in mice (Kiel et al. 2009; Bromberg et al. 

2012; Greenbaum et al. 2012). In addition, 3D imaging of HSC localisation revealed 

that these cells are not significantly associated with osteoblasts (Kunisaki et al. 2013; 

Nombela-Arrieta et al. 2013).  

In addition to the endosteal region, HSC were also shown to localise in 

perivascular niches. This complex vascular network is responsible for the efficient 

removal of waste products and the delivery of oxygen, nutrients, growth factors, 

hormones, and neurotransmitters to different locations in the BM (Pinho and Frenette 

2019). The oxygenated arterial blood is associated with an extensive network of 

sinusoids, with sinusoidal endothelial cells representing the bulk of the BM 

endothelium (Pinho and Frenette 2019). Endothelial cells secrete several niche 

factors, including stromal cell derived factor 1 (SDF-1 or CXCL12), stem cell factor 

(SCF), and Notch ligands to regulate HSC function and regeneration (Butler et al. 

2010; Ding et al. 2012; Greenbaum et al. 2013; Guo et al. 2017). Concomitantly, 

perivascular cells account for all BM mesenchymal stem cells and have also been 

shown to express high levels of SDF-1 and SCF (Sacchetti et al. 2007; Méndez-Ferrer 
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et al. 2010; Pinho et al. 2013). These cells are characterised by their repopulating 

capacity and can give rise to different of cells that form the skeleton and BM stroma 

(Frenette et al. 2013). Several studies have described their important role in the 

organisation and maintenance of the HSC niche (Sacchetti et al. 2007; Chan et al. 

2009). Adipo-osteogenic progenitors CXCL12-abundant reticular (CAR) stromal cells 

and leptin receptor (LEPR) cells are mainly distributed around sinusoids (reviewed in 

(Pinho and Frenette 2019)). On the other hand, periarteriolar cells were found to 

express both the pericyte the marker neural–glial antigen 2 (NG2) and the type VI 

intermediate filament protein nestin (NES), or the smooth muscle marker myosin 

heavy chain 11 (MYH11) (reviewed in (Wei and Frenette 2018; Pinho and Frenette 

2019)). 3D imaging analysis uncovered that a subset of quiescent HSC was favourably 

localised near the arterioles, which in turn are more abundant in the endosteal region 

(Wei and Frenette 2018). Perivascular and endothelial cells are intimately connected 

by molecular pathways that modulate their function within the BM. For instance, Notch 

signalling in endothelial cells increases the numbers of platelet-derived growth factor 

receptor β positive perivascular cells, mesenchymal stem cells and HSC frequency, 

as well as SCF expression (Kusumbe et al. 2016). Sympathetic and sensory nerves 

have also been shown to support haematopoiesis within the BM (Mach et al. 2002), 

highlighting the importance of a vascular niche for HSC. HSC mobilisation during 

steady state is tightly controlled by the circadian secretion of noradrenaline, which in 

turn regulates the expression of SDF-1 (Katayama et al. 2006; Mendez-Ferrer et al. 

2008). In addition, nonmyelinating Schwann cells promote HSC quiescence by 

regulating the transforming growth factor β (TGF-β) signalling pathway (Yamazaki et 

al. 2011).  

Besides stromal cells, haematopoietic cells are also capable of regulating HSC 

activity within the BM, including megakaryocytes and macrophages. HSC quiescence 

is controlled by megakaryocytes through CXCL4 and TPO secretion, as well as TGF-

β signalling (Bruns et al. 2014; Nakamura-Ishizu et al. 2014; Zhao et al. 2014a). On 

the other hand, macrophages are involved in HSC retention within the BM (Winkler et 

al. 2010; Chow et al. 2011). Understanding the complexity of the BM niche and its 

influence on HSC activity is important for the improvement of treatment options for 

haematological malignancies. 
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1.1.2 Hierarchical organisation of haematopoiesis 

The haematopoietic system comprises numerous different types of mature 

blood cells, including erythrocytes, megakaryocytes and platelets, granulocytes, 

monocytes and macrophages, mast cells, T and B lymphocytes, dendritic cells (DC), 

and natural killer (NK) cells (reviewed by (Seita and Weissman 2010)). Cell surface 

protein analysis by flow cytometry is widely used to define and study haematopoietic 

subpopulations. Immunophenotyping of haematopoietic cells hinted the existence of 

a hierarchical organisation in haematopoiesis, where multipotent HSC differentiate 

into unipotent mature blood cells and are generally represented by a tree-like 

branched roadmap (Akashi et al. 2000; Reya et al. 2001). Figure 1-1 shows a 

commonly accepted representation of normal human haematopoiesis. Initially, HSC 

differentiate into MPP, which in turn give rise to different progenitor cells: the common 

myeloid progenitor (CMP) and the lymphoid-primed multipotent progenitor (LMPP) 

followed by the common lymphoid progenitor (CLP).  

These individual progenitor cells further differentiate into mature cells of all 

haematopoietic lineages. For instance, CMP give rise to both megakaryocyte-

erythrocyte progenitors (MEP) and granulocyte-monocyte progenitors (GMP). As 

progenitor cells differentiate, cell numbers increase whilst their proliferative potential 

declines. The formation of granulocytes within the BM is termed granulopoiesis, and it 

develops for over 4 to 6 days starting at the myeloblast phase (reviewed by (Lawrence 

et al. 2018)). Granulocyte precursors including myeloblasts, promyelocytes and early 

myelocytes retain their proliferative potential, whereas committed metamyelocytes are 

post-mitotic (Lawrence et al. 2018). Granulocytic development is characterised by the 

gradual appearance of granules within the cells and culminates with the nucleus 

assuming a band-like shape that is segmented in mature neutrophils (Lawrence et al. 

2018). Human CD15 expression is limited to terminally differentiated myeloid cells, in 

particular mature granulocytes (eosinophils and neutrophils) and, to some extent, 

monocytes (Gooi et al. 1983; Tao et al. 2004). On the other hand, monopoiesis leads 

to the development of mature monocytes, which in turn can give rise to a subset of 

macrophages and inflammatory DC in tissues. Discrete human monocytic populations 

were initially identified by differential expression of CD14 and CD16 cell surface 

markers (Passlick et al. 1989).
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Figure 1-1 – Hierarchical representation of human haematopoietic development in the BM. 

HSC – Haematopoietic stem cell; LT-HSC – Long-term haematopoietic stem cell; ST-HSC – Short-term 

haematopoietic stem cell; MPP – Multipotent progenitor; CMP – Common myeloid progenitor; LMPP – 

Lymphoid-primed multipotent progenitor; MLP – Multi-lymphoid progenitor; CLP – Common lymphoid 

progenitor; MEP – Megakaryocyte-erythrocyte progenitor; GMP – Granulocyte-monocyte progenitor; 

MDP – Monocyte-dendritic cell progenitor; DC – Dendritic cell; GlyA – Glycophorin A (or CD235a). 

Haematopoietic progenitor subpopulations were defined according to (Pellin et al. 2019). Adapted from 

(Doulatov et al. 2012; Weiskopf et al. 2016; Guilliams et al. 2018; Ulirsch et al. 2019). 
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Current hierarchical models of haematopoiesis propose that monocytes, 

macrophages, and DC arise from progenitors with myeloid-restricted differentiation 

potential called monocyte/DC progenitors (MDP) (reviewed by (Guilliams et al. 2018)). 

This population is believed to produce either common DC precursors or unipotent 

common monocyte progenitors (Guilliams et al. 2018). 

Erythropoiesis is the process by which immature erythroid-committed 

progenitors identified as the burst-forming units-erythroid (BFU-E) fully mature into 

erythrocytes, the most abundant cell type in adult blood with an average life span of 

120 days (reviewed by (Dzierzak and Philipsen 2013)). BFU-E give rise to large 

colonies of haemoglobinised cells that can be detected in methylcellulose cultures 

after 5 to 8 days or 10 to 14 days for mouse or human cells, respectively (Dzierzak 

and Philipsen 2013). CFU-Erythroid represent the next step of erythroid development 

and these small colonies are detected in methylcellulose culture after 2 to 3 days or 5 

to 8 days for mouse and human cells, respectively (Dzierzak and Philipsen 2013). Late 

erythroid progenitor cells are more abundant in the BM compared to BFU-E, where 

they stay under normal conditions. Pro-erythroblasts develop into reticulocytes in 

four/five rapid division steps, progressively gaining erythroid characteristics, such as 

expression of glycophorin A (GlyA or CD235a) and reducing in size. In fact, erythroid 

cells expel their nucleus, mitochondria, and endoplasmic reticulum at later stages of 

differentiation, losing their proliferative potential (Dzierzak and Philipsen 2013). Some 

common erythroid cell surface proteins include CD36, CD71 and CD105 in early 

stages of development, and GlyA in late erythroid maturation (Edelman et al. 1986; 

Okumura et al. 1992; Mori et al. 2015).  

Integration of flow cytometry with scRNA-seq has allowed an improved 

understanding of human haematopoiesis by studying transcriptional single-cell states 

(Velten et al. 2017; Pellin et al. 2019). An alternative view challenging the rigid classical 

tree proposed that unilineage-restricted cells arise from a ‘continuum of low-primed 

undifferentiated haematopoietic stem and progenitor cells’ (CLOUD-HSPC) (Velten et 

al. 2017). Further studies have supported instead the idea of a structured hierarchy, 

exposing a continuous and heterogenous regulatory landscape of human 

haematopoiesis (Buenrostro et al. 2018; Karamitros et al. 2018; Pellin et al. 2019).  
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1.1.3 Haematopoietic cytokine network  

Haematopoiesis is a tightly controlled process that involves intricate regulatory 

pathways mediated by several factors, including cytokines and their receptors. Key 

haematopoietic cytokines include colony-stimulating factors (CSF), interleukins (IL), 

SCF, erythropoietin (EPO), and TPO. While some of these cytokines stimulate the 

proliferation and differentiation of several myeloid lineages, such as IL-3, others 

influence specific lineages, such as EPO in erythroid development. Early erythroid 

progenitor growth depends on cytokines including TPO, IL-3, fms-like tyrosine kinase 

3 (FLT3)-ligand or SCF. SCF binds to its tyrosine kinase receptor c-KIT and, at later 

stages of development, acts synergically with EPO to support late erythroid growth 

and expansion. Regarded as the main regulator of erythropoiesis, EPO also plays an 

essential role in the response to hypoxic stress, increasing the rate or erythroid 

production. Additional factors shown to contribute to this response, include bone 

morphogenic protein 4 (BMP4) or SCF/KIT signalling (Perry et al. 2007). On the other 

hand, growth factors such as granulocyte-macrophage and granulocyte-CSF (GM- 

and G-CSF, respectively), SCF, and IL-3 were shown to act synergically to induce 

myeloid differentiation of human progenitor cells (McNiece et al. 1991).  

Knockout (KO) mice studies have provided critical insights into the cytokine-

mediated control of haematopoiesis. Absence of EPO signalling resulted in reduced 

primitive erythropoiesis with midgestational death due to lack of foetal liver definitive 

erythropoiesis (Wu et al. 1995; Kieran et al. 1996; Lin et al. 1996). Despite being 

important for definitive erythroid growth and survival, EPO signalling is not required for 

erythroid lineage commitment (Wu et al. 1995; Lin et al. 1996). Moreover, TPO and its 

receptor myeloproliferative leukaemia virus (c-MPL) were found to stimulate 

proliferation and terminal maturation of erythroid progenitors (Kieran et al. 1996). 

These studies suggest that cytokines are not the primary drivers of lineage 

commitment. Loss of TPO and c-MPL results in reduced platelet and megakaryocyte 

numbers as well as HSC, which suggests an important role in the development of 

megakaryocytes and a non-redundant activity in HSC (Gurney et al. 1994; Alexander 

et al. 1996; Solar et al. 1998). Alternatively, mice lacking G-CSF signalling exhibit 

defective granulopoiesis with chronic neutropenia (Lieschke et al. 1994; Liu et al. 

1996; Semerad et al. 2002). However, the existence of compensatory mechanisms 

regulating granulopoiesis in the absence of G-CSF/R was suggested (Liu et al. 1996). 
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Although cytokines and their receptors provide important signals for the proliferation 

and development of multipotent and mature haematopoietic cells, transcription factors 

(TF) seem to be the major drivers of haematopoiesis. 

1.1.4 Transcription regulation of haematopoietic development 

The hierarchical structure of the haematopoietic system is intimately related to 

a complex network of TFs responsible for cell proliferation and fate decisions (Figure 

1-2). Next generation and chromatin immunoprecipitation sequencing (NGS and ChIP-

seq, respectively) have allowed a more comprehensive study of the transcriptional 

regulation of haematopoiesis. Accordingly, gene profiling of each haematopoietic 

subpopulation, from HSC to terminally differentiated cells, revealed the presence of 

distinct and intricate regulatory circuits (Novershtern et al. 2011). HSPC, mature 

erythroid cells, granulocytes/monocytes, B and T cells were shown to be defined by a 

group of significantly and differently expressed genes particular to each lineage 

(Novershtern et al. 2011). In addition, multiple lineages express similar gene sets at 

different levels. For instance, PU.1 (or SPI1) is expressed in both monocytic and B cell 

development (Dakic et al. 2005; Iwasaki et al. 2005; Houston et al. 2007), as well as 

growth-factor independent 1 (GFI1) for HSC self-renewal and granulopoiesis (Hock et 

al. 2004; Horman et al. 2009).  

At the HSC level, TFs such as RUNX1 (Runt-related TF, also known as AML1) 

or stem cell leukaemia (SCL/TAL1) are crucial for the production of foetal HSC 

(Shivdasani et al. 1995; Okuda et al. 1996). However, conditional ablation of these 

factors showed that they are dispensable for HSC maintenance in the BM during adult 

haematopoiesis (Mikkola et al. 2003; Ichikawa et al. 2004b; Growney et al. 2005). 

Further studies showed that RUNX1 deletion failed to significantly reduce HSC or LT-

HSC numbers in foetal liver, whereas loss of its binding partner core binding factor β 

(CBFβ) dramatically compromised LT-HSC (Cai et al. 2011; Tober et al. 2013). These 

results suggest that the other members of the RUNX family, RUNX2 and RUNX3, are 

likely involved in the maintenance of HSC (1.3.4). Conversely, lineage-specific effects 

were observed in RUNX1- or SCL-deficient mice, including suppression of 

megakaryocytic and T/B cell development, reduction of CLP and platelet production, 

and defective maturation of megakaryocytic and erythroid progenitors (Mikkola et al. 

2003; Ichikawa et al. 2004b; Growney et al. 2005).  
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Figure 1-2 – Transcriptional regulation of myeloid development. 

Developmental phases and transcriptional regulation of monocytic and granulocytic (A) and erythroid 

(B) maturation. HSC – Haematopoietic stem cell; GMP – Granulocyte-monocyte progenitor; MEP – 

Megakaryocyte-erythrocyte progenitor. RUNX1 (or AML1) and stem cell leukaemia (SCL) are essential 

for the generation of HSC. Growth-factor independent 1 (GFI1) and CCAAT/enhancer binding protein 

α (C/EBPα) are important for HSC self-renewal, as well as different steps in myeloid differentiation 

(along with C/EBPε). Monocytic development depends on PU.1 (also known as SPI1) and interferon-

regulatory factor 8 (IRF8). Bars represent the expression of different TFs during haematopoietic 

development, with different colours indicating distinct developmental phases/lineages. Adapted from 

(Rosenbauer and Tenen 2007).  
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In addition, loss of RUNX1 led to a mild myeloproliferative disorder (MPD) (Growney 

et al. 2005). Expression of PU.1 or CCAAT/enhancer binding protein α (C/EBPα) has 

been found necessary for the maintenance of the HSC pool (Iwasaki et al. 2005; Ye 

et al. 2013).  

A combination of positive and negative signals from major transcriptional 

regulators drives lineage specification. The earliest haematopoietic branchpoint is 

primarily regulated by PU.1 and GATA-1 (Arinobu et al. 2007; Hoppe et al. 2016). 

Downregulation of GATA-1 directs haematopoiesis towards the myeloid lineage, 

whereas absence of PU.1 expression has the opposite effect (Rhodes et al. 2005). 

Additional examples of antagonism between TFs in haematopoiesis include friend 

leukaemia integration 1 (FLI1) and erythroid Krüppel-like factor KLF1 (also known as 

EKLF) for the erythroid versus megakaryocytic decision (Starck et al. 2003), and GFI1 

and PU.1 for monocytic and granulocytic cell fates (Dahl et al. 2007). Developmental 

unidirectionality has been questioned in haematopoiesis, and lineage reprogramming 

has been found to happen in certain situations (Xie et al. 2004; Iwasaki et al. 2006; 

Laiosa et al. 2006). Upregulation of GATA-1 in GMP and CLP was shown to redirect 

these cells into a MEP fate (Iwasaki et al. 2003). A precise regulation of the 

transcriptional networks that govern self-renewal and cell fate decisions is of utmost 

importance to avoid leukaemic transformation. Numerous key haematopoietic TFs 

were initially identified in chromosomal abnormalities observed in leukaemia: RUNX1 

in RUNX1-ETO (also known as AML1-ETO or RUNX1-RUNX1T1) t(8;21) acute 

myeloid leukaemia (AML) (1.2.4), Lim domain only 2 (LMO-2) in t(11;14) T cell acute 

lymphoblastic leukaemia (ALL), and SCL in t(1;14) T-ALL (Begley et al. 1989; Boehm 

et al. 1991; Miyoshi et al. 1991). RUNX1-ETO fusion protein has been extensively 

studied in AML, and it is primarily considered to have a dominant negative effect over 

RUNX1 (reviewed by (Lin et al. 2017)) (1.2.4.1). Recent studies have revealed a more 

complex relationship between native RUNX1 and RUNX1-ETO (Ptasinska et al. 2014; 

Mandoli et al. 2016).  

1.1.4.1 Transcription control of monocytic and granulocytic development 

Granulocytic and monocytic differentiation is orchestrated by master regulators 

such as PU.1, C/EBPα, C/EBPβ and C/EBPε, GFI1, and interferon-regulatory factor 8 

(IRF8), among others (reviewed by (Rosenbauer and Tenen 2007)). PU.1 is a member 
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of the E26 transformation-specific (ETS) family of TFs, and it is expressed in several 

haematopoietic lineages, from HSC to terminally differentiated myeloid cells (Back et 

al. 2005; Nutt et al. 2005). Loss of PU.1 disrupts the commitment and differentiation 

of myeloid and lymphoid lineages (Dakic et al. 2005; Iwasaki et al. 2005; Pang et al. 

2018), and is fatal in mice characterised by the lack of mature macrophages and B 

cells (McKercher et al. 1996). Increased expression of PU.1 was shown to favour the 

production of macrophages, whereas its absence enhanced granulopoiesis (Dahl et 

al. 2003; Dakic et al. 2005; Ghani et al. 2011). A positive feedback between PU.1 and 

cell cycle has been demonstrated during myeloid development, where early 

macrophages were shown to increase PU.1 level by lengthening their cell cycle (Kueh 

et al. 2013). Together, these results suggest that PU.1 has an important role in the 

normal transition through the CMP and CLP phases and, in contrast, inhibits 

granulocytic development.  

C/EBPα is a basic-region leucine zipper TF expressed by HSC, myeloid 

progenitor cells and differentiating granulocytes (Radomska et al. 1998). Induced 

expression of C/EBPα promotes neutrophilic differentiation whilst inhibiting 

monopoiesis (Radomska et al. 1998). Conversely, defective levels of C/EBPα result 

in the absence of GMP and granulocytic-committed cells but normal CMP numbers, 

which suggests that C/EBPα is involved in the CMP to GMP differentiation step (Zhang 

et al. 1997; Zhang et al. 2004). Furthermore, C/EBPα expression was shown to be 

dispensable in terminal granulocytic development (Zhang et al. 2004). Family 

members C/EBPβ and C/EBPε are also important for the normal programme of 

myeloid differentiation, in particular for the maturation of neutrophils and macrophages 

(Akagi et al. 2010). Terminal maturation of myelocytes to granulocytes requires GFI1 

and C/EBPε TFs. GFI1 is expressed by HSC, neutrophils, and T/B precursor cells, 

and has an important role in lymphocytic differentiation and last stages of 

granulopoiesis revealed by KO studies (Karsunky et al. 2002; Hock et al. 2003; Hock 

et al. 2004). Similarly, absence of C/EBPε causes a defect in neutrophilic development 

beyond the promyelocyte stage (Yamanaka et al. 1997).  

The switch between granulocytic and monocytic differentiation involves 

additional TFs, such as IRF8. This transcriptional regulator is expressed in several 

haematopoietic lineages (Driggers et al. 1990), and in the GMP compartment its 

expression pattern distinguishes monocytic (high IRF8 expression) from granulocytic 
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progenitors (low IRF8 expression) (Wang et al. 2014b). IRF8 was shown to direct 

monocytic differentiation whilst preventing myeloid cell growth and granulopoiesis 

(Tamura et al. 2000; Sontag et al. 2017). Importantly, loss of IRF8 in mice leads to a 

myeloproliferative syndrome resembling chronic myeloid leukaemia, characterised by 

an abnormal expansion of neutrophils at the expense of monocytes and macrophages 

(Holtschke et al. 1996; Scheller et al. 1999; Tsujimura et al. 2002). Myeloid 

development was also shown to depend on additional TFs, including KLF4 and GATA-

2 (Feinberg et al. 2007; Rodrigues et al. 2008). 

1.1.4.2 Transcription control of erythroid development 

Erythroid and megakaryocytic development are finely regulated by a complex 

transcriptional network that involves members of different families: GATA-binding TFs 

GATA-1 and GATA-2; ETS factors FLI1 and GABPα; Krüppel-containing factors KLF1 

and leukaemia/lymphoma-related factor (LRF); basic helix-loop-helix factor 

SCL/TAL1; transcriptional regulators such as friend of GATA-1 (FOG-1) and LIM 

domain binding 1 (LDB1), among others (reviewed by (Dore and Crispino 2011)). 

GATA-1 is one of the most extensively studied TFs involved in haematopoiesis. 

Expression of GATA-1 is essential for the terminal development of erythrocytes, 

megakaryocytes, eosinophils and mast cells (Weiss and Orkin 1995; Shivdasani et al. 

1997; Yu et al. 2002; Migliaccio et al. 2003), and absence of either GATA-1 or GATA-

2 in mice results in embryonic death associated with anaemia (Pevny et al. 1991; Tsai 

et al. 1994). GATA-2 is expressed in megakaryocytes and erythroid cells, and its 

overexpression was shown to shift erythroid to megakaryocytic development (Ikonomi 

et al. 2000). During erythropoiesis, GATA-2 expression is downregulated as GATA-1 

is activated (Welch et al. 2004) and enforced GATA-2 expression inhibits erythroid 

development (Persons et al. 1999), possibly by interfering with GATA-1 regulatory 

mechanism. Transcriptional activation and repression by GATA-1 in erythroid cells 

involves different target genes and binding partners, including FOG-1. This partnership 

is important for globin expression and downregulation of c-KIT in mature erythroid cells 

(Vakoc et al. 2005; Jing et al. 2008). SCL is an additional GATA-1 target gene critical 

for HSC generation as well as lineage specification, and the cause of embryonic death 

when absent in mice (Robb et al. 1995; Shivdasani et al. 1995; Porcher et al. 1996). 

Furthermore, both erythroid and megakaryocytic development are significantly 
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disrupted in SCL-deficient mice (Mikkola et al. 2003). Other members of the GATA-

nucleated complex include LMO-2, E2A (also known as TCF3), LDB1 and CBFA2T3 

(or MTG16/ETO2) (Fujiwara et al. 2009).  

KLF1 is of great importance for later stages of erythroid development, and its 

expression was shown to be confined to the erythroid lineage fate (Southwood et al. 

1996). KLF1 interacts with GATA-1 and the BMP4/SMAD pathway in erythroid cells 

(Merika and Orkin 1995; Adelman et al. 2002; Tallack et al. 2010). Loss of KLF1 results 

in foetal death due ineffective definitive erythropoiesis and anaemia in mice (Nuez et 

al. 1995; Perkins et al. 1995). Mutations in human KLF1 have also been associated 

with anaemias, some of which displaying abnormal terminal maturation (Arnaud et al. 

2010). ChIP-seq and NGS technologies have revealed the vast repertoire of KLF1 

target genes associated with cell cycle, haemoglobin production, transcription, 

apoptosis, among others (Tallack et al. 2010; Tallack et al. 2012; Magor et al. 2015). 

Further studies show that KLF1 regulates cell cycle exit and is functionally important 

for enucleation (Gnanapragasam et al. 2016). Therefore, haematopoiesis requires not 

only an ordered succession of lineage-specific TFs, but also fine-tuning of their 

expression levels to coordinate normal development. 

 Acute Myeloid Leukaemia 

AML is a type of malignancy characterised by the aberrant growth and 

development of HSC, leading to the accumulation of immature myeloid cells in the BM 

and peripheral blood (PB). AML is the most common type of acute leukaemia in adults, 

with more than 3,000 new AML cases being diagnosed in the United Kingdom every 

year (Cancer Research UK). Clinical outcome is poorer for AML patients over 60 years 

old compared to younger patients, however survival rates have improved substantially 

over the past 30 years with advances in healthcare systems and treatments (Derolf et 

al. 2009; Sant et al. 2014). In particular, 1-year survival has increased for all age 

groups, whereas 5- and 10-year survival was more significant in AML patients under 

60 years old (Derolf et al. 2009). Poor survival in elderly AML patients is usually 

associated with the presence of more comorbidities in this age group that prevent 

curative regimens (Sant et al. 2014). Symptoms initially appear in only a few weeks, 

and the clinical presentation at diagnosis is variable. Typical symptoms of AML 

associated with BM failure include fatigue, persistent infections and haemorrhage due 
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to anaemia, neutropaenia, and thrombocytopaenia, respectively (Khwaja et al. 2016). 

Diagnosis is based on the percentage of myeloid blasts present in the BM and PB 

coupled with immunophenotyping and cytogenetic/molecular characterisation of 

myeloid blasts (1.2.2).  

AML is classified into seven main subtypes in terms of genetic, morphological 

and cytochemical criteria according to the World Health Organisation (WHO) latest 

system (Arber et al. 2016) (1.2.1). Currently, newly diagnosed AML patients are 

genetically tested according to the European Leukaemia Network (ELN) 

recommendations (Dohner et al. 2017), which is usually performed by reverse 

transcription polymerase chain reaction (qRT-PCR). Mutational and cytogenetic 

profiling by NGS, which allows cost-effective sequencing of several genes or whole 

exome/genome in a short period of time, has led to changes in classification, risk 

stratification, treatment options and response assessment in AML (Leisch et al. 2019). 

Although NGS has opened new perspectives of individualised diagnosis and 

treatments of AML patients, its clinical value needs to be further defined (Bacher et al. 

2018).  

1.2.1 Molecular pathogenesis and classification system of AML 

Cytogenetic analysis and genome profiling of AML have been incorporated and 

refined over the years to improve prognosis and treatment for AML (1.2.3). Two main 

classification systems have been used to stratify AML into different subtypes, the 

French-American-British (FAB) system and the most recent WHO classification 

system (Table 1-1). The FAB classification was devised in the 1970s based only on 

cellular morphology and cytochemistry, classifying AML into M0 (undifferentiated 

acute myeloblastic leukaemia) to M7 (acute megakaryoblastic leukaemia) subtypes 

(Bennett et al. 1976). To account for cytogenetics, the WHO classification system was 

developed and subsequently updated in 2016, stratifying AML into seven main groups 

(Arber et al. 2016). Representing approximately 20% of all AML cases, 

t(8;21)(q22;q22.1) and inv(16)(p13.1q22) are classified as core binding factor (CBF) 

AML, and form the RUNX1-ETO and CBFβ-MYH11 fusion proteins, respectively 

(Sood et al. 2016). Both abnormalities cause the disruption of genes encoding the 

subunits of the heterodimeric TF CBF (i.e. RUNX1 and CBFβ), which are required for 

normal haematopoiesis (Okuda et al. 1996; Wang et al. 1996b).  
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Table 1-1 – WHO classification of cytogenetically and molecularly defined subtypes of AML 

(2016 revision). 

APL – Acute promyelocytic leukaemia; NOS – not otherwise specified. Adapted from (Arber et al. 2016).  

AML and related neoplasms 

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); CBFB-MYH11 

APL with PML-RARA 

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 

AML with myelodysplasia-related changes 

Therapy-related myeloid neoplasms 

AML, NOS 

AML with minimal differentiation 

AML without maturation 

AML with maturation 

Acute myelomonocytic leukaemia 

Acute monoblastic/monocytic leukaemia 

Pure erythroid leukaemia 

Acute megakaryoblastic leukaemia 

Acute basophilic leukaemia 

Acute panmyelosis with myelofibrosis 

Myeloid sarcoma 

Myeloid proliferations related to Down syndrome 

Transient abnormal myelopoiesis (TAM) 

Myeloid leukaemia associated with Down syndrome 
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In general, CBF AML patients have a favourable prognosis, with more than 85% 

achieving complete remission (CR) (Sood et al. 2016) (1.2.2). An additional recurring 

abnormality in AML is the t(15;17)(q22;q21), which generates the PML-RARA fusion 

protein and defines acute promyelocytic leukaemia (APL) (10-15% of AML cases) 

(Bassi and Rego 2012). APL is a biologically and clinically different subtype of AML, 

previously associated with a poor prognosis, is currently highly curable with success 

rates of approximately 90-95% CR (Lo-Coco et al. 2013; Sanz et al. 2019) (1.2.3).  

FLT3 is one of the most mutated genes found in AML patients (30% of total 

AML cases (Daver et al. 2019)), accompanied by nucleophosmin (NPM1, 30% 

(Lachowiez et al. 2020)) and DNA methyltransferase 3A (DNMT3A, 20% (Park et al. 

2020)). NPM1 mutations are usually associated with a favourable prognosis, whereas 

FLT3-internal tandem duplication (ITD) confers a poor prognosis to AML patients 

(Daver et al. 2019; Lachowiez et al. 2020). These cooperating mutations and others 

have been described and classified in AML according to functional groups, including 

TFs, epigenetic modifiers, activated signalling pathways, and spliceosome or cohesin 

complex mutations (Khwaja et al. 2016). Although the combination of mutations is 

variable in AML, certain cooperating mutations are specific, such as GATA2 and 

CEBPA mutations, implying a functional cooperation between both TFs (Greif et al. 

2012a).  

In addition to well established AML subtypes, new heterogenous groups were 

defined including AML with mutated RUNX1 or AML with BCR-ABL1. Genetic profiling 

of a large cohort of AML patients revealed additional heterogenous genomic classes: 

AML with mutations in chromatin and RNA splicing genes; AML with TP53 mutations; 

and AML with isocitrate dehydrogenase 2 IDH2R172 mutations (Papaemmanuil et al. 

2016). Further characterisation of the genomic landscape of AML, with significant 

contributions from The Cancer Genome Atlas (TCGA) genomic programme (Cancer 

Genome Atlas Research et al. 2013), have expanded the current knowledge of genes 

associated with leukaemia. Common mutations in AML, such as DNMT3A, CEBPA or 

RUNX1, were shown to be mutually exclusive of TF fusions, which implies similar 

functions to fusion genes in the initiation of AML (Cancer Genome Atlas Research et 

al. 2013). Furthermore, a few AML patients with a complex cytogenetic profile (poor 

risk) were significantly associated with tumour protein p53 (TP53) mutations. Overall, 



Chapter 1 – Introduction 

19 

this study provided a better understanding of AML pathogenesis governed by genetic 

abnormalities.  

1.2.1.1 Leukaemia stem cells 

AML is a rapidly evolving disease characterised by the accumulation of clonal 

myeloid progenitor cells incapable of differentiate into mature haematopoietic cells. 

Similar to normal haematopoiesis, AML is organised hierarchically with self-renewing 

leukaemia stem cells (LSC) driving the disease long-term in immunocompromised 

mice (Lapidot et al. 1994; Bonnet and Dick 1997). In terms of their immunophenotype 

in CD34+ AML (~ 75%), LSC were shown to mainly reside in the CD34+CD38– fraction 

resembling LMPP, and occasionally in the CD34+CD38+ population resembling GMP 

(Goardon et al. 2011). Both populations were shown to coexist in around 80% of 

patients in a hierarchical manner with LMPP-like LSC giving rise to GMP-like LSC, but 

not the contrary (Goardon et al. 2011). An additional MPP-like LSC population within 

the CD34+CD38– fraction was also observed in 10 to 15% of cases. Furthermore, gene 

expression profiling showed that these LSC populations were more similar to their 

normal counterpart progenitors than normal HSC, suggesting that LSC could arise 

from a self-renewing progenitor rather than stem cells (Goardon et al. 2011).  

Understanding the properties of human LSC is of utmost importance for the 

development of targeted therapies for AML. Several studies have shown that LSC are 

quiescent in nature, a mechanism involved in LSC intrinsic resistance to conventional 

therapies (Hope et al. 2004; Ishikawa et al. 2007; Saito et al. 2010). Considering that 

quiescence cells have low energy requirements, LSC were shown to have low reactive 

oxygen stress suggestive of a reduced oxidative metabolism (Lagadinou et al. 2013). 

Further studies have revealed an increase in LSC frequency between diagnosis and 

relapse and have identified a significant change in the physiology of LSC following 

chemotherapy and upon relapse (Ho et al. 2016). Therefore, it is imperative that the 

increase in complexity and heterogeneity of LSC observed at relapse be considered 

in the design and evaluation of new therapeutic strategies. 

Advanced genomic technologies have allowed the identification of pre-

leukaemic cells in AML patients that possess early competitive driver mutations, 

usually in epigenetic regulator genes, and are capable of non-leukaemic differentiation 

(Jan et al. 2012). The driver mutations observed in pre-LSC are preserved in AML 
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blasts, implicating them as initiating events and establishing clonal expansion as the 

initial step in leukaemogenesis (Shlush et al. 2014). As opposed to AML blasts, pre-

LSC resist chemotherapy and remain in the BM at remission, supporting a possible 

leukaemic transformation (Corces-Zimmerman et al. 2014; Shlush et al. 2014). 

Therefore, pre-LSC should be considered in future targeted therapies to prevent 

relapse (1.2.3).  

Early evidence for the accumulation of serial mutations and/or epigenetic 

events in self-renewing HSC arose from studies in t(8;21) AML, suggesting that 

RUNX1-ETO is acquired in pre-leukemic HSC. RUNX1-ETO transcripts are detected 

in most t(8;21) patients in long-term remission, and its expression was previously 

found in a fraction of myeloid colony-forming cells in t(8;21) AML remission marrow 

(Miyamoto et al. 1996; Miyamoto et al. 2000). Further, RUNX1-ETO was shown to 

remain stable at relapse, whereas additional mutations were highly dynamic (Krauth 

et al. 2014). Conditional knock-in mouse studies showed that RUNX1-ETO alone is 

insufficient to induce leukaemia, but RUNX1-ETO-expressing cells exhibited 

enhanced in vitro replating efficiency suggestive of enhanced self-renewal capacity 

(Higuchi et al. 2002). Induction of cooperating mutations in the presence of RUNX1-

ETO resulted in the efficient development of leukaemia (Higuchi et al. 2002) (1.2.4). 

Together, the previous findings support the concept that initiating mutations confer a 

competitive advantage to pre-LSC without causing transformation of progenitor cells.  

1.2.2 Epidemiology, diagnosis, and prognosis of AML  

AML is considerably more common in male adults and the median age at 

diagnosis is 68 years old (Khwaja et al. 2016; Short et al. 2018). The incidence of AML 

has increased by 29% since the early 1990s in the U.K. (Cancer Research UK). 

Increasing prevalence of therapy-related AML could explain, to some extent, the rising 

incidence of AML (Short et al. 2018). These rates have varied among different age 

groups, with elderly patients (> 80 years old) registering the highest increase in AML 

incidence of 72% during the same period (Cancer Research UK). In addition, AML is 

strongly associated with ethnicity, with lower incidence rates reported in Hispanics, 

blacks and Asian/Pacific Islanders compared to whites (Kirtane and Lee 2017). 

Nevertheless, some minority groups exhibit worse survival. There is no predisposing 

risk factor in most AML cases (Short et al. 2018). However, exposure to DNA-
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damaging agents, such as ionising radiation, benzene, or cytotoxic chemotherapy, can 

increase the risk of developing AML or another haematological malignancy (Khwaja 

et al. 2016). Relatives of AML patients and specific inherited disorders, including Down 

syndrome or Fanconi anaemia, are also associated with an increased risk of AML 

(Alter et al. 2010; Bhatnagar et al. 2016). Curiously, myeloid leukaemia of Down 

syndrome is rarely associated with the t(8;21) abnormality (Bhatnagar et al. 2016). In 

terms of survival, 70-80% of younger patients (< 60 years) should achieve CR 

following one or two induction treatments, which represents a significant improvement 

over the past years (Burnett et al. 2011). On the other hand, older patients receiving 

the same chemotherapy fail to respond the same way, and although 40% to 65% 

enters CR, 85% of AML patients over 60 years old relapses within 2 to 3 years (Burnett 

et al. 2011). Increased awareness of the genomic landscape of AML as a result of the 

rapid growth of affordable genome sequencing has contributed to the recent progress 

in AML therapy (DiNardo and Perl 2019). The approval of new target therapies 

provides increasingly effective treatment strategies for risk groups that until now were 

difficult to treat (1.2.3). 

AML is diagnosed with the detection of 20% or more myeloid blasts, including 

myeloblasts, monoblasts or megakaryoblasts, within the BM or PB. However, there 

are exceptions to this requirement in which AML can be diagnosed based on the 

cytogenetics alone, namely t(8;21), inv(16) ad t(15;17) AML (Dohner et al. 2017). 

Immunophenotyping and cytogenetic/mutational analysis are also used to further 

characterise AML and facilitate its categorisation into the different subtypes (1.2.1). 

Cell surface and cytoplasmatic markers used for the diagnosis of AML include 

precursor markers, such as CD34, CD117 or CD13, and granulocytic and monocytic 

markers such as cytoplasmatic myeloperoxidase and CD14, respectively (Dohner et 

al. 2017). Cytogenetics and molecular mutations are of utmost importance not only for 

the diagnosis of AML, but also for its prognosis and treatment options. In fact, 

cytogenetic and molecular analysis can also be used for risk stratification of AML 

patients into three categories: favourable, intermediate, and adverse risk/outcome 

(Table 1-2). 
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Table 1-2 – Genetic risk stratification of AML according to 2017 ELN recommendations. 

* Without adverse-risk genetic lesions. Adapted from (Dohner 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 CEBPA 

Intermediate 

Mutated NPM1 and FLT3-ITDhigh (allelic ratio ≥ 0.5) 

Wild-type NPM1 without FLT3-ITD or with FLT3-ITDlow * 

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 abnormalities), monosomal karyotype 

Wild-type NPM1 and FLT3-ITDhigh 

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

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

Mutated TP53 
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For instance, t(15;17) and CBF AML are associated with a good prognosis, whereas 

cytogenetically complex patients (three or more chromosomal abnormalities), inv(3) or 

t(6;9) AML have a poor prognosis in terms of clinical presentation and outcome 

(Dohner et al. 2017). Nonetheless, the prognostic value of several cytogenetic and 

molecular abnormalities is context-dependent and could vary with the presence or 

absence of other abnormalities (Dohner et al. 2017). 

1.2.3 Treatment for AML 

Management of AML is gradually changing with the approval of new therapies, 

the identification of new prognostic factors that influence treatment choices, and the 

expanding knowledge of leukaemogenesis and discovery of promising targets. 

Conventional treatment for AML can be dived into three different phases: induction, 

consolidation, and maintenance. An important factor to consider when choosing the 

best treatment option and dose intensity is age, which is usually associated with 

comorbidities. During the remission induction phase, AML patients are given standard 

chemotherapy involving a combination of cytarabine and an anthracycline, commonly 

daunorubicin or idarubicin (Khwaja et al. 2016; Short et al. 2018). This is usually 

followed by cycles of high dose cytarabine during the consolidation phase for 

favourable-risk patients (Khwaja et al. 2016). Allogeneic haematopoietic stem cell 

transplantation (HSCT) generally improves the outcome of intermediate and poor-risk 

AML patients, and requires profound considerations in terms of patient selection, 

donor, and optimal regimen (Short et al. 2018). The benefits of allogeneic HSCT in 

intermediate-risk patients are lower compared to the high-risk group, given their 

heterogeneity and better responses to standard chemotherapy compared high-risk 

AML patients (Koreth et al. 2009; Stelljes et al. 2014). Treatment options according to 

risk stratification of AML are associated with cure rates of approximately 35-45% for 

patients under 60 years old (Short et al. 2020). Comprising the majority of those 

diagnosed with AML, older patients (≥ 60 years) exhibit cure rates lower than 15% with 

this approach due to their poor tolerance to intensive treatment with increased 

mortality and higher predominance of adverse-risk genetic abnormalities (Short et al. 

2020). Older patients unfit for intensive treatment have limited options, with low dose 

cytarabine or demethylation therapy providing only modest improvements (Burnett et 

al. 2007; Dombret et al. 2015). However, these treatment approaches are associated 
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with a median survival of 6 to 10 months, and therefore new effective therapies are 

needed for older AML patients (Short et al. 2020).   

One of the greatest advances in the management of AML was the treatment of 

APL, which was associated with poor clinical outcome associated with fatal 

haemorrhages at diagnosis (Tomita et al. 2013). Currently, all-trans retinoic acid and 

arsenic trioxide are used for APL treatment, and act by inducing PML-RARA 

degradation and cell differentiation (reviewed in (Tomita et al. 2013)). This approach 

has significantly improved the outcome of APL patients, which achieve CR by almost 

100% and a long-term survival of more than 98% (Lo-Coco et al. 2013; Burnett et al. 

2015). Recent advances in the general understanding of AML pathogenesis resulted 

in the discovery and approval by the US Food and Drug Administration (FDA) of eight 

new promising targeted therapies for AML (reviewed in (Short et al. 2020)). These 

include inhibitors of mutant FLT3, IDH1 and IDH2, KRAS and NRAS, KIT and TP53, 

resulting in improved outcomes for AML patients harbouring mutations in those genes. 

Mutant FLT3 is constitutively activated, inducing cell proliferation whilst suppressing 

differentiation (Meshinchi and Appelbaum 2009). First-generation FLT3 inhibitors (e.g. 

midostaurin) have a broad activity on non-FLT3 targets, while second-generation (e.g. 

gilteritinib) have a more specific activity and thus less off-target effects (Short et al. 

2020). For instance, midostaurin has shown significant improvement of overall survival 

(OS) in all FLT3-mutated patients (Stone et al. 2017) and was approved by FDA in 

April 2017 in combination with induction and consolidation therapies. Midostaurin is a 

multikinase inhibitor that also targets c-KIT, and mutations in its gene are present in 

approximately 25% of CBF AML patients, conferring a worse prognosis when 

compared to wild-type KIT patients (Cairoli et al. 2006). Introducing KIT inhibitors to 

induction and consolidation therapies of these patients has shown strong 

improvements in their clinical outcome (Paschka et al. 2018). Additional therapies 

have been developed to target the intrinsic apoptotic pathway involved in 

chemotherapy resistance and AML maintenance, including BCL-2, MCL1, and MDM2 

inhibitors that can be used in patients with or without targetable mutations (Short et al. 

2020). In late 2018, FDA approved the combination of the selective BCL-2 inhibitor 

venetoclax with either low dose cytarabine or demethylation therapy for older (≥ 75 

years) or unfit AML patients following successful clinical trials (DiNardo et al. 2019; 

Wei et al. 2019). Despite improvements in remission rates and OS, primary and 
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adaptive resistance to targeted therapies constitute significant challenge in the 

management of AML (DiNardo et al. 2020). FLT3-ITD and TP53 defects were shown 

to correlate with adaptive resistance to venetoclax alone as well as in combination with 

other therapies (DiNardo et al. 2020). Upregulation of MCL1 is another mechanism of 

resistance to venetoclax, and MCL1 inhibitors are currently being investigated in early 

clinical trials (Kadia et al. 2019). Conversely, mutations in NPM1 or IDH2 were 

associated with better response rates and prolonged remissions (DiNardo et al. 2020). 

These studies highlight the importance of genomic profiling for guiding future treatment 

options. Besides targeted therapies, immune-based strategies have also been 

developed and are currently in clinical trials, such as anti-CD33 antibody-drug 

conjugate, checkpoint inhibitors, or cellular therapies (reviewed in (Short et al. 2020)). 

Although these novel AML therapies have shown exciting improvements in clinical 

trials, they are only an option for a minority of patients. 

1.2.4 The 8;21 translocation in AML 

The t(8;21)(q22;q22.1) is one of the most common chromosomal abnormalities 

in AML, accounting for 12% of all AML cases (Lam and Zhang 2012). This cytogenetic 

group of patients present granulocytic maturation of AML blasts characterised by the 

expression of the cell surface markers CD13, CD19, CD34 and CD56 (reviewed by 

(Lin et al. 2017)). Early studies reported the molecular rearrangements of the RUNX1 

gene located on chromosome 21q22 with the ETO gene (eight twenty one, also known 

as MTG8 or RUNX1T1) on chromosome 8q22, generating the RUNX1-ETO fusion 

protein (Miyoshi et al. 1991; Miyoshi et al. 1993) (Figure 1-3, 1.3.5). ETO is a member 

of the myeloid translocation gene family of transcriptional corepressors. An alternative 

fusion gene ETO-RUNX1 is also generated by the t(8;21); however, absence of ETO-

RUNX1 mRNA expression in t(8;21) AML centred research on RUNX1-ETO (Peterson 

et al. 2007a). The causes of such rearrangements remain unclear. A previous study 

has found that Wnt signaling promotes the expression and the genomic proximity of 

RUNX1 and ETO genes and could be involved in the generation of RUNX1-ETO 

(Ugarte et al. 2015). Although t(8;21) AML patients are generally associated with good 

prognosis, the heterogeneity of this subtype explains the 40% relapse rate of patients 

(Qin et al. 2017).  
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Figure 1-3 – Mechanisms of transcriptional regulation by RUNX1-ETO. 

(A) Protein structure of full-length RUNX1-ETO and isoforms. RUNX1-ETO possesses the Runt domain 

(blue) and four Nervy homology regions (NHR1-4, green). The Runt domain is responsible for DNA 

binding and heterodimerisation with CBFβ, whereas the NHR domains are involved in RUNX1-ETO 

leukaemogenesis. The nuclear localisation signal (NLS) is also represented in its structure (orange). 

Shorter isoforms RUNX1-ETO9a and 11a lack some of the NHR domain in the ETO regions. (B) 

Transcriptional repression and activation of genes by RUNX1-ETO involving the recruitment of 

corepressors and coactivators. Transcriptional repression of genes by RUNX1-ETO is represented by 

‘OFF’, whereas activation is represented by ‘ON’. Adapter from (Lin et al. 2017). 
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RUNX1-ETO transcript levels are used to monitor minimal residual disease in t(8;21) 

AML, with a < 3-log reduction in RUNX1-ETO between diagnosis and 12 months post-

HSCT and/or < 4-log reduction for more than 12 months generally predicting relapse 

(Qin et al. 2017).  

Expression of RUNX1-ETO in mice results in midgestational death due to the 

absence of foetal liver definitive haematopoiesis (Yergeau et al. 1997; Okuda et al. 

1998), a result previously observed for RUNX1-deficient mice (Okuda et al. 1996; 

Wang et al. 1996a). In addition, RUNX1-ETO embryos exhibited abnormal monocytes 

or progenitors with enhanced self-renewal capacity (Yergeau et al. 1997; Okuda et al. 

1998), which suggested that this fusion protein not only affects RUNX1 native function, 

but also induces abnormal cell proliferation. Further, conditional knock-in mouse 

models showed that RUNX1-ETO fails to completely block differentiation of adult 

haematopoietic cells, and instead promotes their self-renewal capacity in vitro 

(Rhoades et al. 2000; Higuchi et al. 2002; Fenske et al. 2004). Similar results were 

observed using transplantation mouse models (de Guzman et al. 2002; Basecke et al. 

2005). In human CD34+ HSPC, ectopic expression of RUNX1-ETO was shown to 

suppress erythroid and granulocytic development, with increasing self-renewal of 

progenitors (Mulloy et al. 2002; Tonks et al. 2003; Tonks et al. 2004). Recently, 

RUNX1-ETO expression in human embryonic stem cells was reported to block 

myeloid differentiation, inducing cell growth arrest, and interfere with RUNX1 

chromatin binding (Nafria et al. 2020). Although RUNX1-ETO plays an important role 

in leukaemogenesis by disrupting normal haematopoiesis, numerous studies have 

shown that RUNX1-ETO expression alone is incapable of inducing leukaemia in both 

mice and human cells (Rhoades et al. 2000; Yuan et al. 2001; Higuchi et al. 2002; 

Mulloy et al. 2003; Tonks et al. 2004). In the presence of additional genetic 

abnormalities, RUNX1-ETO was shown to promote leukemogenesis in different cell 

models (Schessl et al. 2005; Wang et al. 2011b; Zhao et al. 2014b; Goyama et al. 

2016) (1.2.1.1). The collaborative abnormalities include chromosomal aberrations 

(loss of sex chromosomes, del(9q), trisomy 8), mutations in signalling pathways (KIT, 

K/NRAS, FLT3-ITD/TKD, JAK2 and CBL), and mutations in epigenetic genes 

(ASXL1/2 and IDH1/2) (reviewed by (Lin et al. 2017)). For instance, KIT mutations are 

commonly found in t(8;21) patients (Boissel et al. 2006; Krauth et al. 2014), and are 

associated with increased relapse rates following chemotherapy (Paschka et al. 2006) 
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(1.2.3). The combination of RUNX1-ETO expression with a specific KIT mutation 

(D816) was shown to have adverse impact on OS and event-free survival (EFS) 

(Schnittger et al. 2006; Krauth et al. 2014). Oncogenic cooperation between RUNX1-

ETO and mutated KIT has been previously described in mice and human cells (Wang 

et al. 2011b; Nick et al. 2012; Wichmann et al. 2015). Although the majority of t(8;21) 

patients attain complete remission following induction therapy, further risk stratification 

based on additional genetic alterations may improve the outcome of these patients.  

1.2.4.1 Mechanisms of leukaemogenesis by RUNX1-ETO 

RUNX1-ETO structure encompasses the N-terminal region of RUNX1 and the 

majority of the ETO protein. The RUNX1 region includes the Runt homology domain, 

which is responsible for DNA binding and heterodimerisation with CBFβ (1.3). ETO, 

on the other hand, comprises four evolutionarily conserved domains, the Nervy 

homology regions 1 to 4 (NHR1-4) (Lin et al. 2017) (Figure 1-3). NHR2 domain, in 

particular, was shown to promote the oligomerisation of RUNX1-ETO, which in turn 

contributes to leukaemic events (Liu et al. 2006; Yan et al. 2009). Conversely, 

disruption of NHR4 domain in RUNX1-ETO structure resulted in a rapid induction of 

leukaemogenesis, suggesting that NHR4 has important inhibitory effects in this 

process (Ahn et al. 2008). This domain along with NHR3 are absent in the truncated 

variant RUNX1-ETO9a, a fusion protein present in t(8;21) AML that was shown to 

induce leukaemia in mice (Ming et al. 2004; Yan et al. 2006; Yan et al. 2009). C-

terminal truncated RUNX1-ETO9a has therefore been widely used in mouse models 

to study RUNX1-ETO leukaemogenesis (Link et al. 2016). RUNX1-ETO variants 

including RUNX1-ETO9a have been shown to equally transform human CD34+ HSPC 

compared with the full-length fusion protein (Wichmann et al. 2015; Link et al. 2016). 

RUNX1-ETO11a is an additional spliced isoform of RUNX1-ETO lacking the NHR4 

domain that has been found co-expressed with full-length RUNX1-ETO in t(8;21) 

patients (Kozu et al. 2005), but no role in leukaemogenesis has been revealed. 

Transcriptional regulation by RUNX1-ETO and binding partners 

Several binding partners of RUNX1-ETO have been described in the literature 

over the last decades. (Assi et al. 2019). One of those partners is CBFβ, as RUNX1-

ETO retains the ability to heterodimerise with CBFβ via Runt domain. The role of CBFβ 

in RUNX1-ETO-mediated leukaemogenesis remains elusive, as it was shown to be 
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critical for RUNX1-ETO function by promoting DNA binding (Roudaia et al. 2009), but 

also dispensable for its oncogenic activity (Kwok et al. 2009). RUNX1-ETO is primarily 

considered to have repressive activity by cooperating with multiple corepressors, such 

as nuclear receptor corepressor/silencing mediator of retinoic acid and thyroid 

hormone (N-CoR/SMRT), histone deacetylases (HDAC) 1-3 and mammalian SIN3A 

(mSIN3A), and ultimately having a dominant negative effect over wild-type RUNX1 

(Lutterbach et al. 1998; Wang et al. 1998; Amann et al. 2001; Zhang et al. 2001). 

These interactions were shown to result in the formation of a stable complex that 

mediates the repression of genes. This behaviour was further confirmed in ChIP-seq 

and transcriptomic analysis of t(8;21) transcriptional network, revealing that RUNX1-

ETO complex preferentially recruits corepressors (Ptasinska et al. 2014). Genome-

wide studies revealed that RUNX1-ETO cooperates preferentially with N-CoR than 

with the coactivator p300, and RUNX1-ETO/N-CoR co-occupancy establishes the 

leukaemic phenotype in t(8;21) cells (Trombly et al. 2015). Epigenetic regulators such 

as DNMT1 were also shown to interact with RUNX1-ETO and lead to transcriptional 

repression of genes (Liu et al. 2005). 

Besides its important role in gene silencing, RUNX1-ETO is also involved in the 

transcriptional activation of several genes by interacting with epigenetic regulators, 

including p300 and protein arginine N-methyltransferase 1 (PRMT1) (Wang et al. 

2011a; Shia et al. 2012). Acetylation of RUNX1-ETO promotes transcriptional 

activation and is important for leukaemic self-renewal and transformation promoted by 

RUNX1-ETO (Wang et al. 2011a). Arginine methyltransferase PRMT1 was identified 

as a binding partner of RUNX1-ETO9a, with loss of PRMT1 affecting the 

transcriptional activation of RUNX1-ETO9a target genes (Shia et al. 2012). In addition 

to epigenetic factors, a RUNX1-ETO/RUNX1 complex was shown to recruit activator 

protein 1 (AP-1) on chromatin to transactivate gene expression. p300 and PRMT1 

were previously identified as important regulators of AP-1 (Albanese et al. 1999; 

Davies et al. 2013), suggesting that these three factors may participate together in the 

RUNX1-ETO/RUNX1 complex. Recently, transcriptional networks associated with 

different AML subtypes were established and AP-1 family was shown to be of high 

regulatory relevance among all (Assi et al. 2019). 

In human t(8;21) cells, RUNX1-ETO was further shown to reside in an 

endogenous stable complex along with CBFβ, E proteins HEB and E2A, LYL1, LMO2 
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and its binding partner LDB1 (Sun et al. 2013). This transcriptional complex was 

shown to regulate gene expression in leukaemia cells, and therefore contributes to 

leukaemogenesis (Sun et al. 2013). The ETS family members FLI1 and ERG were 

also shown to occupy similar genomic loci as RUNX1-ETO in these cells, and further 

found to regulate RUNX1-ETO transcription and facilitate its binding to DNA (Martens 

et al. 2012). Additional studies have demonstrated the indirect association of RUNX1-

ETO with several haematopoietic regulators, such as C/EBPα, PU.1 and GATA-1 

(Pabst et al. 2001; Vangala et al. 2003; Choi et al. 2006). RUNX1-ETO was shown to 

indirectly downregulate C/EBPα expression and PU.1 transcriptional activity (Pabst et 

al. 2001; Vangala et al. 2003), as well as preventing acetylation of GATA-1 which 

abrogates erythroid development (Choi et al. 2006). Together, the multiple functional 

interactions of RUNX1-ETO provide opportunities for its recruitment to several target 

genes and transcriptional regulation of key haematopoietic genes. 

An unexpected partner of RUNX1-ETO in leukaemogenic transformation is 

RUNX1, which was initially believed to be inhibited by RUNX1-ETO as a central 

mechanism of t(8;21) AML. Indeed, RUNX1-ETO has been found to repress RUNX1 

target genes by establishing a corepressor complex with multiple factors (Meyers et 

al. 1995; Wang et al. 1998; Amann et al. 2001; Zhang et al. 2001) and induce similar 

haematopoietic defects compared to RUNX1-deficiency in mice (Yergeau et al. 1997; 

Okuda et al. 1998). On the other hand, RUNX1 was found critical for the survival of 

t(8;21) cells through a delicate balance between its native function and RUNX1-ETO 

(Ben-Ami et al. 2013; Goyama et al. 2013). Mechanistically, this balance was 

characterised by an opposite transcriptional regulation of common target genes by 

RUNX1-ETO and RUNX1 (Ben-Ami et al. 2013). Further genome-wide studies in 

t(8;21) patient samples and cell lines revealed that 60% of RUNX1-ETO binding sites 

are shared with RUNX1, and highlighted the existence of a dynamic equilibrium 

between both complexes competing for equal genomic sites (Ptasinska et al. 2012; 

Ptasinska et al. 2014). In addition, wild-type RUNX1 was shown to form a complex 

with RUNX1-ETO on chromatin by binding to adjacent separate motifs and interacting 

via the Runt domain (Li et al. 2016). The relative binding signals of RUNX1-ETO and 

RUNX1 and recruitment of cofactors determine the transcriptional activation or 

repression of genes by RUNX1-ETO (Li et al. 2016). Clinical data shows that 

inactivating mutations of RUNX1 are frequently identified in multiple AML subtypes 
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apart from t(8;21) and inv(16) patients (Tang et al. 2009b; Schnittger et al. 2011), 

suggesting that native RUNX1 may support RUNX1-ETO-mediated leukaemogenesis. 

Moreover, the variant with a stronger leukaemogenic potential RUNX1-ETO9a 

showed attenuated repression of RUNX1 target genes compared to full-length 

RUNX1-ETO (DeKelver et al. 2013). Together, these findings suggest a complex 

relationship between RUNX1 and RUNX1-ETO in the development of AML.  

Molecular mechanisms of RUNX1-ETO leukaemia 

Over the years, gain and loss of function studies have provided valuable 

insights into the molecular mechanisms associated with the initiation and progression 

of leukaemia by RUNX1-ETO (Mulloy et al. 2003; Tonks et al. 2007; Ptasinska et al. 

2012; Ben-Ami et al. 2013; Ptasinska et al. 2014; Mandoli et al. 2016; Martinez-Soria 

et al. 2018; Ptasinska et al. 2019). Loss of RUNX1-ETO in t(8;21) AML cells results in 

a complex but reversible change in chromatin structure, RUNX1 binding sites and 

gene expression (Ptasinska et al. 2012). Moreover, transcriptional programmes 

associated with proliferation, self-renewal, cell cycle dynamics, DNA synthesis, and 

myeloid development were disrupted by RUNX1-ETO absence (Ptasinska et al. 2012). 

RUNX1-ETO-deficient cells were characterised by a reduction in the CD34+CD38– 

leukaemogenic cell population, along with enhanced proliferation and myeloid 

differentiation, with cells overcoming the RUNX1-ETO differentiation block (Ptasinska 

et al. 2012; Ben-Ami et al. 2013). Expression of C/EBPα was also upregulated 

following RUNX1-ETO depletion from t(8;21) AML cells, leading to a shift in the 

transcriptional network associated with myeloid differentiation (Ptasinska et al. 2014). 

A recent study identified cyclin D2 as a critical gene in RUNX1-ETO-driven 

leukaemogenesis (Martinez-Soria et al. 2018). Similar to previous RUNX1-ETO KD 

studies (Martinez et al. 2004), absence of cyclin D2 in t(8;21) cells suppressed cell 

proliferation characterised by a G0/G1 cell cycle arrest, suggesting that RUNX1-ETO 

promotes leukaemic growth and cell cycle progression by regulating cyclin D2 

expression (Martinez-Soria et al. 2018). POU domain class 4 transcription factor 1 

(POU4F1) was also shown to be significantly correlated with the t(8;21) AML 

transcriptional network, and KD studies revealed that loss of POU4F1 expression 

inhibits the proliferation of t(8;21) cells supporting previous results (Dunne et al. 2010; 

Assi et al. 2019).  
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Besides dysregulating the expression of important haematopoietic factors 

(Tonks et al. 2007), RUNX1-ETO has been shown to repress known tumour 

suppressor genes such as cyclin-dependent kinase inhibitor 2A (p14ARF or CDKN2A) 

(Linggi et al. 2002). Interestingly, RUNX3, another member of the RUNX family of TFs 

and a putative tumour suppressor in solid tumours, has been found downregulated in 

t(8;21) AML (Cheng et al. 2008b) (1.4). Conversely, cyclin-dependent kinase 

inhibitor 1A (CDKN1A/p21WAF1) expression is upregulated in t(8;21) AML (Peterson et 

al. 2007b). Disruption of important cellular processes such as proliferation, apoptosis, 

cell cycle progression, and differentiation by RUNX1-ETO suggests that this fusion 

protein modulates the expression of multiple genes involved in specific signalling 

pathways. RUNX1-ETO was shown to block the response to TGF-β1 and given the 

relevance of this signalling pathway in growth and differentiation of cells, disruption of 

TGF-β signalling may contribute to leukaemogenesis (Jakubowiak et al. 2000). 

TPO/MPL signalling was shown to be upregulated in t(8;21) AML, leading to increased 

expression of the anti-apoptotic protein Bcl-xL important for the cell survival and self-

renewal (Chou et al. 2012; Pulikkan et al. 2012). In addition, this signalling pathway 

was shown to provide a survival advantage to t(8;21) cells by activating the 

phosphatidylinositol 3‑kinase (PI3K)/protein kinase B (PKB or AKT) axis (Pulikkan et 

al. 2012). Furthermore, RUNX1-ETO was found to activate Wnt signalling by 

upregulation of γ-catenin (Muller-Tidow et al. 2004; Tonks et al. 2007) and COX-2 

(Zhang et al. 2013). Additional pathways have been associated with RUNX1-ETO-

induced leukaemia, including the nuclear factor NF-κB or the JAK-STAT pathway 

(Nakagawa et al. 2011; Lo et al. 2012).  

Overall, increasing evidence shows that RUNX1-ETO promotes leukaemic 

transformation by cooperating with a multitude of transcriptional and epigenetic 

regulators in stable complexes to regulate transcriptional activation or repression of 

genes. The continuous technological advances will aid the development of targeted 

therapies to such complexes and pathways.  

 RUNX family of transcription factors 

RUNX proteins belong to a family of TFs that plays an important role in the 

regulation of different developmental processes, such as proliferation, apoptosis, 

differentiation, and cell lineage determination (Mevel et al. 2019). Named after the 
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discovery of the developmental regulatory gene runt in Drosophila melanogaster 

(Nusslein-Volhard and Wieschaus 1980; Gergen and Butler 1988), the members of 

this family are evolutionarily old with extensive structural similarities (Levanon et al. 

2003). RUNX1 was the first member identified as a nuclear factor binding to the 

Moloney murine leukaemia virus and polyomavirus enhancers, and it was originally 

named core binding factor α (CBFα) and polyoma enhancer binding protein 2 

(PEBP2), respectively (Speck and Baltimore 1987; Kamachi et al. 1990). The gene 

was later found rearranged in t(8;21) AML patients and cloned on chromosome 21, 

and was designated AML1 (Miyoshi et al. 1991). In mammals there are three RUNX 

genes with different tissue-specific expression patterns: RUNX1, localised on human 

chromosome 21q22, RUNX2 (also known as AML3) on 6p21, and RUNX3 (AML2) on 

1p36 (Levanon et al. 1994). RUNX factors bind to the same DNA motif and function 

as transcriptional activators or repressors (Levanon and Groner 2004) involved in 

major developmental pathways, including TGF-β (Yano et al. 2006; Liu et al. 2015), 

Wnt (Ito et al. 2008), Notch (Burns et al. 2005; Nishina et al. 2011), and receptor 

tyrosine kinases (RTK) signalling pathways (Huang et al. 2012b), among others. The 

expression of each RUNX factor is tightly regulated by two distinct promoters (1.3.1), 

and misregulation of their expression or function by epigenetic modifications (1.3.2.1) 

contributes to the pathogenesis of numerous types of cancer (1.3.5).  

1.3.1 RUNX structure and functions 

A similar genomic structure is shared among the three mammalian RUNX 

genes (Figure 1-4). Their expression is finely regulated by a distal P1 and a proximal 

P2 promoter containing multiple RUNX binding sites, which suggests cross-regulation 

between distinct RUNX members (Rini and Calabi 2001; Levanon and Groner 2004). 

The P1 and P2 promoters regions vary in terms of their GC content as well as binding 

sites for different transcription factors (Bangsow et al. 2001). RUNX1 is the largest 

member of the family containing 11 exons (Levanon et al. 2001b), whereas RUNX3 is 

the smallest gene with 6 exons, all of which are conserved within the RUNX family 

(Bangsow et al. 2001). In addition, RUNX3 gene possesses the highest level of the 

ancient Mammalian-wide interspersed repeat, supporting the idea that RUNX3 is the 

evolutionary founder of the mammalian RUNX family (Bangsow et al. 2001).  
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Figure 1-4 – Structural representation of the three mammalian RUNX genes and proteins. 

(A) Conserved genomic structure of RUNX1 (Entrez Gene ID: 861), RUNX2 (Entrez Gene ID: 860), and 

RUNX3 (Entrez Gene ID: 864). Exons coding for the Runt domain are represented in blue, and exons 

coding for the transactivation domains are shown in grey. Untranslated regions are shown in white; (B) 

Structures of human RUNX1 (NP_001001890), RUNX2 (NP_001265407), and RUNX3 (NP_004341) 

proteins including the RUNX2-specific glutamine/alanine rich sequence (QA), Runt domain, nuclear 

localisation signal (NLS), activation domain (AD), inhibitory domain (ID) and the VWRPY motif. Adapted 

from (Mevel et al. 2019). 
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Each promoter is induced at different developmental stages to generate RUNX 

isoforms with distinct N-terminal amino acid sequences (Ghozi et al. 1996; Fujiwara et 

al. 1999; Drissi et al. 2000; Bangsow et al. 2001). The combination of multiple 

promoters and alternative splicing results in a vast number of protein isoforms with 

diverse biological functions (Bae et al. 1994; Miyoshi et al. 1995; Tanaka et al. 1995; 

Stewart et al. 1997; Bangsow et al. 2001). RUNX1 has three protein isoforms: the 

truncated isoform RUNX1a and the most abundant RUNX1b both generated from the 

P2 promoter, and the rare RUNX1c isoform transcribed from the P1 promoter (Miyoshi 

et al. 1995). RUNX1a isoform has been shown to favour the expansion of the HSC 

compartment, whereas full-length RUNX1b and RUNX1c were shown to induce cell 

differentiation (Tsuzuki et al. 2007; Tsuzuki and Seto 2012). At least two isoforms with 

distinct N-terminus have been reported for RUNX2, type I (also known as PEBP2αA 

or p56) transcribed from the P2 promoter, and type II (TIL-1, p57) generated from the 

P1 promoter (Fujiwara et al. 1999). Although both isoforms have been detected in 

chondrocytes and osteoblasts, RUNX2 expression in osteoblasts was found to be 

mainly under the P1 promoter (Enomoto et al. 2000; Park et al. 2001). In RUNX3 case, 

P1 promoter generates the 46 kDa (RUNX3/p46), 33 kDa (RUNX3/p33), and the 27 

kDa (RUNX3/p27) isoforms, while P2 promoter produces the 44 kDa (RUNX3/p44) 

isoform with an alternative N-terminus (Bangsow et al. 2001; Puig-Kroger and Corbi 

2006; Puig-Kroger et al. 2010). The various RUNX isoforms have been shown to retain 

enhanced or reduced transactivation activities (Bae et al. 1994; Bangsow et al. 2001; 

Telfer and Rothenberg 2001). Furthermore, differences in the 5’ and 3’ untranslated 

regions of RUNX isoforms have an impact in their stability and translation efficiency 

(Pozner et al. 2000). 

A highly conserved DNA binding Runt domain is present in each RUNX protein, 

consisting of a 128 amino acid sequence located near the N terminus (Figure 1-3) 

(Kagoshima et al. 1993). This critical domain is responsible for DNA binding at the 

consensus motif ‘PuACCPuCA’ (Kamachi et al. 1990), interactions with proteins 

(Meyers et al. 1993; Nagata et al. 1999), and their nuclear localisation (Osato et al. 

1999; Michaud et al. 2002). The C-terminus is less conserved and has both inhibitory 

and activation domains responsible for the functional diversity of the RUNX proteins 

(Ito et al. 2015). In addition, the presence of a five amino acid sequence (VWRPY) is 

essential for the recruitment of the Groucho/transducing-like enhancer of split (TLE) 
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family of corepressors (Levanon et al. 1998; Yarmus et al. 2006). A conserved nuclear 

matrix-targeting signal sequence important for the nuclear localisation and regulation 

of RUNX activity can also be found in this region (Zeng et al. 1998; Zaidi et al. 2001).  

The role of RUNX proteins in different systems has been explored over the 

years using KO mice. Early studies showed that deletion of either RUNX gene 

significantly impacted survival and uncovered important functions for each protein: 

RUNX1 is important for definitive haematopoiesis (Okuda et al. 1996; Wang et al. 

1996a); RUNX2 is involved in skeletal development (Komori et al. 1997; Otto et al. 

1997); and RUNX3 is essential for neurogenesis, thymopoiesis and gastric epithelium 

growth (Levanon et al. 2002; Li et al. 2002; Woolf et al. 2003).  

1.3.2 Transcriptional regulation by RUNX proteins 

RUNX factors represent the α subunit of a heterodimeric complex formed with 

their main partner CBFβ (Figure 1-3) (Kamachi et al. 1990; Ogawa et al. 1993; Wang 

et al. 1993). Binding to CBFβ through the Runt domain causes a localised 

conformational change and increases the affinity of this domain for DNA (Tang et al. 

2000a; Tang et al. 2000b; Bravo et al. 2001). This complex is involved in the 

transcriptional regulation of several target genes through the recruitment of different 

coactivators and corepressors, as RUNX proteins are considered weak transcriptional 

regulators on their own (Chuang et al. 2013). RUNX factors have been shown to 

interact with multiple TFs, including C/EBPα, GATA-1, ETS, AP-1, SOX9, STAT5, and 

CDK9, among others (Elagib et al. 2003; Fujimoto et al. 2007; Ogawa et al. 2008; 

Wilson et al. 2010; Pencovich et al. 2011; Gilmour et al. 2018). Genome-wide studies 

have identified a cooperation between eight TFs critical for HSPC function that 

included RUNX1 along with SCL, PU.1, ERG, GATA-2, LMO-2, LYL1, MEIS1, FLI-1 

and GFI1B (Wilson et al. 2010). A smaller transcriptional network including RUNX1, 

FLI1 and NF-E2 has been reported during terminal megakaryocyte development 

(Zang et al. 2016). Further studies showed that RUNX1 recruits CDK9, BRD4, LDB1 

and the Mediator complex to RUNX1 binding sides of target genes during endothelial-

haematopoietic transition (Gilmour et al. 2018). Cooperation between RUNX3 and 

GATA-3 has been demonstrated in T cell development (Kohu et al. 2009; Yagi et al. 

2010). Physical interaction between the TCF-LEF family member TCF-1 and RUNX3 

was also reported in CD4 silencing (Steinke et al. 2014). Overall, these interactions 
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usually occur through the Runt domain, and the different combinations of TF binding 

translate in the broad functions of RUNX factors (Chuang et al. 2013).  

Despite being considered weak TFs alone, RUNX proteins have been 

suggested to act as pioneer factors able to interact with condensed chromatin and 

facilitate its opening, promoting the recruitment of other co-regulators (Hoogenkamp 

et al. 2009). In particular, RUNX1 is essential for transient chromatin remodelling 

during haematopoiesis (Hoogenkamp et al. 2009; Lichtinger et al. 2012), and RUNX3 

was shown to open chromatin structure during cell cycle progression (Lee et al. 2019). 

Their important role as transcriptional activators or repressors is complex and tightly 

regulated. Indeed, RUNX1 can promote the expression of PU.1 in myeloid and B cells, 

while repressing its expression in T cells and megakaryocytes (Huang et al. 2008).  

1.3.2.1 Post-translation modifications 

Post-translation modifications of RUNX proteins are essential to regulate their 

transcriptional activity by modulating their stability, DNA binding, localisation, and 

protein-protein interactions (Table 1-3) (Blumenthal et al. 2017). The transcriptional 

activity of RUNX factors is usually associated with the recruitment of coactivators that 

possess histone acetyltransferase activity, such as the members of the lysine 

acetyltransferase family p300/CBP and MOZ (Kitabayashi et al. 2001; Jin et al. 2004). 

Acetylation of RUNX1 by p300 stimulates DNA binding (Yamaguchi et al. 2004), 

whereas acetylated RUNX2 and RUNX3 show enhanced transcriptional activity and 

protein stability, respectively (Jin et al. 2004; Jeon et al. 2006). Acetylated RUNX3 has 

been shown to interact with bromodomain-containing protein 2 (BRD2), inducing the 

transcription of p21WAF1 and p14ARF (Lee et al. 2013). Deacetylation of RUNX3 during 

cell cycle progression results in the replacement of RUNX3-BRD2 complex by the 

RUNX3-HDAC4 complex and suppression of p21WAF1 and p14ARF transcription. 

Therefore, RUNX3 plays an essential role in sensing aberrant proliferation signals, 

and its inactivation might contribute to uncontrolled cell cycle progression (Lee et al. 

2013).  
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Table 1-3 – Summary of post-translational modifications of RUNX factors. 

Adapted from (Ito et al. 2015; Blumenthal et al. 2017). 

 

RUNX Enzyme Modification 
Transcriptional 

regulation 
References 

RUNX1 

p300 Lysine acetylation Activation 
(Yamaguchi et al. 
2004) 

MOZ Lysine acetylation Activation 
(Kitabayashi et al. 
2001) 

PRMT1 Arginine methylation Activation (Zhao et al. 2008) 

PRMT4 Arginine methylation Repression (Vu et al. 2013) 

PRMT6 Arginine methylation Repression (Herglotz et al. 2013) 

MLL Lysine methylation Activation 
(Huang et al. 2011; 
Koh et al. 2013) 

ERK 
Serine and threonine 
phosphorylation 

Activation 
(Tanaka et al. 1996; 
Yoshimi et al. 2012) 

PIM-1 
Serine and threonine 
phosphorylation 

Activation (Aho et al. 2006) 

CDK 
Serine and threonine 
phosphorylation 

Activation 
(Biggs et al. 2006; 
Zhang et al. 2008) 

HDAC Deacetylation Repression 
(Lutterbach et al. 
2000; Guo and 
Friedman 2011) 

SRC 
Tyrosine 
phosphorylation 

Repression (Huang et al. 2012b) 

RUNX2 

p300 Lysine acetylation Activation (Sierra et al. 2003) 

MOZ Lysine acetylation Activation (Pelletier et al. 2002) 

HDAC Deacetylation Repression (Jeon et al. 2006) 

ERK 
Serine and threonine 
phosphorylation 

Activation (Qiao et al. 2004) 

RUNX3 

p300 Lysine acetylation Activation (Jin et al. 2004) 

SMURF Ubiquitination Repression (Jin et al. 2004) 

HDAC Deacetylation Repression (Jin et al. 2004) 

SRC 
Tyrosine 
phosphorylation 

Repression 
(Goh et al. 2010; Liu 
et al. 2012) 

PIM-1 
Serine and threonine 
phosphorylation 

Repression 
(Kim et al. 2008b; Liu 
et al. 2020) 

MDM2 Ubiquitination Repression (Chi et al. 2009) 
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Methyltransferases are a group of histone modifying enzymes that regulate 

RUNX transcriptional activity, and can either enhance DNA binding (Zhao et al. 2008), 

or induce transcriptional repression (Herglotz et al. 2013; Vu et al. 2013). Mixed 

lineage leukaemia (MLL) lysine methyltransferase helps stabilise RUNX1 by inhibiting 

its poly-ubiquitination (Huang et al. 2011), whereas PRMT1 disrupts the association 

between RUNX1 and the corepressor SIN3A and promotes its transcriptional activity 

(Zhao et al. 2008). RUNX1-ETO and its truncated form RUNX1-ETO9a are also 

methylated by PRMT1, which in turn affects their regulatory functions (Shia et al. 

2012). 

Serine and threonine phosphorylation of RUNX factors by kinase signalling 

cascades can also promote their transcriptional activity in different cellular contexts 

(Imai et al. 2004; Aikawa et al. 2006; Kim et al. 2008b; Wee et al. 2008). 

Phosphorylation of RUNX1 by extracellular signal-regulated kinases ERK1 and ERK2 

following cytokine stimulation enhances its transactivation activity (Tanaka et al. 

1996), concomitant with the disruption of RUNX1-SIN3A interaction (Imai et al. 2004). 

Interestingly, the region containing ERK phosphorylation sites is absent in RUNX3, 

which suggests a differential regulation by ERK of RUNX3 protein (Bae and Lee 2006). 

RUNX1 phosphorylation status varies during cell cycle progression due to its 

phosphorylation by CDK1 and CDK6, which affects its ability to activate transcription 

as well as its stability (Biggs et al. 2006; Zhang et al. 2008). Similarly, RUNX2 is 

phosphorylated by cyclin D1-CDK4 (Shen et al. 2006). Moreover, phosphorylation by 

proto-oncogene PIM-1 results in enhanced transactivation properties of RUNX1 (Aho 

et al. 2006), as well as increased RUNX3 protein stability and cytoplasmic localisation 

(Kim et al. 2008b). Given the involvement of PIM-1 and the RAS-ERK pathway in 

cancer, misregulation of RUNX transcriptional activity by these proteins could 

contribute to tumourigenesis.  

Repressive activity of the RUNX family members is also controlled by covalent 

modifications, including deacetylation by HDAC complexes (Amann et al. 2001; 

Westendorf et al. 2002), methylation (Herglotz et al. 2013; Vu et al. 2013), and 

phosphorylation processes (Goh et al. 2010; Huang et al. 2012b). For instance, 

transcriptional repression by RUNX proteins is important for normal haematopoiesis, 

with RUNX1 and RUNX3 being involved in CD4 silencing required for cytotoxic T cell 

development (Woolf et al. 2003). Several members of HDAC complexes have been 
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shown to interact with RUNX1, such as HDAC1, SIN3A and Gro/TLE (Levanon et al. 

1998; Imai et al. 2004). Interestingly, an enhanced recruitment of corepressors was 

observed for RUNX1 fusion proteins compared to wild-type RUNX1, in particular TEL-

RUNX1 and its higher affinity for SIN3A (Blumenthal et al. 2017). Moreover, HDAC4 

and 5 have been shown to reverse RUNX2 acetylation and inhibit osteoblast 

differentiation (Jeon et al. 2006), while HDAC SIRT2 deacetylates RUNX3 and 

promotes its ubiquitination and subsequent degradation (Jin et al. 2004; Kim et al. 

2011).  

Methylation of RUNX1 can also lead to transcriptional repression. PRMT4 

methyltransferase is highly expressed in haematopoietic stem cells and responsible 

for the formation of an inhibitory complex affecting myeloid differentiation (Vu et al. 

2013). In addition, PRMT6 forms a corepressor complex with RUNX1 to regulate gene 

expression preceding megakaryocytic differentiation (Herglotz et al. 2013). This same 

developmental process is also impaired by RUNX1 tyrosine phosphorylation. 

Phosphorylation of RUNX1 by c-Src was shown to reduce RUNX1 interaction with 

CBFβ, GATA-1 and FLI1 (Huang et al. 2012b). Similar to RUNX1, serine 

phosphorylation of RUNX2 disrupts its binding with CBFβ and leads to its proteolytic 

degradation (Wee et al. 2002). Understanding how post-translational modifications 

influence RUNX function as tumour suppressors or oncogenes might contribute to 

novel approaches in cancer treatment.  

1.3.3 Interplay of RUNX transcription factors 

The presence of consensus RUNX binding sites in P1 and P2 promoters 

suggests an auto-regulatory mechanism by all RUNX members (Ghozi et al. 1996). 

RUNX1 has been found to regulate its own expression in haematopoietic cells 

(Martinez et al. 2016), while RUNX2 auto-regulation was shown in bone formation 

(Drissi et al. 2000). Cross-regulation of RUNX1 by RUNX3 has been demonstrated in 

human B lymphoid cells, resulting in the inhibition of RUNX1 transcription (Brady et al. 

2009). Functional redundancy between RUNX proteins has been exposed previously, 

with some studies suggesting that expression of RUNX2 or RUNX3 is able to rescue 

haematopoietic development in RUNX1 deficient cells (Goyama et al. 2004; 

Fukushima-Nakase et al. 2005). Furthermore, RUNX1 and RUNX3 double KO mice 

studies implied a redundant function between these two RUNX members in the 
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Fanconi anaemia DNA repair pathway independent of their transcriptional role (Wang 

et al. 2014a; Tay et al. 2018). Functional overlap between family members can be 

seen in bone development with requirement of all RUNX members (Liakhovitskaia et 

al. 2010; Bauer et al. 2015), as well as in leukaemia (Morita et al. 2017). In recent 

studies, overexpression of RUNX3 in a TET2-deficient myelodysplastic syndrome 

(MDS) mouse model was shown to significantly repress RUNX1 expression and its 

target genes, including Cebpa and Csf1r (Yokomizo-Nakano et al. 2020). 

Non-redundant functions between RUNX proteins are also described in the 

literature, explained in part by their specific spatiotemporal expression and 

requirements in different cellular and developmental contexts (Levanon et al. 2001a). 

For instance, the phenotype of RUNX2 and RUNX3 double KO mice in teeth 

development is different from the phenotype observed for single RUNX2 KO with no 

obvious compensatory mechanism between the two members (Wang et al. 2005). 

Furthermore, RUNX1 and RUNX3 are both expressed in mature T cells where they 

act sequentially to silence CD4 (Taniuchi et al. 2002). New technologies such as 

scRNA-seq should help elucidate the expression of all RUNX factors in specific cellular 

contexts and highlight their crucial and non-redundant functions.  

1.3.4 RUNX transcription factors in normal haematopoiesis 

RUNX factors are key players in normal haematopoiesis, essential for the 

ontogeny of the haematopoietic system and involved in critical processes in the 

lymphocytic and myeloid lineages (Mevel et al. 2019) (1.1). The functions of all three 

RUNX proteins in different systems using KO mouse models are summarised in Table 

1-4. Expression of RUNX1 occurs in all developmental stages, and it is present in all 

haematopoietic cells apart from mature erythrocytes (North et al. 1999; North et al. 

2002). Depletion of RUNX1 leads to midgestational lethality with a complete absence 

of foetal liver haematopoiesis (Okuda et al. 1996; Wang et al. 1996a). A similar effect 

was observed in CBFβ-deficient mice, highlighting the importance of this complex for 

normal haematopoiesis (Wang et al. 1996b). Absence of RUNX1 in adult mice leads 

to a stronger expansion of the HSPC compartment with reduced apoptosis and 

ribosome biogenesis, inducing a pre-leukaemic condition (Ichikawa et al. 2004b; 

Growney et al. 2005; Jacob et al. 2010; Cai et al. 2011; Cai et al. 2015).  
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Table 1-4 – Summary of RUNX KO mouse models in normal haematopoiesis.  

 

Gene Phenotype References 

Runx1 

Embryonic death with absence of definitive HSC 
(Okuda et al. 1996; 
Wang et al. 1996a) 

Abnormal megakaryocyte and T/B cell 
development. Mild MPD with mild HSPC 
expansion and myeloid growth in aged mice 

(Taniuchi et al. 2002; 
Ichikawa et al. 2004a; 
Growney et al. 2005; 
Egawa et al. 2007; 
Seo et al. 2012) 

HSC expansion followed by their exhaustion 
(Motoda et al. 2007; 
Jacob et al. 2010) 

Decreased proliferation and apoptosis with a 
minimal impact in the LT-HSC numbers 

(Cai et al. 2011) 

Reduced HSPC growth, metabolism, and 
ribosome biogenesis. Increased stress resistance 

(Cai et al. 2015) 

Runx3 

Embryonic, neonatal, and postnatal death. 
Impaired T cell development 

(Taniuchi et al. 2002; 
Woolf et al. 2003; 
Brenner et al. 2004; 
Egawa et al. 2007; 
Ebihara et al. 2015; 
Milner et al. 2017) 

MPD with enhanced HSPC expansion (Wang et al. 2013) 

Runx1/Runx3 
Lethality induced by BM failure, with abnormal 
Fanconi anaemia DNA-repair pathways and 
reduced haematopoietic mature cells 

(Wang et al. 2014a) 
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In addition, RUNX1 deficiency impaired lymphoid development, and decreased 

platelet production (Ichikawa et al. 2004b; Growney et al. 2005). Moreover, RUNX1 

expression was shown to influence megakaryopoiesis (Kuvardina et al. 2015; Behrens 

et al. 2016) and to interact with AP-1, p300, GATA and ETS factors, among others 

(Elagib et al. 2003; Pencovich et al. 2011; Pencovich et al. 2013). The disruption of 

RUNX1 and CBFβ interaction was shown to enhance myeloid differentiation, 

highlighting its importance for normal haematopoiesis (Illendula et al. 2016). 

Although not as established as RUNX1 in haematopoietic development, 

RUNX3 is highly expressed in HSPC and its deletion in aged mice causes mild HSPC 

expansion and myeloid proliferation similar to RUNX1 conditional KO phenotype 

(Wang et al. 2013). An interplay between RUNX1 and RUNX3 has been found in a 

RUNX1/RUNX3 double KO model, with mice dying as a result of either bone marrow 

failure or MPD (Wang et al. 2014a). These contradictory phenotypes resemble 

Fanconi anaemia caused by defective DNA repair in which RUNX1 and RUNX3 are 

critical (Wang et al. 2014a; Tay et al. 2018). Moreover, bone marrow failure could be 

attributed to a decrease in all mature haematopoietic lineage compartments. In recent 

studies, RUNX3 downregulation was found to be associated with aging and abrogation 

of erythroid differentiation (Balogh et al. 2020). Overexpression of RUNX3 was 

recently shown to induce TET2-deficient MDS in mice, characterised by a disruption 

of cancer-related pathways and RUNX1-mediated haematopoiesis (Yokomizo-

Nakano et al. 2020). Overall, these studies support an important role of RUNX3 in 

haematopoietic development, with misregulation of its expression contributing to the 

pathogenesis of different haematological malignancies.  

RUNX factors have been associated with different immune cell subsets, with 

RUNX1 and RUNX3 being important for peripheral and thymic T cell differentiation 

(Taniuchi et al. 2002; Woolf et al. 2003; Sato et al. 2005; Egawa et al. 2007). Lineage 

determination between T helper CD4+ and cytotoxic CD8+ T cells is another process 

highly dependent on RUNX factors, as RUNX1 is crucial for the repression of CD4 

transcription in thymocytes and RUNX3 in cytotoxic T cells (Taniuchi et al. 2002; 

Collins et al. 2011; Steinke et al. 2014). In addition, CD8 expression is induced by 

RUNX3 in the cytotoxic T cell fate (Kohu et al. 2005; Hassan et al. 2011).  
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1.3.5 Role of RUNX in AML 

The oncogenic potential of the RUNX factors was first observed in animal 

models where they act as targets for transcriptional activation by murine leukaemia 

viruses (Stewart et al. 1997; Vaillant et al. 1999). RUNX proteins are known to have a 

dualistic role in cancer, being able to toggle between oncogene and tumour 

suppressor in different contexts (reviewed by (Blyth et al. 2005)). The importance of 

RUNX proteins in major biological processes explains its involvement in 

tumourigenesis (Figure 1-5). RUNX1 was identified as a tumour suppressor in prostate 

and lung cancers (Takayama et al. 2015; Ramsey et al. 2018), as well as an oncogene 

in skin and ovarian cancers (Scheitz et al. 2012; Keita et al. 2013). Contradictory roles 

for RUNX1 have been suggested in breast cancer: while RUNX1 downregulation has 

been extensively reported in breast cancer tissues (Ramaswamy et al. 2003; Kadota 

et al. 2010), recently identified RUNX1 mutations were considered to drive breast 

cancer progression (Pereira et al. 2016; Kas et al. 2017). An oncogenic behaviour of 

RUNX2 was observed in osteosarcoma where increased levels of RUNX2 were 

associated with early tumourigenesis and poor treatment response (Sadikovic et al. 

2010; Martin et al. 2011). A pro-metastatic activity of RUNX2 was also found in breast 

and prostate cancer (Pratap et al. 2008; Akech et al. 2010). RUNX3 is generally 

accepted as a tumour suppressor in a variety of solid tumours where its inactivation 

arises mainly by epigenetic modifications (Ku et al. 2004; Wada et al. 2004; Ito et al. 

2005; Kim et al. 2005; Lau et al. 2006; Sato et al. 2006). Mutations in the RUNX3 gene 

are rare, nonetheless reported in bladder and gastric cancers (Li et al. 2002; Kim et 

al. 2005). In fact, R122C mutant RUNX3 expression promoted tumour growth in gastric 

cells, conferring RUNX3 an oncogenic activity (Li et al. 2002). Similarly, RUNX3 

overexpression in ovarian (Lee et al. 2011), head and neck carcinoma (Tsunematsu 

et al. 2009) and basal cell carcinoma (Salto-Tellez et al. 2006) is associated with 

malignancy.  

RUNX1 is one of the most common targets for mutations and chromosomal 

abnormalities in haematological diseases, including AML, ALL, MDS, and Familial 

platelet disorder/AML (reviewed by (Mangan and Speck 2011)). In addition to RUNX1-

ETO fusion protein generated by t(8;21) in AML (1.2), more than 50 chromosomal 

translocations involving RUNX1 have been reported (De Braekeleer et al. 2011). 

These include t(12;21) in paediatric ALL and t(3;21) in therapy-related AML and MDS 
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which form ETV6-RUNX1 (also known as TEL-RUNX1) and RUNX1-MECOM (MDS1 

and EVI1 complex locus) fusion proteins, respectively (Nucifora et al. 1994; Golub et 

al. 1995). In addition, several mutations in RUNX1 have been reported over the years 

(Song et al. 1999; Preudhomme et al. 2000; Matsuno et al. 2003), representing 

approximately 3% of paediatric and 15% of adult de novo AML (Tang et al. 2009b; 

Greif et al. 2012b; Mendler et al. 2012; Skokowa et al. 2014). These mutations 

correlate with poor prognosis, older age and male gender compared to AML with wild-

type RUNX1 (Tang et al. 2009b; Greif et al. 2012b; Mendler et al. 2012) (1.2.2). 

Moreover, RUNX1 mutations are frequently associated with FLT3-ITD or mutations in 

other driver genes (Gaidzik et al. 2011; Schnittger et al. 2011; Greif et al. 2012b; 

Mendler et al. 2012). These additional mutations support the growth of haematopoietic 

progenitor cells with abnormal development due to mutated RUNX1, inducing 

leukaemogenesis (Sood et al. 2017). Normal RUNX1 also plays an essential role in 

the development of leukaemia, being involved in RUNX1-ETO, CBFβ-MYH11 and 

MLL fusion protein leukaemogenesis (Ben-Ami et al. 2013; Goyama et al. 2013) 

(1.2.4.1). 

The oncogenic synergy between the RUNX factors and MYC has been 

demonstrated in lymphoma where RUNX2 was identified as a common target of 

retroviral insertional activation (Stewart et al. 1997; Vaillant et al. 1999). Further 

studies suggest that dysregulation of RUNX2 expression synergises with CBFβ-

MYH11 in AML (Castilla et al. 2004; Kuo et al. 2009). On the other hand, RUNX3 

expression was shown to be an independent prognostic factor in childhood AML, with 

increased RUNX3 levels being associated with a shortened EFS (Cheng et al. 2008b). 

Furthermore, RUNX3 expression was found downregulated in prognostically 

favourable CBF-AML (Cheng et al. 2008b) (1.2.4.1). Downregulation of RUNX3 

expression in inv(16) AML has been reported in different expression profiling studies 

(Debernardi et al. 2003; Guteerrez et al. 2005), further associated with RUNX3 

hypermethylation in this particular subtype of AML (Estecio et al. 2015). No inactivating 

mutations of RUNX3 have been detected in AML (Otto et al. 2003). A more detailed 

summary of RUNX3 role in AML can be found in 1.4.2.3.  
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Figure 1-5 – Relationship between RUNX proteins and important signalling pathways and 

cellular processes. 

RUNX proteins are involved in major biological processes in several tissues, and when their expression 

or function is disturbed it could lead to tumour initiation and progression. Figure adapted from (Ito et al. 

2015). 
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 RUNX3  

RUNX3, the evolutionary founder of the mammalian RUNX gene family, was 

initially cloned based on RUNX1 and found to be located on human chromosome 1p36 

(Levanon et al. 1994). RUNX3 is expressed in the haematopoietic system (Levanon 

et al. 1994; Meyers et al. 1996; Le et al. 1999; Levanon et al. 2001a), peripheral 

nervous system (Levanon et al. 2001a; Levanon et al. 2002; Chen et al. 2006; Kramer 

et al. 2006), epidermal appendages (Levanon et al. 2001a; Raveh et al. 2005), teeth 

(Yamashiro et al. 2002; Zheng et al. 2007), and skeleton (Levanon et al. 2001a; 

Yamashiro et al. 2002; Yoshida et al. 2004) (1.3.1). 

KO studies in mice have shown the critical role of RUNX3 in different systems. 

For instance, RUNX3 KO mice develop sensory limb ataxia (Levanon et al. 2002), 

delayed chondrocyte maturation and severe congenital osteopenia (Yoshida et al. 

2004; Bauer et al. 2015), and numerous defects in immunity and inflammation 

processes (Taniuchi et al. 2002; Woolf et al. 2003; Brenner et al. 2004; Fainaru et al. 

2004; Levanon et al. 2014; Ebihara et al. 2015). RUNX3 is essential for the 

transcriptional regulation of genes related with growth, survival, and differentiation by 

participating in several signalling pathways (Chi et al. 2005; Ito et al. 2008; Nishina et 

al. 2011; Kim et al. 2020). Deregulation of such processes can lead to malignant 

events, with RUNX3 being implicated in gastric (Li et al. 2002; Ito et al. 2005), 

colorectal (Soong et al. 2009; Kim et al. 2020), breast (Lau et al. 2006; Huang et al. 

2012a), and lung cancers (Sato et al. 2006; Lee et al. 2010), among others (1.3.5).  

RUNX3 plays an important role regarding the development of sensory neurons 

(Inoue et al. 2002), and both RUNX1 and RUNX3 are believed to be downstream 

targets of the neurogenesis regulator Brn3a (Levanon et al. 2002). In addition, RUNX3 

KO studies suggest that RUNX3 is a positive regulator of tropomyosin-receptor-kinase 

A (TrkA) and TrkC expression (Levanon et al. 2002; Nakamura et al. 2008). In cartilage 

and bone formation, RUNX3 was shown to be part of a regulatory cascade together 

with EGR1 and SOX9B TFs, which is associated with TGF-β/BMP signalling in 

zebrafish (Dalcq et al. 2012). The interaction of RUNX3 with SMAD proteins and 

therefore its involvement with the TGF-β and BMP signalling pathways has been 

extensively reported in the literature (Hanai et al. 1999; Jin et al. 2004; Chi et al. 2005; 

Yano et al. 2006). 
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1.4.1 Role of RUNX3 in the haematopoietic system 

RUNX3 is predominantly expressed in cells of haematopoietic origin, including 

myeloid, B and T cell lineages, mature DC, spleen, thymus, BM, PB, and several 

normal and malignant haematopoietic cell lines (Meyers et al. 1996; Le et al. 1999; 

Levanon et al. 2001a; Taniuchi et al. 2002; Puig-Kroger et al. 2003; Woolf et al. 2003; 

Fainaru et al. 2004). Functional evidence implicating RUNX3 in haematopoiesis 

revealed that RUNX3 is selectively regulated by the retinoic acid receptor α signalling 

pathway (Le et al. 1999). In addition, RUNX3 expression can be induced by Epstein-

Barr Virus infection (Spender et al. 2002) and by TGF-β1 in B lymphoid cells (Shi and 

Stavnezer 1998). RUNX3 expression was shown to be upregulated during DC 

maturation and mediates their response to TGF-β (Fainaru et al. 2004). Within the 

CD8 T cell lineage, RUNX3 is considered a master regulator of their differentiation 

process as it is responsible for the silencing of CD4 and induction of CD8 expression 

(Woolf et al. 2003; Grueter et al. 2005; Sato et al. 2005; Yarmus et al. 2006). Moreover, 

RUNX3 is necessary for the induction of CD103 expression in T cells (Grueter et al. 

2005; Yarmus et al. 2006; Woolf et al. 2007), and plays an important role in FOXP3 

upregulation triggered by TGF-β (Klunker et al. 2009). A partnership between RUNX3 

and T-BET was also uncovered in T cells, where RUNX3 is firstly induced by T-BET 

followed by a cooperation between both TFs to repress IL-4 and activate IFN-γ 

(Djuretic et al. 2007). Further studies showed that IFN-γ production induced by RUNX3 

is actively suppressed by GATA-3 (Yagi et al. 2010). The expression of additional 

adhesion molecules and chemokine receptors associated with cell migration were 

shown to be regulated by RUNX3 in myeloid cells, such as CD11a, CD11c, CD49d, 

CCR7 and CD36 (Puig-Kroger et al. 2003; Fainaru et al. 2004; Dominguez-Soto et al. 

2005; Fainaru et al. 2005; Puig-Kroger et al. 2006). Therefore, RUNX3 seems to be 

an important regulator of the adhesion molecules profile in haematopoietic cells.   

 In zebrafish, RUNX3 positively regulates the proliferation of primitive 

haematopoietic progenitors and participates in the development of definitive 

haematopoiesis (Kalev-Zylinska et al. 2003). RUNX3 role in haematopoiesis was 

further consolidated by RUNX3 KO studies showing that aged RUNX3 KO mice 

develop a MPD with a modest HSPC expansion (Wang et al. 2013). In addition, loss 

of RUNX3 led to hypersensitivity to G-CSF, promoting cell proliferation and 

mobilisation. Together, these results showed that RUNX3 per se is important for 
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haematopoiesis and possibly has distinct roles to RUNX1 in regulating the HSC 

behaviour (Wang et al. 2013). Furthermore, loss of both RUNX1 and RUNX3 in mice 

promoted the development of BM failure and MPD, accompanied by DNA damage 

response defects (Wang et al. 2014a). Recently, RUNX3 expression was confirmed in 

HSC and shown to decline with aging (Balogh et al. 2020). Elderly unexplained 

anaemia patients showed reduced RUNX3 levels associated with decreased erythroid 

colony forming ability. These results were further confirmed in KD studies, where loss 

of RUNX3 disrupted erythroid differentiation in human progenitor cells and 

dysregulated genes included key erythroid factors such as KLF1 and GATA1 (Balogh 

et al. 2020). Previously, RUNX3 has been suggested as a direct target of SCL, a key 

haematopoietic TF (Landry et al. 2008). The current findings suggest that RUNX3 is 

important for the maintenance of a lineage balance of haematopoietic progenitors 

within the BM.  

1.4.2 Multifunctionality of RUNX3 in carcinogenesis 

Since loss of RUNX3 expression due to hemizygous deletion and promoter 

hypermethylation was associated with gastric cancer (Li et al. 2002), RUNX3 has 

emerged primarily as a tumour suppressor for a variety of neoplasms. In these setting, 

defective levels of RUNX3 are mainly caused by promoter hypermethylation, 

inactivating mutations, protein mislocalisation and/or gene deletions (Ku et al. 2004; 

Xiao and Liu 2004; Ito et al. 2005; Kim et al. 2005; Lau et al. 2006). However, the role 

of RUNX3 in carcinogenesis is ambiguous, and its transcriptional activation suggests 

that RUNX3 has oncogenic potential (Tsunematsu et al. 2009; Lee et al. 2011; 

Selvarajan et al. 2017). Further investigations around the factors controlling RUNX3 

function and its downstream targets are needed to understand such contrasting 

mechanisms.  

1.4.2.1 Tumour suppressor activity of RUNX3 

RUNX3 is located on human chromosome 1p36, a region frequently deleted in 

numerous types of cancer and thus associated with tumour suppressor activity (Bagchi 

and Mills 2008). RUNX3 silencing has been often associated with a poor prognosis of 

gastric (Wei et al. 2005; Hsu et al. 2009), oesophageal (Sakakura et al. 2007), 
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colorectal (Soong et al. 2009), lung (Li et al. 2004; Yanagawa et al. 2007), and bladder 

cancer (Kim et al. 2005; Kim et al. 2008a).  

Hemizygous deletions of RUNX3 were previously found in gastric cancer 

tissues (Li et al. 2002), as well as lung, pancreatic and bile duct cell lines (Wada et al. 

2004; Yanada et al. 2005). Other forms of RUNX3 inactivation have been reported in 

solid tumours over the years, such as hypermethylation of the CpG island at the 

RUNX3 promoter. Hypermethylation of RUNX3 was observed in gastric (Li et al. 2002; 

Kim et al. 2004; Oshimo et al. 2004; Chen et al. 2010), lung (Li et al. 2004; Yanada et 

al. 2005; Sato et al. 2006), breast (Lau et al. 2006; Subramaniam et al. 2009a), 

pancreatic (Wada et al. 2004; Nomoto et al. 2008), brain (Mueller et al. 2007), bladder 

(Kim et al. 2005; Kim et al. 2008a), colorectal (Ku et al. 2004; Soong et al. 2009), and 

hepatocellular carcinoma (Xiao and Liu 2004; Park et al. 2005). In fact, RUNX3 

methylation status was proposed as one of five new markers to classify a subset of 

colorectal tumours (Weisenberger et al. 2006). Moreover, promoter hypermethylation 

of RUNX3 has shown potential as prognostic marker in lung (Yanagawa et al. 2007) 

and bladder cancers (Kim et al. 2008a; Yan et al. 2012). Enhancer of Zeste 

Homologue 2 (EZH2)-mediated histone methylation is an additional epigenetic 

mechanism that can lead to RUNX3 silencing (Fujii et al. 2008). This oncogene is 

essential for stem cell pluripotency and self-renewal and targets key developmental 

regulators such as RUNX3 (Lee et al. 2006). Other reported sources of RUNX3 

hypermethylation include hypoxia (Lee et al. 2009), Helicobacter pylori (Katayama et 

al. 2009), and oestrogen exposure (Cheng et al. 2008a). Therefore, different 

environmental contexts can result in abnormal epigenetic silencing of RUNX3 and 

influence tumour progression.  

Cytoplasmatic sequestration of RUNX3 is another common event in 

tumourigenesis (Ito et al. 2005; Lau et al. 2006; Subramaniam et al. 2009a). Examples 

of well-established tumour suppressors that are also sequestered to the cytoplasm in 

cancer cells include p27KIP, BRCA1 and pRb1 (Chuang and Ito 2010). RUNX3 

cytoplasmic expression has been shown to increase with advancing colorectal tumour 

stage (Soong et al. 2009) and is associated with increased tumorigenicity of gastric 

epithelial cells in mice (Ito et al. 2005). This phenomenon might be attributed to post-

translational modifications or other intracellular environmental events (Chuang and Ito 

2010). Jun-activation domain-binding protein 1 (Jab1/CSN5) has been found to induce 
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nuclear exclusion and degradation of RUNX3 (Kim et al. 2009), a scenario equally 

promoted by oncoproteins MDM2 E3 ubiquitin ligase (Chi et al. 2009) and Src kinase 

(Goh et al. 2010). Moreover, hypoxia-induced upregulation of G9a histone 

methyltransferase and HDAC1 prevents nuclear translocation of RUNX3 (Lee et al. 

2009). Overall, inactivation of RUNX3 is a significant risk factor for tumour progression 

and supports its tumour suppressive function. 

Molecular mechanisms associated with RUNX3 tumour suppressive function 

The tumour suppressor function of RUNX3 involves multiple mechanisms, 

including the transcriptional regulation of growth genes and/or disruption of DNA 

binding capacities of oncoproteins (Chuang et al. 2017) (Figure 1-6). RUNX3 has been 

shown to regulate cell proliferation and death by apoptosis (Chi et al. 2005; Yamamura 

et al. 2006; Yano et al. 2006; Kim et al. 2019), interact with DNA repair proteins 

(Tanaka et al. 2007), inhibit angiogenesis (Peng et al. 2006), and regulate cell 

adhesion and invasion (Sakakura et al. 2005). During TGF-β-mediated apoptotic cell 

death, RUNX3 interacts with SMAD proteins to directly upregulate the transcription of 

pro-apoptotic BIM1 and enhance the expression of the cyclin-dependent kinase 

inhibitor p21WAF1 in gastric cancer cells (Chi et al. 2005; Yano et al. 2006; Yamada et 

al. 2010). TGF-β pathway has been found to stimulate the nuclear translocation of 

RUNX3 (Ito et al. 2005). These results suggest that RUNX3 is a downstream effector 

of the TGF-β signalling pathway. Furthermore, cooperation between RUNX3 and the 

Forkhead box O3a (FoxO3a), a key regulator of apoptosis and cell cycle, has been 

found to induce apoptosis by activating Bim and may represent an important tumour 

suppressive mechanism in gastric cancer (Yamamura et al. 2006). Loss of RUNX3 

compromises TGF-β signalling, leading to increased proliferation in the gastric 

epithelia caused by reduced apoptosis and sensitivity to TGF-β1 (Li et al. 2002). In 

addition, RUNX3 exerts its tumour suppressor activity by negatively regulating the 

oncogenic YAP and the YAP-TEAD complex, a nuclear effector of the Hippo signalling 

pathway (Qiao et al. 2016; Kulkarni et al. 2018).  
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Figure 1-6 – Tumour suppressor activity of RUNX3. 

Transcriptional regulation mediated by RUNX3 in cooperation with regulators and signalling pathways 

during tumourigenesis. RUNX3 suppresses the oncogenic Wnt pathway by recruiting the TCF4-β-

catenin complex and blocking its binding to promoter sites, including c-MYC and cyclin D1. RUNX3 also 

interacts with SMAD to activate TGF-β-dependent growth arrest and apoptosis by induction of p21WAF1 

and Bim, respectively. Figure adapted from (Chuang and Ito 2010; Chuang et al. 2017). 
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Intestinal epithelia of RUNX3-deficient mice exhibit enhanced Wnt signalling 

activity and upregulated expression of Wnt targets, such as c-MYC and cyclin D1 (Ito et 

al. 2008). Moreover, RUNX3 was shown to form a ternary complex with β-catenin/TCF4, 

attenuating the Wnt signalling activity (Ito et al. 2008; Sun et al. 2018). Whether RUNX3 

activates or inhibit the Wnt signalling is however context dependent (Chuang et al. 

2017).  

In lung cancer RUNX3 has been found to protect against oncogenic KRAS by 

cooperating with co-activator BRD2 to induce the p53-p14ARF pathway (Lee et al. 2013). 

RUNX proteins are able to act upstream of p53, with both RUNX1 and RUNX3 being 

capable of directly induce p14ARF, which functions to stabilise the p53 protein and 

possesses RUNX binding sites in its promoter (Linggi et al. 2002; Lee et al. 2013). 

Together, these studies provide evidence of important tumour suppressive mechanism 

associated with RUNX3.  

Restoring RUNX3 tumour suppressive function in cancer cells 

Suppression of tumour cell migration and invasion is one of the main effects 

arising from restored RUNX3 expression in cancer cells and it has been reported in 

hepatocellular carcinoma (Gou et al. 2017), renal cell carcinoma (Chen et al. 2013), 

glioma (Sun et al. 2018), gastric (Liu et al. 2014a; Yu et al. 2017), and breast cancer 

(Chen et al. 2007). In addition, RUNX3 overexpression was shown to repress cancer 

cell migration, invasion and stemness properties by inactivating matrix 

metalloproteinase-2 (MMP-2) and MMP-9 expression, reducing vascular endothelial 

growth factor (VEGF) secretion, and suppressing Hedgehog signalling (Chen et al. 

2011; Chen et al. 2014; Kim et al. 2016; Kim et al. 2020).  

An additional mechanism implicating RUNX3 in carcinogenesis was revealed as 

a RUNX3-mediated pro-apoptotic pathway in response to DNA damage involving 

functional interaction between RUNX3 and p53. Forced expression of RUNX3 induced 

phosphorylation of p53 and proteolytic cleavage of PARP, enhancing the transcriptional 

and pro-apoptotic functions of p53 (Yamada et al. 2010). Ectopic expression of RUNX3 

in gastric cancer cells was shown to suppress cell proliferation by inducing apoptosis, 

dysregulating the expression of apoptosis-related genes (Sakakura et al. 2005; 

Nagahama et al. 2008; Liu et al. 2014b). This was accompanied by an inhibition of 

peritoneal metastasis and transcriptional dysregulation of genes related to cell 
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adhesion, signal transduction, apoptosis, and immune responses (Sakakura et al. 

2005). Furthermore, RUNX3 deficiency correlated with upregulation of VEGF 

expression and thus angiogenesis, which was suppressed by restoring RUNX3 

expression in gastric cancer cells (Peng et al. 2006). Interestingly, overexpression of 

RUNX3 in a mouse model of adoptive T cell therapy for melanoma led to a delay in 

tumour growth with improved survival (Milner et al. 2017). A link between RUNX3 and 

proto-oncogene MYCN has also been established in neuroblastoma, with RUNX3 

overexpression leading to reduced growth, migration activity and MYC stability. This 

study suggests that RUNX3 could overcome the oncogenic function of MYC and thus 

contributing to a favourable outcome in neuroblastoma patients (Yu et al. 2014). Overall, 

restoring RUNX3 expression in cancer cells has helped in elucidating the molecular 

mechanisms underlying RUNX3 tumour suppressive activity as well as potential 

therapeutic applications.  

1.4.2.2 RUNX3 as an oncogene 

RUNX proteins regulate important cellular processes by participating in important 

developmental signalling pathways, including TGF-β, Wnt, Notch, Hedgehog, Hippo, 

and RTK (Ito et al. 2015) (1.3). RUNX3 is silenced in numerous solid tumours (1.4.2.1), 

whereas its overexpression is observed in basal cell carcinoma where RUNX3 is 

considered to be a universal downstream effector of the Sonic Hedgehog pathway 

(Salto-Tellez et al. 2006). RUNX3 oncogenic function was also described in ovarian 

cancer (Nevadunsky et al. 2009; Lee et al. 2011), head and neck squamous carcinoma 

(Tsunematsu et al. 2009), and Ewing sarcoma (Bledsoe et al. 2014), with RUNX3 

overexpression promoting cell growth and tumourigenesis. RUNX factors were first 

considered as oncogenes by retroviral insertional mutagenesis screens that showed a 

cooperation between all three murine Runx genes and the Myc oncogene in promoting 

leukaemogenesis (Stewart et al. 1997; Stewart et al. 2002; Wotton et al. 2002). 

Together, these findings suggest that RUNX3 has a dualistic role in cancer, acting as a 

tumour suppressor or oncogene in a cellular context-dependent manner (1.3.5).  

Transcriptomic data showed that RUNX3 expression is upregulated in extranodal 

NK/T cell lymphoma nasal type cells compared to normal NK cells (Ng et al. 2011). 

Further, KD studies supported the role of RUNX3 as an oncogene in this type of 

lymphoma by showing an increase in apoptosis and a reduction in cell proliferation in 
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the absence of RUNX3 (Selvarajan et al. 2017). Targeted inhibition of MYC led to its 

downregulation as well as of RUNX3, followed by an enhanced apoptosis and growth 

arrest, which suggests that MYC may be a key upstream driver of RUNX3 upregulation 

in extranodal NK/T cell lymphoma (Selvarajan et al. 2017). Recently, RUNX3 

overexpression was reported to induce the transcription of MYC target genes, disrupting 

haematopoiesis to facilitate the development of MDS (Yokomizo-Nakano et al. 2020).  

Regulation of RUNX3 expression in pancreatic cancer is highly complex. SMAD4 

dosage has been shown to regulate RUNX3 expression in a biphasic manner, with 

absence of SMAD4 expression being associated with increased RUNX3 levels as well 

as enhanced metastatic potential (Whittle et al. 2015). Concomitantly, RUNX3 induced 

p21WAF1 expression and inhibited proliferation of cells, suggestive of a dualistic role in 

pancreatic cancer and possibly mediated by TGF-β and p53 (Whittle et al. 2015). The 

oncogenic behaviour of RUNX3 can also arise from its cytoplasmic mislocalisation via 

PIM-1 serine/threonine kinase, a well-known oncoprotein (Aho et al. 2006; Kim et al. 

2008b), resulting in the absence of nuclear partners of RUNX3 (Kim et al. 2008b). 

Overall, precise expression of RUNX3 is critical for normal cell growth and an oncogenic 

activity of RUNX3 seems to occur when its overexpression is combined with other 

critical growth abnormalities or interaction with additional oncogenes (Subramaniam et 

al. 2009b). 

1.4.2.3 RUNX3 in leukaemogenesis 

Although RUNX1 is the family member most extensively studied in 

leukaemogenesis, RUNX3 has also shown to be associated with this malignant process. 

A previous study showed that RUNX3 overexpression in BCR-ABL cells protected these 

cells from imatinib-induced apoptosis, suggesting that RUNX3 is involved in disease 

persistence in CML (Miething et al. 2007). In childhood AML, the correlation between 

RUNX3 expression and FLT3 mutations status remains unclear, with contrasting 

observations (Lacayo et al. 2004; Cheng et al. 2008b) (1.3.5). On the other hand, 

RUNX3 was shown to act as a tumour suppressor in cutaneous T cell lymphoma where 

RUNX3 expression is indirectly downregulated by TOX (Haider et al. 2016; Dulmage et 

al. 2019).  

RUNX3 expression in AML is highly heterogeneous. Increased levels of RUNX3 

were reported in t(15;17) APL patients, whereas decreased RUNX3 expression was 
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associated with CBF AML (Debernardi et al. 2003; Gutierrez et al. 2005; Cheng et al. 

2008b) (1.3.5). Furthermore, RUNX1-ETO and CBFβ-MYH11 fusion proteins were 

shown to repress RUNX3 via the conserved RUNX binding sites in the P1 promoter, 

with absence of P2 promoter methylation (Cheng et al. 2008b). Furthermore, RUNX3 

was shown to be repressed by RUNX1-ETO via direct binding to its promoter, whereas 

CBFβ-MYH11 cooperated with RUNX1 to downregulate RUNX3 (Cheng et al. 2008b). 

A later study showed that RUNX3 hypermethylation was highly frequent in inv(16) 

patients compared to other AML subtypes, as well as in ALL patients (Estecio et al. 

2015) (1.3.5). RUNX3 silencing was reversed in cell lines by treatment with decitabine, 

a hypomethylating agent (Estecio et al. 2015). Together, these results suggest that 

RUNX3 expression might be useful to stratify prognostically distinct CBF-AML subtypes 

for future therapeutic approaches.  

 Aims and objectives 

RUNX proteins play an important role in haematopoietic development and is 

therefore unsurprising that their dysregulation is associated with several malignancies 

including leukaemic transformation. The t(8;21) is one of the most common genetic 

abnormalities in AML and leads to the formation of the RUNX1-ETO fusion protein. 

Expression of RUNX1-ETO has been shown to induce severe transcriptional 

dysregulation of key haematopoietic genes, disrupting RUNX1 native function. 

Repression of RUNX3 is observed in prognostically favourable AML subtypes involving 

disruption of the CBF complex. However, half of these patients still relapse. 

Furthermore, increased RUNX3 levels are observed is non-CBF AML. RUNX3 is one of 

the least studied RUNX members, and its role in normal human haematopoiesis and 

leukaemia remains unclear. Therefore, this study aims to determine the impact of 

RUNX3 expression in normal human haematopoiesis and its involvement in RUNX1-

ETO-induced abnormal phenotype of human HSPC. To achieve this, the following 

objectives will be addressed: 

1. Determining the mRNA expression of RUNX3 during normal haematopoiesis 

and its association with AML  

Analysis of publicly available transcriptomic datasets using different human and 

murine haematopoietic subpopulations will be performed to establish RUNX3 

expression during haematopoietic development. Publicly available transcriptomic data 
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will also be analysed to determine RUNX3 mRNA expression in different AML subtypes, 

including patients harbouring t(8;21). 

2.  Determine the effects of RUNX3 overexpression or KD on normal human 

erythroid, monocytic and granulocytic development. 

Transduced human HSPC will be cultured in bulk liquid culture and clonal 

conditions to assess the growth and differentiation of erythroid and myeloid cells 

(specifically monocytes and granulocytes). 

3. Determining whether co-expression of RUNX3 and RUNX1-ETO rescues the 

developmental block and colony forming ability of erythroid and myeloid 

RUNX1-ETO-expressing cells. 

Human HSPC will be co-transduced with both RUNX3 and RUNX1-ETO 

retroviruses and their growth and differentiation will be evaluated as above.  

4. Determining the transcriptional dysregulation associated with abnormal 

haematopoiesis induced by RUNX3 expression. 

Total RNA will be extracted from human RUNX3-expressing HSPC and controls 

and transcriptomic (RNA-seq) data analysed to establish the transcriptional 

dysregulation associated with RUNX3 overexpression in HSPC.  
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2 Materials and Methods 

 Materials 

2.1.1 General reagents 

General reagents used in this study are alphabetically listed below. 

 

Table 2-1 – Summary of general reagents with supplier used in this study. 

NEB – New England BioLabs; Cambridge Bio – Cambridge Biosciences. 

 

Reagent Supplier 

0.05% w/v Trypsin-EDTA Fisher Scientific, Loughborough, UK 

1 kb DNA Ladder NEB, Hitchin, UK 

α-Minimum Essential Medium Eagle (MEM) Merck Life Science, Gillingham, UK 

β-Mercaptoethanol (β-ME, 14.3 M) Merck Life Science, Gillingham, UK 

AG® 501-X8(D) Mixed Bed Resin Bio-Rad, Hertfordshire, UK 

Amersham™ ECL™ Prime Western Blotting 
Detection Reagent 

Cytiva, Little Chalfont, UK 

Ampicillin (100 mg/mL) Merck Life Science, Gillingham, UK 

BamHI-HF® (20,000 U/mL) NEB, Ipswich, UK 

BD FACS™ Lysing Solution BD Biosciences, Wokingham, UK 

Benzonase Nuclease (25 U/mL) Merck Life Science, Gillingham, UK 

BglII (10,000 U/mL) NEB, Hitchin, UK 

Biovision Nuclear/Cytosol Fractionation Kit Cambridge Bio., Cambridge, UK 

Bovine Serum Albumin (BSA) Biosera Europe, Nuaillé, France 

Calcium Phosphate Transfection Kit Fisher Scientific, Loughborough, UK 

Chloroquine Merck Life Science, Gillingham, UK 

CutSmart® Buffer (10X) NEB, Hitchin, UK 

Deoxyribonuclease (DNase) I from Bovine 
Pancreas 

Merck Life Science, Gillingham, UK 

Dimethyl Sulfoxide (DMSO) Merck Life Science, Gillingham, UK 

Dulbecco's Modified Eagle Medium (DMEM) Merck Life Science, Gillingham, UK 

EcoRI-HF® (20,000 U/mL) NEB, Hitchin, UK 

EDTA-free Protease Inhibitor Cocktail Merck Life Science, Gillingham, UK 

Egtazic Acid (EGTA, 0.5 M) Merck Life Science, Gillingham, UK 
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Ethanol 99.8% Merck Life Science, Gillingham, UK 

Ethylenediaminetetraacetic Acid (EDTA, 0.5 M) Merck Life Science, Gillingham, UK 

Ficoll®-Paque Premium Merck Life Science, Gillingham, UK 

Foetal Bovine Serum (FBS) Biosera Europe, Nuaillé, France 

Gel Loading Dye, Purple (6X) NEB, Hitchin, UK 

Gentamicin (50 mg/mL) Fisher Scientific, Loughborough, UK 

Hanks' Balanced Salt Solution (HBSS) Fisher Scientific, Loughborough, UK 

Heparin Sodium (1000 U/mL) Wockhardt, Wrexham, UK 

HEPES (1 M) Merck Life Science, Gillingham, UK 

High-Capacity cDNA Reverse Transcription Kit Fisher Scientific, Loughborough, UK 

HiSpeed® Plasmid Maxi Kit Qiagen, Manchester, UK 

Indirect CD34 MicroBead Kit, Human Miltenyi Biotec, Bisley, UK 

Iscove's Modified Dulbecco's Medium (IMDM) Fisher Scientific, Loughborough, UK 

IMDM Powder Fisher Scientific, Loughborough, UK 

Isopropanol 99.5% Merck Life Science, Gillingham, UK 

LB Broth Merck Life Science, Gillingham, UK 

LB Broth with Agar Merck Life Science, Gillingham, UK 

L-Glutamine (200 mM) Fisher Scientific, Loughborough, UK 

Lipofectamine™ 3000 Transfection Kit Fisher Scientific, Loughborough, UK 

MagicMark™ XP Western Protein Standard Fisher Scientific, Loughborough, UK 

Magnesium Acetate (1 M) Merck Life Science, Gillingham, UK 

Magnesium Chloride (MgCl2) Merck Life Science, Gillingham, UK 

Methanol 99.8% Merck Life Science, Gillingham, UK 

NEBuffer™ 3.1 (10X) NEB, Hitchin, UK 

NuPAGE™ Antioxidant Fisher Scientific, Loughborough, UK 

NuPAGE™ LDS Sample Buffer (4X) Fisher Scientific, Loughborough, UK 

NuPAGE™ MOPS SDS Running Buffer (20X) Fisher Scientific, Loughborough, UK 

NuPAGE™ Sample Reducing Agent (10X) Fisher Scientific, Loughborough, UK 

NuPAGE™ Transfer Buffer (20X) Fisher Scientific, Loughborough, UK 

One Shot™ Stbl3™ Chemically Competent E. coli Fisher Scientific, Loughborough, UK 

Opti-MEM™ I Reduced Serum Medium Fisher Scientific, Loughborough, UK 

Penicillin-Streptomycin (10,000 U/mL) Fisher Scientific, Loughborough, UK 

PeqGREEN DNA/RNA Dye  Peglab, Shanghai, China 

Phosphatase Inhibitor Cocktail Merck Life Science, Gillingham, UK 

Phosphate-buffered Saline (PBS, 10X) Fisher Scientific, Loughborough, UK 

Poly-D-Lysine  Merck Life Science, Gillingham, UK 

Ponceau S solution 0.1 % w/v in 5% Acetic Acid Merck Life Science, Gillingham, UK 

Protease Inhibitor Cocktail Merck Life Science, Gillingham, UK 

Puromycin Merck Life Science, Gillingham, UK 
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QIAquick® Gel Extraction Kit Qiagen, Manchester, UK 

Recombinant Human EPO BioLegend, London, UK 

Recombinant Human FLT3 Ligand (FLT3L) BioLegend, London, UK 

Recombinant Human G-CSF BioLegend, London, UK 

Recombinant Human GM-CSF BioLegend, London, UK 

Recombinant Human IL-3 BioLegend, London, UK 

Recombinant Human IL-6 BioLegend, London, UK 

Recombinant Human SCF BioLegend, London, UK 

RetroNectin® (1 mg/mL) Takara, Paris, France 

Ribonuclease (RNase) A from Bovine Pancreas Merck Life Science, Gillingham, UK 

RNeasy® Plus Mini Kit Qiagen, Manchester, UK 

Roswell Park Memorial Institute (RPMI) 1640 Fisher Scientific, Loughborough, UK 

SeaKem® GTG™ Agarose Lonza, Slough, UK 

S.O.C. Medium Fisher Scientific, Loughborough, UK 

Sodium Bicarbonate 7.5% Solution Fisher Scientific, Loughborough, UK 

Sodium Chloride (NaCl) Merck Life Science, Gillingham, UK 

Sodium Dodecyl Sulfate (SDS) Merck Life Science, Gillingham, UK 

Sodium Orthovanadate Merck Life Science, Gillingham, UK 

Recombinant Human SDF-1α (CXCL12) PeproTech, London, UK 

Sucrose (1 M) Merck Life Science, Gillingham, UK 

T4 DNA Ligase (2,000,000U/mL) NEB, Hitchin, UK 

T4 DNA Ligase Buffer (10X) NEB, Hitchin, UK 

TaqMan™ Fast Advanced Master Mix Fisher Scientific, Loughborough, UK 

Transferrin (Human, 30 mg/mL) Merck Life Science, Gillingham, UK 

Triethylammonium Bicarbonate Buffer (TEAB, 1 M) Merck Life Science, Gillingham, UK 

Tris-Acetate-EDTA Buffer Merck Life Science, Gillingham, UK 

Tris-Borate-EDTA Buffer Merck Life Science, Gillingham, UK 

Triton™ X-100 Merck Life Science, Gillingham, UK 

TO-PRO™-3 Iodide (1 mM) Fisher Scientific, Loughborough, UK 

Tris Hydrochloride (HCl) Merck Life Science, Gillingham, UK 

TWEEN® 20 Merck Life Science, Gillingham, UK 

UltraPure™ Agarose Fisher Scientific, Loughborough, UK 

XhoI (20,000 U/mL) NEB, Hitchin, UK 
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2.1.2 Antibodies 

Antibodies used in flow cytometry (2.6) and western blotting (2.7) procedures 

are alphabetically listed below. 

 

Table 2-2 – Summary of antibodies used in flow cytometry and western blotting studies. 

NA – Not applicable; Cambridge Bio – Cambridge Biosciences; CST – Cell Signaling Technology; SCBT 

– Santa Cruz Biotechnology. 

Antibody Clone Dilution Supplier 

Flow cytometry antibodies 

Anti-Human CD11b-Pacific 
Blue™ (PB) 

ICRF44 1/17 BioLegend, London, UK 

Anti-Human CD13-
Allophycocyanin (APC) 

WM15 1/17 BioLegend, London, UK 

Anti-Human CD14-PB HCD14 1/17 BioLegend, London, UK 

Anti-Human CD15-PB W6D3 1/17 BioLegend, London, UK 

Anti-Human CD34-PB 581 1/17 BioLegend, London, UK 

Anti-Human CD34- 
Phycoerythrin (PE) 

581 1/10 BioLegend, London, UK 

Anti-Human CD36-Biotin NA 1/100 Cambridge Bio., Cambridge, UK 

Anti-Human CD45-APC 2D1 1/20 BioLegend, London, UK 

Anti-Human CD235a-PB HI264 1/17 BioLegend, London, UK 

Mouse IgG1-PB MOPC-21 1/17 BioLegend, London, UK 

Mouse IgG1-PE MOPC-21 1/10 BioLegend, London, UK 

PerCP-Cy™5.5 Streptavidin NA 1/100 BD Biosciences, Wokingham, UK 

Western blot antibodies 

GAPDH Mouse mAb 6C5 12500 SCBT, Heidlberg, Germany 

Histone 1 Mouse mAb AE-4 1/2500 Bio-Rad, Hertfordshire, UK 

Mouse IgG Horseradish 
Peroxidase (HRP) conjugate  

NA931 1/5000 
Fisher Scientific, Loughborough, 
UK 

Rabbit IgG HRP conjugate NA934 1/5000 
Fisher Scientific, Loughborough, 
UK 

RUNX3/AML2 Rabbit mAb D6E2 1/5000 CST, London, UK 
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 Recombinant DNA techniques 

2.2.1 Source and structure of plasmids 

Overexpression of RUNX3 and RUNX1-ETO in human primary HSPC was 

successfully achieved by using a recombinant PINCO retroviral system harbouring the 

complementary DNA (cDNA) of either RUNX3 or RUNX1-ETO and co-expressing a 

selectable marker (Figure 2-1A). The selectable markers used in this study were 

Discosoma red fluorescent protein (DsRed) for the RUNX3 overexpressing vector, and 

green fluorescent protein (GFP) for either RUNX1-ETO or RUNX3 overexpressing 

PINCO vectors. Similar PINCO DsRed or GFP vectors lacking RUNX3 or RUNX1-ETO 

cDNA were used as control. A pLV-EGFP-T2A-Puro-EF1A lentiviral vector was used 

to overexpress RUNX3 in AML cell lines. This lentiviral vector was purchased from 

VectorBuilder (Guangzhou, China).  

Knockdown (KD) of RUNX3 in human primary HSPC and AML cell lines was 

performed by using short hairpin RNA (shRNA) lentiviral vectors co-expressing GFP 

and puromycin and targeting different regions in RUNX3 sequence (Figure 2-1B). 

shRNA lentiviral vectors were purchased from VectorBuilder (Guangzhou, China). 

Table 2-3 summarises the viral systems used in this study.  

2.2.2 Subcloning of RUNX3 cDNA into the PINCO DsRed vector 

A retroviral vector co-expressing RUNX3 and DsRed was generated by 

directional cloning of RUNX3 (NM_001031680.2) into BamHI/EcoRI sites of PINCO 

vector (Grignani et al. 1998). In addition, a control vector with a non-coding DNA 

fragment subcloned into PINCO DsRed was generated. PINCO DsRed vector (10 µg) 

was initially prepared by enzyme digestion with 50U BamHI and 50U EcoRI for 1 hour 

at 37°C. Following incubation, the successful digestion was confirmed by performing a 

qualitative gel using 1% w/v Seakem gel agarose stained with 1 µL PeqGreen 

(25,000X). To purify the insert, electrophoresis was performed using 1% w/v Seakem 

gel agarose and 96 µL DNA digest with 20 µL gel loading dye was loaded into the well. 

Electrophoresis was performed at 5 V/cm until separation between the digested 

fragment ‘insert’ and remaining plasmid was achieved (40 V for 8 cm of gel). 
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Figure 2-1 – Plasmid DNA structures used in this study. 

(A) Representation of PINCO-RUNX3 DsRed vector created using SnapGene software (GSL Biotech 

LLC, USA). (B) Representation of RUNX3 shRNA GFP vector for shRNA 1 (TRCN0000235675). This 

vector includes the ampicillin resistance gene; Rous sarcoma virus (RSV) promoter; long terminal repeat 

(LTR); U6 type III RNA polymerase promoter; the RUNX3 shRNA sequence; human phosphoglycerate 

kinase (hPGK) promoter; and EGFP:T2A:Puro sequence that confers both green fluorescence and 

resistance to puromycin.

A 

B 
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Table 2-3 – Summary of all retro- and lentiviral systems used for overexpression and KD studies. 

All vectors include the ampicillin resistance gene. psPAX2 is a 2nd generation lentiviral packaging 

plasmid expressing HIV-1 gag, pol, rev and tat genes, and pMD2.G is a vesicular stomatitis virus (VSV-

G) envelope expressing plasmid. Stuffer fragment – Non-coding DNA fragment; Puro – Puromycin; NM 

Number – National Center for Biotechnology Information (NCBI) reference sequence (RefSeq) database 

transcript assession number; TRCN Number – The RNAi Consortium shRNA Clone ID number.  

 

 

Following electrophoresis, the agarose gel was stained with 10 µL PeqGreen 

(20,000X) and the band corresponding to the insert was excised from the gel and 

weighed. DNA was extracted using the QIAquick® Gel Extraction Kit and quantitated 

using NanoDrop™ (Fisher Scientific UK Ltd, Loughborough, UK). Ligation of the 

purified insert to the PINCO DsRed vector was achieved by incubation using a target 

insert:vector molar ratio of 10, for approximately 2 hours at room temperature (RT), 

followed by heat inactivation at 65°C for 10 minutes to stop the reaction. The resulting 

vector was posteriorly transformed into Stbl3 E. coli cells (2.2.3).    

Plasmid Gene/Target sequence Selectable marker 

PINCO Empty DsRed 

PINCO Stuffer fragment DsRed 

PINCO RUNX3 [NM_001031680.2] DsRed 

PINCO Stuffer fragment GFP 

PINCO RUNX1-ETO (Tonks et al. 2003) GFP 

PINCO RUNX3 [NM_001031680.2] GFP 

pLV Empty GFP/Puro 

pLV RUNX3 [NM_001031680.2] GFP/Puro 

pLV Scramble shRNA GFP/Puro 

pLV RUNX3 shRNA 1 [TRCN0000235676] GFP/Puro 

pLV RUNX3 shRNA 3 [TRCN0000235675] GFP/Puro 

pLV RUNX3 shRNA 4 [TRCN0000235672] GFP/Puro 

psPAX2 Empty – 

pMD2.G VSV-G – 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000235676
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000235675
https://portals.broadinstitute.org/gpp/public/clone/details?cloneId=TRCN0000235672
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2.2.3 Transformation of competent E. coli with plasmid DNA 

Efficient transformation of Stbl3 competent cells was performed by mixing 6 µL 

DNA with competent cells and incubating on ice for 30 minutes. After incubation, the 

mixture was transferred to the water bath and incubated for exactly 30 seconds at 

42°C, followed by a 2-minute incubation on ice. Cells were then mixed with 250 µL pre-

warmed sterile S.O.C. medium and placed in a shaking incubator at 37°C and 225 rpm 

for 1 hour. Following incubation, 50 and 200 µL of the transformed cells were spread 

on selective agar plates and grown overnight at 37°C. Single colonies were selected 

the following day and grown in LB broth for glycerol stocks (2.2.4), DNA extraction 

(2.2.5), and validation purposes, such as digestion and sequencing (2.2.6).  

2.2.4 Preparation and thawing of glycerol stocks 

To prepare glycerol stocks for each plasmid, 150 µL glycerol was added to 850 

µL of bacterial culture in LB broth, mixed and transferred to appropriate cryovials. 

Glycerol stocks were kept at – 80°C. To recover a glycerol stock, the vial was placed 

on dry ice and, using a sterile inoculation loop, cells were spread onto an appropriate 

selective agar plate. 

2.2.5 Extraction and quantitation of amplified plasmid DNA 

To extract plasmid DNA, a bacterial culture was initiated by selecting a single 

colony grown overnight and inoculated into 5 mL sterile LB broth with ampicillin (100 

mg/mL). For a Qiagen Maxiprep, the bacterial culture was grown overday at 37°C and 

225 rpm, and subsequently diluted by transferring 150 µL culture into 150 mL LB broth 

supplemented with ampicillin and left shaking overnight at 37°C. The next day, cells 

were harvested by centrifugation at 6,000 x g for 15 minutes at 4°C. DNA extraction 

was performed using the HiSpeed® Plasmid Maxi Kit according to manufacturer’s 

instructions. Briefly, the bacterial supernatant was discarded, and the pellet was 

resuspended in 10 mL Buffer P1 in the presence of ethanol. Next, 10 mL Buffer P2 

was added and the cell suspension was gently mixed. Following a 5-minute incubation, 

10 mL of Buffer N3 was added, the lysate mixed, poured into a QIAfilter cartridge, and 

incubated for 10 minutes. The lysate was subsequently filtered into a pre-equilibrated 

HiSpeed Maxi Tip and allowed to enter the resin by gravity flow. HiSpeed Maxi Tip was 

further washed with 60 mL Buffer QC and DNA was eluted with 15 mL Buffer QF. 
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Precipitation of DNA was achieved by adding 10.5 mL isopropanol to the eluted DNA, 

followed by a 5-minute incubation. The eluate-isopropanol mixture was then 

transferred into a 30 mL syringe with a QIAprecipitator Maxi Module attached and 

filtered using constant pressure. DNA was washed with 2 mL 70% v/v ethanol and the 

membrane dried by pressing air through the QIAprecipitator. DNA was eluted in 500 

µL of water and the concentration was determined using NanoDrop™. Extracted DNA 

was stored at – 20°C for further use.  

2.2.6 Restriction enzyme digestion and DNA sequencing 

Restriction digestion was performed to quickly assess clones harbouring 

RUNX3. To set up a digestion reaction, 1 µg DNA was mixed with 1 µL of the 

appropriate enzymes (10-20 units/µg DNA) in a total volume of 10 µL and incubated at 

37°C for 1 hour. Following incubation, 2 µL of gel loading dye was added to the digest 

and electrophoresed using a 0.8% w/v agarose gel containing 1 µL PeqGreen 

(25,000X) at 80 V constant for 1 to 2 hours. NEB 1 Kb ladder was used to determine 

the fragments size. An additional DNA sequencing step was performed by combining 

15 µL of DNA (concentration between 50-100 ng/µL) to 2 µL of each forward or reverse 

primers (12 µM) and sent to Eurofins for sequencing (Table 2-4). 

 

Table 2-4 – Summary of primers used to validate the DNA plasmid structures used in this study. 

Primers were used at a final concentration of 12 µM. CDS – Coding sequence. Human RUNX3 CDS 

corresponds to NM_001031680.2 transcript variant. 

 

Ref. Direction Target Sequence 

P1 Reverse 
Flanking BamHI/EcoRI 

cloning site 
5’ TTA TGT AAC GCG GAA CTC CA 3’ 

P2 Forward 
Flanking BamHI/EcoRI 

cloning site 
5’ TAG AAC CTC GCT GGA AAG GA 3’ 

P5 Forward Human RUNX3 CDS 5’ GAA CTG GTG AGA ACC GAC AG 3’ 

P6 Forward Human RUNX3 CDS 5’ CCC AAG CGG CAC AAG CAT TTC 3’ 

P18 Forward Human RUNX3 CDS 5' ACT GAA CCC ATT CTC CGA CC 3' 

P21 Forward Human RUNX3 CDS 5' CCT TCA AGG TGG TGG CAT TG 3' 

https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
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 Cell culture 

2.3.1 Source of primary material and cell lines 

Primary human HSPC were obtained by a 2-step isolation protocol (2.3.5) from 

human neonatal cord blood (CB) collected from the Maternity Unit of the University 

Hospital of Wales (Cardiff). Informed consent of mothers undertaking caesarean 

sections was approved by the research ethics committee in accordance with the 1964 

Declaration of Helsinki. CB was also bought from the NHS CB Bank (London/Bristol, 

UK). AML cell lines used in this study KASUMI-1, OCI-AML-5 and SKNO-1 were 

obtained from ATCC (LGC Standards, Middlesex, UK) and DSMZ (Braunschweig, 

Germany). 

2.3.2 Culture of primary cells and cell lines  

All cells were cultured according to the supplier standard cell culture guidelines, 

under aseptic conditions and grown at 37°C in a 5% CO2 humidified incubator.  

Human HSPC were cultured in IMDM containing 20% v/v FBS, 1% v/v BSA, 

human transferrin (30 mg/mL), β-ME (9 mM), gentamicin (20 µg/mL), and 

supplemented with different combinations of cytokines depending on cell lineage and 

fate (Table 2-5). The subculturing conditions of all cell lines used in this study are 

summarised in Table 2-6. Unless otherwise stated, all cell culture centrifugation steps 

were performed at 200 x g for 5 or 10 minutes for volumes below or above 5 mL, 

respectively. Cell density was determined by cell counting using a haemocytometer 

(2.3.3) or flow cytometry with a viability dye (2.6.1).  

Adherent cell lines were subcultured by adding 0.05% w/v trypsin-EDTA (3 mL 

for T25; 5 mL for T75) to the cell layer and leaving for 3 minutes at RT. Detached cells 

were transferred to a universal container (UC) and an equal volume of pre-warmed 

complete DMEM (Table 2-6) was added before centrifugation. Supernatant was 

discarded and cells were resuspended in fresh growth medium and subcultured 

according to Table 2-6. 
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Table 2-5 – Different combinations and concentrations of growth factors used for the growth and 

development of human primary HSPC.  

Human HSPC were cultured in IMDM supplemented with 20% v/v FBS, 1% v/v BSA, human transferrin 

(30 mg/mL), β-ME (9 mM), gentamicin (20 µg/mL). Different combinations of cytokines were added to 

the growth medium according to cell fate (erythroid/myeloid). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Growth factor Final concentration (ng/mL) 

36Shigh (Day 0 – 3) 

FLT3L 50 

G-CSF 25 

GM-CSF 25 

IL-3 50 

IL-6 25 

SCF 50 

36Slow (Day 3 – 10) 

IL-3 5 

IL-6 5 

SCF 5 

36Slow + EPO (Day 10 – 22) 

EPO 5 

IL-3 5 

IL-6 5 

SCF 5 

3SlowG/GM (Day 3 – 17) 

G-CSF 5 

GM-CSF 5 

IL-3 5 

SCF 5 
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Table 2-6 – Subculturing conditions for all cell lines used in this study. 

Growth media was supplemented with either 10% or 20% v/v FBS, 1% v/v L-Glutamine, and 20 µg/mL 

gentamicin. Subculture regime and normal working range cell densities are according to ATCC and 

DSMZ guidelines.  

 

 

 

2.3.3 Cell counting using a haemocytometer 

Cell counting was performed using an improved Neubauer haemocytometer 

counting chamber. The coverslip was moistened beforehand and securely placed over 

the haemocytometer chamber. Approximately 10 µL of culture was transferred directly 

to the edge of the coverslip and allowed to enter the chamber. Viable cells (refractile) 

were counted under a phase contrast microscope in four large corner squares of the 

haemocytometer. Cell density per mL was determined by multiplying the average cell 

count of the four quadrants by 1x104.   

2.3.4 Cryopreservation and thawing of cells 

For cryopreservation, confluent cells (1x106 cells/mL) were harvested, 

centrifuged, and resuspended in the appropriate growth medium (Table 2-6). An equal 

volume of freezing medium (IMDM with 30% v/v FBS and 20% v/v DMSO) was added 

to the cells and 1 mL of culture was aliquoted into 1.8 mL cryovials. CoolCell® LX 

(Biocision, LLC, Larkspur, CA, USA) freezing container was used to cool the cells at a 

rate of 1°C/minute in a – 80°C freezer, after which the vials were transferred to liquid 

nitrogen for long-term storage. 

Cell line 
Complete growth 

medium 
Subculture regime 

(every 3 days) 
Optimal cell 

density 

HEK 293T DMEM + 10% v/v FBS 1:6 2x105 – 1x106 

Phoenix DMEM + 10% v/v FBS 1:6 2x105 – 1x106 

KASUMI-1 RPMI + 20% v/v FBS 1:2 3x105 – 1x106 

OCI-AML-5 
MEM + 20% v/v FBS + 

10 ng/ml GM-CSF 
1:4 1x105 – 1x106 

SKNO-1 
RPMI + 10% v/v FBS + 

10 ng/ml GM-CSF 
1:3 2x105 – 1x106 
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Cryopreserved cells were recovered by rapidly thawing cells with 1 mL FBS in 

a 37°C water bath, transferred to a UC, and slowly diluted by adding dropwise 5 mL of 

the appropriate growth medium. Cultures were centrifuged gently at 200 x g for 5 

minutes, followed by resuspension of cells in 5 mL fresh pre-warmed medium (Table 

2-6) and subcultured in T25 flasks.  

2.3.5 Colony assay 

To assess the colony forming ability of DsRed/GFP+ HSPC (2.6.3), colony 

assays were performed on day 3 of culture by limiting dilution in 96-U plates (0.3 

cells/well) in growth medium and incubated at 37°C with 5% CO2. Following 7 days of 

growth, individual colonies (> 50 cells) and clusters (> 5 cells) were counted and 

scored. To assess their self-renewal potential, colonies were harvested, replated at 

higher density (1 cell/well), and cultured for an additional week. 

2.3.6 Assessment of cell morphology 

Examination of cell morphology was achieved by transferring 70-100 µL of 

culture (30,000 cells) to a pre-assembled cytospin sample chamber with glass slide 

and centrifuging it at 60 x g for 5 minutes using a Cytospin 3 (Fisher Scientific, 

Loughborough, UK). Slides were further stained with May–Grünwald–Giemsa for 

morphology examination and scanned using Zeiss Axioscan Z1 slide scanner (Carl 

Zeiss, Cambridge, UK) at 20X magnification. Differential counts were performed using 

Zen Lite software (Carl Zeiss, Cambridge, UK) to determine the number of cells in 

separate developmental stages. For the erythroid studies, cells in an early, 

intermediate, and late phase of development were defined as proerythroblasts, 

erythroblasts and normoblasts, respectively. For the myeloid studies, granulocytic cells 

in an early, intermediate, and late phase of development were defined as 

myeloblasts/promyelocytes, myelocytes/metamyelocytes and band/segmented cells, 

respectively. 
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 Isolation of human CD34+ haematopoietic stem and progenitor 

cells 

2.4.1 Isolation of mononuclear cells from cord blood by density gradient 

centrifugation 

Initially, an aliquot of human CB was immunophenotyped for CD34 positivity by 

flow cytometry to estimate the percentage of CD34+ cells present in the sample (2.6.2). 

CB was then diluted 1:1 with HBSS containing 20 µg/mL gentamicin and 10 mg/mL 

heparin to isolate the mononuclear cells (MNC) fraction. Ficoll-Paque™ was added to 

multiple UC and 8-9 mL of CB was layered on top of 5 mL Ficoll before centrifuging at 

400 x g for 40 minutes. Following density gradient separation of the different blood cell 

types, MNC were aspirated from the interface between the plasma and Ficoll layers 

into several UC containing 15 mL of wash medium (RPMI with 5% v/v FBS, 20 µg/mL 

gentamicin, and 10 mg/mL heparin). Cells were washed 2 to 3 times until the 

supernatant was completely clear (free of platelet contamination). MNC were counted 

under the microscope using a haemocytometer (2.3.3), followed by resuspension in 

RPMI with 10% v/v FBS and aliquoted into cryovials (5x107 cells/vial) for 

cryopreservation in liquid nitrogen (2.3.4). The number of MNC and the percentage of 

CD34+ cells were important for planning future experiments, as it gives an estimation 

of the number of HSPC present in each processed human CB sample.  

2.4.2 Isolation of human haematopoietic stem and progenitor cells from 

mononuclear cells 

An additional isolation step was necessary to enrich CD34+ HSPC from the 

MNC fraction previously isolated (2.4.1). Magnetic-Activated Cell Sorting (MACS) of 

CD34+ cells was performed using the MiniMACS™ Separator (Miltenyi Biotec, Woking, 

UK), and the Indirect CD34 MicroBeads Kit, according to the manufacturer’s 

instructions. Briefly, MNC were rapidly thawed as previously described (2.3.4) and 

transferred to a separate UC. An equal volume of PBS with 5 mM MgCl2 at RT was 

added dropwise to the culture over 3 minutes, with this step being repeated twice so 

the volume of the culture doubled a total of 3 times (8 mL final volume if starting from 

1 mL cell culture). Cells were gently centrifuged, and 10 µL DNase (10 mg/mL) was 

added to the cell pellet and mixed. Subsequent volumes were determined per 1x108 



Chapter 2 – Materials and Methods 

72 

cells based on previous cell counts (2.4.1). The pellet was then resuspended in 400 

µL of cold column buffer (PBS containing 1% v/v BSA and 5 mM MgCl2) and 100 µL of 

A1 and A2 reagents were added. At the end of a 15-minute incubation at 4°C, 5 mL 

column buffer was added, and cells were centrifuged. Supernatant was carefully 

discarded, and cells were resuspended in 400 µL column buffer followed by addition 

of 100 µL reagent B. After a second 15-minute incubation at 4°C, 5 mL column buffer 

was added, and the cell suspension was strained and centrifuged. The cell pellet was 

finally resuspended in 500 µL of buffer and transferred to a pre-equilibrated MS column 

(Miltenyi Biotec, Woking, UK), Once the column flow stopped, four washes of 500 µL 

buffer were performed, and the CD34+ enriched population was eluted in 1 mL buffer. 

The eluted fraction was transferred to a second column and the previous steps were 

repeated to improve the purity of the culture. At the end, eluted cells were counted 

(2.3.3) and subcultured at 2x105 cells/mL in appropriate medium (Table 2-5). Isolation 

of HSPC is defined as ‘day 0’ in growth and differentiation experiments (2.3, 2.5, 2.6, 

2.8). 

 Transduction of cell lines and primary cells  

Retro- and lentivirus were generated by transient transfection of Phoenix (Nx) 

or HEK 293T packaging cells, respectively. Recombinant virus was mainly obtained by 

cationic lipid transfection (2.5.1) or in some cases by calcium phosphate transfection 

(2.5.2) of packaging cells. 

2.5.1 Generation of recombinant virus by cationic lipid transfection 

Cationic lipid transfection was achieved using Lipofectamine™ 3000 

Transfection Kit according to manufacturer’s instructions. Initially, flasks were pre-

treated with 5 mL poly-D-lysine for 30 minutes at RT, followed by a wash with PBS. 

Approximately 15x106 of HEK 293T or Nx cells were seeded in pre-treated flasks and, 

on the following day, lipid-DNA complexes were prepared by mixing 24 µg of retro- or 

lentiviral plasmid DNA with 4 mL Opti-MEM, 48 µL P3000™ Enhancer Reagent and 

57 µL Lipofectamine 3000™ Reagent (values adjusted for T75). For lentiviral 

production, 6.6 µg of pMD2.G envelope plasmid and 4 µg of psPAX2 packaging 

plasmid (Table 2-3) were added to the previous solution. Following incubation for 15-

20 minutes, medium in each T75 flask was reduced to 6 mL and the lipid-DNA complex 
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was carefully added to the cells. HEK 293T or Nx packaging cells were incubated for 

6 hours at 37°C and 5% CO2, followed by medium change. Harvesting of retrovirus 

was performed 48 and 72 hours later, with cell medium being changed in between 

harvests and viral supernatant being centrifuged and aliquoted each day. On the other 

hand, harvesting of lentivirus was performed 24 and 48 hours later, with the viral 

supernatant being pooled, centrifuged and aliquoted on the final day. Viruses were 

stored at – 80°C until further use. Validation of GFP/DsRed expression was performed 

by flow cytometry and Nx cells transfected with RUNX3 retrovirus were used 

occasionally as positive controls for western blotting (2.7.4). 

2.5.2 Generation of recombinant virus by calcium phosphate transfection 

Improved transduction efficiencies in human primary cells were shown for 

RUNX1-ETO and control retroviruses produced using the Calcium Phosphate 

Transfection Kit according to manufacturer’s instructions. Briefly, 8x106 Nx cells were 

initially seeded in a T75 flask and left to grow for a day. On the following morning, 

growth medium was replaced by 14 mL of fresh pre-warmed medium and by the 

afternoon 45 µg of DNA was mixed with tissue culture grade sterile water, 54 µL CaCl2 

(2.5 M) and added dropwise to 450 µL 2X HEPES buffered saline whilst the solution 

was bubbled with a pipette. The mixture was immediately vortexed for 4 seconds and 

incubated for 20 minutes. Five minutes prior to the transfection, 14 µL chloroquine (25 

µM) was added to the cultures, followed by the dropwise addition of DNA to the medium 

and incubation at 37°C and 5% CO2 until the next day. Growth medium was changed 

24 hours later, and the incubator temperature was lowered to 33°C to maximise 

retroviral stability. Viral supernatant was harvested 48 and 72 hours later as previously 

described (2.5.1).  

2.5.3 Viral infection of cells 

Normal human HSPC were isolated and transduced in 36Shigh medium as 

previously described (Tonks et al. 2003) (2.4.2). To infect normal human HSPC, retro- 

or lentivirus were centrifuged for 120 minutes at room temperature in 24-well plates 

pre-coated with RetroNectin® (30 µg/mL) (Tonks et al. 2005). Following centrifugation, 

the retroviral supernatant was removed and the HSPC were added to the wells, as 

previously described (Tonks et al. 2003; Tonks et al. 2005). The infection procedure 
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was repeated on the following day to improve the transduction efficiency. All HSPC 

cultures generated during this study are summarised below. 

  

Table 2-7 – Summary of transduced HSPC cultures generated in this study.  

Mock transduced cells were generated using the same infection approach and Nx supernatant with no 

retro- or lentivirus. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

For KD experiments (Table 2-7), HSPC were only transduced once with shRNA 

vectors 24 hours following their isolation, as these vectors gave higher titre and 

infection efficiency due to their smaller size compared to the overexpression vectors. 

On day 2 of cultures, cells were kept in the incubator growing until the next day. 

Following infection (day 3 of culture), cells were harvested, counted, and cultured in 

appropriate growth medium (Table 2-5) depending on downstream experiments 

(2.6.3).  

Culture name Description 

RUNX3 overexpression 

Mock – 

Control DsRed (or GFP) 

RUNX3 RUNX3 DsRed (or GFP) 

RUNX3 KD 

Mock – 

shRNA control shRNA GFP 

shRNA 1 RUNX3 shRNA 1 GFP 

shRNA 3 RUNX3 shRNA 3 GFP 

shRNA 4 RUNX3 shRNA 4 GFP 

RUNX1-ETO and RUNX3 overexpression 

Control GFP 

RUNX1-ETO RUNX1-ETO GFP 

Control GFP/DsRed GFP and DsRed 

RUNX1-ETO/RUNX3 RUNX1-ETO GFP and RUNX3 DsRed 
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For AML cell lines, only one round of infection was performed, and for 

overexpression systems was similar to the HSPC protocol. Briefly, viral supernatants 

were added to pre-coated 24-well plates and centrifuged as before. Following spin-

infection, viruses were discarded, and cells were plated at an appropriate density into 

the wells (Table 2-6). Conversely, for KD studies, 300 µL of the viral supernatant was 

directly added to 700 µL of culture plated at a suitable density depending on the cell 

line and respective doubling time. For both protocols, 24 hours after the infection was 

performed, cells were harvested, washed, resuspended in 1 mL of fresh pre-warmed 

cell medium and plated in new 24-well plates.  

2.5.4 Selection of infected cells 

Puromycin (puro) resistance was used as a drug selectable marker. This 

allowed enrichment for infected cells by adding the aminonucleoside antibiotic puro to 

the cell medium. Cells that are not transduced die due to inhibition of protein synthesis, 

whereas the infected population should continue to proliferate. Uninfected cells should 

be used alongside as a killing control to inform when the selection is completed. 

Following infection of AML cells and wash (2.5.3), cells were resuspended in 1 mL 

growth media and 10 µL of puro was added (10 µg/mL). Cells were cultured in 24-well 

plates (1 mL/well) along with the killing control, and selection of infected cells happened 

approximately over a week (depending on doubling times). 

 Flow cytometry 

2.6.1 Assessment of cell proliferation 

Cultures were counted by flow cytometry using a viability discriminator dye 

(permeable to dead cells), such as DNA binding 7-Aminoactinomycin D or TO-PRO-3 

stains, allowing the appropriate gating of viable cells. Cell proliferation was measured 

by transferring 99 µL of cell culture into mini-flow tubes and adding 1 µL TO-PRO-3 (5 

nM). BD Accuri™ C6 Plus flow cytometer was used to acquire events within 10 µL of 

sample at a medium flow rate. Following data analysis (2.9), cell density was 

determined, and the cumulative fold expansion was plotted over time.   
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2.6.2 Estimation of CD34+ cells in human cord blood 

The percentage of CD34+ cells in human CB samples was determined by 

staining 100 µL of blood with 10 µL CD34-PE and 5 µL CD45-APC and incubating for 

30 minutes at 4°C. An additional sample was stained with IgG1-PE and CD45-APC as 

control. At the end of the incubation, 5mL 1X FACS Lysis buffer was added to each 

tube and incubated for 10 minutes at RT. To stop the lysis, 5 mL PBS was added, and 

the cells were centrifuged at 200 x g for 5 minutes. Finally, the cell pellet was 

resuspended in residual buffer and analysed by flow cytometry.  

2.6.3 Fluorescence activated cell sorting of live cells 

Following the infection of HSPC over two days (2.5.3), cells were harvested, 

counted, and prepared for fluorescence activated cell sorting (FACS). For the erythroid 

studies (Tonks et al. 2003), cultures were incubated at RT with 10 µL CD13-APC for 

30 minutes, after which 2 mL PBS containing 1% v/v BSA and IL-3 (5 ng/mL) was 

added to stop the staining reaction. Stained cells were centrifuged and resuspended 

in the same buffer at 2x106 cells/mL. Erythroid-committed cells are negative for CD13, 

a myeloid marker, and so transduced erythroid cells (DsRed+CD13–) were enriched by 

FACS using Aria II (BD Biosciences, Wokingham, UK). Sorted cells were subsequently 

used in colony assays (2.3.5), morphology assessment (2.3.6) or grown in bulk liquid 

culture for growth and differentiation assessment by flow cytometry (2.6.4). For myeloid 

studies, day 3 cultures were sorted for DsRed or GFP positivity for colony assays or 

morphology slides.  

HSPC co-expressing RUNX1-ETO and RUNX3 (Table 2-7) and respective 

controls were sorted for both GFP and DsRed positivity on day 3 of culture for colony 

assays and morphology assessment of myeloid cells. For erythroid studies, the same 

cultures were pre-stained with CD13-APC for 30 minutes at RT to enrich for erythroid-

committed cells by FACS. GFP+DsRed+CD13– cells were index sorted into 96-U plates 

containing 36Slow + EPO medium at a density of 1 cell/well and left to grow for one 

week at 37°C with 5% CO2. Colonies and clusters were counted and scored (2.3.5).  

2.6.4 Immunophenotyping and differentiation analysis 

The role of RUNX3 in human primary HSPC growth and differentiation was 

monitored over time, with cultures counted and immunophenotyped every two days. 



Chapter 2 – Materials and Methods 

77 

To study the effects of increased and reduced RUNX3 expression on erythroid 

differentiation, cultures were enriched for erythroid-committed cells on day 3 (2.6.3) 

and maintained in erythroid growth medium (36Slow). On day 10, cultures were 

supplemented with EPO (36Slow + EPO) and grown for a further twelve days. 

Transduced cultures were analysed by flow cytometry using BD FACSCanto™ (BD 

Biosciences, Wokingham, UK) at different time points using a panel of cell surface 

markers (Table 2-8) as previously described (Tonks et al. 2003). CD13-APC in 

combination with CD36-biotin was used for lineage discrimination, and streptavidin 

PerCP-Cy™5.5 was used for second-step labelling. In addition, cells were incubated 

with one of the following Pacific Blue (PB)-labelled differentiation markers: glycophorin 

A (GlyA) and CD34. To measure the expression of the different cell surface markers, 

0.5-1x105 cells were washed and resuspended in cold staining buffer (1X PBS 

containing 0.5% v/v BSA and 0.02% v/v sodium azide), with volumes depending on 

the number of markers to be analysed. Antibodies were added to the sides of separate 

wells in a 96-well plate (Table 2-2), followed by the addition of 15 µL cell suspension 

to each well. The plate was then briefly centrifuged, cells resuspended and left at 4°C 

for 30 minutes. At the end of the incubation, 150 µL of staining buffer was added to 

each well and the contents were transferred to the corresponding mini flow tube. 

Samples were centrifuged at 200 x g for 5 minutes and the supernatant discarded. 

Samples previously stained with CD36-biotin were incubated with PerCP-Cy™5.5 

Streptavidin for another 30 minutes, and the previous steps were repeated after 

incubation. Cells were resuspended in 100 µL of staining buffer and analysed by flow 

cytometry. Reactions were controlled with the appropriate isotype-matched irrelevant 

antibody. Reagent concentrations were as recommended by the manufacturer. 

Morphology was assessed on day 20 of culture as previously described (Tonks et al. 

2003) (2.3.6). 

The effects of RUNX3 overexpression and KD on myeloid development were 

assessed over 3 to 17 days. On day 3, cultures were resuspended in 3SlowG/GM. 

Immunophenotyping was performed as described above using the same lineage 

discriminator cell surface markers. However, myeloid differentiation was assessed with 

the following panel of PB-labelled cell markers: CD11b, CD14, CD15 and CD34 (Table 

2-8). Morphology was assessed on day 17 of culture (2.3.6). In terms of double 

infection studies (RUNX3 and RUNX1-ETO), a similar approach was taken.  
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Table 2-8 – Cell surface markers used in the multiparameter analysis of the development of 

human myeloid subpopulations grown in vitro culture. 

 

 

 

 

 

 

 

2.6.5 Migration assay 

The Transwell® cell migration assay measures the capacity of cell motility 

towards a chemoattractant gradient (e.g. stromal cell-derived factor 1, SDF-1) (Justus 

et al. 2014). Initially, the transwell 24-well plate was pre-incubated with serum free 

growth medium or chemotaxis medium (IMDM containing 1% v/v BSA) by adding 600 

µL medium to each lower chamber and 100 µL to the top of the filter membrane or 

transwell insert. In addition, serial dilutions of SDF-1 were prepared in chemotaxis 

medium at final concentrations of 0.36, 1.2, 3.6, and 12 µg/mL. Transduced HSPC 

(day 6) were counted and 1x105 cells were washed and resuspended in 590 µL 

(1.7x105 cells/mL) of chemotaxis medium. The medium in each transwell insert was 

then replaced by 100 µL of cell suspension and 5 µL of SDF-1 at final concentrations 

of 3, 10, 30 and 100 ng/mL was added to the lower chambers. Cells were incubated at 

37°C and 5% CO2 for 4 hours, after which the number of migrated cells was counted 

by flow cytometry. A negative control to account for spontaneous migration was 

included by replacing the addition of SDF-1 for chemotaxis medium. To measure cell 

migration, 50 µL of cell suspension was harvested from each transwell insert and 

transferred to mini-flow tubes. The contents of each lower chamber were collected, 

centrifuged, resuspended in residual medium (approximately 100 µL), and transferred 

to mini-flow tubes. 7-Aminoactinomycin D was added to each tube at a final 

concentration of 1 µg/mL and samples were acquired on analysed on BD Accuri™ C6 

Plus. The percentage of cell migration was calculated based on the number of cells 

 Erythroid Monocytic/Granulocytic 

Lineage 
discriminators 

CD13 

CD36 

Developmental 
markers 

CD34 
CD11b 

CD14 

GlyA 
CD15 

CD34 



Chapter 2 – Materials and Methods 

79 

present in the lower chamber in relation to the total number of cells measured in both 

compartments. For unsorted cultures, the previous calculations need to account for the 

percentage of DsRed+ cells in culture.  

 Western blotting 

2.7.1 Generation of protein extracts from whole cells 

Total cell proteins were extracted from 1x106 cells that were washed with 10 mL 

of cold tris-buffered saline (TBS, prepared with 2.5 M Tris HCl, 5 M NaCl, and distilled 

water), followed by snap freezing of the cell pellet in liquid nitrogen to break the cell 

membrane and release the protein contents. The cell pellet was then thawed in the 

presence of 1 µL DNase (1 mg/mL), and 50 µL of homogenisation buffer (0.25 M 

sucrose, 10 mM HEPES, 1 mM magnesium acetate, 0.5 mM EDTA, 0.5 mM EGTA, 10 

mM β-ME, 200 mM sodium orthovanadate, protease inhibitor cocktail, 1% v/v Triton-

X100) was added to the sample and incubated for 30 minutes on ice with occasional 

vortexing to promote solubilisation. When the incubation elapsed, the total extract was 

transferred to an Eppendorf tube and centrifuged at 10,000 x g for 5 minutes at 4°C. 

The supernatant was collected to a fresh chilled tube and the volume was recorded for 

protein quantification (2.7.3).  

2.7.2 Generation of fractionated cytosolic and nuclear extracts 

Cytosolic and nuclear proteins were extracted from cells using the Biovision 

Nuclear/Cytosol fractionation Kit following manufacturer’s instructions. Briefly, 5x106 

HSPC or 2-3x106 AML cells were pelleted and washed with 20 mL of cold TBS, 

followed by sequential incubations with extraction buffers on ice. After the last 

incubation, cells were vortexed on the highest setting and centrifuged at 10,000 x g for 

8 minutes at 4°C. The cytosolic fraction present in the supernatant was transferred to 

a fresh pre-chilled tube and the pellet was washed with 500 µL of PBS with 5 mM 

MgCl2. Following centrifugation for 3 minutes, the supernatant was discarded, and the 

pellet was snap frozen with liquid nitrogen. The cytosolic fractions and nuclear pellets 

were stored at – 80°C until further use. Subsequently, nuclear pellets were quickly 

thawed and re-frozen in the vapour phase of liquid nitrogen for 1 minute. Pellets were 

once again thawed and 2 additional series of freeze thaws were performed, allowing 



Chapter 2 – Materials and Methods 

80 

the rupture of the nuclear membrane. Benzonase was further added to the nuclear 

pellets (2 µL/1x106 cells) followed by a 30-minute incubation on ice and occasionally 

mixing. Following incubation, 100 or 50 µL of TEAB was added per 1x106 HSPC or 

AML cells, respectively, and the samples were left on ice for another 30 minutes with 

constant vortexing. Cell lysates were centrifuged at 10,000 x g for 10 minutes at 4°C 

and the nuclear fraction in the supernatant was collected to a fresh tube. Quantification 

of cytosolic and nuclear proteins was performed using the Bradford assay (2.7.3).    

2.7.3 Protein quantitation using Bradford assay 

Total protein extracts were initially diluted 1:50 in distilled water, whereas 

cytosolic and nuclear extracts were diluted 1:100 in water. For each diluted sample, 10 

µL were transferred in duplicate to individual wells in a 96-well plate. Protein standards 

of increasing concentrations of BSA (0, 10, 40, 70 and 100 µg/mL) were also prepared 

in water and added to separate well in duplicate. Bradford’s reagent at RT was next 

diluted 1:1 in distilled water and 190 µL of this solution was added to each well 

containing either samples or standards. Following a 5-minute incubation in the dark at 

RT, absorbance was measured at 595 nm using Hidex Chameleon Microplate Reader 

(LabLogic ScienceTec, Courtaboeuf, France). Protein concentration was determined 

using the following equation: 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (𝜇𝑔 𝑚𝐿⁄ )  =  
𝐴𝑏𝑠595 − 𝑏

𝑚
 

Where, 

Abs595 = Absorbance of the sample at 595 nm 

b = Y-axis intersection 

m = Slope of the linear regression  

Equation 2-1 – Linear regression equation used to calculate the protein concentration in a 

sample. 

2.7.4 Protein electrophoresis and electroblotting 

Western blotting was performed as previously described (Hole et al. 2010) using 

the NuPAGE® electrophoresis system (Fisher Scientific, Loughborough, UK). Briefly, 

protein samples were thawed on ice and prepared for SDS-PAGE electrophoresis by 

adding the appropriate volumes of LDS, reducing agent and water according to protein 

concentration and sample volume. Prepared samples were vortexed and placed for 10 
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minutes in a water bath at 70°C to denature the proteins. NuPAGE™ 4 to 12%, Bis-

Tris, 1.0 mm, Mini Protein Gel were rinsed with water and the wells were washed with 

1X NuPAGE MOPS SDS Running Buffer before being placed in the XCell SureLock™ 

Mini-Cell Electrophoresis System. The inner chamber of the tank was filled with 200 

mL of running buffer containing 500 µL of NuPAGE antioxidant, and the reduced 

samples were added onto the wells. A MagicMark XP Western Standard protein ladder 

was used to determine protein molecular weight. The outer chamber was then filled 

with 600 µL of running buffer and electrophoresis was performed at 200 V for 50 

minutes. During electrophoresis, 1X NuPAGE Transfer Buffer with 1 mL of NuPAGE 

antioxidant and 10% v/v methanol (20% v/v if transferring 2 gels) was prepared and 

used to pre-soak blotting pads, membrane, and filter paper.  

Following electrophoresis, the gel was removed from the tank and placed in 

between a pre-soaked 0.45 µm nitrocellulose membrane and filter paper (Fisher 

Scientific, Loughborough, UK). An additional filter paper was placed on top of the 

membrane making sure that bubbles were removed, before placing the previous 

assembly in between layers of pre-soaked blotting pads and into an XCell II™ Blot 

Module. The module was filled with the remaining transfer buffer and the outside of the 

tank with 600 µL of distilled water. Electroblotting was performed at 30 V for 1 hour.  

2.7.5 Chemiluminescence detection of proteins 

Detection of protein expression was determined using Amersham ECL Advance 

Western Blotting Detection Kit according to the manufacturer’s instructions. The 

membrane was initially washed and stained with Ponceau S for 30 seconds to assess 

transfer efficiency across lanes. A 2.5% w/v skimmed milk powder blocking solution 

was prepared in TBS-TWEEN® 20 and 10 mL were used to block the membrane for 

45 minutes on a shaker at RT. Following a 15-minute wash and three 5-minute washes 

with TBS-T, the membrane was incubated in 10 mL of blocking solution with the chosen 

primary antibody (Table 2-2) overnight in a shaker at 4°C. The following day, the 

membrane was washed as before and incubated with a HRP conjugated anti-mouse 

or anti-rabbit secondary antibody prepared in 10 mL of 1% w/v milk powder for 1 hour 

in a shaker at RT. The membrane was washed once again before the next step.  

Chemiluminescence detection of proteins was achieved by combining reagent 

A and B at 1:1 ratio and evenly applying the substrate solution to the membrane 
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surface. The reaction was developed over 5 minutes at RT and protected from light. 

LAS-3000 Imaging System (Fujifilm, Bedford, UK) was used to capture digital images 

of the chemiluminescence reaction and detect proteins over 30-second to 30-minute 

exposure time. Equal protein loading was further assessed using GAPDH or Histone 

1 antibodies for total/cytosolic or nuclear protein extracts (Table 2-2). Densitometry 

was performed using ImageJ v1.8 software (https://imagej.nih.gov/ij/) by plotting a 

histogram of peak intensity for each band. The peak area was used as an arbitrary 

intensity value to estimate the fold changes in protein expression.  

 Transcriptome analysis 

2.8.1 Total RNA extraction 

Total RNA was extracted from cells using the RNeasy® Plus Mini Kit, following 

manufacturer’s instructions. Briefly, approximately 0.5-1x105 HSPC were pelleted and 

resuspended in 350 µL RLT Plus containing β-ME (10 µL/mL) for cell lysis. A 

QIAshredder spin column (QIAGEN, Manchester, UK) was used to further homogenise 

the cell lysate by pipetting the sample directly into the column and centrifuging at 

10,000 x g for 2 minutes. DNA removal was achieved by transferring the homogenised 

lysate to a gDNA Eliminator spin column and centrifuging it at 8,000 x g for 30 seconds. 

One volume (approximately 350 µL) of 70% v/v ethanol was further added to the flow-

through recovered in the previous step, followed by mixing and transferring the sample 

into a RNeasy spin column. Following centrifugation at 8,000 x g for 15 seconds, the 

flow-through was discarded and 700 µL of Buffer RW1 was added to the RNeasy spin 

column. Centrifugation was repeated with the same conditions as before and the flow-

through was discarded. Next, 500 µL Buffer RPE containing ethanol was added to the 

RNeasy spin column, followed by centrifugation as before and removal of the flow-

through. The previous step was repeated, centrifuging the column for 2 minutes to 

ensure no ethanol carryover. An optional step was performed by centrifuging the empty 

spin column in a new collection tube at full speed for 1 minute. Lastly, 30 µL RNase-

free water was added directly to the centre of the spin column membrane and the 

column was centrifuged at 8,000 x g for 1 minute to elute the RNA. RNA concentration 

and purity were assessed using NanoDrop™ and the purified RNA was used in 

downstream applications (2.8.2, 2.8.3).     

https://imagej.nih.gov/ij/
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2.8.2 Quantitative reverse-transcription polymerase chain reaction 

A two-step quantitative reverse-transcription polymerase chain reaction (qRT-

PCR) and TaqMan® Expression Assays were chosen to quantify the expression of 

target genes. The first step started with the reverse transcription of total RNA extracted 

from primary human cells (2.8.1) into cDNA using the High Capacity cDNA Reverse 

Transcription Kit (Fisher Scientific, Loughborough, UK) according to manufacturer’s 

instructions. The kit components were first allowed to thaw on ice, and a 2X reverse 

transcription mix was prepared by calculating the volumes of each component 

according to the number of reactions (20 µL reaction volume). To prepare the reverse 

transcription reactions, 10 µL of 2X reverse transcription master mix were added to 

each tube followed by the addition of 10 µL of RNA sample and mixing. A control 

reaction was established by adding the reverse transcription mix to 10 µL of water 

(blank). An additional control was prepared by substituting the MultiScribe™ reverse 

transcriptase in the mix with water and adding it to a sample (reverse transcription 

minus). The tubes were briefly centrifuged to spin down the contents and remove air 

bubbles and finally placed in the PCR System 9700 thermal cycler (Fisher Scientific, 

Loughborough, UK). The optimised conditions to use with this kit consisted of four 

steps: 25°C for 10 minutes; 37°C for 120 minutes; 85°C for 5 minutes; and 4°C 

indefinitely. At the end of the thermal cycler run, samples were stored at – 20°C until 

further use. 

RUNX3 mRNA expression was determined using TaqMan® Fast Advanced 

Master Mix and gene expression assay (Hs00231709_m1, Fisher Scientific UK Ltd, 

Loughborough, UK). GAPDH was used as reference gene (Hs02786624_g1). Before 

starting, the number of reactions was determined and included a gene expression 

assay for each cDNA sample in triplicate and a no-template control for each assay. 

After thawing on ice, the kit components were mixed using the calculated volumes and 

briefly centrifuged to bring down the contents and remove any air bubbles in the tube. 

To prepare the PCR reaction plate, 18 µL of PCR reaction mix were added to separate 

wells in a 96-well plate, followed by the addition of 2 µL of cDNA template (or nuclease-

free water for the no-template control) to each well. The reaction plate was then sealed 

with optical adhesive film and briefly centrifuged. Gene expression was assessed using 

QuantStudio™ 5 real-time PCR system (Fisher Scientific UK Ltd, Loughborough, UK) 

and the optimal conditions used with this kit were as follow: uracil N-glycosylase 
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incubation step at 50°C for 2 minutes; polymerase activation at 95°C for 2 minutes; 

denaturation PCR step at 95°C for 1 second; and annealing/extending PCR step at 

60°C for 1 second. The number of cycles was set as 40 and the fast run mode was 

selected according to manufacturer’s instructions.  

2.8.3 RNA-sequencing 

RNA-sequencing platform performed by NGS specialist Novogene Co. 

(Cambridge, UK) was selected to identify early transcriptomic changes caused by 

overexpression of RUNX3 in human primary HSPC. Briefly, CD34+ HSPC cells were 

isolated, infected with a recombinant RUNX3 retrovirus co-expressing GFP, and sorted 

for GFP positivity on day 3 of culture (2.6.3). Although the previous overexpression 

studies were performed using a retroviral vector co-expressing RUNX3 and DsRed, 

GFP was chosen as selectable marker for these experiments due to its increased 

brightness. Five independent experiments were performed for this study (control vs 

RUNX3), given the variability associated with human CB from different donors. After 

confirming the sort for GFP enrichment by flow cytometry, cells were resuspended in 

Buffer RLT and total RNA was extracted (2.8.1) (Figure 5-1).  

To guarantee the reliability of the sequencing data, a quality control (QC) 

assessment of every step was performed. A total of 10 RNA samples were shipped to 

Novogene, for library preparation, addition of adaptors, and sequencing (Figure 2-2A). 

Total RNA sample QC was performed using NanoDrop™ to assess RNA purity, 

agarose gel electrophoresis to assess RNA degradation and potential contamination, 

and Agilent 2100 to check RNA integrity. Agilent 2100 BioAnalyzer measures RNA 

concentration and integrity by capillary electrophoresis (Panaro et al. 2000). An RNA 

integrity number (RIN) ≥ 6.8 was required by Novogene for library preparation and 

sequencing.  
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Figure 2-2 – Sample preparation prior to Illumina RNA sequencing. 

(A) Workflow detailing the general steps to prepare a cDNA library ready to be sequenced from total 

RNA samples. Workflow adapted from Novogene Co. (B) Representation of cDNA library preparation 

preceding sequencing of samples. Figure adapted from Novogene Co. 

A 
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Following QC of RNA samples, mRNA was enriched using oligo(dT) beads, 

fragmented randomly in buffer, and the first strand of cDNA was synthetised using 

random hexamers and reverse transcriptase. A custom second-strand buffer from 

Illumina was next added with dNTPs, RNase H and E. coli polymerase I to synthesise 

the second strand by nick-translation. The next steps included purification, terminal 

repair, A-tailing, addition of sequencing adapters, size selection and PCR enrichment, 

generating a cDNA library ready for sequencing (Figure 2-2B). An additional QC 

procedure was performed by determining library concentration using Qubit 2.0 

fluorometer, and insert size using Agilent 2100 and qRT-PCR.  

Illumina NovaSeq 6000 was used to sequence the cDNA library with a read 

length of 150bp paired-end, 20 million (M) reads per sample and a sequencing quality 

score for a given base (Q) ≥ 80%. This last parameter can be calculated using the 

following equation: Q = -10log10E, where E represents the base calling error rate. Raw 

data was analysed by Novogene bioinformatics team according to the workflow shown 

in Figure 2-3 and an analysis report was provided. Raw sequencing data from Illumina 

was initially transformed to sequence reads by base calling, producing FASTQ files 

that contained sequence information (reads) and the corresponding sequencing quality 

information. QC assessment of raw reads was firstly performed by determining the 

error rate for each base (using Q score) and it is influenced by the sequencer, samples, 

and reagent availability. GC content distribution was also assessed to identify potential 

AT/GC separation that ultimately affects gene expression quantification. Raw reads 

were then filtered to discard the reads with low quality, adapter contamination or 

uncertain nucleotides, and only clean reads were used for downstream analysis. The 

next step was performed using HISAT2 algorithm to map the reads to the human 

reference genome (hg19).  

Quantification of gene expression was determined by transcript abundance and 

estimated by counting the reads that align to genes or exons. Fragments Per Kilobase 

of transcript per Million mapped reads (FPKM) was used as normalised estimation 

method of gene expression as it considers the effects of sequencing depth and gene 

length, essential for comparisons between different genes and samples. HTSeq 

package was used to determine gene expression levels using the union mode. 

Moreover, an FPKM value of 1 was set as the threshold for determining whether the 

gene was expressed or not. 
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Figure 2-3 – Analysis workflow for RNA-sequencing data of transcriptional changes associated 

with high expression of RUNX3 in HSPC. 

Bioinformatic analysis workflow of control and RUNX3 RNA-seq data from raw reads to elucidation of 

RUNX3-mediated transcriptional changes in human HSPC.  
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To identify transcriptomic changes induced by RUNX3 overexpression in HSPC, 

differential expression (DE) analysis was performed in three steps: normalisation of 

read counts using DESeq2, p-value estimation following a negative binomial 

distribution model, and false discovery rate (FDR) estimation based on Benjamini-

Hochberg method. An initial cut-off for DE gene screening was set as p<0.05. Volcano 

plots were used to visualise the DE genes that were up- or downregulated by RUNX3. 

Enrichment analysis of DE genes is essential to identify dysregulated biological 

functions of pathways associated with the dataset. KEGG (Kyoto Encyclopaedia of 

Genes and Genomes) enrichment analysis was part of the bioinformatic analysis 

performed by Novogene. 

 Data and statistical analysis 

Data obtained by flow cytometry were analysed using FCS Express v6 (De 

Novo Software, Pasadena, CA, USA). The threshold for GFP/DsRed positivity was 

defined using identically treated mock transduced cultures. Approximately 20,000 

events were recorded for each sample at a medium flow rate. Debris was excluded 

from all analyses based on a viability dye and/or light scatter. Gene expression data 

was analysed using QuantStudio™ Design and Analysis software v1.5.1 (Fisher 

Scientific, Loughborough, UK) and the Comparative CT (ΔΔCT) method. Control 

samples were used as reference and GAPDH as endogenous control.  

For statistical analysis purposes, three or more independent experiments or 

biological replicates (n) were used during this study. Statistical analysis was performed 

using a paired sample t-test, or one-way ANOVA with Tukey’s post hoc test for multiple 

comparisons. Significance of difference was considered for p<0.05. Minitab 18 

software (Minitab LLC, State College, Pennsylvania, USA) was used for all statistical 

analyses. 

2.9.1 Publicly available databases and datasets 

mRNA expression data for RUNX3 and additional genes of interest in different 

haematopoietic cells and AML subtypes was obtained from BloodSpot database 

(www.bloodspot.eu). This database allows quick access to transcriptomic data using 

different haematopoietic cell types and leukaemic blasts (Bagger et al. 2019). RUNX3 

expression data from AML patients was obtained from the TCGA AML dataset (Cancer 

http://www.bloodspot.eu/
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Genome Atlas Research et al. 2013) and analysed using cBioPortal 

(www.cbioportal.org). This platform provides interactive exploration of several cancer 

genomic datasets, including TCGA AML, allowing quick access to clinical attributes 

and molecular profiles from these studies (Cerami et al. 2012). 

Additional databases used in this study include the NCBI Gene database 

(www.ncbi.nlm.nih.gov/gene) to obtain information on RUNX3 transcript variants, 

isoforms, CDS, among others. The Human Protein Atlas (/www.proteinatlas.org) to find 

information regarding tissue expression and cell type specificity, splice variants, protein 

function, among others. Cancer Cell Line Encyclopaedia (www.broadinstitute.org/ccle) 

was used to obtain information on RUNX3 mRNA expression in different AML cells 

lines. GeneCards® Human Gene Database (/www.genecards.org) was used to 

investigate promoters and enhancers of different gene targets. Web-based tool 

Morpheus (www.software.broadinstitute.org/morpheus) was used to generate 

expression heat maps of relevant genes in control and RUNX3-expressing HSPC.  

The different transcriptomic datasets used during this study are summarised in 

Table 2-9. RNA-seq data from RUNX3 KD HSPC (#2 dataset) and erythroid 

progenitors (#3 dataset) (Balogh et al. 2020), as well as RUNX1-ETO HSPC (#4 

dataset) (Tonks et al. 2007) were used for a comparison analysis performed in IPA® 

with the data generated in this study (#1 dataset) (5.3.6).  

2.9.2 RNA-sequencing data analysis 

Assessment of RNA-seq data variability was performed using Partek® Flow® 

software (St. Louis, MO, USA). Following read quantification, Principal Component 

Analysis (PCA) and hierarchical clustering of RNA-seq data were achieved using the 

Partek® E/M algorithm. An independent DE analysis was performed using the 

sequencing data obtained from Novogene, and different software was used for this 

analysis, including MetaCore™ (Clarivate™ Analytics, Philadelphia, PA, USA) and 

Ingenuity® Pathway Analysis (IPA®, QIAGEN, Manchester, UK) (Figure 2-4). To reduce 

and filter the DE gene list for further analysis, a cut-off was established of fold changes 

≥ 1.5 and an adjusted p-value (padj) < 0.05. The ‘Interactome’ feature was used in 

MetaCore™ to identify proteins interacting with the proteins associated with the DE 

gene list. Interactions can be categorised by protein class or TFs only, among others. 

In addition, an enrichment analysis was performed according to Gene Ontology (GO) 

http://www.cbioportal.org/
http://www.ncbi.nlm.nih.gov/gene/
https://www.proteinatlas.org/
http://www.broadinstitute.org/ccle
https://www.genecards.org/
http://www.software.broadinstitute.org/morpheus
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processes and molecular functions. In IPA®, a ‘Core Analysis’ was performed using 

the same DE gene list and settings. This analysis includes different algorithms, such 

as ‘Canonical Pathways’, ‘Upstream Analysis’, ‘Diseases and Functions’ and 

‘Networks’, among others. To compare two or more datasets, a ‘Comparison Analysis’ 

was performed using the same algorithms. In addition, the BioProfiler tool was used to 

further investigate important haematopoietic genes dysregulated by RUNX3, and the 

Molecular Activity Predictor algorithm was used to predict interactions according to the 

Ingenuity Knowledge Base.  

 

Table 2-9 – Summary of transcriptomic datasets used in this study.  

HSPC – Haematopoietic stem and progenitor cells; KD – Knockdown. RUNX3 mRNA expression data 

from microarray studies obtained using 204197_s_at.  

 

 

 

Cell model Cell type Observations Accession number 

Normal mRNA expression during haematopoiesis 

Human 

Haematopoietic 
cells 

Cells analysed at 
different stages of 

haematopoietic 
development 

GSE24759 

Mouse GSE60101 

Human 

GSE17054  
GSE19599  
GSE11864 

E-MEXP-1242 

Human GSE42519 

Human BLUEPRINT 

mRNA expression in AML 

Human 
AML patient 

samples 

2096 samples MILE study 

200 samples TCGA 

Human HSPC studies for comparison analysis – Chapter 5 

Human 

HSPC 
RUNX3 KD GSE119264 Erythroid 

progenitors 

HSPC RUNX1-ETO E-MEXP-583 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE24759
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE60101
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE17054
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19599
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11864
https://www.ebi.ac.uk/arrayexpress/experiments/E-MEXP-1242/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE42519
https://www.blueprint-epigenome.eu/
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE13159
https://www.cancer.gov/about-nci/organization/ccg/research/structural-genomics/tcga
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE119264
https://www.ebi.ac.uk/arrayexpress/experiments/E-MEXP-583/
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Figure 2-4 – Strategy employed for DE gene analysis to study the effects of RUNX3 overexpression 

in human HSPC. 

Diagram illustrating the strategy employed in the study of RUNX3 overexpression effects on HSPC for 

DE gene analysis. Results were filtered using Fold Change > 1.5 and padj < 0.05 as cut-off values. 

Enrichment analysis was performed using MetaCore™, IPA® and KEGG databases. Downstream targets 

of RUNX3 were obtained using both MetaCore™ and IPA® knowledge databases. Upstream regulator 

analysis was performed using aa causal analytic algorithm available by IPA®.  
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3 RUNX3 Supresses Normal Erythroid Development 

of Human CD34+ HSPC 

 Introduction 

Several intracellular signalling proteins and TFs play an important role on the 

establishment of haematopoietic lineages by regulating not only the survival and 

proliferation of HSPC, but also cell fate decisions and differentiation (Zhu and Emerson 

2002) (1.1). Disruption of these processes can lead to changes in haematopoietic 

differentiation and the subsequent development of haematopoietic malignancies. 

Chromosomal translocations involving TFs are a hallmark of AML with the t(8;21) 

encoding RUNX1-ETO, representing around 12% of all AML cases (1.2.4) (Peterson 

and Zhang 2004; Ptasinska et al. 2012). Despite being associated with a more 

favourable clinical outcome, the role of RUNX1-ETO in the pathogenesis of AML is 

poorly understood. This fusion protein has primarily been recognised as a dominant-

negative regulator of RUNX1, nonetheless some studies suggest that RUNX1-ETO 

has other properties that may be important in its ability to promote leukemogenesis 

(Lam and Zhang 2012; Lin et al. 2017) (1.2.4.1).  

Previous studies have shown that expression of RUNX1-ETO is capable of 

suppressing both human erythroid and myeloid differentiation whilst promoting the 

self-renewal of progenitor cells (Tonks et al. 2003; Tonks et al. 2004). In addition, 

RUNX1-ETO expression as a single abnormality caused a severe dysregulation of 

human HSPC transcriptome (Tonks et al. 2007). Interestingly, expression of RUNX1-

ETO in HSPC leads to the repression of RUNX3 mRNA, a member of the RUNX family 

of TFs (4.3.5). On the other hand, increased RUNX3 expression has been associated 

with poorer survival rates in AML patients with the FLT3 mutation (Lacayo et al. 2004). 

In recent studies, RUNX3 mRNA expression levels were associated with 

clinicopathological features, with mortality being more frequent among patients with a 

higher RUNX3 expression level (Krygier et al. 2018; Sun et al. 2019). However, the 

role of RUNX3 in haematopoietic development is not well understood, with most 

studies using non-human models. One study demonstrated that aged RUNX3 KO 

mice exhibited enhanced myeloproliferation and an expanded HSPC compartment, 
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suggesting that RUNX3 per se has an important role in haematopoiesis (Wang et al. 

2013). Previous studies in murine models demonstrated that RUNX3 can rescue a 

haematopoietic defect due to RUNX1 deficiency, implying redundancy among RUNX 

proteins in murine haematopoiesis (Goyama et al. 2004; Fukushima-Nakase et al. 

2005). 

Considering that RUNX3 was shown to be dysregulated by RUNX1-ETO 

expression in HSPC, and that RUNX1-ETO leads to abnormal erythroid development 

of these cells, this Chapter seeks to establish the role of RUNX3 expression on normal 

human erythropoiesis. Further studies will investigate the effects of RUNX3 expression 

on the myeloid development (Chapter 4). 

 Aims and objectives 

This study hypothesises that changes in the expression of RUNX3 will affect 

the development of normal human primary erythroid cells. The main aim of this 

Chapter is to understand the normal expression of RUNX3 and its role on erythroid 

development using a normal human primary HSPC model. To achieve this aim, this 

Chapter has the following objectives: 

• Determine the expression level of RUNX3 during normal erythroid 

development.  

Analysis of publicly available transcriptomic datasets will be performed to 

determine RUNX3 mRNA expression levels in both mouse and human CD34+ 

HSPC subsets.  

• Determine the effect of RUNX3 overexpression/knockdown on human 

erythroid colony forming ability and self-renewal.  

Limiting-dilution colony forming assays will be performed using control and 

RUNX3-expressing human HSPC previously enriched for erythroid progenitors. 

This will be followed by serial replating to assess the self-renewal potential of 

cells. 
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• Determine the effect of RUNX3 overexpression/knockdown on the growth 

and differentiation of erythroid cells.  

Transduced human HSPC will be grown in bulk liquid culture and changes in 

their erythroid growth and differentiation will be assessed by analysis of lineage 

and developmental cell surface markers coupled with multicolour flow 

cytometry.  

 Results  

3.3.1 Expression of RUNX3 declines during human terminal erythroid 

development  

To elucidate the impact of RUNX3 expression on human erythroid 

differentiation it was necessary to understand the normal expression level of RUNX3 

during this process. Analysis of publicly available transcriptomic datasets using human 

CB purified cells and different haematopoietic cell subsets (Novershtern et al. 2011) 

shows that RUNX3 mRNA expression significantly decrease during erythropoiesis. In 

particular, this reduction occurs as cells mature from pro-erythroblasts towards 

reticulocytes (Figure 3-1A). RNA-seq data from multiple murine haematopoietic cell 

types (Lara-Astiaso et al. 2014) show a similar reduction in RUNX3 levels with 

differentiation, especially in the erythroid lineage (Figure 3-1B). Further, microarray 

data was analysed for RUNX3 mRNA expression in normal human CD34+ HSPC 

cultured towards different lineages (Tonks et al. 2007). As shown in Figure 3-1C, an 

expected decrease in RUNX3 mRNA expression was observed for erythroid-

committed cells in comparison with HSPC. 

Taken together, these data suggest that RUNX3 is expressed at the mRNA 

level in HSPC and its expression is gradually reduced as cells differentiate into mature 

human erythrocytes. 



Chapter 3 – RUNX3 Supresses Erythroid Development 

95 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 3-1 – mRNA expression levels of RUNX3 in normal haematopoiesis.  

(A) Expression of stage-specific cell surface markers during erythroid development. (B) RUNX3 mRNA 

expression in distinct haematopoietic cell subsets based on cell surface marker expression. HSC – 

Haematopoietic stem cell CD133+CD34dim; HPC – Haematopoietic progenitor cell CD38–CD34+; CMP 

– Common myeloid progenitor; MEP – Megakaryocyte/erythroid progenitor; Ery 1 –Erythroid 

CD34+CD71+GlyA–; Ery 2 – Erythroid CD34–CD71+GlyA–; Ery 3 – Erythroid CD34–CD71+GlyA+; Ery 4 

– Erythroid CD34–CD71lowGlyA+; Ery 5 – Erythroid CD34–CD71–GlyA+. Data obtained from GSE24759 

using 204197_s_at probeset (Novershtern et al. 2011). Data indicate mean ± 1SD (n≥4). (C) RUNX3 

mRNA expression across different murine haematopoietic cell types. GMP – Granulocyte-monocyte 

progenitor; Macro – Bone marrow macrophages; Gran – Granulocytes; Mono – Monocytes; Ery A – 

Erythrocytes B220–CD3–Ter119+CD71+; Ery B – Erythrocytes B220–CD3–Ter119+CD71–. Data obtained 

from GSE60101 (Lara-Astiaso et al. 2014). Data indicate mean ± 1SD (n≥2). Data from both sets 

indicate mean ± 1SD of at least four independent experiments. Statistical analysis was performed using 

ANOVA with Tukey’s multiple comparison test, *p<0.05; **p<0.01 vs HSC. (D) RUNX3 mRNA 

expression in human CB derived CD34+ HSPC, monocytic, granulocytic and erythrocytic-enriched 

populations. Data obtained from e-mexp-583 using 204197_s_at probeset (Tonks et al. 2007). HSPC 

– Haematopoietic stem and progenitor cells (CD34+); Mono – Monocyte-committed cells (CD34–

CD13+CD36+); Gran – Granulocyte-committed cells (CD34–CD13+CD36–); Ery – Erythroid-committed 

cells (CD34–CD13–CD36+).  
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3.3.2 Overexpression of RUNX3 supresses human erythroid development 

As RUNX3 expression naturally decreases with erythroid maturation, this study 

first sought to investigate the effect of RUNX3 overexpression on erythroid growth, 

development, and self-renewal. To achieve this, RUNX3 was ectopically expressed as 

a single abnormality (co-expressing DsRed as a selectable marker) in an in vitro model 

of human haematopoiesis. To study erythropoiesis in detail, two different phases of 

erythroid growth, controlled by the absence/presence of EPO in the culture media, 

were examined. 

3.3.2.1 Generation of RUNX3 overexpressing HSPC 

Validation of subcloning RUNX3 cDNA into a retroviral plasmid 

A retroviral vector based on PINCO backbone (Grignani et al. 1998) harbouring 

RUNX3 and co-expressing DsRed as a selectable marker was kindly provided by Dr 

Tonks (Cardiff University). The RUNX3 transcript variant associated with this vector 

encodes the p46 isoform transcribed from the P1 promoter (1.3.1, 2.2.1). Since this 

vector had not been used or validated previously, it was necessary to confirm the 

successful subcloning of RUNX3 into the PINCO plasmid (2.2.6). PINCO-RUNX3 

plasmid cDNA was sequenced using primers flanking the BamHI and EcoRI cloning 

site (Figure 3-2). Using Clustal Omega, a 100% sequence alignment was observed 

using primers 1 (reverse) and 2 (forward) with the published CDS of RUNX3 

(NM_001031680.2). These data demonstrated that the RUNX3 sequence was 

subcloned into the vector correctly with no mutations, and therefore could be used for 

subsequent studies. 

RUNX3 and DsRed protein expression is observed in Phoenix cells transfected with 

plasmid cDNA 

Having generated and validated the cDNA sequence of control (expressing 

DsRed alone) and RUNX3 expressing retroviral plasmids, Nx packaging cells were 

transiently transfected with cDNA to generate retrovirus (2.5). As shown in Figure 

3-3A, over 90% of control and RUNX3 transfected Nx cells expressed DsRed. To 

determine the ectopic expression of RUNX3 protein in these cells, a western blot was 

performed.  

https://www.ncbi.nlm.nih.gov/nuccore/NM_001031680.2
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Figure 3-2 – Plasmid cDNA sequencing confirms subcloning of RUNX3 into PINCO. 

(A) Example partial DNA sequencing trace chromatogram of RUNX3 DsRed plasmid (C – Cytosine, 

blue; A – Adenine, green; T – Thymine, red; G – Guanine, black). The green bar below chromatogram 

represents high confidence scores. (B) Sequence alignment between primers 1 and 2, the theorised 

sequence of PINCO-RUNX3 plasmid and the published coding sequence of RUNX3 

(NM_001031680.2). Stars show perfect alignment between all sequences, and numbers represent 

nucleotide positions. 
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Figure 3-3 – Control and RUNX3 plasmids are successfully transfected into Nx cells.  

(A) Example flow cytometric histogram showing the percentage of Nx cells transfected with control or 

PINCO-RUNX3 expressing DsRed vectors. Untransfected Nx cells – grey; Transfected Nx cells – Red. 

Representative data. (B) Representative western blot of RUNX3 protein in control and RUNX3 

expressing Nx cells. GAPDH was used as a loading control. 
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Figure 3-3B shows RUNX3 protein expressed in Nx cells transfected with PINCO-

RUNX3 whilst absent in control cultures. A double band was observed for RUNX3 

protein which could be explained by post-translational modifications such as 

phosphorylation (1.3.2.1). These data demonstrate that in the context Nx cells, 

transfection of these vectors is functional in terms of DsRed and RUNX3 expression. 

Expression of control DsRed and RUNX3 in human HSPC cells 

In order to determine the effects of RUNX3 expression on human erythroid 

development, normal human CB derived CD34+ HSPC were infected with a 

recombinant retrovirus derived from the vectors described above. Following infection, 

cultures were enriched for DsRed+CD13– cells (on day 3 of culture) by FACS in order 

to aid the analysis of the retrovirally transduced erythroid population (CD13–CD36+) 

(Figure 3-4A). Pre- and post-FACS analysis showed an enrichment of DsRed+ cells to 

more than 90% (Figure 3-4B). Infection efficiencies for both control and RUNX3 

retrovirus in HSPC cells are summarised in Figure 3-5A.  

Induced expression of RUNX3 in HSPC was validated by qRT-PCR and 

western blot on day 3 and 6 of culture, respectively. As shown in Figure 3-5B and C, 

RUNX3 was successfully overexpressed at the mRNA level by 16.8 ± 4.9-fold and at 

the protein levels by 4.4-fold in cells infected with RUNX3 vector compared with empty 

vector. Furthermore, the distribution of RUNX3 bands is similar to endogenous levels 

in control cells. This result also provides confirmation of RUNX3 nuclear localisation.  

3.3.2.2 RUNX3 expression inhibits erythroid colony formation and promotes 

self-renewal  

Having generated and validated the overexpression of RUNX3 in human 

HSPC, the effects on erythroid colony forming capacity and self-renewal were 

examined under clonal conditions. Primitive erythroid cells (predominantly 

DsRed+CD34+CD13–) were seeded by limiting dilution in 96-well plates and cultured 

in the presence of IL-3, SCF, IL-6 and EPO. Under these conditions, the colony 

forming efficiency of RUNX3-expressing cells was 1.7 ± 0.7-fold lower when compared 

with control (Figure 3-6A). Self-renewal potential was subsequently assessed by serial 

replating of colony forming cells. RUNX3-expressing cells were able to form 2.7 ± 0.6-

fold more erythroid colonies than the control (Figure 3-6B).  
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Figure 3-4 – Expression of control DsRed and RUNX3 in human HSPC cells.  

(A) Representative bi-variate density plots of CD13 expression vs DsRed in control and RUNX3 cultures 

(day 3) pre-sorting for CD13–DsRed+ erythroid population. (B) Representative bi-variate density plots 

of CD13 expression vs DsRed in control and RUNX3 cultures (day 3) post-sorting for CD13–DsRed+ 

erythroid-committed cells. An initial gating on viable cells was applied on all plots based on light scatter.  
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Figure 3-5 – RUNX3 is successfully expressed in human HSPC cells. 

(A) Summary data of percentages of DsRed+ cells in control and RUNX3 cultures. Data indicate mean 

± 1SD of eight independent experiments. (B) Relative RUNX3 mRNA levels in control and RUNX3 GFP+ 

cells on day 3 of culture. Total RNA extracts obtained from Chapter 5 RNA-seq studies. Data indicate 

mean ± 1SD of at least three independent experiments. GAPDH was used as endogenous control. 

Relative expression calculated using the Comparative CT (ΔΔCT) method (2.8.2). Significant difference 

of RUNX3-expressing cells from controls was analysed by two-sample t test, ***p<0.001. (C) Example 

western blot analysis of RUNX3 protein levels in the cytosol and nucleus of control and RUNX3 unsorted 

HSPC cells (day 6 of culture). Nx expressing RUNX3 were used as a positive control (total extract) and 

GAPDH/Histone 1 as loading controls. PC – Positive control; C – Cytosol; N – Nucleus. 

A 

In
fe

c
ti

o
n

 e
ff

ic
ie

n
c

y
 (

%
 D

s
R

e
d

)

C o n tr o l R U N X 3

0

2 0

4 0

6 0

8 0

B 

Control RUNX3
0

5

10

15

20

25

R
e
la

ti
v
e

R
U

N
X

3
 e

x
p

re
s
s
io

n

***

C 



Chapter 3 – RUNX3 Supresses Erythroid Development 

102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6 – RUNX3 expression inhibits erythroid colony formation and promotes self-renewal 

after an initial replating of colony forming cells. 

(A) Colony forming efficiency of control and RUNX3-expressing cultures following 7 days of growth in 

liquid culture containing IL-3, IL-6, SCF, and EPO (2.3.5). Data indicate mean ± 1SD of at least three 

independent experiments. (B) Self-renewal potential assessed by 2 replating rounds of control and 

RUNX3 cultures in the same conditions as previously. Replating #1 data indicate mean ± 1SD of three 

independent experiments. Significant difference of RUNX3-expressing cells from controls was analysed 

by paired t test, *p<0.05. Replating #2 data was obtained from a single experiment.  
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This difference was lessened in a subsequent replating, as cells approached 

senescence. Taken together, these data indicate that expression of RUNX3 impairs 

erythroid colony formation, but these cells have a higher self-renewal potential 

following an initial replating of colony forming cells. 

3.3.2.3 RUNX3 expression disturbs early erythroid differentiation 

 Erythroid differentiation can be divided into an early developmental stage 

which occurs independently of EPO (EPO-independent phase, 1.1.3) and a late 

developmental stage that depends on the presence of this cytokine (Wu et al. 1995). 

Having generated a population of retrovirally transduced cells enriched for primitive 

erythroid cells (DsRed+CD34+CD13–), the effects of RUNX3 overexpression on EPO-

independent erythroid development was first determined. Growth and differentiation 

were assessed within the CD13–CD36+ erythroid-committed population. RUNX3 

expressing erythroid-committed cells exhibited a slower growth compared to control 

cells during the EPO-independent stage of development, though it did not reach 

significance (Figure 3-7). This finding suggests that RUNX3 does not impair 

significantly erythroid growth in early stage of development.  

To determine the effects of RUNX3 overexpression in the differentiation of 

erythroid cells during the EPO-independent phase, cell surface protein expression was 

analysed over time by flow cytometry. The lineage discriminators CD13 and CD36 

were used to discriminate erythroid-committed cells (CD13–CD36+) from other 

lineages. Within this population a panel of developmental markers including CD34 and 

GlyA were used to determine their differentiation status. Phenotypic changes 

associated with normal early erythropoiesis are characterised by an increase of CD36 

expression with a simultaneous loss of CD34, the HSPC marker (van Schravendijk et 

al. 1992; Darley et al. 1997; Ziegler et al. 1999). The gating strategy used to follow the 

erythroid differentiation of cells over time is shown in Figure 3-8. As shown in Figure 

3-9A and B, abnormalities in the pattern of CD36 expression were observed as a result 

of RUNX3 overexpression. The proportion of CD13–CD36+ erythroid-committed cells 

was lower for cells expressing RUNX3 (19% vs 30% on day 6), as exemplified in 

Figure 3-9A. Within this population, RUNX3 expressing cells exhibited a 1.2 ± 0.1-fold 

significant downregulation of CD36 expression compared to control cells (day 6, 

Figure 3-9B).  
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Figure 3-7 – RUNX3 induces a modest early erythroid growth suppression during the EPO-

independent phase of differentiation. 

Cumulative fold expansion of CD13–CD36+ erythroid-committed cells during the EPO-independent 

phase of growth. Cells were grown in media supplemented with IL-3, IL-6 and SCF for their first 13 days 

of culture. Data indicate mean ± 1SD of at least three independent experiments. 
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Figure 3-8 – Gating strategy used to follow the erythroid differentiation of HSPC by flow 

cytometry. 

Representative density plots and flow cytometry histograms of erythroid progenitor cells on day 3 of 

differentiation. Non-debris – Gate used to exclude all debris from the analysis. CD36+ – Gate to analyse 

the differentiation of erythroid committed cells CD13–CD36+; IgG-Pacific Blue HSPC cells – grey. 
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Figure 3-9 – RUNX3 downregulates CD36 expression in HSPC during the EPO-independent 

erythroid differentiation.  

(A) Example density plots of control and RUNX3 cultures labelled with the lineage discriminators 

markers CD13 and CD36 (Day 6 of differentiation). (B) Summary data of CD36 expression (mean 

fluorescence intensity, MFI) in CD13–CD36+ erythroid-committed cells over time. Data indicate mean ± 

1SD of at least four independent experiments. Significant difference of RUNX3-expressing cells from 

controls was analysed by paired t test, *p<0.05.  
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Taken together, increased expression of RUNX3 led to a reduced frequency of CD13–

CD36+ erythroid-committed cells, which implies a reduced erythroid commitment by 

these cells. In terms of differentiation, an example of CD34 histograms for both 

cultures on day 8 of differentiation is shown in Figure 3-10A. The erythroid-committed 

population for both control and RUNX3 transduced cells exhibited a similar reduction 

of CD34 expression over time (Figure 3-10B).  

In summary, overexpression of RUNX3 in human HSPC induces abnormalities 

in the expression of lineage-specific markers suggestive of a suppression of early 

erythroid development. 

3.3.2.4 RUNX3 expression disturbs EPO-dependent growth and development 

Data above suggests that ectopic expression of RUNX3 delays early 

erythropoiesis. This study subsequently analysed the effects of RUNX3 on the EPO-

dependent phase of erythroid development. Cell differentiation is tightly coordinated 

with cell cycle exit and is characterised by the growth arrest of terminally differentiated 

erythroid cells (Hsieh et al. 2000). As shown in Figure 3-11, controls expanded in the 

presence of EPO and, as expected, the net proliferation of these cells decelerated as 

cells became more mature over time ceasing by day 17. Furthermore, RUNX3 

transduced cells overcame the growth suppression observed in the early stages of 

development and enhanced their proliferation by 7.0 ± 4.7-fold on day 20 compared 

to control cells. These data indicate that RUNX3-expressing cells may be less 

differentiated than controls given their higher proliferative capacity. 

Given that RUNX3 expressing cells proliferated more than controls, this study 

next examined whether differentiation was normal. As erythroid cells terminally 

differentiate, there is a reduction in cell size and upregulation of GlyA (Darley et al. 

2002; Tonks et al. 2003). Accordingly, their size decreased with time and levels of 

CD36 follow the same trend (Dzierzak and Philipsen 2013; Mao et al. 2016).  
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Figure 3-10 – CD34 expression is downregulated in both control and RUNX3-expressing cells 

during the EPO-independent erythroid differentiation. 

(A) Example histograms of control and RUNX3 cultures labelled with the HSPC marker CD34 (Day 8 

of differentiation). IgG-Pacific Blue stained HSPC cells – grey. (B) Summary data showing CD34 

expression in terms of percentage in DsRed+ CD13–CD36+ cells over time. Data indicate mean ± 1SD 

of at least four independent experiments. Significant difference of RUNX3-expressing cells from 

controls was analysed by paired t test, **p<0.01.  
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Figure 3-11 – RUNX3 overcome growth suppression during the EPO-dependent phase of 

differentiation. 

Cumulative fold expansion of CD13–CD36+ erythroid-committed cells during the EPO-dependent phase 

of growth. Cells were grown in media supplemented with IL-3, IL-6, SCF and EPO from day 10 to day 

22 of differentiation. Data indicate mean ± 1SD of at least four independent experiments. Significant 

difference of RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05.  
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Figure 3-12 – RUNX3 induces abnormalities in CD36 expression during the EPO-dependent 

phase of differentiation.  

(A) Example density plots of control and RUNX3 cultures labelled with the lineage discriminator markers 

CD13 and CD36 (Day 22 of differentiation). The effects of RUNX3 overexpression on monocytic and 

granulocytic cells (CD13+) are described in 4.3.3. (B) Summary data of CD36 expression profile in terms 

of MFI in CD13–CD36+ cells over time. Data indicate mean ± 1SD of at least four independent 

experiments. 
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Although the percentage of CD36+ cells was higher in RUNX3 culture compared 

to controls (Figure 3-12A), within this erythroid population the intensity of CD36 

expression was reduced by 1.2 ± 0.1-fold compared to control cells and close to 

significance on day 13 of culture (Figure 3-12B). Together, these data indicate that 

RUNX3-expressing cells maintain lower levels of CD36 expression upon exposure to 

EPO compared to control cells. 

Furthermore, aberrant expression of GlyA was observed in RUNX3 cells, with 

59% vs 87% GlyA+ compared to control, respectively (day 22, Figure 3-13A). The 

expected upregulation of GlyA expression was reduced by 1.6 ± 0.1-fold in RUNX3-

expressing cells compared to controls (day 22, Figure 3-13B). To determine the cell 

size, changes in forward scatter (FSC) for both cultures were assessed by flow 

cytometry following addition of EPO to the growth medium. The expected reduction of 

FSC was delayed by 1.2 ± 0.1-fold in RUNX3-expressing erythroid cells compared to 

control at day 22, suggesting that RUNX3 cells were significantly bigger than controls 

(Figure 3-14). In order to discriminate between populations in different stages of 

erythroid development, three gating markers were established according to FSC 

changes and the proportion of cells in each region were determined (Figure 3-15A). 

Cells within marker 1 (M1) are smallest in size, with highest levels of GlyA and are in 

a late stage of differentiation. Cells within marker 2 (M2) have an intermediate size 

and high levels of GlyA, and cells within marker 3 (M3) are largest have low levels of 

GlyA and are in relatively early stages of erythroid development. As shown in Figure 

3-15B, there was an expected increase in the proportion of cells in M1 with 

development, as well as a decrease in the number of cells in M3. However, the 

percentage of cells in M1 was significantly lower for the RUNX3 culture in the last day 

of development. In addition, the proportion of cells in M3 was consistently higher in the 

RUNX3 culture compared to control throughout development. These data imply that 

RUNX3 transduced cultures have their erythroid differentiation supressed in 

comparison with control cultures and their full maturation was impaired. 
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Figure 3-13 – RUNX3 supresses GlyA expression during the EPO-dependent phase of 

differentiation. 

(A) Example density plots of control and RUNX3 cultures labelled with the erythroid differentiation 

marker GlyA (Day 22 of differentiation). IgG-Pacific Blue stained HSPC cells – grey. (B) Summary data 

showing GlyA expression in terms of MFI in DsRed+CD13–CD36+ cells over time. Data indicate mean 

± 1SD of at least four independent experiments. Significant difference of RUNX3-expressing cells from 

controls was analysed by paired t test, *p<0.05, **p<0.01.  
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Figure 3-14 – RUNX3 impairs cell size reduction in the EPO-dependent phase of differentiation.  

Summary plot showing cell size changes in terms of forward scatter (FSC) for control and RUNX3 

cultures analysed by flow cytometry. Data indicate mean ± 1SD of at least four independent 

experiments. Significant difference of RUNX3-expressing cells from controls was analysed by paired t 

test, *p<0.05.  
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Figure 3-15 – RUNX3 impairs cell size reduction in the EPO-dependent phase of differentiation.  

(A) Example histogram plot discriminating between populations with different FSC within control and 

RUNX3 cultures (Day 22 of differentiation). M1 – Cells with a low FSC; M2 – Cells with an intermediate 

FSC; M3 – Cells with a high FSC. (B) Summary plot showing differences in the proportion of cells within 

M1, M2 and M3 depending on their FSC on day 17, 20 and 22 of erythroid differentiation. Data indicate 

mean ± 1SD of at least three independent experiments. Significant difference of RUNX3-expressing 

cells from controls was analysed by paired t test, *p<0.05, **p<0.01.  
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To support the previous results suggesting that RUNX3 overexpression inhibits 

terminal erythroid differentiation, morphologic features of May-Grünwald-Giemsa 

stained cells were analysed. As shown in Figure 3-16A, control cells exhibited a 

mature morphology, whereas RUNX3-expressing cells were associated intermediate 

morphological features. However, significance was not reached in terms of differential 

counts (Figure 3-16B).  

Taken together, RUNX3 overexpression inhibited normal human 

erythropoiesis, particularly at later stages of development, with RUNX3-expressing 

cells failing to upregulate GlyA retaining their size compared to controls.  

3.3.3 Knockdown of RUNX3 does not impair human erythroid development  

The above data show that RUNX3 overexpression in HSPC disrupted erythroid 

differentiation of these cells, characterised by the abnormal terminal maturation of 

erythroid cells. This study next sought to examine the effects of reducing endogenous 

levels of RUNX3 on human erythroid development.  

3.3.3.1 Selection and validation of RUNX3 shRNA constructs  

In order to reduce RUNX3 expression in normal human HSPC and determine 

its effects on erythroid growth and differentiation, lentiviral vectors encoding different 

RUNX3 shRNA were employed (2.2.1). To optimise and validate this approach, the 

AML cell line OCI-AML-5 was used due to their relatively high endogenous RUNX3 

expression. Three shRNA sequences complementary to RUNX3 and encoding 

puromycin resistance as well as GFP were lentivirally infected into OCI-AML-5 cells 

and the successful KD of RUNX3 was confirmed by western blot (Figure 

3-17A).Variable KD efficiencies among the different RUNX3 shRNA constructs were 

observed in OCI-AML-5 cells, with shRNA 1 being the most effective shRNA to KD 

RUNX3 expression in these cells (7.7-fold vs shRNA control, Figure 3-17B).  
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Figure 3-16 – RUNX3 expression affects the morphology of cells during erythropoiesis.  

(A) Control and RUNX3-expressing cells analysed on day 20 of differentiation with May-Grünwald-

Giemsa. (B) Differential counts of both cultures with morphology categorised into early 

(proerythroblasts), intermediate (erythroblasts) and late phase (normoblasts). Data indicate mean ± 

1SD of three independent experiments. 
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Figure 3-17 – RUNX3 shRNA constructs successfully reduced the endogenous levels of RUNX3 

in OCI-AML-5 cell line. 

(A) Example western blot analysis of RUNX3 total protein levels in OCI-AML-5 cells infected with a 

scramble shRNA (control) and different RUNX3 shRNA constructs. OCI-AML-5 parental cells were used 

as positive control and Histone 1 as a loading control. shRNA TCRN numbers in the 2.2.1 section. (B) 

Relative RUNX3 endogenous expression in OCI-AML-5 cells infected with different RUNX3 shRNA 

constructs. Data was corrected for loading and normalised against shRNA control. 
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HSPC were transduced at a more than 50% efficiency for the different shRNA 

clones and at around 33% for the shRNA control (Figure 3-18A), resulting in the 

specific downregulation of RUNX3. To validate the efficient KD of RUNX3 in HSPC, 

qRT-PCR was performed. As shown in Figure 3-18B, RUNX3 expression was reduced 

by approximately 50% for all three shRNA clones in comparison with control cells. 

3.3.3.2 Knockdown of RUNX3 inhibits erythroid colony formation 

Using the above shRNA constructs, the effects of RUNX3 KD on normal HSPC 

erythroid colony forming capacity and self-renewal potential were examined under 

clonal conditions in GFP+CD13– cells as described above (3.3.2.2). Following one 

week of growth, RUNX3 KD in these cells led to a significant decrease in erythroid 

colony forming efficiency (Figure 3-19A). More specifically, RUNX3 shRNA 1 

supressed erythroid colony formation by 1.2  0.1-fold, RUNX3 shRNA 3 by 1.5  0.4-

fold and RUNX3 shRNA 4 by 1.9  0.8-fold compared with control. To evaluate the 

self-renewal potential of these cells, serial replating assays in liquid culture were 

performed. RUNX3 KD cells showed a similar colony forming efficiency compared to 

control, showing that reduced RUNX3 expression does not affect the self-renewal 

potential of these cells (Figure 3-19B). Overall, these data suggest that KD of RUNX3 

impairs the survival of erythroid cells but does not affect their self-renewal potential.  

3.3.3.3 Knockdown of RUNX3 does not suppress erythroid growth and 

development 

To study in detail the effects of reducing RUNX3 expression in HSPC on growth 

and differentiation of erythroid cells, the EPO-independent phase of development was 

initially analysed. GFP+CD34+CD13– cells were generated as described in section 

3.3.2. KD of RUNX3 in these cells failed to induce a significant growth suppression 

during early stages of development (Figure 3-20). To assess the early erythroid 

differentiation of cells in bulk liquid culture, multi-parameter flow cytometry of lineage 

and differentiation markers was performed similar to the strategy outlined in Figure 

3-8. RUNX3 KD erythroid cells exhibited a modest reduction in CD36 expression 

during this early phase of development, though no significance was obtained for these 

changes (Figure 3-21A). Further, RUNX3 KD had no effect on the expression of CD34 

(Figure 3-21B).  
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Figure 3-18 – Knockdown of RUNX3 was successful in human HSPC cells. 

(A) Summary data of percentages of GFP+ cells in control and RUNX3 KD HSPC cultures. Data indicate 

mean ± 1SD of at least five independent experiments. (B) qRT-PCR analysis of RUNX3 mRNA levels 

in control and RUNX3 KD HSPC on day 3 of culture sorted for GFP positivity (representative data). 

GAPDH was used as endogenous control. Relative expression calculated using the Comparative CT 

(ΔΔCT) method (2.8.2). 

 

In
fe

c
ti

o
n

 e
ff

ic
ie

n
c

y
 (

%
 G

F
P

)

s
h

R
N

A
 c

o
n

tr
o

l

s
h

R
N

A
 1

s
h

R
N

A
 3

s
h

R
N

A
 4

0

2 0

4 0

6 0

8 0

A 

B 

sh
R
N
A
 c

ontr
ol

sh
R
N
A
 1

sh
R
N
A
 3

sh
R
N
A
 4

0.0

0.5

1.0

1.5

R
e
la

ti
v
e

R
U

N
X

3
 e

x
p

re
s
s
io

n



Chapter 3 – RUNX3 Supresses Erythroid Development 

120 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-19 – Knockdown of RUNX3 supresses erythroid colony formation of HSPC. 

(A) Colony forming efficiency of control and RUNX3 KD cultures after 7 days of growth in liquid culture 

containing IL-3, IL-6, SCF, and EPO. (B) Self-renewal potential assessed by a single replating round of 

control and RUNX3 KD cultures in the same conditions as previously. Data indicate mean ± 1SD of at 

least three independent experiments. Significant difference of RUNX3 shRNA 3 and 4 from control was 

analysed by one-way ANOVA using Tukey’s test, *p<0.05, **p<0.01.  
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Figure 3-20 – Knockdown of RUNX3 did not affect significantly early erythroid growth during the 

EPO-independent phase of differentiation. 

Cumulative expansion of CD13–CD36+ erythroid progenitors in control and RUNX3 KD cultures during 

the EPO-independent phase of growth. Cells were grown in media supplemented with IL-3, IL-6 and 

SCF for their first 10 days of differentiation. Data indicate mean ± 1SD of at least four independent 

experiments.  
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Figure 3-21 – Knockdown of RUNX3 did not affect significantly CD36 (MFI) and CD34 (%) 

expression in HSPC during the EPO-independent erythroid differentiation.  

(A) Summary data of CD36 expression profile in terms of MFI in GFP+CD13–CD36+ cells over time. 

Data indicate mean ± 1SD of at least four independent experiments. (B) Summary data showing CD34 

expression in terms of percentage in GFP+ CD13–CD36+ cells throughout the EPO-independent phase 

of development. Data indicate mean ± SD of at least four independent experiments.  
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Taken together, these results suggest that reduced RUNX3 expression does not 

significantly impair the early differentiation of erythroid cells. 

To investigate the later stages of erythroid development in RUNX3 KD cells, 

EPO was added to the growth medium and changes in growth and maturation of cells 

were monitored over time. As shown in Figure 3-22, RUNX3 shRNA cultures disrupted 

the late erythroid expansion at different levels. Nevertheless, and apart from shRNA 

3, no significance was observed in erythroid growth for RUNX3 KD cells during late 

erythropoiesis. RUNX3 shRNA 3 cells exhibited a significant increased expansion by 

2.3 ± 0.7-fold compared to shRNA control on day 20 of culture. However, western blot 

validation suggests that shRNA 3 is the least efficient clone at reducing RUNX3 protein 

levels in OCI-AML-5 (Figure 3-17), and therefore the results observed could be due to 

off-target effects. Overall, these results suggest that the KD of RUNX3 in HSPC does 

not inhibit their late erythroid growth.  

As mentioned in section 3.3.2.4, during the EPO-dependent phase of 

development, CD36 expression is upregulated simultaneously with GlyA upon 

exposure to EPO, followed by CD36 downregulation and a reduction in cell size during 

the last days of differentiation. A similar trend in CD36 expression was observed 

among control and RUNX3 shRNA cultures (Figure 3-23A). No significant changes 

were observed in terms of upregulation of GlyA in RUNX3 shRNA cultures compared 

to controls during late erythroid development (Figure 3-23B). Furthermore, cell size 

was unaffected by RUNX3 KD in erythroid cells (Figure 3-24A). The proportion of cells 

in each marker discriminating cells according to their size was also similar between all 

cultures (Figure 3-24B). Morphologic features of cells were assessed on day 20 of 

differentiation to support the previous data and confirm the normal maturation of cells. 

As shown in Figure 3-25, all cultures were predominantly in a late stage of erythroid 

differentiation characterised by the abundance of orthochromatic erythroblasts in the 

slides.  

Taken together, KD of RUNX3 impairs the colony forming ability of erythroid 

cells compared to controls but fails to induce similar effects on erythroid growth and 

development in bulk liquid culture. The effect of RUNX3 KD differs from its 

overexpression in HSPC as no obvious developmental defect was observed.  
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Figure 3-22 – Effect of RUNX3 knockdown on late erythroid growth during the EPO-dependent 

phase of differentiation. 

Cumulative expansion of erythroid progenitors in control and RUNX3 KD cultures during the EPO-

dependent phase of growth. Cells were grown in media supplemented with IL-3, IL-6, SCF and EPO 

from day 10 of differentiation. Data indicate mean ± 1SD of at least three independent experiments. 

Significant difference of RUNX3 shRNA 3 from controls was analysed by one-way ANOVA using 

Tukey’s test, *p<0.05.  
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Figure 3-23 – Knockdown of RUNX3 does not affect CD36 and GlyA expression in HSPC during 

the EPO-dependent erythroid differentiation.  

(A) Summary data of CD36 expression profile in terms of MFI in GFP+CD13–CD36+ cells over time. 

Data indicate mean ± 1SD of at least four independent experiments. (B) Summary data showing GlyA 

expression in terms of MFI in GFP+ CD13–CD36+ cells over time. Data indicate mean ± 1SD of at least 

four independent experiments.  
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Figure 3-24 – Knockdown of RUNX3 causes no effects on cell size reduction in the EPO-

dependent phase of differentiation.  

(A) Summary plot showing cell size changes in terms of FSC for control and RUNX3 KD cultures. Data 

indicate mean ± 1SD of at least four independent experiments. (B). Summary plot showing differences 

in the proportion of cells within M1, M2 and M3 depending on their FSC on day 22 of erythroid 

differentiation. M1 – Cells with a low FSC; M2 – Cells with an intermediate FSC; M3 – Cells with a high 

FSC. Data indicate mean ± 1SD of at least three independent experiments.  
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Figure 3-25 – RUNX3 knockdown does not affect the morphology of cells during erythropoiesis.  

Differential counts of all cultures with morphology categorised into early (proerythroblasts), intermediate 

(erythroblasts) and late phase (normoblasts) on day 20 of differentiation. Data indicate mean ± 1SD of 

three independent experiments.  
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 Discussion and conclusion 

RUNX3 (located at 1p36, a chromosomal region often deleted in several types 

of cancer) has a major role in the development of gastro-intestinal tract, neurogenesis 

and thymopoiesis (Cheng et al. 2008b; Chuang and Ito 2010) (1.4). Whilst this TF has 

also been shown to be crucial during haematopoiesis in non-human models, there 

remains a paucity of studies regarding its role in normal human haematopoiesis and in 

leukaemia development (1.4.1, 1.4.2.3). This study describes the normal expression of 

RUNX3 and its role on human erythroid development using a human primary cell model. 

Overexpression of RUNX3 in HSPC significantly inhibited the growth and differentiation 

of normal human erythroid progenitors. Overall, RUNX3 overexpressing cells exhibited 

a more immature phenotype and morphology, as well as a higher self-renewal potential. 

In terms of RUNX3 KD, and although some RUNX3 shRNA cultures exhibited changes 

in their growth and differentiation during erythropoiesis, no significance was observed. 

These results could be explained by a modest KD of RUNX3 in HSPC. Taken together, 

this study suggests that the downregulation of RUNX3 expression during normal human 

erythroid development is important for their full maturation. 

To understand any pathological role RUNX3 may have on leukaemia 

development, it is important to understand its expression level during normal 

haematopoiesis. In CB derived HSPC, RUNX3 mRNA expression levels gradually 

decrease as cells differentiate into mature red blood cells (3.3.1). The increase in mRNA 

observed at a later stage of maturation is unlikely to have functional relevance as 

erythroid cells expel their nucleus as part of their terminal differentiation, and RUNX3 

function and localisation is nuclear. Mouse RNA-seq data revealed a similar trend, with 

erythroid cells having the lowest expression of RUNX3 compared to HSPC and between 

different cell types from distinct lineages. RUNX1 expression has been shown to 

decrease during erythroid development in adult mice, particularly after the 

proerythroblast stage (North et al. 2004). In a more recent study, RUNX3 expression in 

HSPC was shown to decline with aging in humans and mice (Balogh et al. 2020). HSPC 

from elderly patients with unexplained anaemia presented a greater reduction in RUNX3 

expression (Balogh et al. 2020). These observations suggest that RUNX3 is expressed 

throughout erythropoiesis with its highest levels in HSPC.  
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3.4.1 RUNX3 overexpression in human HSPC inhibits their normal erythroid 

development  

Having generated an enriched population of retrovirally transduced primitive 

erythroid cells (predominantly DsRed+CD34+CD13–) expressing RUNX3, this study 

initially determined the effects of RUNX3 overexpression on erythropoiesis. Under 

clonal conditions, RUNX3 significantly suppressed erythroid colony formation, 

suggesting that RUNX3 expression affects the proliferative capacity and survival of 

these cells (3.3.2.2). Subsequently, in a serial replating strategy, RUNX3 cells were able 

to form more erythroid colonies than controls, implying that RUNX3 overexpressing cells 

maintained a more immature phenotype and have an increased self-renewal potential. 

Interestingly, this data parallels the effect of RUNX1-ETO expression on erythroid 

colony formation in HSPC cells (Tonks et al. 2003). In this study, Tonks et al showed 

that expression of the fusion protein almost completely abrogated erythroid colony 

forming ability. Considering that RUNX3 overexpression was shown to downregulate 

RUNX1 in HSPC (5.3.4), and RUNX1-ETO dysregulates the expression of RUNX1 

target genes (1.2.4.1), dysregulation of RUNX1 could help explaining these results. 

Previous studies have shown that loss of RUNX1 increases the numbers of HSPC and 

their replating capacity (Ichikawa et al. 2004a). Overall, these findings show that 

increased RUNX3 expression inhibits erythroid colony formation whilst promoting self-

renewal of erythroid progenitors. 

The first erythroid-committed progenitors require SCF but not EPO for their 

proliferation (Gautier et al. 2016). The consequences of RUNX3 overexpression as a 

single abnormality on early erythroid development in the absence of EPO was next 

examined. RUNX3 imposed a modest reduction in erythroid growth (3.3.2.3). 

Phenotypically, HSPC-derived erythroblasts mature by downregulating CD34 on their 

surface, which in turn is followed by the upregulation of GlyA. CD36 is co-expressed 

with GlyA when cells are committed to the erythroid lineage. Expression of CD36 is then 

gradually downregulated during the terminal maturation stage on enucleated erythroid 

cells (Mao et al. 2016). RUNX3-expressing cells exhibited a slower upregulation of the 

erythroid lineage discriminator CD36 (thrombospondin receptor) compared to controls. 

This result is supported by a previous study in which RUNX3 was shown to directly 

downregulate CD36 expression in myeloid cells (Puig-Kroger et al. 2006). RUNX3 

overexpression was also shown to induce important transcriptome changes in HSPC, 
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including the reduced expression of CD36 at day 3 of culture (5.3.4). Taken together, 

data suggest a suppression of early erythroid development for RUNX3 transduced cells 

and a potential role for RUNX3 in the initial activation of erythroid-specific genes.  

EPO is absolutely required for the survival and proliferation of the late erythroid 

progenitors and for their terminal differentiation (Gautier et al. 2016). During this 

process, the size of the cells gradually decreases, and at the end of terminal erythroid 

differentiation cells expel their nucleus and complete their maturation in the bloodstream 

(Gautier et al. 2016). To determine whether addition of EPO to the cultures above could 

overcome the abnormal erythroid development and induce terminal maturation, the 

EPO-dependent phase of growth was analysed. Interestingly, there was a partial 

differentiation response, but cells were unable to terminally develop into mature 

erythroid cells. RUNX3 cultures overcame the slower growth and proliferated faster than 

controls when cultured with EPO (3.3.2.4). This effect is consistent with RUNX3 

expressing cells being less differentiated and retaining more proliferative potential. 

Further, RUNX3 expressing cells were unable to complete terminal erythroid 

differentiation; they had decreased upregulation of GlyA, reduced CD36 expression and 

increased cell size compared to controls (3.3.2.4). RNA-seq data confirmed the 

inhibition of GlyA gene expression (GYPA) and CD36 by RUNX3 overexpression in 

HSPC (5.3.4). Additional erythroid-related genes, including KIT and LMO2, were 

significantly downregulated by RUNX3 overexpression in the same context. 

Assessment of morphology supported the cell surface protein expression analysis. As 

mentioned previously, downregulation of RUNX1 could contribute to the abrogation of 

erythroid development by RUNX3 overexpression in HSPC. RUNX1 is a crucial TF in 

the early stages of definitive haematopoiesis (Dzierzak and Philipsen 2013) and it plays 

a central role during lineage fate decision at the megakaryocyte/erythroid branching 

point (Kuvardina et al. 2015). In RUNX1 KO embryos, yolk sac erythropoiesis is normal 

but foetal liver haematopoiesis is absent (Okuda et al. 1996; Wang et al. 1996a). 

Furthermore, definitive erythropoiesis and myelopoiesis is absent in RUNX1 KO mice 

embryos, and disruption of one copy of RUNX1 significantly reduces the number of 

progenitors for erythroid and myeloid cells (Wang et al. 1996a). RUNX1 expression has 

also been shown to affect primitive erythropoiesis (Yokomizo et al. 2008; Ghanem et al. 

2018). In addition, RUNX1-ETO was previously shown to increase the numbers of 

immature erythroblasts along with the induction of self-renewal (Tonks et al. 2003).  
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The previous findings show that RUNX3 overexpression in human HSPC induce 

severe abnormalities in the normal programme of erythroid differentiation at a later 

phase upon addition of EPO to the culture medium. Further RNA-seq data support this 

observation, as RUNX3 overexpression at an early stage of development (day 3 of 

culture) led to a significant downregulation of late erythroid-specific genes, including 

GYPA, HBA1 or HBA2 (5.3.4). Moreover, reduced levels of RUNX3 in human HSPC 

were previously shown to negatively influence the expression of several globin-

encoding genes, as well as downstream erythroid genes GYPA and EPOR (Balogh et 

al. 2020). EPO signalling has been proved important for erythroid maturation and heme 

biosynthesis (Grover et al. 2014; Chung et al. 2017). Therefore, these results 

highlighting the importance of RUNX3 downregulation during erythroid maturation.  

Overall, ectopic expression of RUNX3 in HSPC induces important abnormalities 

in normal erythroid development supported by the dysregulation of key erythroid genes 

(5.3.4). Nevertheless, it is important to consider that RUNX3 was overexpressed in 

HSPC at higher levels than seen in patients (Sun et al. 2019) (4.3.2). 

3.4.2 Knockdown of RUNX3 in HSPC does not affect their normal erythroid 

development 

To investigate whether reduced RUNX3 expression has any effect on erythroid 

development, an enriched population lentivirally infected with a scrambled shRNA 

control or RUNX3 shRNA (GFP+CD34+CD13–) was generated. KD of RUNX3 

significantly inhibited erythroid colony formation but was not associated with increased 

self-renewal. These results suggest that reduced RUNX3 expression does not promote 

the retention of an immature phenotype but has an adverse effect on survival of 

erythroid cells. A similar inhibition of erythroid colony formation was recently shown in 

RUNX3 KD human HSPC (Balogh et al. 2020). The effects of RUNX3 KD in erythroid 

development were next studied in bulk liquid culture in the absence of EPO. In this early 

stage of development, RUNX3 KD did not significantly affect the early growth of 

erythroid cells, and expression of cell surface proteins suffered minimal impact during 

early erythropoiesis. Although RUNX3 shRNA cultures exhibited modest reduction of 

CD36 expression compared to controls, their normal programme of early differentiation 

seemed unperturbed with similar expression levels of CD34 compared to controls. 
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Taken together, the previous findings imply that reduction of RUNX3 expression in 

human HSPC does not impair their early erythroid development in bulk liquid culture. 

Late erythropoiesis was further studied upon addition of EPO to the culture 

medium of cells. In terms of erythroid growth, KD of RUNX3 by different shRNA 

constructs led to contrasting effects but no significant disruption of cell growth was 

observed in the EPO-independent phase of development. The increased expansion of 

RUNX3 shRNA 3 cells during late erythroid development might be explained by off-

target effects instead of RUNX3 KD, as the other KD cultures did not exhibit the same 

behaviour. Regarding their differentiation status, RUNX3 KD did not significantly affect 

the expression of erythroid markers. In terms of cell size, RUNX3 shRNA cultures 

behaved similarly to controls characterised by a reduction in their size throughout 

differentiation. These data contrast with recently published data showing that 

compromised RUNX3 expression abrogates erythroid differentiation, with abnormal 

GlyA expression (Balogh et al. 2020). RUNX3 KD in HSPC was shown to downregulate 

the expression of genes required for erythroid development, such as KLF1 and GATA1. 

Furthermore, this study concluded that RUNX3 KD restricts erythropoiesis at 

commitment and later stages, therefore implying an important role for RUNX3 in the 

maintenance of BM lineage balance (Balogh et al. 2020). However, it is important to 

consider the differences between both studies, as Balogh et al. assessed viability and 

GlyA expression of RUNX3 KD HSPC cultured in erythroid medium for 3 days. In 

addition, the results obtained in this study were solely based on one RUNX3 shRNA 

construct, and therefore, did not considered possible off-target effects. In a different 

study, RUNX1-ETO has been found capable of impeding the earliest steps of erythroid 

lineage commitment by repressing GATA-1, a key TF of erythroid differentiation (Choi 

et al. 2006). Functional redundancy between RUNX1 and RUNX3 could potentially 

explain the full erythroid development of RUNX3 KD cells (Brady and Farrell 2009; 

Wong et al. 2011; Yokomizo-Nakano et al. 2020). In addition, loss of both RUNX1 and 

RUNX3 has been shown to blocked murine erythroid differentiation (Wang et al. 2014a). 

Together, these findings indicate that RUNX3 KD does not significantly impair erythroid 

development, with cells attaining terminal maturation in the presence of EPO. However, 

this study is unable to conclude that RUNX3 expression is dispensable for human 

erythropoiesis, as the KD efficiencies achieved in HSPC were only modest.  
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In summary, RUNX3 expression decreases with erythroid maturation in human 

HSPC and its ectopic expression leads to an impairment of normal erythropoiesis with 

increased self-renewal potential, a hallmark of a potential leukaemogenic change. KD 

of RUNX3 had a modest impact on proliferation and survival of erythroid cells. Further 

studies determined the role of RUNX3 expression in human myeloid development, 

revealing that RUNX3 downregulation is equally important for this process. 
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4 RUNX3 Inhibits Normal Myeloid Development of 

Human CD34+ HSPC  

 Introduction 

Malignant transformation of haematopoietic cells can lead to AML of varying 

subtypes depending on the molecular abnormalities that drive this process and the 

differentiation stage at which it occurs (Rosenbauer and Tenen 2007) (1.2). AML is an 

aggressive BM malignancy with uncontrolled clonal expansion of immature myeloid 

cells coupled with a block in differentiation. Functional changes of key differentiation-

inducing TFs are a major driving force of AML, exemplified by the t(8;21) encoding the 

RUNX1-ETO fusion oncogene (Rosenbauer and Tenen 2007) (1.2.4). Expression of 

RUNX1-ETO in normal human HSPC leads to a block in erythroid and myeloid 

development (particularly affecting granulocytes), as well as self-renewal of progenitor 

cells (Tonks et al. 2003; Tonks et al. 2004). Furthermore, expression of RUNX1-ETO 

was shown to induce transcription dysregulation in HSPC (Tonks et al. 2007). Analysis 

of RUNX1-ETO-mediated gene expression changes in these cells shows that this 

fusion protein is associated with downregulation of RUNX3, which has also 

demonstrated in t(8;21) AML patients (Cheng et al. 2008b) (1.2.4.1).  

Genetically engineered mouse models lacking RUNX3 have demonstrated the 

importance of this TF in a variety of physiological processes including neurogenesis, 

thymopoiesis, and DC functional maturation (Levanon et al. 2002; Woolf et al. 2003; 

Fainaru et al. 2004) (1.4). Loss of RUNX3 was shown to cause a mild expansion of 

HSC and myeloid cells in aged mice (Wang et al. 2013), whereas disruption of both 

RUNX1 and RUNX3 leads to BM failure and MPD characterised by DNA repair defects 

(Wang et al. 2014a). Recently, RUNX3 was found essential for the lineage balance of 

human haematopoietic progenitors within the BM (Balogh et al. 2020). Furthermore, 

increased RUNX3 expression was shown to inhibit the normal programme of erythroid 

development of human HSPC (3.3.2).  

Considering its important role in a multitude of developmental processes, 

abnormal RUNX3 expression and/or function may lead to tumorigenesis. RUNX3 has 

an ambiguous role in cancer, and is primarily considered a tumour suppressor in 
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gastric, colorectal, lung and bladder cancers, among others (Li et al. 2002; Li et al. 

2004; Kim et al. 2008a; Soong et al. 2009) (1.4.2). Conversely, RUNX3 behaves as 

an oncogene in ovarian cancer, head and neck squamous carcinoma, and NK/T cell 

lymphoma (Tsunematsu et al. 2009; Lee et al. 2011; Ng et al. 2011). In AML, RUNX3 

mRNA expression is highly heterogenous and downregulation of this TF was 

previously shown in good prognosis CBF AML (Gutierrez et al. 2005; Cheng et al. 

2008b) (1.3.5). Expression of RUNX3 has been associated with chemoresistance of 

leukaemic cells and worse EFS in childhood AML (Cheng et al. 2008b). Understanding 

the contribution of RUNX3 for the pathogenesis of AML would potentially benefit risk 

stratification of AML patients and future therapeutic strategies.  

This Chapter aims to examine the impact of RUNX3 expression on normal 

human myelopoiesis. In addition, given the downregulation of RUNX3 by RUNX1-

ETO, the expression of RUNX3 will be restored in RUNX1-ETO-expressing HSPC and 

its effects further determined. Together with Chapter 3, this study discloses the 

importance of RUNX3 on human haematopoiesis and its contribution to the 

pathogenesis of AML. 

 Aims and objectives 

This study hypothesises that RUNX3 expression levels are important for normal 

myeloid development of human HSPC. The main aim of this Chapter is to determine 

the role of RUNX3 in normal human myelopoiesis, as well as the impact of its 

expression in RUNX1-ETO-expressing HSPC. To achieve this aim, this Chapter has 

the following objectives: 

• Determine the expression of RUNX3 during normal human myeloid 

development. 

Publicly available transcriptomic datasets will be analysed to determine RUNX3 

mRNA expression in different human myeloid haematopoietic cells subsets.  
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• Determine the expression level of RUNX3 and associated clinical 

attributes in t(8;21) and non-t(8;21) AML patient derived blasts.  

Publicly available transcriptomic data will be analysed to establish RUNX3 

expression levels across different AML subtypes, including patients harbouring 

t(8;21).  

• Determine the effects of RUNX3 overexpression/knockdown on the 

colony forming ability, growth, and differentiation of myeloid cells.  

Colony forming ability of transduced human HSPC will be assessed by limiting-

dilution assay. Serial replating of these colonies will be performed to investigate 

the self-renewal potential of cells. Concomitantly, transduced cells will be grown 

in bulk liquid culture and changes in growth and differentiation of these cells will 

be assessed by analysis of lineage and developmental cell surface markers 

coupled with multicolour flow cytometry. 

• Assess whether co-expression of RUNX3 and RUNX1-ETO reverts the 

differentiation block and colony forming ability of erythroid and myeloid 

RUNX1-ETO expressing cells. 

Human HSPC will be co-transduced with RUNX3 and RUNX1-ETO 

overexpression viral vectors and their growth and differentiation will be 

assessed as above. Colony forming ability of these cells will also be determined 

by limiting-dilution assay. 

 Results 

4.3.1 Expression of RUNX3 mRNA decreases during early human myeloid 

development and increases towards terminal monocytic differentiation 

RUNX3 mRNA expression was previously shown to decrease during normal 

human erythroid development (3.3.1). Microarray-based gene expression profiling of 

normal human haematopoietic cells shows that RUNX3 expression decreases 

significantly during granulocytic development, particularly in promyelocytes, 

myelocytes and polymorphonuclear cells (Figure 4-1A) (Hu et al. 2008; Wildenberg et 

al. 2008; Majeti et al. 2009; Andersson et al. 2010). 



 Chapter 4 – RUNX3 Inhibits Myeloid Development 

137 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 – RUNX3 mRNA expression in different myeloid cell subpopulations.  

(A) RUNX3 mRNA expression in distinct human haematopoietic cell subsets based on cell surface 

marker expression. HSC BM – Bone marrow haematopoietic stem cell; HPC BM – Bone marrow 

haematopoietic stem and progenitor cell; CMP – Common myeloid progenitor; GMP – Granulocyte-

monocyte progenitor; Promye BM – Bone marrow promyelocyte; Myelo BM – Bone marrow myelocyte; 

PMN BM – Bone marrow polymorphonuclear cell; Mono – CD14+ Monocyte. Human HSC are from 

GSE17054; Human GMP are from GSE19599; Human monocytes are from GSE11864 and E-MEXP-

1242 (Hu et al. 2008; Wildenberg et al. 2008; Majeti et al. 2009; Andersson et al. 2010). 204197_s_at 

probeset used. Data indicate mean ± 1SD (n≥3). Statistical analysis was performed using ANOVA with 

Tukey’s multiple comparisons test, *p<0.05; ***p<0.001 vs HSC BM. (B) RUNX3 mRNA expression in 

different human haematopoietic cell subtypes. MPP – Multipotent progenitor cell; Metamyelo – 

Metamyelocyte; BC – Band cell-. Data obtained from GSE42519 (Rapin et al. 2014; Svendsen et al. 

2016). Data indicate mean ± 1SD (n≥2). Statistical analysis was performed using ANOVA with Tukey’s 

multiple comparisons test, *p<0.05; ***p<0.001 vs HSC. (C) RUNX3 mRNA expression within distinct 

human haematopoietic cell subsets. Neutro – Neutrophil; Classical Mono – CD14+CD16- Monocyte; 

Macro – Macrophage; Inflam Macro – Inflammatory macrophage. Data obtained from the BLUEPRINT 

study (www.blueprint-epigenome.eu). Data indicate mean ± 1SD (n≥2). Statistical analysis was 

performed using ANOVA with Tukey’s multiple comparisons test, **p<0.01 vs HSC. 
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A similar trend was observed in an additional transcriptomic dataset (Figure 4-1B) 

(Rapin et al. 2014; Svendsen et al. 2016). In terms of monocytic differentiation, RUNX3 

mRNA levels increase in mature monocytes compared to HSC (Figure 4-1A). 

Furthermore, human RNA-seq data from the BLUEPRINT study (www.blueprint-

epigenome.eu) reveal a similar upregulation of RUNX3 in classical monocytes 

(CD14+CD16-) (Figure 4-1C). Overall, these data demonstrate that RUNX3 is 

differently expressed during normal myeloid development and suggest different roles 

for RUNX3 during monocytic and granulocytic differentiation.  

4.3.2 RUNX3 is variably expressed across AML and its expression is 

associated with poorer overall survival of patients 

AML is a heterogeneous malignancy in terms of cytogenetic and molecular 

characteristics, as previously detailed in 1.2. In order to determine an association 

between the mRNA expression levels of RUNX3 and different AML subtypes, publicly 

available transcriptomic datasets were analysed. As shown in Figure 4-2, RUNX3 

expression is highly variable across AML. Expression data from healthy BM and AML 

patient samples were obtained from the Microarray Innovations in Leukaemia (MILE) 

study (Figure 4-2A) (Kohlmann et al. 2008; Haferlach et al. 2010). A significant 

downregulation of RUNX3 by 1.7- and 1.4-fold fold was observed in inv(16) and t(8;21) 

AML patients, respectively. CBF-AML, comprising both inv(16) and t(8;21) subtypes, 

is associated with a good prognosis of AML patients (1.2.2).  

TCGA is a genomics programme that characterised over 20,000 normal and 

cancer patient samples, including AML (www.cancer.gov/tcga). TCGA RNA-seq data 

from 173 AML patients (Cancer Genome Atlas Research et al. 2013) confirms the data 

from the MILE study regarding RUNX3 mRNA expression. As shown in Figure 4-2B, 

there was a significant downregulation of RUNX3 levels in inv(16) and t(8;21) AML by 

1.3- and 1.2-fold, respectively, compared to AML with normal karyotype. In addition, 

RUNX3 expression was significantly upregulated in AML patients with complex 

cytogenetics compared to normal karyotype patients. This observation associates 

increased RUNX3 levels with a subtype of AML that is mainly characterised by poor 

prognosis and survival of patients.  

www.blueprint-epigenome.eu
www.blueprint-epigenome.eu
www.cancer.gov/tcga
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Figure 4-2 – RUNX3 mRNA expression levels are variable in AML subtypes.  

(A) RUNX3 mRNA expression in healthy BM cells and in distinct AML subtypes based on cytogenetics 

of patients. BM – Bone marrow; AML Normal – AML with normal karyotype; AML complex – AML with 

a complex karyotype. Data obtained from GSE13159 (Kohlmann et al. 2008; Haferlach et al. 2010) 

using 204197_s_at probeset. Data indicate mean ± 1SD (n≥28). Statistical analysis was performed 

using ANOVA with Tukey’s multiple comparisons test, ***p<0.001 vs Healthy BM. (B) RUNX3 mRNA 

expression in different AML subtypes. AML Interm – AML with intermediate cytogenetic risk; AML Poor 

– AML with poor cytogenetic risk. RNA-seq data obtained from TCGA (Cancer Genome Atlas Research 

et al. 2013). Data indicate mean ± 1SD (n≥3). Statistical analysis was performed using ANOVA with 

Tukey’s multiple comparisons test, *p<0.05; ***p<0.001 vs AML Normal. 
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To further investigate the association between RUNX3 levels and AML subtypes, 

patient data was stratified according to RUNX3 expression in upper and lower quartiles 

and survival curves were plotted using the Kaplan-Meier estimator (Figure 4-3). AML 

patients with increased RUNX3 expression showed a significant worse clinical 

outcome compared to patients with lower RUNX3 levels. Taken together, these data 

suggest that RUNX3 expression is significantly associated with prognosis and OS of 

AML patients. 

To further understand the relationship between RUNX3 expression and OS of 

AML patients, cBioPortal was used to analyse the TCGA AML dataset. The following 

clinical attributes were significantly correlated with RUNX3 expression in AML patients: 

white blood cell count (WBC) > molecular risk > cytogenetic code > tumour histological 

subtype > cytogenetic risk > fraction of altered genome > PB blast percentage > OS 

status and diagnosis age. As shown in Figure 4-4A and B, increased RUNX3 

expression was associated with complex cytogenetics, poor and intermediate risk AML 

cases, which in turn relate to poor prognosis. On the other hand, lower RUNX3 

expression was found in normal karyotype and CBF AML patients, which are 

associated with intermediate and good prognosis, respectively. Lower WBC and later 

diagnosis age are additional clinical attributes found significantly correlated RUNX3 

overexpression in AML patients, and therefore worse prognosis (Figure 4-4C and D). 

Taken together, these findings suggest that both up- and downregulation of RUNX3 

may contribute to the pathogenesis of AML, but it is not clear from this data whether 

RUNX3 is a driver of disease. 

4.3.3 Overexpression of RUNX3 inhibits human myeloid development 

Considering that RUNX3 was shown overexpressed in different subtypes of 

AML, and its important role in murine haematopoiesis (Wang et al. 2013), this study 

sought to explore the effect of RUNX3 overexpression on myeloid growth and 

differentiation using an in vitro HSPC model (3.3.2).  
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Figure 4-3 – Overexpression of RUNX3 is associated with poor overall survival of AML patients.  

Kaplan-Meier survival curve for AML patients stratified according to upper and lower RUNX3 mRNA 

expression quartiles. Data obtained from TCGA (Cancer Genome Atlas Research et al. 2013) using 

cBioPortal (www.cbioportal.org). RUNX3 upper quartile (n=36); RUNX3 lower quartile (n=70). 

Untreated patients were excluded from this analysis, along with t(15;17) AML patients that have a 

different treatment regimen compared to all other AML subtypes. Statistical analysis of survival curves 

was performed using the Long-Rank test between high and low RUNX3 expression groups. IQR – 

Difference between the first (Q1) and third (Q3) quartiles. * is displayed when the survival probability 

cannot be found.  

p = 0.004 (Log-Rank) 

www.cbioportal.org
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Figure 4-4 – Increased RUNX3 expression is associated with complex cytogenetics and poor 

prognosis in AML. 

Relationship between increased and reduced RUNX3 expression and different clinical attributes of AML 

patients. Data obtained from TCGA (Cancer Genome Atlas Research et al. 2013). RUNX3 upper 

quartile (n=36); RUNX3 lower quartile (n=70). (A) Cytogenetic code of AML patients according to 

RUNX3 expression. Statistical analysis performed using the Chi-squared test. (B) Cytogenetic risk of 

AML patients according to RUNX3 expression. Statistical analysis performed using the Chi-squared 

test. (C) White blood cell (WBC) count of AML patients according to RUNX3 expression. Statistical 

analysis performed using the Kruskal Wallis test. (D) Diagnosis age of AML patients according to 

RUNX3 expression. Statistical analysis performed using the Kruskal Wallis test. 

D C p<0.001 p<0.05 

B A 
p<0.001 p<0.001 
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4.3.3.1 RUNX3 expression inhibits myeloid colony formation 

The effects of RUNX3 overexpression on myeloid colony forming ability and 

self-renewal capacity of progenitor cells were initially evaluated. Transduced HSPC 

were sorted by FACS for DsRed expression on day 3 (2.6.3) and cultured by limiting 

dilution in 96-well plates in the presence of IL-3, SCF, G-CSF and GM-CSF. As shown 

in Figure 4-5A, RUNX3 overexpression in HSPC led to a significant reduction in colony 

forming efficiency by 1.5 ± 0.4-fold compared to control cells. Self-renewal potential of 

these cells was further determined by serial replating of colony forming cells. RUNX3-

expressing cells formed 3.7 ± 4.6-fold more myeloid colonies than controls, though it 

did not reach significance (Figure 4-5B). Taken together, these results show that 

overexpression of RUNX3 reduces myeloid colony formation, suggesting that increase 

RUNX3 levels affect the survival of myeloid cells. 

4.3.3.2 RUNX3 overexpression suppresses the growth of myeloid cells 

Having showed that RUNX3 overexpression impairs the formation of myeloid 

colonies, the growth and differentiation of HSPC in liquid culture supplemented with 

IL-3, SCF, G-CSF and GM-CSF were followed over 13 days. The gating strategy 

employed for the myeloid studies is shown in Figure 4-6. RUNX3 overexpression 

caused a modest suppression of proliferation during myeloid development of cells 

(Figure 4-7A). To assess the growth of cells committed to different lineages, CD13 

and CD36 cell surface markers were used to discriminate between the erythroid, 

monocytic and granulocytic populations. As expected, erythroid-committed cells 

(CD13–CD36+) overexpressing RUNX3 grew significantly slower than controls (2.5 ± 

0.8-fold on day 13) (Figure 4-7B). Conversely, the growth of monocytic cells 

(CD13+CD36+) was not significantly affected by RUNX3 overexpression in these cells 

(Figure 4-7C). In addition, granulocytes overexpressing RUNX3 (CD13–/+CD36+) grew 

slower than control cells by 1.4 ± 0.1-fold on day 13 of culture (Figure 4-7D). These 

results indicate that RUNX3 overexpression affects the growth of myeloid cells, 

especially the cells committed to the erythroid and granulocytic lineages. 
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Figure 4-5 – Overexpression of RUNX3 inhibits myeloid colony formation in human HSPC. 

(A) Summary data of colony forming efficiency for control and RUNX3-expressing cultures following 7 

days of growth in liquid culture containing IL-3, SCF, G-CSF and GM-CSF. Data indicate mean ± 1SD 

of six independent experiments. Significant difference of RUNX3-expressing cells from controls was 

analysed by paired t test, *p<0.05. (B) Self-renewal potential assessed by a single replating round of 

control and RUNX3 cultures in the same conditions as previously. Data indicate mean ± 1SD of three 

independent experiments.  
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Figure 4-6 – Gating strategy used for the analysis of myeloid growth and differentiation of HSPC 

by flow cytometry. 

Representative density plots and flow cytometry histograms of transduced HSPC on day 6 of culture. 

Non-debris – Gate used to exclude all debris from the analysis. DsRed+ – Gate used to analyse 

transduced HSPC. Granulocytes – Gate used to analyse the growth and differentiation of granulocytic 

cells (CD13–/+CD36+); Monocytes – Gate used to analyse the growth and differentiation of monocytic 

cells (CD13+CD36+); Erythrocytes – Gate used to assess the growth and percentage of erythroid-

committed cells (CD13–CD36+) in culture (Figure 3-8). IgG-Pacific Blue HSPC cells – grey. 
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Figure 4-7 – Overexpression of RUNX3 inhibits erythroid and granulocytic growth during 

myeloid development.  

(A) Cumulative fold expansion of DsRed+ cells for both control and RUNX3 myeloid cultures grown over 

13 days in culture medium containing IL-3, SCF, G-CSF and GM-CSF. Data indicate mean ± 1SD of at 

least four independent experiments. (B) Cumulative fold expansion of erythroid-committed cells (CD13–

CD36+) for both control and RUNX3 cultures (3.3.2). Data indicate mean ± 1SD of at least three 

independent experiments. Significant difference of RUNX3-expressing cells from controls was analysed 

by paired t test, *p<0.05, **p<0.01, ***p<0.001. (C) Cumulative fold expansion of monocytic cells 

(CD13+CD36+) for both control and RUNX3 cells. Data indicate mean ± 1SD of at least three 

independent experiments. (D) Cumulative fold expansion of granulocytic cells (CD13–/+CD36–) for both 

control and RUNX3 cells. Data indicate mean ± 1SD of at least three independent experiments. 

Significant difference of RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05.
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4.3.3.3 RUNX3 overexpression inhibits myeloid differentiation  

To determine the impact of RUNX3 overexpression on myeloid development, 

expression of differentiation cell surface markers was analysed over time by flow 

cytometry. Using the lineage discrimination markers CD13 and CD36, development of 

distinct lineages was assessed in combination with CD11b, CD14, CD15 and CD34 

(Figure 4-6). Normal myeloid differentiation is characterised by the rapid loss of CD34 

expression and upregulation of CD11b (Egeland et al. 1991; Tonks et al. 2004). 

Monocytic cells are expected to upregulate CD14 during development, whereas 

granulocytic cells upregulate CD15 expression (Egeland et al. 1991; Tonks et al. 

2004). As shown in Figure 4-8A, RUNX3 overexpression led to a 1.5 ± 0.3-fold 

reduction in the percentage of erythroid cells in culture compared to control (day 3). 

The proportion of monocytic cells overexpressing RUNX3 was 1.5 ± 0.3-fold higher 

than controls by day 13 (Figure 4-8B). In contrast, a 1.1 ± 0.1-fold reduction in the 

percentage of granulocytic-committed cells in RUNX3 culture compared with controls 

was observed on the same day (Figure 4-8C). Overall, these data indicate that RUNX3 

affected the balance between different lineages in culture by reducing the number of 

granulocytic cells in favour of monocytes during normal myeloid development of 

human HSPC. 

Having assessed the proportion of cells committed to each lineage for both 

control and RUNX3 cultures, the effect of RUNX3 overexpression on the normal 

differentiation of monocytes and granulocytes was further determined. As shown in 

Figure 4-9, increased expression of RUNX3 in HSPC led to a disruption of the normal 

programme of monocytic differentiation. Upregulation of CD11b expression was 

significantly impaired in RUNX3 cells throughout development, and by day 8 was 2.3 

± 0.4-fold lower compared to controls (Figure 4-9A). CD14 upregulation was also 

impacted by RUNX3 expression, though to a lesser extent. On day 6, CD14 

expression was significantly reduced by 1.5 ± 0.2-fold in differentiating cells 

overexpressing RUNX3 (Figure 4-9B). Expression of CD34 did not change 

significantly between conditions and its expected downregulation over time was 

observed during monocytic development (Figure 4-9C).  
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Figure 4-8 – Overexpression of RUNX3 disrupts the balance between monocytic and 

granulocytic populations in culture during myeloid development of HSPC. 

(A) Summary data of erythroid committed cells (CD13–CD36+) in terms of percentage for both control 

and RUNX3 cultures (3.3.2). Data indicate mean ± 1SD of at least four independent experiments. 

Significant difference of RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05, 

**p<0.01. (B) Summary data of the percentage of monocytic cells (CD13+CD36+) in control and RUNX3 

cultures. Data indicate mean ± 1SD of at least four independent experiments. Significant difference of 

RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05, **p<0.01. (C) Summary 

data of the percentage of granulocytic cells (CD13–/+CD36–) in control and RUNX3 cultures. Data 

indicate mean ± 1SD of at least five independent experiments. Significant difference of RUNX3-

expressing cells from controls was analysed by paired t test, *p<0.05. 
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Figure 4-9 – Overexpression of RUNX3 downregulates the expression of CD11b and CD14 in 

monocytic cells. 

(A) Summary data of CD11b expression in terms of MFI in monocytic-committed cells (CD13+CD36+) 

over time for both control and RUNX3 cultures. Data indicate mean ± 1SD of at least four independent 

experiments. Significant difference of RUNX3-expressing cells from controls was analysed by paired t 

test, *p<0.05, ***p<0.001. (B) Summary data of CD14 expression (MFI) for control and RUNX3 

monocytic cells over time. Data indicate mean ± 1SD of at least four independent experiments. 

Significant difference of RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05, 

**p<0.01. (C) Summary data of CD34 expression in terms of percentage for monocytic cells in both 

control and RUNX3 cultures over time. Data indicate mean ± 1SD of at least three independent 

experiments. 
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In terms of granulocytic differentiation, RUNX3 expression suppressed the 

normal development of granulocytes in culture by reducing upregulation of CD11b 

expression by 2.8 ± 0.8-fold compared to controls (Figure 4-10A). Although CD15 

expression was reduced in RUNX3-expressing cells over 13 days, these changes 

were not significant (Figure 4-10B). No changes were observed in CD34 expression 

between control and RUNX3 cultures (Figure 4-10C). Interestingly, there was a 1.2 ± 

0.05-fold significant reduction in the granularity (SSC) of granulocytic cells 

overexpressing RUNX3 on the last day of culture, which might suggest that these cells 

were more immature than controls (Figure 4-10D). Morphological assessment of May-

Grünwald-Giemsa stained cells was performed to further consolidate the 

immunophenotypic data. As shown in Figure 4-11A, controls were defined 

predominantly as band/segment mature cells (late phase granulocytic development), 

and myelocytes/metamyelocytes (intermediate phase). Overexpression of RUNX3 

retained the cells in an intermediate phase of development by 1.2 ± 0.01-fold 

compared to control (Figure 4-11A and B). Concomitantly, there was a significant 

reduction in the number of mature cells expressing RUNX3 compared to controls by 

1.4 ± 0.1-fold. Taken together, these results suggest that RUNX3 expression 

supresses the terminal differentiation of myeloid cells. 

In summary, these data suggest that overexpression of RUNX3 in human 

HSPC favours the expansion of monocytes over granulocytes while inhibiting the 

development of both myeloid lineages in culture.  

4.3.4 Knockdown of RUNX3 does not affect myeloid growth and development 

Overexpression of RUNX3 in human HSPC was shown to inhibit normal 

myeloid development by suppressing granulocytic growth and the terminal maturation 

of both monocytic and granulocytic cells. These observations prompted the study of 

RUNX3 KD and its effects on myeloid growth and differentiation of HSPC using the 

same shRNA constructs as before (3.3.3).  
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Figure 4-10 – RUNX3 expression disturbs granulocytic development by downregulating CD11b 

expression. 

(A) Summary data of CD11b expression in terms of MFI in granulocytic-committed cells CD13–/+CD36– 

over time for both control and RUNX3 cultures. Data indicate mean ± 1SD of at least five independent 

experiments. Significant difference of RUNX3-expressing cells from controls was analysed by paired t 

test, *p<0.05, ***p<0.001. (B) Summary data of CD15 expression (MFI) for control and RUNX3 

granulocytic cells over time. Data indicate mean ± 1SD of at least three independent experiments. (C) 

Summary data of CD34 expression in terms of percentage for granulocytic cells in both control and 

RUNX3 cultures over time. Data indicate mean ± 1SD of at least five independent experiments. (D) 

Complexity of granulocytic cells measured by changes in SSC for both control and RUNX3 cells on 

days 10 and 13 of myeloid differentiation. Data indicate mean ± 1SD of at least four independent 

experiments. Significant difference of RUNX3-expressing cells from controls was analysed by paired t 

test, *p<0.05, **p<0.01. 
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Figure 4-11 – Overexpression of RUNX3 affects the morphology of cells during myeloid 

development. 

(A) Control and RUNX3-expressing cells analysed on day 17 of differentiation with May-Grünwald-

Giemsa staining. (B) Differential counts of both cultures with morphology categorised into early 

(myeloblasts/promyelocytes), intermediate (myelocytes/metamyelocytes) and late phase 

(band/segmented granulocytic cells). Data indicate mean ± 1SD of three independent experiments. 

Significant difference of RUNX3-expressing cells from controls was analysed by paired t test, *p<0.05, 

**p<0.01. 
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To determine the effects of RUNX3 KD on colony formation ability of myeloid 

cells, sorted GFP+ HSPC were plated by limiting dilution as previously described 

(4.3.3.1). Following one week of growth, all three RUNX3 KD cultures formed less 

myeloid colonies compared to control (Figure 4-12), thought these differences did not 

reach significance. No effect was observed in the self-renewal capacity of these cells 

(data not shown). Taken together, reduction of RUNX3 levels did not affected 

significantly the colony forming ability of cells during normal human myeloid 

development.  

In order to assess the growth of myeloid cells with reduced RUNX3 levels, 

HSPC were cultured as above (4.3.3.2). As shown in Figure 4-13A, RUNX3 KD did 

not induce significant changes in the growth of myeloid cells. In terms of lineage-

specific growth, there was a significant reduction in erythroid growth by 4.9 ± 1.0- and 

4.6 ± 1.6-fold for RUNX3 shRNA 1 and 4 cultures, respectively, on the last day of 

differentiation (Figure 4-13B), supporting previous results (3.3.3). Regarding 

monocytic and granulocytic growth, no significant changes in growth were observed 

compared to shRNA control cells (Figure 4-13C and D). Taken together, these data 

indicate that KD of RUNX3 does not impair the growth of myeloid cells, apart from 

erythroid-committed cells in culture. 

A similar approach as described above was used to determine the effects of 

RUNX3 KD on myeloid development of cells (4.3.3.3). No significant changes were 

observed in terms of lineage balance in RUNX3 KD cells compared to control cells 

(Figure 4-14). The same was observed regarding their differentiation status, with no 

significant changes identified in the expression pattern of specific cell surface markers 

during monocytic (Figure 4-15) and granulocytic development (Figure 4-16). 

Morphological assessment of control and RUNX3 KD cells on day 17 of culture 

supported the full maturation of myeloid cells observed for all cultures (Figure 4-17).  

Taken together, these data suggest no strong requirement of RUNX3 

expression during normal human myeloid development. Nevertheless, and similarly to 

RUNX3 KD in erythroid development (3.3.3), this study cannot conclude that RUNX3 

expression is completely redundant for myelopoiesis given that a complete loss of 

RUNX3 was not observed in these cells. 
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Figure 4-12 – Knockdown of RUNX3 does not disrupt the myeloid colony formation of HSPC. 

(A) Colony forming efficiency of control and RUNX3 KD cultures after 7 days of growth in liquid culture 

containing IL-3 SCF, G-CSF and GM-CSF. Data indicate mean ± 1SD of three independent 

experiments. 
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Figure 4-13 – Knockdown of RUNX3 impairs the growth of erythroid cells in culture. 

(A) Cumulative fold expansion of GFP+ cells in liquid culture for both control and RUNX3 shRNA cultures 

over 13 days in myeloid medium containing IL-3, SCF, G-CSF and GM-CSF. Data indicate mean ± 1SD 

of at least three independent experiments. (B) Cumulative fold expansion of erythroid-committed cells 

for control and RUNX3 KD cultures (3.3.3). Data indicate mean ± 1SD of at least three independent 

experiments. Significant difference between control and each shRNA cultures was analysed by one-

way ANOVA using Tukey’s multiple comparisons test, *p<0.05 shRNA 1 or 4 vs shRNA control. (C) 

Cumulative fold expansion of control and RUNX3 KD monocytic cells. Data indicate mean ± 1SD of at 

least three independent experiments. (D) Cumulative fold expansion of control and RUNX3 KD 

granulocytic cells. Data indicate mean ± 1SD of at least three independent experiments.  
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Figure 4-14 – Knockdown of RUNX3 does not affect the lineage balance of cells. 

(A) Summary data of erythroid-committed cells in terms of percentage for control and RUNX3 shRNA 

cultures (3.3.3). Data indicate mean ± 1SD of at least three independent experiments. (B) Summary 

data of the percentage of monocytic cells in culture for control and RUNX3 KD cells. Data indicate mean 

± 1SD of at least three independent experiments. (C) Summary data of granulocytic cells percentages 

for control and RUNX3 KD cells. Data indicate mean ± 1SD of at least three independent experiments.  
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Figure 4-15 – Knockdown of RUNX3 does not significantly disturb the monocytic differentiation 

of HSPC. 

(A) Summary data of CD11b expression in terms of MFI in monocytic-committed cells over time for 

control and RUNX3 shRNA cultures. Data indicate mean ± 1SD of at least three independent 

experiments. (B) Summary data of CD14 expression in MFI for control and RUNX3 KD monocytic cells 

over time. Data indicate mean ± 1SD of at least three independent experiments. (C) Summary data of 

CD34 expression in terms of percentage for monocytic cells in control and RUNX3 KD cultures over 

time. Data indicate mean ± 1SD of at least three independent experiments. 
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Figure 4-16 – Knockdown of RUNX3 does not significantly affect the granulocytic differentiation 

of HSPC. 

(A) Summary data of CD11b expression in terms of MFI in granulocytic-committed cells over time for 

control and RUNX3 shRNA cultures. Data indicate mean ± 1SD of at least three independent 

experiments. (B) Summary data of CD15 expression in MFI for control and RUNX3 KD granulocytic 

cells over time. Data indicate mean ± 1SD of at least three independent experiments. (C) Summary 

data of CD34 expression in terms of percentage for granulocytic cells in control and RUNX3 KD cultures 

over time. Data indicate mean ± 1SD of at least three independent experiments. 
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Figure 4-17 – Knockdown of RUNX3 does not affect cell morphology during myeloid 

differentiation. 

(A) Control and RUNX3 KD cells analysed on day 17 of differentiation with May-Grünwald-Giemsa. (B) 

Differential counts of all cultures with morphology categorised into early (myeloblasts/promyelocytes), 

intermediate (myelocytes/metamyelocytes) and late phase (band/segmented granulocytic cells). Data 

indicate mean ± 1SD of three independent experiments. Statistical analysis was performed using 

ANOVA with Tukey’s multiple comparisons test, *p<0.05.
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4.3.5 RUNX3 overexpression failed to rescue the phenotype of RUNX1-ETO-

expressing HSPC 

Overexpression of RUNX3 in HSPC was shown to inhibit myeloid growth and 

induce developmental abnormalities in both monocytic and granulocytic differentiation 

(4.3.3). Conversely, no significant effects were observed in RUNX3 KD cells during 

myeloid development (4.3.4). Interestingly, the phenotype of RUNX3-expressing cells 

resembles RUNX1-ETO-mediated inhibition of myeloid and erythroid development 

(Tonks et al. 2003; Tonks et al. 2004). Given that downregulation of RUNX3 

expression was evidenced in t(8;21) AML patients (Cheng et al. 2008b), this study 

next sought to determine whether overexpression of RUNX3 could rescue the 

phenotype of RUNX1-ETO-expressing cells. 

4.3.5.1 RUNX1-ETO downregulated RUNX3 expression in human HSPC 

In order to determine whether the repression of RUNX3 reported in t(8;21) AML 

cells was observed in RUNX1-ETO-expressing human HSPC in vitro, transcriptomic 

data from a previous study was analysed (Tonks et al. 2007). A similar methodology 

was used in this study (2.4, 2.5), with RNA being extracted from HSPC on day 3 of 

culture, and subsequently on day 6 from erythroid, monocytic and granulocytic 

progenitors. As shown in Figure 4-18, RUNX1-ETO significantly downregulated 

RUNX3 mRNA expression by 2.1 ± 0.6-fold on day 3 of culture compared to control 

cells. This repression was not sustained on day 6 in committed progenitors (data not 

shown).   

4.3.5.2 Generation of RUNX1-ETO and RUNX3 expressing HSPC 

Having determined the magnitude of RUNX3 downregulation in RUNX1-ETO-

expressing cells, two vectors habouring different selectable markers were used for the 

subsequent experiments: RUNX1-ETO-GFP and RUNX3-DsRed (2.5.3). HSPC were 

infected with ‘single’ vectors alone or in combination ‘double’. Following infection, 

double transduced HSPC were analysed for growth and differentiation by using a gate 

defining the GFP+DsRed+ cells, as shown in Figure 4-19A. Infection efficiencies are 

summarised in Figure 4-19B. Single infected cells were used as ‘positive control’ in 

these experiments as their effects have been previously established (Tonks et al. 

2003; Tonks et al. 2004) (4.3.3).  
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Figure 4-18 – RUNX1-ETO significantly downregulated the expression of RUNX3 in HSPC. 

Summary data of relative RUNX3 mRNA expression in human CB derived control and RUNX1-ETO-

expressing HSPC on day 3 of culture. Data indicate mean ± 1SD of four independent experiments. 

Significant difference of RUNX1-ETO-expressing cells from controls was analysed by paired t test, 

*p<0.05. 
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Figure 4-19 – Expression of RUNX3 and RUNX1-ETO in human HSPC. 

(A) Summary data of percentages of GFP+ cells in control and RUNX1-ETO cultures. Data indicate 

mean ± 1SD of three independent experiments. (B) Example density plots of control GFP/DsRed and 

RUNX1-ETO/RUNX3 cultures on day 3 showing the double transduced HSPC populations. RUNX3 

was overexpressed using a DsRed vector (4.3.3), whereas RUNX1-ETO was expressed using a GFP 

vector (Tonks et al. 2003). Doubles – Gate used to analyse the double transduced (GFP+DsRed+) cells. 
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4.3.5.3 RUNX3 overexpression does not rescue the colony formation ability of 

RUNX1-ETO-expressing cells 

RUNX1-ETO and RUNX3 expressed as single abnormalities in normal human 

HSPC inhibit the colony forming ability of erythroid cells (Tonks et al. 2003) (3.3.2). To 

assess whether overexpression of RUNX3 could rescue the erythroid colony formation 

ability of RUNX1-ETO-expressing cells, HSPC were transduced with the vectors 

above and subsequently sorted by FACS to enrich for transduced erythroid population 

(GFP+CD13 or GFP+DsRed+CD13–) (2.6.3). As expected, HSPC expressing RUNX1-

ETO exhibited a 11.2 ± 6.5-fold lower colony forming efficiency compared to control 

cells (Figure 4-20A). Similarly, RUNX3 expression induced a 2.1 ± 1.1-fold reduction 

in erythroid colony formation compared with controls, a result previously observed 

(3.3.2.2). However, double transduced cells formed 10.0 ± 3.2-fold less erythroid 

colonies compared to controls (Figure 4-20B). Given that RUNX3 overexpression 

failed to restore the colony forming ability of RUNX1-ETO-expressing erythroid cells, 

the effects of co-expressing RUNX3 and RUNX1-ETO on erythroid colony formation 

were not further pursued. Therefore, due to the limited number of repeats performed 

in this section, data were not significant. Overall, these data suggest that restoring 

RUNX3 expression in RUNX1-ETO cells does not alleviate the suppression of 

erythroid colony formation imposed by RUNX1-ETO. 

The effects of RUNX1-ETO alone and in combination with RUNX3 expression 

on myeloid colony forming ability were also examined. Again as expected, under clonal 

conditions, RUNX1-ETO-expressing cells formed 3.6 ± 1.3-fold less myeloid colonies 

when compared to control cells (p=0.051, Figure 4-21A) (Tonks et al. 2004). A similar 

trend was observed in HSPC expressing both RUNX1-ETO and RUNX3, with cells 

exhibiting 4.5 ± 2.3-fold significantly lower colony forming ability compared to controls 

(Figure 4-21B). Taken together, these results indicate that RUNX3 overexpression 

was not able to revert the suppression of myeloid colony formation in RUNX1-ETO-

expressing HSPC. Therefore, under clonal conditions, RUNX3 overexpression failed 

to rescue the survival of RUNX1-ETO-transduced myeloid cells.  
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Figure 4-20 – Expression of RUNX1-ETO as a single abnormality or in combination with RUNX3 

suppresses erythroid colony formation. 

(A) Summary data of colony forming efficiency for control and RUNX1-ETO cells, as well as control and 

RUNX3 cells following 7 days of growth in liquid culture containing IL-3, SCF, IL-6 and EPO. Data 

indicate mean ± 1SD of two independent experiments. RUNX1-ETO cells and respective control were 

sorted for GFP positivity, whereas RUNX3 cells and respective controls were sorted for DsRed positivity 

on day 3 by FACS. (B) Colony forming efficiency of control and RUNX1-ETO and RUNX3-expressing 

cells following 7 days of growth in similar conditions. Data indicate mean ± 1SD of two independent 

experiments. Double cultures were sorted for GFP and DsRed positivity on day 3 by FACS. In addition, 

all cultures were enriched for primitive erythroid cells (CD13–) on day 3 by FACS. 
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Figure 4-21 – Expression of RUNX1-ETO as a single abnormality or in combination with RUNX3 

inhibits myeloid colony formation. 

(A) Colony forming efficiency of control and RUNX1-ETO-expressing cells following 7 days of growth 

in liquid culture containing IL-3, SCF, G-CSF and GM-CSF. Cultures were sorted for GFP positivity on 

day 3 by FACS. Data indicate mean ± 1SD of three independent experiments. (B) Colony forming 

efficiency of control and RUNX1-ETO and RUNX3-expressing cells following 7 days of growth in similar 

conditions. Cultures were sorted for GFP and DsRed positivity on day 3 by FACS. Data indicate mean 

± 1SD of three independent experiments. Significant difference of RUNX1-ETO and RUNX3-expressing 

cells from controls was analysed by paired t test, ***p<0.001. 
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4.3.5.4 RUNX3 overexpression did not rescue the myeloid growth and 

differentiation of RUNX1-ETO-expressing cells 

In order to study the effects of RUNX3 overexpression on the growth inhibition 

induced by RUNX1-ETO in HSPC, double transduced cells were cultured for 13 days. 

A similar gating strategy was used for these studies as shown previously in Figure 4-6. 

As shown in Figure 4-22A, no significant effects were observed in the myeloid growth 

of cells expressing RUNX1-ETO as a single abnormality or in combination with RUNX3 

overexpression. As shown in Figure 4-22B, double transduced cells grew similarly to 

controls. Furthermore, no significant changes were observed in lineage-specific 

growth of either RUNX1-ETO alone or RUNX1-ETO/RUNX3 cultures (Figure 4-23), 

with the exception of granulocytic growth, an effect previously reported (Tonks et al. 

2007). RUNX1-ETO-expressing granulocytic cells grew 1.9 ± 0.2-fold slower than 

controls on day 8 of culture (Figure 4-23E). This growth inhibition was not sustained 

in double transduced granulocytic cells (Figure 4-23F). Overall, these data do not 

suggest that RUNX3 overexpression rescues the growth of RUNX1-ETO-expressing 

myeloid cells. 

To determine whether RUNX3 overexpression could revert the abnormal 

phenotype of RUNX1-ETO-expressing cells during myeloid development, a similar 

approach was used as above (4.3.3.3). Expression of RUNX1-ETO did not induce 

significant changes in the proportion of erythroid, monocytic and granulocytic cells in 

culture compared to controls (Figure 4-24). A similar trend was observed for double 

transduced cells. In terms of monocytic differentiation, RUNX1-ETO did not induce 

significant changes in CD11b expression over time (Figure 4-25A). Conversely, a 

significant downregulation of CD11b expression by 1.7 ± 0.3-fold was observed in 

RUNX1-ETO and RUNX3-expressing cells on day 6 compared to controls (Figure 

4-25B). Furthermore, a significant downregulation of CD14 expression by 1.7 ± 0.4-

fold was identified on day 8 in RUNX1-ETO-expressing cells compared to control cells 

(Figure 4-25C). Interestingly, RUNX1-ETO and RUNX3-expressing cells upregulated 

CD14 expression similarly to controls over 13 days of development (Figure 4-25D). 

No changes were observed in CD34 expression over time among all cultures (Figure 

4-25E and F). Taken together, these data show that double transduced cells have their 

granulocytic differentiation suppressed. 



 Chapter 4 – RUNX3 Inhibits Myeloid Development 

167 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-22 – Expression of RUNX1-ETO as a single abnormality or in combination with RUNX3 

does not significantly affect the growth of myeloid cells. 

(A) Cumulative fold expansion of GFP+ control and RUNX1-ETO cells and (B) GFP+DsRed+ control and 

RUNX1-ETO/RUNX3 cells during myeloid development over 17 days. Data indicate mean ± 1SD of 

three independent experiments. Counts on day 17 are representative.  
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Figure 4-23 – Expression of RUNX1-ETO as a single abnormality or in combination with RUNX3 

does not significantly affect the lineage-specific growth of cells. 

(A) Cumulative fold expansion of erythroid-committed cells (CD13–CD36+) for both GFP+ control and 

RUNX1-ETO cells and (B) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells during myeloid 

development over 13 days. Data indicate mean ± 1SD of at least three independent experiments. (C) 

Cumulative fold expansion of monocytic cells (CD13+CD36+) for both GFP+ control and RUNX1-ETO 

cells and (D) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells during myeloid development over 13 

days. Data indicate mean ± 1SD of at least three independent experiments. (E) Cumulative fold 

expansion of granulocytic-committed cells (CD13–/+CD36–) for both GFP+ control and RUNX1-ETO cells 

and (F) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells during myeloid development over 13 days. 

Data indicate mean ± 1SD of at least three independent experiments. Significant difference of RUNX1-

ETO-expressing cells vs controls was analysed by paired t test, *p<0.05. 
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Figure 4-24 – RUNX1-ETO itself and in combination with RUNX3 overexpression did not impact 

significantly the lineage balance in HSPC. 

(A) Summary data of erythroid cells (CD13–CD36+) in terms of percentage for both GFP+ control and 

RUNX1-ETO cultures, and (B) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells during myeloid 

development over 13 days. Data indicate mean ± 1SD of at least three independent experiments. (C) 

Summary data of monocytic cells (CD13+CD36+) in terms of percentage for both GFP+ control and 

RUNX1-ETO cultures, and (D) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells during myeloid 

development in the same conditions. Data indicate mean ± 1SD of at least three independent 

experiments. (E) Summary data of granulocytic cells (CD13–/+CD36+) in terms of percentage for both 

GFP+ control and RUNX1-ETO cultures, and (F) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells 

during myeloid development in similar conditions. Data indicate mean ± 1SD of at least three 

independent experiments. 
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Figure 4-25 – RUNX3 overexpression dysregulates CD11b expression and exhibits normal CD14 

upregulation during monocytic development of RUNX1-ETO-expressing cells. 

(A) Summary data of CD11b expression in terms of MFI in monocytic-committed cells over time for 

GFP+ control and RUNX1-ETO cultures, and (B) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells. 

Data indicate mean ± 1SD of three independent experiments. Significant difference of RUNX1-

ETO/RUNX3 cells vs GFP+DsRed+ controls was analysed by paired t test, *p<0.05. (C) Summary data 

of CD14 expression in MFI for GFP+ control and RUNX1-ETO cultures, and (D) GFP+DsRed+ control 

and RUNX1-ETO/RUNX3 monocytic cells over time. Data indicate mean ± 1SD of three independent 

experiments. Significant difference of RUNX1-ETO cells vs GFP+ control was analysed by paired t test, 

*p<0.05. (E) Summary data of CD34 expression in terms of percentage for monocytic cells in GFP+ 

control and RUNX1-ETO cultures, and (F) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells over 

time. Data indicate mean ± 1SD of three independent experiments.  
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Regarding granulocytic development, the expected CD11b upregulation was 

significantly reduced by 1.8 ± 0.1-fold in RUNX1-ETO cells compared to controls (day 

8, Figure 4-26A). Similarly, co-expression of RUNX3 and RUNX1-ETO led to a 

significant downregulation of CD11b expression by 2.6 ± 0.6-fold on the same 

compared to control cells (Figure 4-26B). As shown in Figure 4-26C, the expression 

of the granulocytic marker CD15 was comparable between control and RUNX1-ETO 

cells. Conversely, restoring RUNX3 expression in RUNX1-ETO cells resulted in a 1.5 

± 0.2-fold significant reduction of CD15 expression by day 3 (Figure 4-26D). 

Furthermore, RUNX1-ETO-expressing cells exhibited a retention of CD34 expression 

by 1.6 ± 0.3-fold on day 8 (Figure 4-26E), whereas double transduced cells 

downregulated CD34 similarly to controls with no significance observed (Figure 

4-26F). Overall, these findings show that cells co-expressing RUNX1-ETO and 

RUNX3 have their granulocytic differentiation suppressed.  

To support the phenotypic analysis, assessment of morphology was performed. 

Control cultures were associated primarily with a late and intermediate phase of 

development characterised by the presence of band/segmented cells and 

myelocytes/metamyelocytes, respectively (Figure 4-27A). Conversely, RUNX1-ETO-

expressing cultures were predominantly myeloblasts/promyelocytes (early phase) as 

previously described (Tonks et al. 2004). RUNX1-ETO cells in an early phase of 

development significantly increased by 11.6 ± 5.4-fold, whereas cells in a late phase 

decreased by 11.9 ± 5.0-fold compared to controls (Figure 4-27B). An imbalance 

between cells in different developmental stages was also observed for the double 

transduced culture compared to the respective control. Cultures co-expressing 

RUNX1-ETO and RUNX3 were predominantly in an early phase of development, with 

an increase by 4.3 ± 2.8-fold in myeloblasts and promyelocytes in culture compared 

to controls. However, no significance was observed in terms of the presence of mature 

double transduces cells in culture compared to controls, which suggests that RUNX3 

overexpression positively affected the morphology of RUNX1-ETO-expressing cells.  
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Figure 4-26 – Abnormal granulocytic development observed in cells expressing RUNX1-ETO 

alone or in combination with RUNX3 overexpression. 

(A) Summary data of CD11b expression in terms of MFI in granulocytic cells over time for GFP+ control 

and RUNX1-ETO cultures, and (B) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells. Data indicate 

mean ± 1SD of three independent experiments. (C) Summary data of CD15 expression in MFI for GFP+ 

control and RUNX1-ETO cultures, and (D) GFP+DsRed+ control and RUNX1-ETO/RUNX3 granulocytic 

cells over time. Data indicate mean ± 1SD of three independent experiments. (E) Summary data of 

CD34 expression in terms of percentage for granulocytic cells in GFP+ control and RUNX1-ETO 

cultures, and (F) GFP+DsRed+ control and RUNX1-ETO/RUNX3 cells over time. Data indicate mean ± 

1SD of three independent experiments. Significant difference of RUNX1-ETO cells vs GFP+ control, 

and RUNX1-ETO/RUNX3-expressing cells vs GFP+DsRed+ controls was analysed by paired t test, 

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

Days in culture

G
F

P
+
 f

o
ld

 e
x
p

a
n

s
io

n

0 5 10 15 20
0

500

1000

1500

2000
Control

RUNX1-ETO

0 5 10 15 20
0

50

100

150

Days in culture

G
F

P
+
D

s
R

e
d

+
 f

o
ld

 e
x
p

a
n

s
io

n

Control GFP/DsRed

RUNX1-ETO/RUNX3

E 

B A 

F 

C D 



 Chapter 4 – RUNX3 Inhibits Myeloid Development 

173 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-27 – RUNX3 overexpression promotes morphological changes associated with 

intermediate to later stages of development in RUNX1-ETO cells. 

(A) Single and double transduced cells analysed on day 17 of differentiation with May-Grünwald-

Giemsa staining. (B) Differential counts for all cultures with morphology categorised into early 

(myeloblasts/promyelocytes), intermediate (myelocytes/metamyelocytes) and late phase 

(band/segmented granulocytic cells). Data indicate mean ± 1SD of three independent experiments. 

Significant difference of RUNX1-ETO cells vs GFP+ control, and RUNX1-ETO/RUNX3-expressing cells 

vs GFP+DsRed+ controls was analysed by paired t test, *p<0.05, **p<0.01 
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 Discussion and conclusion 

RUNX3 has been shown to play a key role in haematopoiesis using different 

cell models, and its expression has been studied in the context of AML (Levanon et 

al. 2001a; Debernardi et al. 2003; Kalev-Zylinska et al. 2003; Gutierrez et al. 2005; 

Sun et al. 2007; Cheng et al. 2008b; Wang et al. 2013; Wang et al. 2014a; Estecio et 

al. 2015; Balogh et al. 2020). However, its role in human haematopoiesis and 

leukaemia remains poorly understood. Previously, RUNX3 expression was shown to 

inhibit normal human erythroid development (3.3.2), whereas reduced RUNX3 

expression did not significantly affect this process (3.3.3). This study initially sought to 

determine the expression of RUNX3 in normal myeloid development using publicly 

available transcriptomic datasets. These data revealed that RUNX3 is generally 

downregulated during myelopoiesis (4.3.1). Furthermore, analysis of TCGA AML 

patient data showed that RUNX3 is significantly downregulated in prognostically 

favourable CBF AML and upregulated in patients with complex cytogenetics that are 

usually associated with a poor clinical outcome (4.3.2). To determine the role of 

RUNX3 in human myelopoiesis, RUNX3 expression level was modulated in human 

primary HSPC and its effects on myeloid growth and development were analysed in 

vitro (4.3.3, 4.3.4). Increased RUNX3 expression in HSPC led to an inhibition of both 

granulocytic and monocytic development, whereas RUNX3 KD failed to significantly 

impact myeloid growth and development. Considering its downregulation by RUNX1-

ETO (Cheng et al. 2008b), RUNX3 was overexpressed in RUNX1-ETO cells to 

determine whether it could revert the developmental block imposed by RUNX1-ETO 

expression in these cells (Tonks et al. 2003; Tonks et al. 2004) (4.3.5). However, no 

significant role for RUNX3 expression in RUNX1-ETO leukaemogenesis was 

observed. Overall, this study supports a role for RUNX3 in human haematopoiesis and 

highlights a potential association between RUNX3 overexpression and AML 

pathogenesis. 

To determine the importance of RUNX3 expression during normal human 

myeloid development, published transcriptomic data was analysed. RUNX3 mRNA 

expression is sustained in CB derived HSPC and early stages of myeloid 

differentiation, but different trends are observed when cells mature into the 

granulocytic and monocytic lineages (4.3.1). Whereas mature monocytes seem to 
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upregulate RUNX3, cells in different stages of granulocytic differentiation 

(promyelocytes, myelocytes and band cells) show decreased RUNX3 expression 

compared to early progenitors. RUNX3 overexpression has been shown in both 

monocytes and macrophages, and its expression was shown to be tightly regulated 

during differentiation and activation of myeloid cells (Puig-Kroger and Corbi 2006; 

Puig-Kroger et al. 2006). An additional study using HL-60 cells as a model for 

granulocytic and monocytic differentiation suggested that RUNX3 might be initially 

involved in myeloid development but reverts to basal levels during terminal maturation 

of granulocytes or monocytes (Muller et al. 2008). These findings are supported by a 

recent study showing that RUNX3 participates in erythroid rather than granulocytic 

development of human HSPC (Balogh et al. 2020). Taken together, these results 

suggest that RUNX3 expression has a role in early myeloid differentiation, with its 

involvement diminishing as cells fully mature into monocytes or granulocytes. 

4.4.1 Increased RUNX3 expression is associated with poor outcome of AML 

patients 

In order to explore the association between RUNX3 expression and 

leukaemogenesis, different transcriptomic datasets were analysed (4.3.2). MILE study 

microarray data (Kohlmann et al. 2008; Haferlach et al. 2010) shows that RUNX3 

mRNA expression is highly variable between different AML subtypes and could be 

associated with distinct prognosis. Indeed, RUNX3 mRNA is significantly 

downregulated in both t(8;21) and inv(16) AML patients compared to normal human 

BM. Both abnormalities involve the heterodimeric protein complex CBF and are 

considered to have relatively good prognosis compared to other leukaemic subtypes 

(1.2.2). On the other hand, AML patients with complex cytogenetics have significantly 

higher levels of RUNX3 and are associated with a poor outcome. RNA-seq data 

obtained from the TCGA AML dataset confirm the previous trend (Cancer Genome 

Atlas Research et al. 2013). To determine how RUNX3 expression influences different 

clinical attributes, AML patients were stratified according to RUNX3 expression in 

upper and lower quartiles. OS is significantly affected by RUNX3 expression, with 

patients in the upper quartile having a poorer outcome than low RUNX3 AML patients. 

Clinically, WBC, risk (both molecular and cytogenetic), PB blast percentage and 

diagnosis age, among others, are the most significant attributes between both groups. 
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In terms of risk and cytogenetics, lower expression of RUNX3 is associated with good 

prognosis AML cases, which mainly comprise inv(16) and t(8;21) AML subtypes. 

Conversely, increased RUNX3 expression is associated with poor prognosis of AML, 

which mainly include complex cytogenetic cases. These results are supported by 

numerous other studies in the literature (Debernardi et al. 2003; Gutierrez et al. 2005; 

Sun et al. 2007). Cheng et al. showed that reduced RUNX3 expression is associated 

with better EFS and is overrepresented by t(8;21) and inv(16) AML patients (Cheng et 

al. 2008b). Most importantly, RUNX3 downregulation was caused by direct binding of 

RUNX1-ETO to its promoter, whereas for inv(16) cases RUNX3 downregulation 

resulted from a cooperation between CBFβ-MYH11 and RUNX1 (Cheng et al. 2008b) 

(1.4.2.3). An additional study suggests that RUNX3 downregulation in inv(16) patients 

is caused by promoter methylation (Estecio et al. 2015). Furthermore, this study 

implies that epigenetic dysregulation of RUNX3 is likely an important event in CBF 

leukaemogenesis. RUNX3 expression was found to be an independent prognostic 

factor in childhood AML and increased RUNX3 was associated with worse EFS 

independent of the FLT3 mutations status (Estecio et al. 2015). Conversely, Lacayo 

et al. found that RUNX3 overexpression among childhood AML patients with mutated 

FLT3 had an inferior outcome (Lacayo et al. 2004). Interestingly, FLT3-ITD has been 

found to induce RUNX3 expression, resulting in Ara-C resistance in leukaemic cells 

(Damdinsuren et al. 2015) though the mechanisms underlying this event are unclear. 

In addition, repression of RUNX3 in CBF AML has been associated with a good 

response to Ara-C treatment (Cheng et al. 2008b). Taken together, these studies 

support RUNX3 potential as a prognostic marker in AML. Additionally, these results 

give insight into the close relationship between RUNX3 expression and AML 

pathogenesis. Further studies including more patients and a multivariate analysis 

would help establish whether RUNX3 is a potential prognostic marker for AML. 

4.4.2 RUNX3 overexpression in HSPC inhibits their myeloid growth and 

development 

Considering the association between RUNX3 expression and poor prognosis 

of AML patients, the effects of RUNX3 overexpression on myeloid development of 

human HSPC were next determined. Following one week of growth and under clonal 

conditions, RUNX3 overexpression negatively affected the colony formation capacity 
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of myeloid cells (4.3.3.1). Previous studies have shown that RUNX1-ETO expression 

selectively inhibits granulocytic colony formation in human HSPC (Tonks et al. 2004). 

RUNX3 overexpression was previously found to inhibit the formation of erythroid 

colonies whilst promoting the self-renewal of progenitors (3.3.2.2). Overall, these 

findings suggest that increased RUNX3 expression negatively affects the survival of 

cells under clonal conditions.  

Having observed abnormalities in the colony formation ability of myeloid cells, 

this study next sought to determine the effects of RUNX3 overexpression on myeloid 

growth and development in bulk liquid culture. RUNX3-expressing cells grew slower 

than controls characterised by a suppression of erythroid growth, supporting previous 

results (3.3.2), as well as granulocytic growth (4.3.3.2). RNA-seq data of HSPC 

overexpressing RUNX3 shows a dysregulation in genes enriched for apoptosis and 

proliferation pathways (5.3.3). For instance, KIT mRNA expression was significantly 

downregulated in RUNX3-transduced cells compared to controls. c-Kit ligand or SCF 

has been shown previously to enhance the proliferation of both myeloid and lymphoid 

haematopoietic progenitor cells (Hoffman et al. 1993). Furthermore, SCF-KIT pathway 

is thought to promote survival of progenitors by supressing apoptosis (Bashamboo et 

al. 2006; Zhang and Lodish 2008). In addition, RNA-seq results revealed a 

downregulation of RUNX1 expression, and, to a lesser extent RUNX2, by RUNX3 

overexpression in HSPC (5.3.4), which can help explain the growth inhibition observed 

here. Reduction of RUNX1 expression was found to substantially inhibit the growth of 

both CB derived and AML cells (Goyama et al. 2013). In a different setting, cells 

harbouring a RUNX1 mutation maintain a progenitor phenotype with monocytic 

characteristics and show repression of only granulocytic genes (Gerritsen et al. 2019). 

These results suggest that RUNX1 mutations primarily affect granulocytic 

development. Moreover, the suppression of granulocytic growth parallels the growth 

inhibition imposed by RUNX1-ETO in the granulocytic lineage (Tonks et al. 2004). 

Taken together, increased RUNX3 expression impairs myeloid growth, which could be 

mainly due to abnormalities within the erythroid and granulocytic lineages. 

The growth suppression caused by RUNX3 overexpression in myeloid cells 

was accompanied by a lineage imbalance (4.3.3.2), as well as an aberrant programme 

of myeloid differentiation (4.3.3.3). Monopoiesis develops from the monoblast to the 

circulating monocyte, which is typically characterised by the expression of CD11b, 
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CD14, CD16, HLA-DR and CD33 (Friedman 2002; Gustafson et al. 2015). On the 

other hand, granulocytes are characterised by CD11b, CD15, CD33 and CD66b 

(Gustafson et al. 2015). RUNX3 significantly downregulated cell surface expression of 

CD11b and CD14 during monocytic development. Further RNA-seq results support 

the abnormal phenotype observed for RUNX3-expressing cells (5.3.4). ITGAM, also 

known as CD11b, was the 6th most downregulated by RUNX3 overexpression in 

HSPC. The close relationship between RUNX3 and CD11b has been previously 

described in DC using RUNX3-deficient mouse models (Dicken et al. 2013). RUNX3 

was shown to occupy the genomic loci of Itgam and its loss led to increased expression 

of CD11b in mouse DC. In terms of CD14 expression, RUNX3 has been considered a 

potential regulator of monocyte differentiation due to its involvement with the TGF-β 

signalling pathway in DC and its crucial role in the generation of Langerhans cells 

(Sanchez-Martin et al. 2011). Moreover, it was shown that primary blood monocytes 

secrete the chemokine CXCL12 to modulate differentiation through downregulation of 

RUNX3, which in turn leads to an increase of CD14 expression (Sanchez-Martin et al. 

2011). These studies suggest that a precise balance of RUNX3 expression is 

important during myeloid development.  

Regarding granulocytic differentiation, RUNX3 expression similarly inhibited 

this process by significantly downregulating the expression of CD11b and, to a lesser 

extent, the granulocytic marker CD15. This abnormal phenotype was accompanied by 

reduction in granularity in RUNX3-expressing granulocytes at later days, and further 

supported by morphology assessment of cells (4.3.3.3). RUNX1-ETO has been shown 

to disrupt myeloid differentiation, delaying the upregulation of CD11b and CD15 in 

human HSPC (Tonks et al. 2004). This process can be restored by silencing this 

oncogene in t(8;21) AML cell lines (Heidenreich et al. 2003). The abnormal 

differentiation of RUNX3 overexpressing cells could be explained in part by the 

downregulation of RUNX1 in these cells (5.3.4). An additional study suggests that 

RUNX1 acts as a tumour suppressor in CB derived cells by inducing myeloid 

development, and loss of this differentiation capacity is a common feature of 

leukaemogenic RUNX1 mutants (Goyama et al. 2013). Furthermore, RUNX1 

deficiency blocked myeloid differentiation in HSPC and RUNX1-ETO cells. Overall, 

RUNX3 expression inhibits both monocytic and granulocytic differentiation of cells.  
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4.4.3 Knockdown of RUNX3 does not impact the myeloid development of HSPC 

Given the downregulation of RUNX3 expression observed in CBF AML 

patients, and to fully assess its importance in normal human myeloid development, the 

effects of RUNX3 KD in cell growth and differentiation were further determined. In 

terms of colony formation ability, no significant changes were observed in RUNX3 KD 

cells compared to controls (4.3.4). Recently, RUNX3 KD in HSPC was shown to block 

erythroid colony formation with no relevant effect on myeloid colonies (Balogh et al. 

2020). Taken together, these data suggest that reduced RUNX3 expression does not 

affect the survival of myeloid cells under clonal conditions. 

In bulk liquid culture, KD of RUNX3 induced a modest reduction in the myeloid 

growth of cells mainly due to a significant suppression of erythroid growth compared 

to control cells (4.3.4). Conversely, no significant growth inhibition was observed in 

RUNX3 KD monocytic and granulocytic cells during their development. RUNX3 KD 

progenitors cultured in expansion medium supplemented with SCF, IL-3, TPO, and 

FLT3L preserved normal proliferation and almost all viability (Balogh et al. 2020). The 

same was not observed for progenitors cultured in erythroid medium. Overall, RUNX3 

KD in HSPC does not inhibit myeloid growth, nonetheless it shows a clearer impact 

on erythroid growth. This might be due to a more prominent role for RUNX3 in erythroid 

development rather than myeloid.  

In terms of myeloid development, monocytic and granulocytic cells managed to 

fully mature with reduced RUNX3 expression (4.3.4). Reduced RUNX3 levels have 

been associated with enhanced CD11b expression in HSPC and shown to cause 

minimal changes in granulocytic differentiation measured by CD15 levels (Balogh et 

al. 2020). This study suggested that the retention of myeloid differentiation capacity 

and GMP markers by RUNX3 KD cells is associated with an additional role for RUNX3 

in lineage resolution. Overall, RUNX3 KD did not affect the normal programme of 

myeloid differentiation of human HSPC. Nevertheless, combined loss of RUNX1 and 

RUNX3 has been shown to inhibit the maturation of granulocytes at a relatively late 

stage of development in mice (Wang et al. 2014a). Additionally, a blockage in 

lymphocyte, megakaryocyte and erythrocyte maturation was observed at early stages 

of development.  
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4.4.4 RUNX3 overexpression does not rescue the phenotype of RUNX1-ETO-

expressing HSPC during myeloid development 

Having observed a downregulation of RUNX3 expression in t(8;21) AML patient 

data from TCGA dataset (4.3.2) and in human HSPC expressing RUNX1-ETO as a 

single abnormality (4.3.5), RUNX3 was overexpressed in RUNX1-ETO HSPC and its 

effects were further determined. Overexpression of RUNX3 in t(8;21) KASUMI-1 and 

SKNO-1 cell lines was also attempted, but no interpretable outcomes were obtained 

(data not shown). Under clonal conditions, RUNX3 expression failed to rescue the 

erythroid and myeloid colony forming capacity of RUNX1-ETO-expressing HSPC 

(4.3.5.3). RUNX1-ETO mainly affects the differentiation of granulocytic cells (Tonks et 

al. 2004). In bulk liquid culture, RUNX1-ETO itself induced a significant downregulation 

of CD11b compared with control cells (4.3.5.4). These abnormalities were sustained 

in double transduced cells, which suggests that both RUNX1-ETO and RUNX3 are 

capable of repress the transcription of ITGAM. As mentioned previously, CD11b is a 

putative target of RUNX3 and it was one of the most downregulated genes by RUNX3 

overexpression in HSPC (Dicken et al. 2013). Morphological examination suggest that 

RUNX1-ETO-expressing cells were retained in an early stage of development 

characterised by the increased presence of myeloblasts and promyelocytes in culture 

compared to controls. Similar results were previously reported (Tonks et al. 2004). 

Similarly, double transduced cells were associated with immature morphological 

features compared to control cells. However, there was an increase in the proportion 

of cells in a later stage of development in these cultures compared to the effect of 

RUNX1-ETO alone. Recently, cyclin D2 was identified as an important element of 

RUNX1-ETO leukaemia (Martinez-Soria et al. 2018). KD of cyclin D2 in t(8;21) cells 

inhibited their proliferation and induced a cell cycle arrest; however, it failed to alleviate 

the myeloid differentiation block imposed by RUNX1-ETO (Martinez-Soria et al. 2018). 

Taken together, these findings do not support a rescue of phenotypic changes by 

RUNX3 in RUNX1-ETO-expressing cells during myeloid development.  

Although RUNX3 overexpression did not induce the myeloid differentiation of 

RUNX1-ETO-expressing cells, the functional requirement of RUNX3 in t(8;21) AML 

should be further addressed by KD studies. For instance, ZEB1 was recently shown 

to be downregulated in AML, and its KO in MLL-AF9 and Meis1a/Hoxa9-driven AML 

mouse models led to a rapid disease progression (Almotiri et al. 2021). The 
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association between RUNX3 and the RUNX1/RUNX1-ETO complex has been 

previously identified (Mandoli et al. 2016), as well as its specific downregulation in CBF 

AML (1.4.2.3). Therefore, further reduction of RUNX3 expression in RUNX1-ETO 

HSPC could provide novel insights regarding its functional and potential tumour 

suppressive role in CBF AML.  

In conclusion, this study shows that increased expression of RUNX3 in human 

HSPC inhibits normal myeloid development. A similar result was not observed in 

RUNX3 KD cells, which supports a possible role in leukaemogenesis. In addition, 

restoration of RUNX3 expression in RUNX1-ETO-expressing HSPC does not support 

a significant role for RUNX3 in RUNX1-ETO leukaemogenesis. Nevertheless, it is 

important to consider possible caveats associated with this study, including the fact 

that RUNX3 was overexpressed at supra-physiological levels in these cells. Further 

studies are needed to elucidate the mechanisms associated with RUNX3 expression 

and AML pathogenesis. 
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5 RUNX3 Overexpression Dysregulates the Human 

Haematopoietic Progenitor Cells Transcriptome 

 Introduction 

RUNX3 is one of three mammalian Runt-domain TFs and was initially cloned 

based on its similarity to RUNX1 (Levanon et al. 1994). Overexpression and KO 

studies in mice have demonstrated a role for RUNX3 in the normal function of several 

important organs (Levanon et al. 2001a; Levanon et al. 2002; Kalev-Zylinska et al. 

2003; Yoshida et al. 2004; Kohu et al. 2005; Bauer et al. 2015; Wang et al. 2018a) 

(1.4). Amongst the many impacts arising from loss of RUNX3 expression are a variety 

of defects in the adaptive and innate immune system. These include impaired 

proliferation and differentiation of activated cytotoxic CD8+
 T cells, helper Th1 cells and 

NK cells (Djuretic et al. 2007; Cruz-Guilloty et al. 2009; Levanon et al. 2014). Besides 

its important role in controlling immunity and inflammation, RUNX3 is also essential 

for the maintenance of HSC in adults (Wang and Stifani 2017) (1.4.1). Both RUNX1 

and RUNX3 are able to directly inhibit cell cycle progression as well as maintain stem 

cells in their quiescent state, thereby influencing the HSC population size (Wang and 

Stifani 2017). A recent study showed that increased RUNX3 expression suppressed 

the expression of RUNX1, compromising haematopoiesis and leading to the 

development of MDS in mice (Yokomizo-Nakano et al. 2020). RUNX3 expression has 

also been shown to inhibit both erythroid and myeloid development of human HSPC 

(3.3.2, 4.3.3). Further, abrogation of erythropoiesis by loss of RUNX3 was shown 

previously in human HSPC with RUNX3 controlling key erythroid TFs, such as KLF1 

and GATA1 (Balogh et al. 2020). Taken together, these studies show that 

dysregulation of RUNX3 expression can contribute to impaired development of 

haematopoietic cells.  

The role of RUNX3 in tumour initiation and progression is ambiguous, with 

RUNX3 exhibiting both tumour-promoting and suppressive behaviours in a context-

dependent manner (Li et al. 2002; Cheng et al. 2008b; Tsunematsu et al. 2009; Lee 

et al. 2011; Huang et al. 2012a; Lee et al. 2013) (1.4.2). As demonstrated in 4.3.2, 

RUNX3 mRNA expression is variable in AML. FLT3-ITD AML which is associated with 
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poor prognosis, induces RUNX3 mRNA expression resulting in Ara-C resistance 

(Damdinsuren et al. 2015). Furthermore, increased RUNX3 mRNA expression was 

associated with a shortened EFS and OS among childhood AML patients (Cheng et 

al. 2008b) (1.3.5). Interestingly, RUNX3 mRNA expression was found to be repressed 

in the prognostically favourable CBF-AML subgroup (harbouring the fusion proteins, 

RUNX1-ETO or CBFβ-MYH11), which are associated with good responses to Ara-C 

treatment (Cheng et al. 2008b).  

Understanding the involvement of RUNX in leukaemia development and the 

balance between their tumour suppressive and oncogenic functions may lead to new 

therapeutic possibilities (Ito et al. 2015). RUNX TFs interact with essential signalling 

pathways, including apoptosis, hypoxia, inflammation, DNA damage responses, stem 

cell functions, Wnt, TGF-β, BMP, Notch and RAS-ERK signalling, amongst others 

(reviewed by (Ito et al. 2015)). Nonetheless, RUNX3 is the least studied member of its 

family and its regulatory function has been mainly explored in mice models and/or 

different cellular contexts other than haematopoietic cells. RUNX3 overexpression 

was shown to inhibit human haematopoietic development in vitro (3.3.2, 4.3.3) and is 

associated with poor clinical outcome of AML patients (4.3.2). Therefore, this Chapter 

aims to identify the transcriptional changes induced by RUNX3 overexpression in 

human HSPC.  

 Aims and objectives 

This study hypothesises that overexpression of RUNX3 leads to transcriptomic 

changes that may affect haematopoietic growth and development. The main aim of 

this Chapter is to analyse the transcriptomic profile of cells overexpressing RUNX3 

and identify dysregulated pathways influencing haematopoiesis and other related 

processes. This Chapter has the following objectives: 

• Determine the transcriptomic changes associated with RUNX3 

overexpression in haematopoietic cells  

Total RNA will be extracted from human HSPC overexpressing RUNX3 and 

controls (expressing GFP alone). Following Qc assessment of RNA integrity, 

samples will be shipped to Novogene for library preparation and RNA-seq. 
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Sequencing data will be analysed to establish DE genes between control and 

RUNX3 overexpressing HSPC.  

• Determine which pathways and networks are dysregulated by RUNX3 

overexpression in HSPC 

Using the DE gene list (above), an enrichment analysis will be performed to 

establish the transcriptional dysregulation imposed by RUNX3 ectopic 

expression in human HSPC. For this analysis, MetaCore™, IPA® and KEGG 

databases will be used. 

• Establish the genes regulated by RUNX3 in HSPC including a comparative 

analysis of data above with publicly available mRNA expression datasets 

To further understand the genes and pathways dysregulated by RUNX3 

expression in HSPC, a comparative analysis will be performed between the 

RNA-seq data obtained in this study and publicly available datasets. These 

datasets include RNA-seq data from RUNX3-deficient human HSPC and 

erythroid progenitors (Balogh et al. 2020), and microarray data from RUNX1-

ETO-expressing human HSPC (Tonks et al. 2007). 

 Results 

5.3.1 Generation of HSPC overexpressing RUNX3 for RNA-seq analysis 

Overexpression of RUNX3 in human HSPC was shown to inhibit both erythroid 

and myeloid differentiation (3.3.2, 4.3.3). To determine the transcriptional changes 

associated with increased RUNX3 expression, RNA-seq of RUNX3 transduced HSPC 

was performed. The experimental design for this study is shown in Figure 5-1. 

Following infection, transduced cultures were enriched for GFP expression by FACS 

(>98% GFP+) and subsequently processed for total RNA extraction (Figure 5-2). Table 

5-1 shows each sample with a 260/280 ratio ~2.0 indicating RNA with no significant 

contamination by proteins, phenol or other contaminants that absorb near 280 nm. To 

support this, RNA concentration and integrity were also assessed using Agilent 2100 

Bioanalyzer (Schroeder et al. 2006). All RNA samples were of high quality represented 

by a RIN of 10 (Table 5-1). 
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Figure 5-1 – Experimental design of RNA-seq analysis of transcriptional changes associated 

with RUNX3 overexpression in HSPC. 

(A) Control and RUNX3 HSPC (5 independent experiments; samples #1 to #10) were analysed by RNA-

seq as in (B). (B) CB derived HSPC were isolated using the MiniMACS™ magnetic sorting system for 

CD34 positivity and subsequently infected with control (PINCO GFP) or RUNX3 GFP retrovirus (as 

described in 2.6.3). Following enrichment for GFP expression by FACS, total RNA was extracted using 

the RNeasy Plus Mini Kit and RNA integrity was assessed using Agilent 2100 Bioanalyzer. Samples 

with a RIN above 8 were deemed to be high quality and shipped to Novogene for RNA-seq.  
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Figure 5-2 – Successful expression and enrichment of GFP in human HSPC. 

(A) Representative flow cytometric histograms of GFP expression for control and RUNX3 infected cells 

(pre-sorted cultures day 3). GFP+ gate delimits the sorted population and was defined using mock 

infected control cells (GFP–). Data obtained using BD FACSAria™ II cytometer. (B) Representative 

histograms for control culture post-sorting for GFP– and GFP+ cells. Data obtained using BD Accuri™ 

C6 Plus cytometer. Mock HSPC – grey; Transduced HSPC – black.
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Table 5-1 – QC assessment of RNA samples. 

Summary data of five independent experiments (control vs RUNX3-expressing HSPC) showing RNA concentration, purity, and RIN. Data was obtained using 

NanoDrop™ spectrophotometer and Agilent 2100 Bioanalyzer. N – independent experimental number; RIN – RNA Integrity Number; QC – Quality control. 

Example densitometry plots and electropherograms generated using Agilent 2100 Bioanalyzer and are represented in Appendix 1. 

 

 

 

     Novogene 

   NanoDrop™ 
Agilent 2100 
Bioanalyzer 

(Cardiff) 
Agilent 2100 Bioanalyzer 

Sample 
# 

Condition N 
RNA 

(ng/µL) 
A260/A280 A260/A230 

RNA 
(ng/µL) 

RIN 
RNA 

(ng/µL) 
Volume 

(µL) 

Total 
amount 

(µg) 
RIN 

QC 
Result 

1 Control 
1 

120.1 2.09 1.75 156 10 54 18 0.97 10 Pass 

2 RUNX3 159.9 2.09 1.78 185 10 45 18 0.81 10 Pass 

3 Control 
2 

106.2 2.10 1.61 155 10 67 18 1.21 10 Pass 

4 RUNX3 178.3 2.02 1.95 208 10 53 18 0.95 10 Pass 

5 Control 
3 

102.1 2.07 1.81 119 10 59 18 1.06 10 Pass 

6 RUNX3 138.8 2.10 1.59 164 10 69 18 1.24 10 Pass 

7 Control 
4 

57.4 2.01 1.93 65 10 52 19 0.99 9.8 Pass 

8 RUNX3 65.2 2.09 1.98 84 10 56 18 1.01 10 Pass 

9 Control 
5 

60.7 2.05 1.63 80 10 54 18 0.97 9.8 Pass 

10 RUNX3 88.3 2.10 1.85 113 10 51 18 0.92 10 Pass 
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Taken together, these data demonstrate that both quantity and quality of total 

RNA were according to recommendations for downstream sequencing applications.  

5.3.2 QC analysis of RNA-seq data and quantification of gene expression  

RNA-seq is a high-throughput sequencing technology that combines the 

aspects of gene discovery and quantification (Conesa et al. 2016). RNA-seq data 

analysis followed five steps: pre-alignment QC, read alignment, quantification of gene 

expression, QC analysis of the study, and DE gene analysis. 

5.3.2.1 Quality control of RNA sequencing and alignment to a reference genome 

To assess the overall quality of sequencing, raw reads were analysed using R 

software. Examples of QC plots for a control sample (sample #1) are shown in Figure 

5-3. A summary of the pre-alignment QC and filtering process of raw reads is shown 

in Table 5-2. Control and RUNX3 RNA samples generated more than 20 million (M) 

raw reads. More than 93% of bases were assigned a Q score of 30 for all samples, 

suggesting that the probability of a correct base call is 99.9% (Table 5-2). All RNA 

samples had a similar GC content of approximately 48%, which corresponds to the 

expected %GC for humans (Romiguier et al. 2010). Taken together, these results 

suggest that library preparation and sequencing of samples were successful and high-

quality data was produced for downstream analysis.  

Following pre-alignment QC of raw reads, a mapping step was necessary to 

perform alignments of reads to a reference genome. Reads from each sample were 

mainly exonic (>96%), and only these reads were considered informative for 

downstream analysis (data not shown). An overview of mapping status for all aligned 

samples is shown in Table 5-3. More than 96% of reads from each sample was 

successfully mapped to the reference genome. Moreover, most of these reads 

mapped uniquely to the genome and not to multiple locations. Overall, the alignment 

step was successful for all samples. 
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Figure 5-3 – Pre-alignment QC and filtering of raw reads for a control RNA sample. 

(A) Representative plot of error base distribution along each sequencing read for control (Sample #1). 

(B) Representative plot describing the percentage of each base per read for control 1 sample. Each 

base is represented by a different colour. A – Adenine; T –Thymine; G – Guanine; C – Cytosine; N – 

Unknown base. (C) Representative pie chart of different raw reads classes for sample #1. Raw reads 

are classified in clean reads, reads containing uncertain nucleotides (N), low quality reads and reads 

with adapter contamination. Only clean reads are used for downstream analysis.  

A B 

C 
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Table 5-2 – Pre-alignment quality control and filtering of raw reads for control and RUNX3 RNA 

samples. 

Summary data of pre-alignment QC and filtering of raw reads following the sequencing process from 

five independent experiments (control vs RUNX3 overexpression in HSPC). N – independent 

experimental number; Raw reads – The original read counts; Clean Reads – Number of reads after 

filtering; Error rate – Average sequencing error rate calculated by Qphred = – 10log10(e); Q20 – 

Percentages of bases whose correct base recognition rates are greater than 99% in total bases; Q30 – 

Percentages of bases whose correct base recognition rates are greater than 99.9% in total bases; GC 

content – Percentages of G and C in total bases.  

 

 

 

 

 

 

 

Sample 
# 

Condition N 
Raw 

reads 
Clean 
reads 

Error 
rate (%) 

Q20 
(%) 

Q30 
(%) 

GC 
content 

(%) 

1 Control 
1 

36866723 36200541 0.02 98.19 94.71 48.8 

2 RUNX3 27382265 26899743 0.03 97.85 93.94 48.62 

3 Control 
2 

30492731 29917692 0.03 97.60 93.44 48.82 

4 RUNX3 28256123 27795916 0.03 97.71 93.64 48.88 

5 Control 
3 

37996460 37332931 0.03 97.73 93.69 48.94 

6 RUNX3 24754387 24271004 0.03 97.56 93.33 49.04 

7 Control 
4 

26070810 25564030 0.03 97.62 93.45 48.70 

8 RUNX3 28333713 27853512 0.03 97.60 93.40 48.79 

9 Control 
5 

34710508 34144813 0.03 97.73 93.68 48.74 

10 RUNX3 26630049 26210326 0.03 97.87 93.99 48.88 
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Table 5-3 – Alignment status and QC of control and RUNX3 RNA samples against a human 

reference genome. 

Summary data of alignment results and QC parameters of control and RUNX3 samples against hg19 

human reference genome. N – independent experimental number; Total reads – Total number of filtered 

reads (clean data); Total mapped – Total number of reads mapped to the reference genome; Multiple 

mapped – Number of reads mapped to multiple sites in the reference genome; Uniquely mapped – 

Number of reads mapped to single locations in the reference genome. Clean reads were aligned to 

GRCh37 (hg19, UCSC version) human reference genome using HISAT2 alignment programme. 

 

 

 

 

Sample 
# 

Condition N 
Total 
reads 

Total 
mapped 

Multi 
mapped 

Uniquely 
mapped 

1 Control 
1 

72401082 
70348316 
(97.16%) 

1902493 
(2.63%) 

68445823 
(94.54%) 

2 RUNX3 53799486 
52189544 
(97.01%) 

1373751 
(2.55%) 

50815793 
(94.45%) 

3 Control 
2 

59835384 
57931902 
(96.82%) 

1562663 
(2.61%) 

56369239 
(94.21%) 

4 RUNX3 55591832 
53928114 
(97.01%) 

1482248 
(2.67%) 

52445866 
(94.34%) 

5 Control 
3 

74665862 
72327561 
(96.87%) 

2042808 
(2.74%) 

70284753 
(94.13%) 

6 RUNX3 48542008 
46928673 
(96.68%) 

1271049 
(2.62%) 

45657624 
(94.06%) 

7 Control 
4 

51128060 
49485080 
(96.79%) 

1316289 
(2.57%) 

48168791 
(94.21%) 

8 RUNX3 55707024 
54002812 
(96.94%) 

1446733 
(2.60%) 

52556079 
(94.34%) 

9 Control 
5 

68289626 
66283436 
(97.06%) 

1792099 
(2.62%) 

64491337 
(94.44%) 

10 RUNX3 52420652 
50908611 
(97.12%) 

1333061 
(2.54%) 

49575550 
(94.57%) 
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5.3.2.2 Quantification of gene expression in control and RUNX3-expressing 

HSPC 

Having aligned the raw reads to a reference genome and assessed alignment 

quality (5.3.2.1), gene expression levels were quantified using the HTSeq package 

(2.8.3). Table 5-4 summarises the number and percentage of genes with different 

gene expression levels across all samples. Approximately 74% of genes are below 1 

FPKM, representing genes that are likely to be by-products of biological or 

experimental noise. The smaller percentage of highly expressed genes correspond to 

the functional transcriptome of HSPC. These results are also represented in terms of 

FPKM distribution using diagrams and violin plots in Figure 5-4A and B. Data indicate 

that there was a similar gene expression distribution between control and RUNX3 

overexpression samples for all biological replicates.  

5.3.3 DE analysis determines the transcriptional dysregulation imposed by 

RUNX3 overexpression in human HSPC 

5.3.3.1 Assessment of RNA-seq data variability and relationships 

An examination of sample relations can expose the inherent variability of the 

study. To investigate sample relationships, Principal Component Analysis (PCA) and 

hierarchical clustering methods were used. Using PCA, Figure 5-5 shows that 

‘biological replicate’ is the dominant factor separating gene expression differences 

rather than experimental condition (e.g. group: control vs RUNX3). However, there are 

differences between control and RUNX3-expressing cells. This analysis is supported 

by hierarchical clustering (Figure 5-6) where samples cluster with the ‘replicate’ rather 

than the experimental condition. Taken together, these data suggest that the variation 

between replicates is bigger than the variation caused by RUNX3 overexpression in 

each paired sample and this should be an important consideration in statistical 

analyses. 
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Table 5-4 – Distribution of gene expression levels among samples. 

Summary data of gene expression levels represented by FPKM for control and RUNX3 samples 

stratified according to interval of expression value. Gene expression was measured using FPKM 

normalisation method, which removes biases such as gene length and sequencing depth (Conesa et 

al. 2016). N – independent experimental number; 0-1 – Interval of expression levels between 0 and 1 

FPKM; 1-3 – Interval of expression levels between 1 and 3 FPKM; 3-15 – Interval of expression levels 

between 3 and 15 FPKM; 15-60 – Interval of expression levels between 15 and 60 FPKM; >60 – Interval 

of expression levels above 60 FPKM. 

 

 

 

 

 

 

Sample 
# 

Condition N 
0-1 

FPKM 
1-3 

FPKM 
3-15 

FPKM 
15-60 
FPKM 

>60 
FPKM 

1 Control 

1 

35806 
(74.34%) 

1917 
(3.98%) 

3726 
(7.74%) 

4163 
(8.64%) 

2550 
(5.29%) 

2 RUNX3 
35840 

(74.42%) 
1939 

(4.03%) 
3680 

(7.64%) 
4139 

(8.59%) 
2564 

(5.32%) 

3 Control 

2 

35959 
(74.66%) 

2006 
(4.17%) 

3795 
(7.88%) 

3958 
(8.22%) 

2444 
(5.07%) 

4 RUNX3 
36024 

(74.8%) 
1987 

(4.13%) 
3796 

(7.88%) 
3881 

(8.06%) 
2474 

(5.14%) 

5 Control 

3 

35853 
(74.44%) 

1954 
(4.06%) 

3971 
(8.25%) 

3942 
(8.18%) 

2442 
(5.07%) 

6 RUNX3 
35879 

(74.5%) 
1969 

(4.09%) 
3848 

(7.99%) 
3995 

(8.29%) 
2471 

(5.13%) 

7 Control 

4 

35896 
(74.53%) 

1953 
(4.06%) 

3743 
(7.77%) 

4102 
(8.52%) 

2468 
(5.12%) 

8 RUNX3 
35998 

(74.74%) 
1937 

(4.02%) 
3649 

(7.58%) 
4060 

(8.43%) 
2518 

(5.23%) 

9 Control 

5 

35885 
(74.51%) 

1969 
(4.09%) 

3773 
(7.83%) 

4076 
(8.46%) 

2459 
(5.11%) 

10 RUNX3 
35846 

(74.43%) 
1970 

(4.09%) 
3771 

(7.83%) 
4071 

(8.45%) 
2504 

(5.2%) 
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Figure 5-4 – Analysis of global gene expression among samples. 

Distribution of gene expression levels in FPKM among samples. (A) Representative plot of FPKM 

density distribution for control and RUNX3 biological replicate samples. (B) Representative box plot 

describing the different sample FPKM distributions. Sample # and label is described in Table 5-4. 

Samples #1, 3, 5, 7 and 9 – Control HSPC; Samples #2, 4, 6, 8, 10 – RUNX3-expressing HSPC. 

A 

B 
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Figure 5-5 – Three-dimensional PCA of control and RUNX3 RNA-seq data. 

PCA plot representing PC1 vs PC2 of control and RUNX3 human HSPC biological replicates. 

Percentages indicate the variation between samples. PCA plot generated following read quantification 

using the Partek® E/M algorithm. 
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Figure 5-6 – Hierarchical clustering of control and RUNX3 RNA-seq data. 

Heat map of control and RUNX3-expressing HSPC biological replicates samples. Columns represent 

sample number (defined by experimental condition and replicate number) and rows represent genes. 

Colours are based on z-score standardised expression values (green – low expression; red – high 

expression). Z-score hierarchical clustering of samples and genes was performed using the average 

linkage for cluster distance metric and the Pearson correlation for point distance metric. Dendrogram 

trees show the hierarchy of clusters for both samples and genes. Hierarchical clustering heat map 

generated using the Partek® Flow® algorithm.  
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5.3.3.2 RUNX3 is successfully overexpressed in human HSPC 

The ectopic expression of RUNX3 mRNA in HSPC was further validated using 

the RNA-seq data. As shown in Figure 5-7, RUNX3 expression was 4.1 ± 1.1-fold 

significantly higher in RUNX3 transduced HSPC compared to control cells. Increased 

RUNX3 mRNA expression in HSPC was previously confirmed by qRT-PCR (3.3.2). 

These results demonstrate that RUNX3 mRNA was successfully overexpressed in 

HSPC and further validates the experimental model for downstream RNA-seq 

analysis. 

5.3.3.3 RUNX3 overexpression favours transcriptional repression and disrupts 

cell communication and immunity related processes in human HSPC 

To identify DE genes as result of increased RUNX3 expression in human 

HSPC, DESeq2 package was used. Overexpression of RUNX3 in normal human 

HSPC resulted in 607 DE genes when compared to control; 154 genes were 

upregulated, and 453 genes were downregulated compared to control (Figure 5-8). 

The top 10 dysregulated genes are shown in Table 5-5. Downregulated genes are 

primarily involved in key cell signalling and metabolic processes in HSPC. A more 

detailed summary table showing logarithmic fold change (log2FC), p-values and 

adjusted p-values (padj) for each DE gene can be found in Appendix 2.  

Increased expression of RUNX3 in HSPC upregulated KLRB1 (NKR-P1A or 

CD161), a cell surface protein involved in NK function (Kurioka et al. 2018), as well as 

PCSK5 (PC5), a protein essential for cleavage of protein precursors generating active 

products such as growth factors and hormones, among others (Essalmani et al. 2008). 

Examples of downregulated genes include PDPK1 (PDK1), a master kinase in the 

phosphoinositide 3-kinase (PI3K)/Akt pathway playing essential roles in cell growth, 

metabolism, proliferation, and survival (Hinton et al. 2004; Baracho et al. 2014); 

C5AR1 (C5A receptor or CD88), a complement system receptor important for immune-

modulatory responses and expressed in several haematopoietic cells (Ricklin et al. 

2016; Lubbers et al. 2017); and ITGAM (CD11b or CR3), involved in cellular adhesion, 

migration and inflammatory responses (Springer 1990; Han et al. 2010; Kumar et al. 

2012; Ling et al. 2014). 
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Figure 5-7 – RUNX3 mRNA is overexpressed in human HSPC cells. 

Summary data of RUNX3 mRNA expression (FPKM) for control and RUNX3 overexpressing HSPC 

obtained using the HTSeq package. Dotted line indicates mean ± 1SD of five independent experiments. 

Significant difference of RUNX3 overexpressing cells compared to controls was analysed by paired t-

test, **p<0.01.  
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Figure 5-8 – RUNX3 overexpression induces transcriptional dysregulation in human HSPC. 

Volcano plot identifying DE genes between control and RUNX3 HSPC (five independent experiments). 

padj < 0.05 and log2Fold Change > 1 were used as threshold. Statistically significantly up- and 

downregulated genes are highlighted in red and green, respectively. Genes that were not DE between 

control and RUNX3 samples are highlighted in blue.  



Chapter 5 – RUNX3 Dysregulates HSPC Transcriptome 

200 

 

 

 

 

Table 5-5 – Top 10 genes dysregulated by RUNX3 overexpression in human HSPC. 

Summary data of the 10 most dysregulated genes in HSPC due to RUNX3 ectopic expression. Values 

are expressed as the logarithmic (base 2) fold change of differentially expressed genes compared to 

control with the respective adjusted p-value (padj). A negative log2FC value represents downregulation 

(green shade), whereas a positive value represents upregulation (red shade) compared to control. 

Ensembl ID is a unique number assigned to each gene according to the Ensembl database 

(www.ensembl.org).  

 

 

 

Ensembl ID Gene symbol Class Log2FC padj 

ENSG00000140992 PDPK1 Kinase -2.34 1.63E-40 

ENSG00000133636 NTS Ligand -2.05 1.85E-23 

ENSG00000111796 KLRB1 Receptor 2.01 3.25E-20 

ENSG00000099139 PCSK5 Protease 1.97 3.60E-27 

ENSG00000164683 HEY1 TF -1.83 1.42E-16 

ENSG00000197405 C5AR1 Receptor -1.82 2.24E-27 

ENSG00000128918 ALDH1A2 Enzyme -1.79 5.12E-26 

ENSG00000020633 RUNX3 TF 1.71 1.85E-28 

ENSG00000169896 ITGAM Receptor -1.68 5.86E-36 

ENSG00000148468 FAM171A1 Protein -1.65 6.41E-15 

http://www.ensembl.org/
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000140992;r=16:2537979-2603188
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000133636;r=12:85874295-85882992
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000111796;r=12:9594551-9607916;t=ENST00000229402
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000099139;r=9:75890644-76362975
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000164683;r=8:79762371-79767857
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000197405;r=19:47290023-47322066
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000128918;r=15:57953424-58497866
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000020633;r=1:24899511-24965121
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000169896;r=16:31259967-31332892
http://www.ensembl.org/Homo_sapiens/Gene/Summary?db=core;g=ENSG00000148468;r=10:15211643-15371289


Chapter 5 – RUNX3 Dysregulates HSPC Transcriptome 

201 

Only one TF was present in the top 10 dysregulated genes, HEY1 (HERP2) a 

member of the Notch signalling pathway that has been shown to interact with RUNX2 

(Sharff et al. 2009). Notch signalling has been implicated in diverse functions, such as 

stem cell maintenance, lineage determination, cell proliferation and apoptosis 

(reviewed in (Suresh and Irvine 2015)). Despite being considered an oncogenic 

pathway in a variety of malignancies, a tumour suppressor role for Notch signalling 

has been recently explored in AML (Kannan et al. 2013; Lobry et al. 2013; Ye et al. 

2016). Taken together, overexpression of RUNX3 in HSPC favoured the 

downregulation of genes, suggesting that RUNX3 has an influential role on human 

HSPC transcriptome and possibly their function. 

To identify enriched biological processes and functions dysregulated by 

RUNX3, an enrichment analysis for biological pathways was performed using KEGG 

knowledge database. KEGG is a compilation of manually drawn pathway maps 

frequently used for enrichment analysis of gene lists (Kanehisa and Goto 2000). Figure 

5-9 shows that the most significantly enriched KEGG pathway dysregulated by RUNX3 

overexpression involves the ‘Haematopoietic cell lineage’. This observation is 

supported by previous studies (3.3.2, 4.3.3), where increased RUNX3 levels were 

shown to disrupt the normal development of erythroid and myeloid progenitors in 

culture. Furthermore, RUNX3 overexpression dysregulated genes involved with cell 

communication (e.g., ‘Chemokine signalling pathway’ and ‘Cytokine-cytokine receptor 

interaction’); cell adhesion and movement (e.g., ‘Focal adhesion’, ‘Regulation of actin 

cytoskeleton’; and ‘Cell adhesion molecules’); and immune-related processes (e.g., ‘T 

cell receptor signalling pathway’), amongst others. An enrichment analysis by protein 

function using MetaCore™ identified ‘Receptors’ as the main dysregulated protein 

class, followed by ‘Ligands’ and ‘Kinases’ (Table 5-6). 

Overall, these data imply that RUNX3 overexpression disrupts important 

biological processes in cells, including haematopoiesis, cell communication, and cell 

adhesion and movement. A significant transcriptional dysregulation of genes encoding 

receptors by RUNX3 overexpression in HSPC further support these observations.  
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Figure 5-9 – Haematopoiesis is the most significantly dysregulated process in human HSPC 

overexpressing RUNX3. 

Bar plot showing the enrichment scores in terms of negative logarithm of the adjusted p-value (padj) of 

enriched terms using KEGG Pathway Analysis (www.genome.jp/kegg/pathway.html). KEGG terms with 

padj < 0.05 are significantly enriched. n indicates the number of DE genes included in each KEGG 

pathway.  
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Platelet activation (n=16) 
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http://www.genome.jp/kegg/pathway.html
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Table 5-6 – Protein function enrichment analysis of genes dysregulated by RUNX3 

overexpression in human HSPC. 

Summary data of the enrichment analysis performed by protein function using MetaCore™. A cut-off of 

log2FC > 0.58 (equating to FC > 1.5) and padj < 0.05 was applied for this analysis. ‘Actual’ column 

represents the number of genes in the dataset for a given protein class. P-value represents the 

probability to have the given value of the Actual column or higher (or lower for negative z-score. Z-score 

represents the degree of over- and under-connectivity between objects in the dataset. 

 

 

 

 

 

 

Protein class Actual p-value z-score 

Receptors 63 1.23E-13 8.87 

Ligands 24 5.64E-07 6.20 

Kinases 19 2.72E-03 3.26 

Proteases 15 2.10E-02 2.37 

Transcription factors 26 2.01E-02 2.29 

Phosphatases 7 4.49E-02 2.12 

Enzymes 48 7.30E-02 1.56 

Other 228 3.55E-21 -10.05 
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Cell migration is not affected by RUNX3 overexpression in human HSPC 

Having identified a significant dysregulation of cell movement and adhesion 

processes by enrichment analysis, the effects of RUNX3 overexpression on cell 

migration were further determined in these cells. Following transduction of HSPC with 

RUNX3 (or control) (4.3.3), cells were cultured in a transwell system with 3SlowG/GM 

supplemented with increasing concentrations of SDF-1. The chemokine SDF-1 and its 

receptor CXCR4 have a pivotal role in cell migration (Doitsidou et al. 2002). 

Spontaneous migration was measured by culturing control and RUNX3-expressing 

HSPC in the absence of SDF-1. As shown in Figure 5-10, RUNX3 overexpression 

induced a modest increase in cell migration of HSPC towards an SDF-1 gradient. 

However, such increase was not significant, suggesting that RUNX3 overexpression 

does not affect cell migration of HSPC. These findings contrast the predictions of 

pathway analysis, which highlights the importance of further validating these results.  

5.3.4 RUNX3 overexpression downregulates key haematopoietic genes in 

human HSPC 

Overexpression of RUNX3 in HSPC was previously shown to inhibit erythroid 

and myeloid development (3.3.2, 4.3.3). Further, KEGG analysis (Figure 5-9) shows 

that the most significantly disrupted pathway by RUNX3 is related to haematopoiesis. 

This study next sought to explore in detail the ‘Haematopoietic Cell Lineage’ KEGG 

pathway shown in Figure 5-11 to identify transcriptional changes in important cell 

surface proteins that could support the results obtained in previous chapters. In early 

haematopoiesis, FLT3 expression was significantly upregulated in RUNX3-expressing 

cells. This receptor plays a critical role in the maintenance of haematopoietic 

homeostasis and is a common target for leukaemic transformation (Kikushige et al. 

2008). Expression of myeloid cell surface markers CD33 and ITGAM (CD11b) were 

significantly downregulated by RUNX3 overexpression, indicating abnormalities in the 

normal programme of myeloid differentiation (4.3.3). In addition, several of the 

observed transcriptional changes were in genes related to the megakaryocytic and 

erythroid lineages, supporting the inhibition of erythroid differentiation by RUNX3 

overexpression (3.3.2). In particular, increased RUNX3 expression in HSPC led to a 

significant downregulation of the erythroid-related developmental genes KIT (CD117), 

CD36, GYPA (GlyA/CD235a), CR1 (CD35) and CD55.  
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Figure 5-10 – RUNX3 overexpression did not significantly impact cell migration of HSPC in 

response to SDF-1 exposure. 

Summary data of the percentage of migration for control and RUNX3 DsRed+ transduced HSPC in 

response to SDF-1 exposure. Unsorted HSPC (control and RUNX3) on day 6 of culture were cultured 

in a transwell system with increasing concentrations of SDF-1 (0, 3, 10, 30 and 100 ng/mL) and 

incubated for 4 hours (2.6.5). Percentage of migration was calculated based on the number of DsRed+ 

cells present in the lower compartment compared to the top compartment. Data indicates mean ± 1SD 

of three independent experiments. 
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Figure 5-11 – RUNX3 overexpression dysregulate important genes involved in human 

haematopoiesis. 

Representation of the human Hematopoietic Cell Lineage KEGG pathway map (hsa04640). Cellular 

stages are identified by the specific expression of genes, which are highlighted in red for upregulation 

and green for downregulation associated with RUNX3 overexpression in HSPC. The lymphoid arm of 

haematopoiesis was removed from this pathway, as it is not the focus of this study.
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IPA® leverages the Ingenuity Knowledge Base containing more than 7.2M 

findings (Kramer et al. 2014). To further identify dysregulated genes associated with 

haematopoietic development due to RUNX3 overexpression, IPA® BioProfiler tool was 

used. As shown in Figure 5-12, RUNX3 overexpression downregulated important 

haematopoietic genes in HSPC associated with different developmental stages, 

highlighting its relevance for haematopoiesis. Important genes for HSPC maintenance 

and function were significantly downregulated by RUNX3 overexpression, including 

RUNX1, KIT and MPL. These findings support previous observations that RUNX3 

overexpression negatively impacts the proliferation and survival of progenitor cells 

(3.3.2, 4.3.3). On the other hand, FLT3 and ITGA6 (CD49f) were upregulated by 

RUNX3 expression in HSPC. In terms of the myeloid lineage, increased levels of 

RUNX3 downregulated genes associated with cell migration, survival, and 

inflammation (e.g., C5AR1, CCL2, TIMP1). Furthermore, RUNX3 overexpression 

significantly repressed the expression of important TFs that regulate erythropoiesis, 

including LMO2 and LYL1, supporting previous observations (3.3.2) A similar 

transcriptional repression by RUNX3 was observed for megakaryocytic-related genes. 

Interestingly, several lymphoid-related genes such as CD7 or GNLY were upregulated 

by RUNX3, which supports previous observations and a central role for RUNX3 in 

lymphoid development (Lotem et al. 2013; Levanon et al. 2014; Ebihara et al. 2015). 

A network summarising known interactions between some of these molecules is 

shown in Figure 5-13. Development of haematopoietic system is one of the most 

significantly enriched function associated with these molecules and predicted to be 

inhibited by RUNX3 overexpression in HSPC. 

 Taken together, these data suggest that RUNX3 expression has an important 

role in the regulation of human haematopoiesis and its downregulation during erythroid 

and myeloid development is essential for the expression of genes that ultimately 

ensure terminal maturation of cells.  
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Figure 5-12 – Overexpression of RUNX3 significantly downregulates key haematopoietic genes 

in human HSPC.  

Heat map representing the changes in expression levels of genes related to HSPC, myeloid, erythroid, 

megakaryocytic, and lymphoid compartments in control and RUNX3 human HSPC. BioProfiler in IPA® 

was used to identify genes associated with human haematopoiesis. Control samples - #1, 3, 5, 7, and 

9; RUNX3 samples - #2, 4, 6, 8, and 10. Data indicate transformed FPKM expression values (subtracted 

row mean, divided by row SD); box colour is determined by low (blue) or high (red) gene expression 

levels. Each column represents an independent experiment. Heat map generated using Morpheus 

software (https://software.broadinstitute.org/morpheus/). 
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Figure 5-13 – Network analysis of RUNX3 dysregulated genes involved in the haematopoietic 

development of human HSPC. 

Network with predicted interactions between key genes dysregulated by RUNX3 overexpression that 

are involved in haematopoietic differentiation of human HSPC (Figure 5-12). The majority of interactions 

between this set of dysregulated genes have been reported in the literature, denoted by blue lines in 

case of repression or orange for transactivation (arrow heads indicate direction and effect). Interactions 

reported for other species other than human were included in this analysis. RUNX3 interactions and 

function in haematopoiesis are scarce in the literature as evidenced in this network. Network generated 

using IPA® software and the Molecular Activity Predictor algorithm.  
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5.3.5 Identification of upstream regulators associated with the transcriptional 

changes mediated by RUNX3 in HSPC 

Upstream regulator analysis and Causal network analysis are analytic 

algorithms available in IPA® that were used to identify upstream regulators connected 

to RUNX3 overexpression gene changes in HSPC (Kramer et al. 2014). As expected, 

most potential upstream gene regulators are TFs (Table 5-7). Furthermore, several of 

these upstream regulators are predicted to be inhibited, suggesting that RUNX3 

overexpression is associated with potential inhibition of key TFs and proteins in these 

cells. TGFB1 (TGF-β1) is the most significant upstream gene regulator and predicted 

to be inhibited in this context (log2FC -0.33; z-score -3.53). The relationship between 

TGF-β and RUNX3 has been previously studied and identifies RUNX3 as a 

downstream effector of the TGF-β signalling pathway (Chi et al. 2005; Yano et al. 

2006). Moreover, essential haematopoietic TFs in megakaryocytic and erythroid 

differentiation are present in the upstream regulators list, such as RUNX1, GATA1 or 

GATA2. GATA-1 is responsible for the transcriptional activation of several erythroid-

specific genes, such as α- and β-globin, erythroid membrane proteins and heme 

biosynthesis enzymes (reviewed in (Ferreira et al. 2005)). Downregulation of such 

genes (e.g., HBA1 and HBA2) by RUNX3 overexpression in HSPC highlights a 

potential network involving RUNX3 and GATA-1 in erythroid development.  

Causal network analysis uncovers causal relationships associated with the 

dataset by expanding the previous analysis to include novel master upstream 

regulators that are not directly connected to the experimental data. This IPA® algorithm 

identified important master regulators associated with AML and upstream regulators 

that could explain the transcriptional changes induced by RUNX3. Interestingly, the 

most significant master regulator in this context, CBFA2T3, is predicted to be activated 

and it is a CBF-related gene. CBFA2T3 (MTG16 or ETO2) is a master transcriptional 

coregulator in haematopoiesis and has a role in leukaemogenesis (Goardon et al. 

2006; Chyla et al. 2008; Hamlett et al. 2008; Steinauer et al. 2019).  
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Table 5-7 – Upstream and master gene regulators predicted to be influencing the transcriptomic 

changes caused by RUNX3 overexpression in human HSPC. 

Summary data of upstream and master regulators predicted by IPA® that are associated with the 

transcriptional changes caused by RUNX3 overexpression in HSPC. The 10 most significant regulators 

are shown for each analysis. DE genes in the dataset include their associated logarithmic (base 2) fold 

change. Activation z-score infers the activation states of predicted transcriptional regulators. A gene in 

considered inhibited when z-score < -2 and activated when z-score > 2. P-value of overlap measures 

whether the overlap between the dataset genes and the genes that are regulated by a transcriptional 

regulator is statistically significant. A negative log2FC value represents downregulation (green shade), 

whereas a positive value represents upregulation (red shade). Data obtained using the Upstream 

Regulator Analysis and the Causal network analysis algorithms in IPA®. 

 

 

Gene 
symbol 

Log2FC Molecule type 
Predicted 
Activation 

State 

Activation 
z-score 

p-value of 
overlap 

Upstream regulators 

TGFB1 -0.33 Growth factor Inhibited -3.53 3.35E-17 

TNF  Cytokine Inhibited -2.52 7.95E-17 

RUNX1 -0.76 Transcription regulator Inhibited -2.28 6.95E-14 

GATA1  Transcription regulator Inhibited -2.47 1.23E-12 

SP1  Transcription regulator Inhibited -3.12 7.00E-12 

KLF2  Transcription regulator  0.69 8.25E-11 

ZBTB16  Transcription regulator  -0.15 1.06E-10 

GATA2  Transcription regulator Inhibited -2.00 1.12E-10 

IFNG  Cytokine Inhibited -2.56 9.68E-10 

SMAD4  Transcription regulator  -1.23 1.82E-09 

Master regulators 

CBFA2T3  Transcription regulator Activated 3.62 3.61E-21 

HOXA3  Transcription regulator  0.80 7.77E-20 

GATA1  Transcription regulator Inhibited -3.58 2.82E-19 

VEGFA -0.78 Growth factor Inhibited -4.43 6.86E-19 

RLIM  Enzyme  -1.84 6.56E-18 

NRL  Transcription regulator  -0.12 6.80E-18 

TAT  Enzyme Inhibited -3.00 2.07E-17 

CSF1  Cytokine Inhibited -3.29 2.45E-17 

LMO2 -0.62 Transcription regulator  0.75 3.33E-17 

TNF  Cytokine Inhibited -2.29 5.30E-17 
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Other important master regulators are involved in haematopoietic development, 

including GATA1, LMO2, SPl1, and KLF10, which reinforces the idea that RUNX3 

expression is relevant for normal haematopoiesis. 

In conclusion, upstream and master regulator analysis identified key regulators 

of haematopoiesis that are associated with the RUNX3-mediated expression changes 

in HSPC. 

5.3.6 RUNX3 has an essential regulatory function in cellular processes 

To determine the main pathways and genes that are dysregulated or influenced 

by RUNX3 expression in human HSPC it is imperative to study not only its 

overexpression, but also the biological consequences of RUNX3 loss in these cells. In 

addition, the possible functional redundancy between the RUNX proteins raises the 

question about a negative dominant effect of RUNX3 overexpression over RUNX1, 

similar to RUNX1-ETO. To address this, different comparative analyses were 

performed between RUNX3 overexpression transcriptional dysregulation and RUNX3 

KD and RUNX1-ETO HSPC transcriptomic datasets. 

5.3.6.1 Modulation of RUNX3 expression in progenitor cells support an 

important role for RUNX3 in cell signalling  

In order to further substantiate the dysregulated pathways and genes mediated 

by RUNX3 expression in HSPC, a comparison between data obtained in this study 

regarding RUNX3 overexpression in human HSPC (Dataset #1) and RUNX3 KD in 

human HSPC (Dataset #2; GSE119264) and normal human erythroid precursor cells 

(Dataset #3; GSE119264) (Balogh et al. 2020) was performed (2.9.1). As shown in 

Figure 5-14A, several signalling pathways were predicted to be activated in erythroid 

precursors with low RUNX3 expression and, in some cases, inhibited when RUNX3 

levels are elevated, such as integrin signalling. Furthermore, CXCR4 signalling was 

predicted to be differentially regulated by RUNX3 expression, with RUNX3 KD being 

associated with its increased activation. Comparing diseases and functions, platelet-

related functions, including aggregation of cells and haemostasis, were predicted to 

be inhibited in both scenarios, which supports the relevance of RUNX3 in platelet 

function (Figure 5-14B).  
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Figure 5-14 – Pathways and functions comparative analysis of increased and reduced RUNX3 

expression levels in human HSPC.  

Comparison analysis by IPA® between RUNX3 overexpression and KD datasets. (A) Heat maps 

representing dysregulated canonical pathways and (B) diseases and functions between increased and 

reduced RUNX3 expression HSPC datasets. Heat maps list terms according to the predicted activation 

z-score which infers the activation states of pathways and functions. Dataset numbers are identified by 

#1 – RUNX3 overexpressing HSPC; #2 – RUNX3 KD HSPC; #3 – RUNX3 KD erythroid progenitor cells. 
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In addition, apoptosis was significantly associated with increased RUNX3 levels rather 

than reduced RUNX3 expression. Overall, the comparison between RUNX3 

overexpression and KD induced changes suggest that RUNX3 expression is important 

for the regulation of cell proliferation and survival, previously shown to have a 

functional correlation (3.3.2, 4.3.3).  

To gain more insights on RUNX3-mediated transcriptional dysregulation and 

downstream effects, a comparison analysis between the DE genes of each dataset 

was performed (Figure 5-15). Common to RUNX3-expressing HSPC and RUNX3 KD 

undifferentiated and erythroid progenitors were 55 DE genes, representing 15% of all 

genes considered. This implies that the mechanism(s) of developmental disruption in 

RUNX3 overexpressing cells and KD are different. Furthermore, of these 55 genes, 

36 are dysregulated concordantly representing 65% of the common DE genes. The 

six genes commonly dysregulated between datasets include CCL2, GP1BA, HGD, 

LGALSL, MPL and TUBB1. Only CCL2 was coordinately dysregulated between 

RUNX3 overexpression and KD in HSPC. CCL2 or monocyte chemoattractant protein-

1 (MCP-1) is a chemokine involved in the activation of important downstream 

signalling cascades (e.g., JAK2/STAT3, MAPK, or PI3K signalling) to ultimately 

promote cell migration, among other processes (reviewed in (Gschwandtner et al. 

2019)).  

The above data suggests that RUNX3 expression is important for the 

transcriptional regulation of commonly DE genes, such as CCL2. Nevertheless, this 

analysis has some caveats, namely the fact that the #2 dataset is only associated with 

67 DE genes (padj > 0.05) and #3 dataset is erythroid focused, which hinders the 

comparative analysis.  
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Figure 5-15 – Differentially expressed genes comparison analysis of increased and reduced 

RUNX3 expression levels in human HSPC.  

Venn diagrams representing DE genes between increased and reduced RUNX3 expression HSPC 

datasets, including the names of the genes commonly dysregulated between all three datasets. 

Datasets 

#1 – RUNX3-expressing HSPC 
#2 – RUNX3 KD HSPC 
#3 – RUNX3 KD erythroid progenitors 
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5.3.6.2 Overexpression of RUNX3 disrupts important biological processes by 

different mechanisms other than a dominant negative effect over RUNX1 

Ectopic expression of RUNX1-ETO in HSPC downregulates RUNX3 mRNA 

expression (4.3.5). To determine the transcriptional similarities and/or differences 

between the RUNX3 overexpression dataset and a RUNX1-ETO expressing HSPC 

microarray dataset (Dataset #4; e-mexp-583) (2.9.1), a Comparison Analysis in IPA® 

was performed. As shown in Figure 5-16A, signalling pathways, such as Gβγ and Gαi 

signalling, are predicted to be differentially regulated in these contexts (inhibited by 

increased RUNX3 levels and activated by RUNX1-ETO expression), which could 

indicate that RUNX3 expression regulates such processes. G protein-coupled 

receptors signalling is intimately related to cell movement of haematopoietic cells and 

certain members of this large family are found highly expressed in AML (reviewed in 

(Selheim et al. 2019)). Furthermore, AML signalling is predicted to be activated in both 

scenarios. In terms of dysregulated functions, platelets activity and haematopoiesis 

are processes predicted to be inhibited in both high RUNX3 and RUNX1-ETO 

contexts, which explains their association with leukaemogenesis (Figure 5-16B).  

Given the similarities between RUNX3 and RUNX1-ETO disruption of human 

haematopoietic development (Tonks et al. 2003; Tonks et al. 2004) (3.3.2, 4.3.3), a 

comparison analysis of their transcriptional dysregulation in HSPC (i.e. DE genes) was 

performed. As shown in Figure 5-17, 38 genes including RUNX3 were commonly 

dysregulated between datasets, which represents only 10% of all DE genes. This 

comparison analysis suggest that the transcriptional changes caused by high levels of 

RUNX3 arise from a different regulatory mechanism compared to RUNX1-ETO 

changes and mechanism. In part, this was expected given that RUNX1-ETO can 

recruit activating and inhibitory complexes to regulate transcription of RUNX1 target 

genes. In terms of common DE genes, 42% are concordant in terms of expression 

change and could be targets of both RUNX3 and RUNX1 (functional redundancy). The 

remaining common DE genes (58%) that present contrasting directions of expression 

change could be exclusive targets of RUNX1 or RUNX3. Interestingly, some of the 

common DE genes are important for haematopoietic development, such as RUNX1, 

CD36, ITGA6 and ID2 (5.3.4). Together, these findings explain the phenotypic 

similarities of RUNX3 and RUNX1-ETO-expressing HSPC (3.3.2, 4.3.3). 
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Figure 5-16 – Pathways and functions comparative analysis of increased RUNX3 and RUNX1-

ETO expression in human HSPC.  

Comparison analysis by IPA® between RUNX3 overexpression and RUNX1-ETO datasets. (A) Heat 

maps representing dysregulated canonical pathways and (B) diseases and functions between 

increased RUNX3 and RUNX1-ETO expression HSPC datasets. Heat maps list terms according to the 

predicted activation z-score which infers the activation states of pathways and functions. #1 – RUNX3-

expressing HSPC; #4 – RUNX1-ETO-expressing HSPC. Annotations are ordered by 
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Figure 5-17 – Differentially expressed genes comparison analysis of increased RUNX3 and 

RUNX1-ETO expression in human HSPC.  

Venn diagrams representing DE genes between increased RUNX3 and RUNX1-ETO expression HSPC 

datasets, including the names of the genes commonly dysregulated between the datasets. 
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Overall, this analysis suggests that RUNX3 and RUNX1-ETO expression 

appear to inhibit important cell functions and have some opposing effects in certain 

canonical cellular pathways, which could be due to different mechanisms other than a 

dominant negative effect over RUNX1.  

5.3.7 Expression of RUNX3 in AML patients is significantly correlated with the 

expression of dysregulated genes identified in this study 

To validate the transcriptional dysregulation imposed by RUNX3 

overexpression in human HSPC and identify the genes that are significantly co-

expressed with RUNX3 in blasts from AML patients, analysis of the TCGA dataset was 

performed (Cancer Genome Atlas Research et al. 2013). Only the top dysregulated 

genes and genes associated with significantly enriched pathways were investigated. 

A significant correlation between expression levels was considered when padj < 0.05. 

As shown in Table 5-8, several receptors and TFs were dysregulated by RUNX3 

overexpression in HSPC and this change is associated with expression in AML patient 

blasts. These genes might be interesting molecules for further investigation into the 

contribution of RUNX3 for AML pathogenesis. 

 Discussion and conclusion 

Previous Chapters show that overexpression of RUNX3 in HSPC have a 

significant effect on haematopoietic development (3.3.2, 4.3.3). Therefore, this study 

next sought to determine the transcriptional dysregulation imposed by RUNX3 

overexpression in human HSPC. Increased RUNX3 expression induced a significant 

dysregulation in HSPC transcriptome, favouring the downregulation of genes. RUNX3-

mediated transcriptional dysregulation was associated with predicted changes in cell 

signalling, inflammation and cell movement arising from the fact that ‘Receptors’ was 

the main protein class affected by RUNX3 expression in HSPC (5.3.3.3). 

Dysregulation of key TFs, including HEY1, RUNX1 or LMO2 were also observed in 

HSPC overexpressing RUNX3, highlighting RUNX3 importance in the regulation of 

signalling pathways (e.g., Notch pathway) and human haematopoiesis (5.3.4). 

Moreover, CBFA2T3 was identified as a TF that might cooperate with RUNX3 to 

induce the observed transcriptional changes in these cells (see below) (5.3.5). 
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Table 5-8 – Summary list of dysregulated genes and potential upstream regulators significantly 

co-expressed with RUNX3 in AML patients from TCGA dataset. 

Summary data of dysregulated genes and additional upstream regulators that are significantly co-

expressed with RUNX3 in AML patients (Cancer Genome Atlas Research et al. 2013). From this list, 

only the genes with significant co-expression with RUNX3 in and concordant effect on their expression 

level (downregulation/upregulation) in AML patients are shown here. DE genes in the different datasets 

include their associated logarithmic (base 2) fold change. #1 – RUNX3-expressing HSPC; #3 – RUNX3 

KD erythroid progenitor cells; #4 – RUNX1-ETO-expressing HSPC. Activation z-score infers the 

activation states of predicted transcriptional regulators. A gene in considered inhibited when z-score < 

-2 and activated when z-score > 2. Co-expression values obtained using Spearman’s correlation with 

the respective adjusted p-value (padj). A negative log2FC value represents downregulation (green 

shade), whereas a positive value represents upregulation (red shade) compared to controls. Data 

analysed using cBioPortal (www.cbioportal.org/). 

 

 Log2FC    

Gene 
symbol 

RUNX3 
#1 

RUNX3 
KD 
#3 

RUNX1-
ETO 
#4 

Activation 
z-score 

Co-
expression 
with RUNX3 

padj 

KLRB1 2.01 1.19   0.383 5.643E-6 

CEACAM1 0.78  4.47  0.341 6.902E-5 

GNLY 1.41    0.460 2.270E-8 

RUNX1 -0.76  1.91  -0.226 1.290E-2 

ITGA6 0.86  -1.66  0.235 9.026E-3 

CD2 0.77    0.333 1.089E-4 

CD7 0.74    0.545 9.480E-12 

CD3E 0.65    0.454 3.690E-8 

TCF7    -0.054 0.443 8.830E-8 

CBFA2T3    3.615 0.478 5.770E-9 

B3GNT7 1.32 1.78   0.356 2.965E-5 

FAM43A 0.72 0.70   0.269 2.371E-3 

FUT7 0.70 1.09 -2.26  0.335 1.753E-4 

NTN1 0.68 -0.74   0.186 4.500E-2 

SPOCK1 -1.19 1.58   -0.326 1.591E-4 

UBXN10 0.64 -0.80   0.268 2.490E-3 

LTB 1.01  -1.65  0.431 1.350E-7 

CD244 0.67  -1.72  0.209 2.2280E-2 

RASD1 0.78    0.478 1.720E-8 

TBX21 1.01    0.461 8.290E-9 

http://www.cbioportal.org/
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A comparison analysis between RUNX3 overexpression and KD changes in human 

HSPC identified potential downstream targets of RUNX3, such as CCL2 (5.3.6). 

Further, transcriptional dysregulation imposed by RUNX3 or RUNX1-ETO expression 

in HSPC was compared and suggested different deregulatory mechanism of important 

cell functions and pathways. Overall, this study supports an important role for RUNX3 

in human haematopoiesis and unveils the main pathways and genes dysregulated by 

RUNX3 in HSPC. 

To examine the transcriptome in HSPC, a GFP vector harbouring RUNX3 

cDNA (or control) was selected for these studies given GFP fluorescence intensity is 

higher compared to DsRed, making it a better selectable marker for cell sorting. 

Following GFP enrichment and total RNA extraction, a preliminary QC assessment of 

samples was performed to assess RNA integrity, as sample quality directly impacts 

RNA sequencing and subsequent bioinformatics analysis. RNA concentration and 

integrity were determined using Agilent 2100 Bioanalyzer, where RNA is considered 

of high quality when the ratio of 28S:18S ribosomal RNA species is about 2.0 and 

higher (Schroeder et al. 2006). The limitations on using ribosomal ratio for RNA quality 

assessment fuelled the development of a tool to standardise RNA QC, the RIN 

algorithm (Schroeder et al. 2006). Total RNA present in all control and RUNX3 

samples was sufficient for library preparation and sequencing, and the RNA quality 

and integrity were of high standard for downstream applications (5.3.1). 

QC is one of the most disregarded aspects of RNA-seq data analysis and it is 

of major importance for the success of RNA-seq experiments (Sheng et al. 2017). 

Conducting QC for RNA-seq is important and should follow these perspectives: RNA 

quality, raw read data, alignment, and gene quantification (Sheng et al. 2017). More 

than 20M raw reads were generated for each sample which, according to the literature, 

is sufficient for successful gene expression profiling (Sheng et al. 2017). This 

parameter is also the easiest and most intuitive approach to detect problems with the 

sequencing process. Raw reads were filtered to remove reads with adapter 

contamination, uncertain nucleotides (N), and low quality of nucleotides. Only ‘clean’ 

reads were used for downstream analysis and mapped to the human reference 

genome. Mapped reads were mainly exonic, as expected. Read mapping to intron 

regions could indicate the presence of immature transcripts or alternative splicing 

events, while reads mapped to intergenic regions could be due to weak annotation of 
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the reference genome (van Bakel et al. 2010; Ameur et al. 2011). In terms of mapping 

status, ‘clean’ reads can map uniquely when they are assigned to a single position in 

the reference or could be multiple mapped and should not be discarded (Conesa et 

al. 2016). A high percentage of reads was successfully and uniquely mapped to the 

human genome, which provided confidence in the RNA-seq data (5.3.2.1).  

Following alignment of reads to the genome, a quantification step was 

performed, and gene expression was estimated. Raw read counts alone are not 

adequate to compare gene expression levels between samples, and thus gene length 

and sequencing depth need to be considered as well. This process is essential in 

current RNA-seq protocols because of the several intrinsic biases and limitations, such 

as nucleotide composition bias, GC bias and PCR bias (Wang et al. 2012). Distribution 

of gene expression was similar between both control and RUNX3 HSPC 

transcriptome, an expected outcome given that the only difference between groups is 

the ectopic expression of RUNX3. To understand the major sources of variation in the 

data and identification of outlying samples, which may compromise DE analysis, PCA 

and hierarchical clustering was performed (5.3.3.1). The PCA plots identified batch 

effects associated with the experimental design of this study, which were considered 

during the DE modelling analysis. Sources of variation associated with the 

experimental design primarily arose from the inherent variability of CB samples in 

terms of genetic and progenitor composition, among other factors. Therefore, the 

statistical model used for DE analysis was adjusted to consider these variations within 

the data and a multifactored pairwise comparison was favoured. 

5.4.1 RUNX3 overexpression imposes a significant transcriptional 

dysregulation in human HSPC 

Overexpression of RUNX3 led to a significant dysregulation of HSPC 

transcriptome, characterised by expression changes in 607 genes: 154 genes were 

upregulated, and 453 genes were downregulated compared to control (5.3.3.3). 

Enrichment analysis showed a significant correlation between these changes and 

important biological processes, such as immunity, cell communication, 

haematopoiesis, cell movement and proliferation. The predicted regulation of cell 

movement and migration by RUNX3 was further determined in HSPC. Although 

RUNX3 overexpression increased the general motility of haematopoietic cells, the 
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differences compared to controls were not significant and did not validate the 

enrichment analysis results. RUNX3 expression has been primarily shown to inhibit 

cell migration in different settings (Fainaru et al. 2005; Mei et al. 2011; Chen et al. 

2013; Gou et al. 2017). Nevertheless, RUNX3 expression has also been found to 

promote this process depending on cellular context (Whittle et al. 2015). Previous 

studies in different cell systems have shown that RUNX3, along with RUNX1 and 

RUNX2, regulates the transcription of adhesion molecules (Dominguez-Soto et al. 

2005; Fainaru et al. 2005; Puig-Kroger et al. 2006; Wotton et al. 2008; Estecha et al. 

2012). Interestingly, murine HSPC expressing RUNX1-ETO have enhanced migration 

in vitro, and RUNX1-ETO silencing in t(8;21) AML cells resulted in a reduced motility 

of cells (Saia et al. 2016). Taken together, these results suggest that RUNX3 

expression is important for the regulation of haematopoiesis and cell proliferation, 

previously shown to have a functional correlation (3.3.2, 4.3.3). 

Receptors were the main protein class dysregulated by RUNX3 overexpression 

in HSPC, with the top 5 dysregulated receptors being significantly downregulated by 

RUNX3, except for CD161 upregulation. This receptor is mainly expressed in lymphoid 

cells, particularly NK cells (Maggi et al. 2010; Afzali et al. 2013; Pesenacker et al. 

2013; Ussher et al. 2014; Kurioka et al. 2018), and its expression has been shown in 

murine DCs and along monocyte differentiation in the BM and thymus (Poggi et al. 

1997). However, no evidence of its expression in myeloid human cells was found in 

the literature. ChIP-seq analysis showed that RUNX1 binds to KLRB1 promoter in pre-

B cells (Debaize et al. 2018), and RUNX3 was shown to regulate the expression of 

Klrb1b in IL-15-activated NK cells (Levanon et al. 2014). Although RUNX3 was shown 

to upregulate CD161 in HSPC, its contribution to RUNX3-mediated inhibition of 

erythroid and myeloid development should be minimal. Nevertheless, AML patient 

data from the TCGA dataset shows a significant positive correlation between RUNX3 

and CD161 expression (Cancer Genome Atlas Research et al. 2013). A subset of 

drug-effluxing memory T cells expressing CD161 were shown to help preserving 

antiviral immunity in AML patients undergoing chemotherapy (Alsuliman et al. 2017). 

This study highlights the potential of CD161-expressing memory T cells for adoptive 

therapy against viruses and cancer.  

PDPK1 was the most dysregulated gene in RUNX3-expressing HSPC (log2FC 

of -2.34). Its encoded protein PDK1 is a master kinase essential for cell survival and 
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development in many species (Hu et al. 2017). Conditional deletion of PDK1 in mice 

impairs the reconstitution capacity of HSC during foetal liver haematopoiesis (Hu et al. 

2017; Wang et al. 2018b). In addition, PDK1 was shown to contribute to HSC function 

partially via regulating reactive oxygen species levels (Hu et al. 2017), and to regulate 

apoptosis and cell cycle activation of HSC and progenitor cells, suggesting an 

important role for PDK1 in HSC survival (Wang et al. 2018b). RUNX3-induced PDK1 

downregulation in HSPC supports some of the deleterious effects of RUNX3 in growth 

and survival of these cells (3.3.2, 4.3.3). Loss of PDK1 was also shown to impair 

erythroid and myeloid colony formation and the terminal differentiation of embryonic 

cells, implying that PDK1 expression is required for haematopoietic development 

(Bone and Welham 2007). PDK1 overexpression in human HSPC has been found to 

promote their monocytic colony formation (Pearn et al. 2007). Downregulation of PDK1 

by RUNX3 could therefore explain the inhibition of both erythroid and myeloid colony 

formation exhibited by RUNX3-expressing HSPC. PI3K pathway has been implicated 

in erythroid development and survival of erythroid precursors (Haseyama et al. 1999; 

Xie et al. 2019). Furthermore, PDK1 overexpression is a common feature of several 

types of cancers, and its increased levels were showed in myelomonocytic AML (FAB 

M4 and M5) and is associated with poor clinical outcome with survival of AML blasts 

(Zabkiewicz et al. 2014). Taken together, the significant downregulation of PDK1 by 

RUNX3 could explain some of the observed abnormalities in growth and differentiation 

of cells overexpressing RUNX3 described in Chapter 3 and 4.  

RUNX3 overexpression in HSPC led to the downregulation of NTRK1, a 

tyrosine kinase receptor for nerve growth factor that plays an important role in the 

nervous system and its alteration has been associated to cancer (Alberti et al. 2003). 

Expression of NTRK1 at the mRNA and protein levels was found upregulated by 

RUNX1-ETO in t(8;21) cell lines and in human HSPC expressing this fusion protein 

(Mulloy et al. 2005), which are associated to RUNX3 downregulation (Cheng et al. 

2008b). Interestingly, inv(16) cells were also shown to upregulate this receptor (Mulloy 

et al. 2005), which suggests that RUNX3 expression could be important for the 

transcriptional regulation of NTRK1 in this context. Upregulation of NTRK1 in RUNX1-

ETO cells was suggested to provide an important growth advantage to these cells, as 

NGF is secreted by stromal cells within the BM microenvironment (Mulloy et al. 2005). 

Although this signalling pathway is not relevant for the effects of RUNX3 or RUNX1-
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ETO on human HSPC in vitro, downregulation of NTRK1 by RUNX3 overexpression 

could remove the growth advantage of t(8;21) cells in vivo.  

5.4.2 RUNX3-mediated dysregulation of HSPC and erythroid-related 

transcriptional profiles 

In terms of its effect in human haematopoiesis, RUNX3 overexpression was 

shown to induce significant changes in the transcription signatures related to HSPC 

function and maintenance, and erythroid development, among others (5.3.4). For 

instance, additional RUNX family members, RUNX1 and RUNX2, were also 

significantly downregulated by RUNX3 overexpression in HSPC. RUNX1 is required 

for HSC emergence (North et al. 1999; Cai et al. 2000), as well as definitive 

haematopoiesis resulting in midgestational death of RUNX1-deficient mice (Okuda et 

al. 1996; Wang et al. 1996a). Further studies showed that loss of RUNX1 increases 

the numbers of HSPC and their replating capacity (Ichikawa et al. 2004a), which could 

support the increase in self-renewal observed in RUNX3-expressing HSPC under 

clonal conditions (3.3.2.2). Expression of RUNX1 was shown predominantly in 

haematopoietic progenitors, and to a lesser extent in several lineages including 

myeloid cells (Lorsbach et al. 2004; North et al. 2004) (1.3.4). Conversely, RUNX1 is 

weakly expressed in erythroid progenitors, and its expression is downregulated during 

erythropoiesis (Lorsbach et al. 2004; North et al. 2004), a pattern previously observed 

for RUNX3 (3.3.1). Absence of RUNX1 in mice leads to abnormal primitive 

erythropoiesis, with reduced KLF1 and GATA-1 expression (Yokomizo et al. 2008). 

Recently, RUNX3 overexpression in TET2-deficient mice was shown to significantly 

inhibit RUNX1 expression, as well as its target genes Cebpa and Csf1r (Yokomizo-

Nakano et al. 2020). In addition, AML patient samples from the TCGA dataset show a 

significant negative correlation between RUNX3 and RUNX1 expression (Cancer 

Genome Atlas Research et al. 2013). Considering these evidences, and the possible 

redundancy between both TFs previously described in the literature (Goyama et al. 

2004; Wang et al. 2014a; Morita et al. 2017), RUNX3-induced suppression of erythroid 

and myeloid developmental might be in part due to the downregulation of RUNX1 and 

dysregulation of its target genes. Nevertheless, their intricate spatiotemporal 

regulation supports essential and non-redundant functions of each RUNX member 

(Levanon et al. 2001a).  
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Downregulation of Inhibitor of DNA binding 1 and 2 (ID1 and ID2, respectively) 

by RUNX3 was also observed in HSPC. ID1 and ID2 are members of a family of four 

proteins known to suppress the activity of the E protein helix-loop-helix TFs by limiting 

their ability to bind DNA, and thus regulating cell proliferation and fate determination 

(Jankovic et al. 2007). Expression of ID proteins is enriched in HSC, especially ID2, 

playing important roles in the control of HSC transcriptional state (Mercer et al. 2011; 

van Galen et al. 2014). Reducing ID2 expression in CB HSC was shown to increase 

lymphoid potential, whereas its overexpression biased myeloerythroid differentiation 

(van Galen et al. 2014). Overexpression of ID2 was previously found to promote 

erythroid development, with its absence impairing erythropoiesis in mice by 

modulating PU.1 and GATA-1 functions (Ji et al. 2008). In addition, upregulation of 

ID2 expression during granulopoiesis was found to be required for the maturation of 

human HSPC, with granulocyte development being suppressed when ID2 expression 

was reduced in these cells (Buitenhuis et al. 2005). Downregulation of ID2 by RUNX 

proteins has been reported in 3T3 fibroblasts, with RUNX3 exhibiting the strongest 

repressive effect (Wotton et al. 2008). Therefore, downregulation of ID2 by RUNX3 

overexpression could be negatively influencing erythroid as well as myeloid 

development (3.3.2, 4.3.3).  

As opposed to the previous changes, RUNX3 overexpression was shown to 

upregulate the expression of ITGA6 and FLT3. Integrin α6 or CD49f is among the cell 

surface markers that have been identified in different HSC populations (1.1.1). CD49f 

expression in human HSC was shown to demarcate HSC and MPP populations, with 

CD49f+ cells being highly efficient at generating long-term multilineage grafts as 

opposed to CD49f– MPP (Notta et al. 2011). Therefore, the upregulation of CD49f by 

RUNX3 in HSPC might explain previous findings, such as increased self-renewal of 

progenitors (3.3.2.2). On the other hand, FLT3 is a type III RTK selectively expressed 

during early stages of haematopoiesis, with BM and CB derived human HSPC 

exhibiting FLT3 expression, as well as CMP and GMP populations (Kikushige et al. 

2008). Interestingly, FLT3L was shown to reduce early erythroid progenitors when 

injected in mice, suggesting that FLT3 signalling negatively regulates erythropoiesis 

(Tsapogas et al. 2014). FLT3 genomic loci has been shown to be occupied by RUNX3 

in splenic DCs (Dicken et al. 2013). Therefore, upregulation of FLT3 receptor by 

RUNX3 overexpression could contribute to the erythroid defects observed in these 
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cells (3.3.2). In addition, approximately 30% of AML patients present activating FLT3 

mutations which lead to constitutive FLT3 receptor signalling and ultimately promote 

leukaemic proliferation and survival (Larrosa-Garcia and Baer 2017). Notch signalling 

was reported to have a tumour suppressive role by downregulating the expression of 

FLT3 (Kato et al. 2015). These findings suggest a link between the Notch signalling 

pathway and FLT3 expression, and therefore negative regulation of Notch signalling 

by RUNX3 (HEY1 downregulation) may contribute to the upregulation of FLT3 in 

HSPC.  

Having shown that RUNX3 overexpression inhibits erythroid development of 

human HSPC, this study sought to determine the association of transcriptional 

changes behind that effect. Uniquely, downregulation of the HEY1, a downstream 

target of the canonical Notch signalling pathway which plays important roles in cellular 

growth, differentiation and fate choices, was the only change in TFs present in the top 

10 DE genes (Weber and Calvi 2010). Notch signalling has been shown to promote 

erythroid differentiation of CD34+ human cells (Sugimoto et al. 2006), and a connection 

between this pathway and SCF signalling during erythropoiesis has been previously 

reported (Zeuner et al. 2011). Expression of HEY1 has been demonstrated in HSC 

and committed myeloid progenitors, which suggests an important role in 

haematopoiesis (Mercher et al. 2008; Cheng et al. 2016). In particular, HEY1 showed 

the highest expression in MEP, intermediate in CMP and lowest in the GMP population 

(Mercher et al. 2008). Hey1 KO zebrafish showed significantly decreased mature 

erythroid cells and diminished expression of runx1, which suggests this TF is required 

for definitive haematopoiesis and plays a critical role in the emergence of HSC (Cheng 

et al. 2016). A negative correlation between RUNX3 and HEY1 expression levels has 

been shown previously in hepatocellular carcinoma and osteoblasts (Nishina et al. 

2011; Bauer et al. 2015), whereas a positive correlation between these TFs has been 

shown in microvascular endothelial cells (Fu et al. 2011). Taken together, 

downregulation of HEY1 by RUNX3 overexpression in HSPC could contribute to the 

abnormal erythroid development of cells. 

c-KIT is an additional type III RTK essential for the proliferation and survival of 

early progenitors and shown to be downregulated by RUNX3 overexpression in HSPC. 

KIT-deficient mice exhibit severe erythroid abnormalities characterised by reduced 

erythroid progenitors and midgestational death due to anaemia (reviewed in (Broudy 
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1997)). c-KIT expression was shown to promote the expansion of early erythroid 

precursors, with its downregulation allowing terminal erythroid maturation (Muta et al. 

1995). In human CD34+ HSPC, promyelocytic leukaemia zinc-finger protein (PLZF) 

was reported to have similar effects on c-KIT expression as RUNX3 in this study. 

Accordingly, PLZF overexpression induced c-KIT downregulation in HSPC, inhibiting 

early erythroid proliferation and differentiation of cells (Spinello et al. 2009). Taken 

together, these findings suggest that regulation of c-KIT expression is mediated by 

RUNX3 in human HSPC and erythroid development. 

Another downregulated RTK by RUNX3 expression in HSPC, AXL was isolated 

from patients with chronic myelogenous leukaemia and shown to be expressed in 

CD34+ early myeloid progenitors (O'Bryan et al. 1991; Neubauer et al. 1994). KO mice 

studies have shown that AXL and Mer RTK, cooperate to regulate erythroid 

development (Tang et al. 2009a), haemostasis, megakaryopoiesis and platelet 

function (Wang et al. 2007). Inhibition of erythropoiesis by loss of AXL and Mer 

occurred at the transition from erythroid progenitors to proerythroblasts and involved 

downregulation of GATA-1 and EPO receptor expression (Tang et al. 2009a). 

Therefore, RUNX3-mediated downregulation of AXL expression in HSPC could be 

implicated in the suppression of erythroid development caused by RUNX3 expression 

described in 3.3.2. 

LMO2 encodes a LIM domain protein that has been found essential for yolk sac 

erythropoiesis in mice (Warren et al. 1994) that was significantly downregulated by 

RUNX3 expression in HSPC. Loss of function studies in mice and zebrafish have 

demonstrated important functions for LMO-2 in the establishment of primitive and 

definitive haematopoiesis during embryonic development (Warren et al. 1994; 

Yamada et al. 1998; Patterson et al. 2007). Expression of PML-RARA in human HSPC 

resulted in the suppression of EPO-induced erythroid development by directly 

targeting LMO-2 repression (Yang et al. 2018). Further, LMO-2 was shown to interact 

with additional TFs, including SCL, LDB1, GATA-1 and E2A, to induce erythroid 

development by regulating the expression of α-globin genes, GlyA and KLF1 

(Wadman et al. 1997) (1.1). Overexpression of LMO-2 was able to partially rescue 

defective erythropoiesis caused by c-MYB loss (Bianchi et al. 2010), further 

highlighting its importance in erythroid development. Lymphoblastic leukaemia 1 

(LYL1) was also downregulated by RUNX3 overexpression in HSPC. This TF is 
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broadly expressed in myeloid and B cell lineages as well as HSC (Souroullas et al. 

2009), and it is a paralog of the key haematopoietic TF SCL (Chan et al. 2007). Loss 

of function studies showed that LYL1 is involved in erythroid development (Capron et 

al. 2011; Chiu et al. 2018). RUNX1 participates in a transcriptional complex important 

for HSPC function that includes both LMO-2 and LYL1, among other TFs (Wilson et 

al. 2010). RUNX1-ETO was also shown to interact with these TFs in a stable complex 

identified in t(8;21) cells (Sun et al. 2013). Therefore, RUNX3 repression of RUNX1 in 

HSPC could affect the expression of binding partners LMO-2 and LYL1, and ultimately 

contribute to the abrogation of erythroid development.  

 Important cell surface markers associated with erythroid development were 

downregulated by increased RUNX3 expression in HSPC, namely GlyA and CD36. 

Reduced levels of RUNX3 in human HSPC were previously shown to inhibit the 

expression of GlyA and CD36 within the human CMP and MEP compartments (Balogh 

et al. 2020). Conversely, downregulation of CD36 by RUNX3 expression has been 

previously reported in myeloid cells (Puig-Kroger et al. 2006). In terms of myeloid 

development, RUNX3 overexpression downregulated the expression of CD11b in 

HSPC. RUNX3 has been found to occupy the genomic loci of ITGAM (Dicken et al. 

2013), and reduced RUNX3 expression was found to upregulate the expression of 

CD11b in human CMP and MEP (Balogh et al. 2020).  

Taken together, RUNX3 overexpression in HSPC led to important 

transcriptional dysregulation of potential erythroid drivers, such as LMO-2 and c-KIT, 

as well as erythroid cell surface markers, including GlyA and CD36. These findings 

unveil potential mechanisms behind the RUNX3-induced inhibition of erythropoiesis in 

HSPC described in 3.3.2.  

5.4.3 Potential master regulators cooperating with RUNX3 to induce 

transcriptional dysregulation in haematopoietic cells 

A comprehensive analysis of master regulators and downstream targets is 

essential for the understanding of leukemogenesis and improvement of current 

therapies. Most potential upstream gene regulators associated with RUNX3 

transcriptional dysregulation are TFs predicted to be inhibited in HSPC (5.3.5). 

CBFA2T3 was the most significant master regulator identified by Causal Network 

Analysis in IPA®, which is associated with t(16;21) AML (Chyla et al. 2008). CBFA2T3, 
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similarly to ETO, is able to recruit corepressors such as N-CoR/SMRT, mSin3A/3B, 

and HDAC 1, 2 and 3 (Chyla et al. 2008). CBFA2T3 KO mice exhibit a bias toward the 

GM lineage and a reduction in MEP cells (Chyla et al. 2008). Furthermore, loss of 

CBFA2T3 impairs progenitors cell cycle progression accompanied by c-MYC 

expression (Chyla et al. 2008). CBFA2T3 was shown to participate in the Notch 

regulatory network, and absence of CBFA2T3 in haematopoietic progenitors leads to 

upregulation of Notch targets HES1 and NOTCH1 expression (Engel et al. 2010). 

Expression of CBFA2T3 is confined to early haematopoiesis (Lindberg et al. 2005) 

and it has been shown to negatively regulate erythropoiesis and megakaryopoiesis by 

participating in protein complexes containing master regulators of haematopoiesis, 

such as GATA-1, LDB1, SCL and LMO-2 (Schuh et al. 2005; Goardon et al. 2006; 

Meier et al. 2006; Cai et al. 2009; Soler et al. 2010). Some genes downregulated by 

RUNX3 overexpression in HSPC, such as ID1, were also shown to be repressed by 

CBFA2T3 (Lacombe et al. 2010). Furthermore, there are some similarities between 

the transcriptional dysregulation mediated by RUNX3 expression in HSPC and 

CBFA2T3 overexpression in K562 cells (Fujiwara et al. 2013). Curiously, RUNX3 and 

CBFA2T3 expression are significantly and positively correlated in AML patients 

according to TCGA dataset (Cancer Genome Atlas Research et al. 2013). Along with 

this correlation, there is also a positive correlation between some clinical attributes, 

such as cytogenetic risk and FAB, with high CBFA2T3 AML patients being associated 

with a poor prognosis. Considering the similar transcriptional dysregulation induced by 

RUNX3 and CBFA2T3 expression in erythropoiesis and their significant correlation in 

AML patients, RUNX3 and CBFA2T3 might cooperate in leukaemogenesis.  

5.4.4 Comparison analysis between RUNX3 and RUNX1-ETO-induced 

dysregulation of HSPC transcriptome 

A comparative analysis between different datasets was performed to 

investigate the transcriptional dysregulation induced by RUNX3 and RUNX1-ETO 

expression as single abnormalities in HSPC, which predicted activation of AML 

signalling in both contexts (5.3.6). This is expected for RUNX1-ETO-expressing cells, 

as it is a fusion protein resulting from a common translocation in AML patients. In terms 

of RUNX3, this observation is supportive of a role for RUNX3 in the pathogenesis of 

AML. Important biological processes including haematopoiesis, platelets function and 
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cell movement were all predicted to be inhibited in both scenarios, which could explain 

their association with AML pathogenesis. Furthermore, 38 genes including RUNX3 

were commonly dysregulated between datasets, representing only 10% of all DE 

genes. It is important to consider the caveat of such analysis, with one dataset 

produced using RNA-seq technology that quantifies the expression of more than 

48,000 genes and the other dataset using a microarray chip measuring around 14,500 

genes. Comparison between datasets imply that the transcriptional dysregulation 

caused by RUNX3 and RUNX1-ETO expressions derive from different regulatory 

mechanisms. Furthermore, 58% of the common genes were dysregulated in opposite 

directions by RUNX3 and RUNX1-ETO and could therefore be exclusive targets of 

RUNX1 or RUNX1. Overall, RUNX3 and RUNX1-ETO expression inhibit critical 

biological processes and have opposite effects in relevant cellular pathways due to 

potential different mechanisms other than a dominant negative effect over RUNX1.  

In summary, increased expression of RUNX3 in human HSPC led to a 

significant transcriptional repression of genes, which could be explained in part by 

cross-regulation between the RUNX members. In particular, HSPC and erythroid-

related genes were significantly downregulated by RUNX3 expression, including KIT, 

LMO2 or HEY1, which supports previous observations (3.3.2). Furthermore, CBFA2T3 

was predicted to be activated and act as a master regulator in RUNX3-induced 

transcriptional dysregulation in HSPC, which suggests a possible cooperation 

between both TFs in the pathogenesis of AML. Lastly, comparison between RUNX3 

and RUNX1-ETO-mediated dysregulation of genes in human HSPC suggested 

distinct regulatory mechanisms, which suggests that downregulation of RUNX3 by 

RUNX1-ETO is not the main factor behind its disruption of haematopoiesis in human 

HSPC. Nevertheless, this study determined transcriptional changes in mixed 

progenitors, and therefore their impact was extrapolated to later phases of 

development. Transcriptional dysregulation of cell surface markers associated with 

terminal maturation, such as GlyA, could imply that these changes are sustained along 

differentiation. Taken together, this study provided novel insights into the 

transcriptional dysregulation mediated by RUNX3 in human HSPC and reinforced its 

importance in normal haematopoietic development, as well as in other relevant 

signalling pathways. 
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6 Conclusion and Future Directions 

AML is the most common type of acute leukaemia in adults, with around 3,100 

new cases being diagnosed every year in the U.K. (Cancer Research UK 2020). The 

incidence of AML increases with age, and the five-year relative survival rate is 

approximately 15% in the U.K. (Cancer Research UK 2020) (1.2). A common 

abnormality in AML, is the t(8;21) which results in the formation of the RUNX1-ETO 

fusion protein (1.2.4). Expression of RUNX1-ETO was shown previously to impair 

myeloid differentiation (Okuda et al. 1998; Pabst et al. 2001; Cabezas-Wallscheid et 

al. 2013; Regha et al. 2015; Nafria et al. 2020), and is essential for leukaemic 

propagation (Heidenreich et al. 2003; Martinez et al. 2004; Dunne et al. 2006; 

Ptasinska et al. 2012; Ptasinska et al. 2014) (1.2.4.1). In human HSPC, ectopic 

expression of RUNX1-ETO was shown to block erythroid and myeloid development, 

promote their self-renewal, and dysregulate mRNA expression (Mulloy et al. 2002; 

Tonks et al. 2003; Tonks et al. 2004; Tonks et al. 2007). A central mechanism behind 

such dysregulation arises from perturbations in RUNX1 native function (Meyers et al. 

1993; Frank et al. 1995; Yergeau et al. 1997; Okuda et al. 1998). Reduced RUNX3 

expression levels have previously correlated with CBF leukaemia (1.3.5), but its role 

in leukaemogenesis is not well defined. Although RUNX3 is known to be expressed in 

immune cells where it plays an important role (1.4.1), it is still the least studied member 

of its family and its function in haematopoiesis has been mainly studied using non-

human models. The findings of this study are summarised in Figure 6-1. 

This study examined the association between RUNX3 mRNA expression and 

AML pathogenesis and showed that RUNX3 mRNA expression is highly variable 

between different AML subtypes (4.3.2). Downregulation of RUNX3 was observed in 

prognostically favourable t(8;21) and inv(16) AML, whereas RUNX3 upregulation was 

observed in patients with complex cytogenetics which are associated with a poor 

outcome (Figure 6-1). Indeed, RUNX3 expression has been previously found 

repressed in CBF AML (Cheng et al. 2008b) or increased expression associated with 

a shortened EFS in childhood AML (Lacayo et al. 2004; Cheng et al. 2008b). These 

results are supported by several gene expression profiling of AML samples 

(Debernardi et al. 2003; Gutierrez et al. 2005; Sun et al. 2007; Cheng et al. 2008b), 

demonstrating the prognostic value for RUNX3 expression in this malignancy. 
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In normal haematopoiesis, RUNX3 is expressed in haematopoietic cells of 

different lineages (Meyers et al. 1996; Le et al. 1999; Levanon et al. 2001a; Taniuchi 

et al. 2002; Puig-Kroger et al. 2003; Woolf et al. 2003; Fainaru et al. 2004). Initially, 

this study sought to determine the role of RUNX3 expression on the normal 

development of erythroid cells using a human primary HSPC model. RUNX3 mRNA 

expression was shown to gradually decrease as human HSPC cells mature into 

erythrocytes (3.3.1). A similar expression pattern was previously shown for RUNX1 

where in adult mice its expression is gradually reduced following proerythroblast 

development (Lorsbach et al. 2004; North et al. 2004). KD of RUNX3 significantly 

impaired erythroid colony formation but had little effect on the self-renewal potential of 

these cells (3.3.3.2). Furthermore, no significant changes were observed during 

erythroid growth and differentiation of RUNX3 KD cells, which managed to complete 

their terminal maturation. Recently, human HSPC were shown to be influenced by 

RUNX3 expression, with its KD disrupting the normal programme of erythroid 

differentiation (Balogh et al. 2020). However, this study only assessed the impact of 

RUNX3 KD in erythropoiesis for three days and was solely based on one RUNX3 

shRNA clone. Redundancy between RUNX1 and RUNX3 expression could help 

explain the full maturation of RUNX3 KD erythroid cells (Brady and Farrell 2009; Wong 

et al. 2011; Yokomizo-Nakano et al. 2020). The combined loss of RUNX1 and RUNX3 

in mice blocked erythroid differentiation. (Wang et al. 2014a). Together, these results 

suggest that KD of RUNX3 affects the proliferative capacity and survival of erythroid 

cells, with cells attaining terminal maturation in the presence of EPO (Figure 6-1).  

Given that increased RUNX3 levels are associated with a significant proportion 

of AML patients (see above), this study overexpressed RUNX3 as a single abnormality 

in CB derived CD34+ HSPC and determined its effects on erythroid growth and 

development. Under clonal conditions, erythroid-committed cells exhibited a 

significant inhibition of colony formation ability coupled with increased self-renewal of 

progenitor cells (3.3.2.2). In bulk liquid culture, and in the absence of EPO, RUNX3 

expression induced a delay in erythroid development (3.3.2.3). Upon culture with EPO, 

RUNX3-expressing cells overcame the early growth suppression and proliferated 

more than controls, a behaviour associated with immature cells, failing to terminally 

differentiate. Further RNA-seq studies showed that RUNX3 overexpression 

significantly downregulated erythroid-related genes, including KIT and LMO2 as 
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developmental drivers, and GYPA and CD36 as developmental markers (5.3.4). Some 

of these genes have been shown to be directly targeted by RUNX3 (e.g. CD36) (Puig-

Kroger et al. 2006). The importance of RUNX proteins in erythroid development has 

been previously shown in RUNX1 KD mice which exhibit defects in primitive and 

definitive erythropoiesis (Okuda et al. 1996; Wang et al. 1996a; Yokomizo et al. 2008; 

Ghanem et al. 2018). Considering the cross-regulation between RUNX genes (5.3.4), 

and the similar erythroid developmental block induced by RUNX1-ETO (Tonks et al. 

2003), downregulation of RUNX1 by RUNX3 in human HSPC could also contribute to 

these observations. Together, these findings suggest that downregulation of RUNX3 

during erythropoiesis is important for the normal development of cells. Furthermore, 

the ability of RUNX3 overexpression to inhibit differentiation and promote self-renewal 

(albeit in erythroid cells) would suggest that RUNX3 could be a driver of 

leukaemogenesis.  

Chapter 4 focused on the relevance of RUNX3 expression and its dysregulation 

during myeloid development. Analysis of transcriptomic data revealed that RUNX3 

mRNA expression is sustained in HSPC and early myeloid progenitors (4.3.1). Mature 

monocytes showed upregulation of RUNX3, whereas granulocytic cells exhibited a 

reduction in RUNX3 levels. RUNX3 upregulation has been shown during monocytic 

differentiation to either macrophages or DC (Fainaru et al. 2004; Sanchez-Martin et al. 

2011; Estecha et al. 2012). These findings suggest that RUNX3 expression is 

downregulated during myeloid development, with important roles in macrophage and 

DC differentiation. RUNX3 KD failed to significantly impact myeloid growth and 

development of HSPC (4.3.4). These data are supported by previous observations 

showing that RUNX3 deficiency in HSPC does not affect myeloid growth and colony 

formation as opposed to erythroid development (Balogh et al. 2020). Functional 

redundancy with RUNX1 could explain these results, as loss of both RUNX1 and 

RUNX3 expression has been shown to suppress granulopoiesis at a relatively late 

stage of development in mice (Wang et al. 2014a). Overall, these data suggest that, 

similarly to erythropoiesis, reduced expression of RUNX3 does not impair the myeloid 

development of HSPC (Figure 6-1). 

The impact of RUNX3 overexpression on myeloid development was 

determined in human HSPC under clonal conditions and bulk liquid culture. RUNX3-

expressing cells formed significantly less myeloid colonies than controls (4.3.3.1). In 



Chapter 6 – Conclusion 

235 

bulk liquid culture, RUNX3 overexpression resulted in slower growth of myeloid 

(granulocytic) cells (4.3.3.2) and perturbed the normal myeloid differentiation 

programme (4.3.3.3). RNA-seq data showed a significant downregulation of CD11b 

by RUNX3-expressing HSPC (5.3.4), which is explained by previous observations 

showing that RUNX3 occupies the genomic loci of ITGAM (Dicken et al. 2013). PDPK1 

(encoding PDK1 protein) was the most significantly dysregulated gene by RUNX3 

overexpression in HSPC. Considering that PDK1 expression has been found 

important for haematopoietic development (Bone and Welham 2007; Pearn et al. 

2007), loss of PDK1 in RUNX3-expressing cells could be a factor influencing 

myelopoiesis. Furthermore, a similar disruption of myeloid differentiation has been 

shown previously in RUNX1-ETO-expressing cells, characterised by selective 

inhibition of granulocytic colony formation and delayed CD11b and CD15 upregulation 

in human HSPC (Tonks et al. 2004). Given that RUNX1-ETO has a dominant negative 

effect over RUNX1 native function, RUNX3-mediated loss of RUNX1 could also 

contribute to the observed phenotype (5.3.4). RUNX1 deficiency was found to 

substantially inhibit the growth and myeloid differentiation of CB derived HSPC, while 

its expression showed oppositive effects (Goyama et al. 2013). RUNX1 mutations lead 

to a similar inhibition of granulocytic development in human in vitro cell models 

(Gerritsen et al. 2019). Overall, RUNX3 expression inhibits both monocytic and 

granulocytic differentiation, and together with the effects on erythropoiesis show that 

RUNX3 overexpression might be involved in AML pathogenesis (Figure 6-1).  

To determine the importance of RUNX3 downregulation to the pathogenesis of 

t(8;21) AML, RUNX3 was overexpressed in RUNX1-ETO transduced HSPC. Under 

clonal conditions, RUNX3 overexpression failed to rescue the colony forming ability of 

erythroid and myeloid cells expressing RUNX1-ETO (4.3.5.3). In bulk liquid culture, a 

similar situation was observed with RUNX3 failing to rescue phenotypic changes 

induced by RUNX1-ETO during myeloid development (4.3.5.4). For both monocytic 

and granulocytic cells, RUNX3 expression did not rescue the negative impact of 

RUNX1-ETO in CD11b upregulation, which is explained by the fact that CD11b itself 

is a putative target of RUNX3 (Dicken et al. 2013) (5.3.4). Morphology examination 

supported the previous findings, though RUXN3 overexpression favoured changes 

associated with intermediate to later stages of development in RUNX1-ETO cells. 

Together, these data failed to support a significant role for RUNX3 in RUNX1-ETO 
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leukaemogenesis, with the caveat that RUNX3 overexpression in these cells might 

have missed the ideal balance to counteract the negative effects of RUNX1-ETO 

(Figure 6-1). Overall, this study reinforces the involvement of RUNX3 in human 

haematopoiesis and highlights the association between increased RUNX3 expression 

and leukaemogenesis. 

To investigate the RUNX3-mediated transcriptional dysregulation in human 

HSPC that could explain the suppression of both erythroid and myeloid development 

by RUNX3 in these cells, RNA-seq was performed in Chapter 5. RUNX3 

overexpression was shown to primarily repress the expression of genes, with immune 

responses, cell signalling and communication, and cell movement being significantly 

associated with these changes (5.3.3.3). Furthermore, significant changes were 

observed in the expression of RUNX1 or KIT (5.3.4), supporting the RUNX3-mediated 

inhibition of both erythroid and myeloid development (3.3.2, 4.3.3). Furthermore, 

pathway analysis suggested CBFA2T3 as a potential upstream regulator of RUNX3-

induced transcriptional changes in HSPC (5.3.5). Considering the similarities between 

RUNX3 and CBFA2T3 transcriptional dysregulation (Lacombe et al. 2010; Fujiwara et 

al. 2013), and their significant co-expression in AML patients (Cancer Genome Atlas 

Research et al. 2013), CBFA2T3 could be associated with RUNX3 expression in the 

pathogenesis of AML. Further comparison between RUNX3 overexpression and KD 

datasets in human HSPC identified potential downstream targets of RUNX3, such as 

CCL2 (5.3.6.1). Transcriptional dysregulation imposed by RUNX3 or RUNX1-ETO 

expression in HSPC was also compared and suggested different deregulatory 

mechanism of important cell functions and pathways (5.3.6.2). Taken together, 

transcriptomic analysis highlights the important role of RUNX3 in human 

haematopoiesis, unveiling the main pathways and genes dysregulated by RUNX3 in 

HSPC (Figure 6-1). 

In conclusion, this study showed the importance of RUNX3 downregulation 

during the normal programme of erythroid and myeloid development of human HSPC. 

Increased RUNX3 expression was shown to inhibit erythroid, monocytic and 

granulocytic differentiation of cells. On the other hand, reduced expression of RUNX3 

failed to induce significant effects on cell differentiation, but survival was negatively 

impacted by RUNX3 KD in erythroid cells. This study also provided mechanistical 

insights into the RUNX3-mediated inhibition of haematopoietic development by 
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unveiling a significant dysregulation of HSPC transcriptome. Lastly, no significant 

evidence was obtained to support an important role for RUNX3 downregulation in 

RUNX1-ETO leukaemia.  

 Future directions 

Although CBF AML is associated with a good prognosis, standard 

chemotherapy with high dose cytarabine combined with an anthracycline account for 

only 40 to 60% CR of these patients (Sinha et al. 2015). Treatment of CBF AML has 

remained unchanged for many years, and therefore further studies are needed to 

develop new therapies that ultimately improve the cure rate in these patients. As future 

work, additional experimental repeats should be performed for the study of RUNX3 re-

expression in RUNX1-ETO transduced HSPC to determine whether there is a 

significant contribution of RUNX3 downregulation to RUNX1-ETO leukemogenesis. 

ChIP-seq analysis in these cells would determine chromatin co-occupancy of RUNX3 

and RUNX1-ETO. Furthermore, RUNX3 KD in RUNX1-ETO-expressing cells should 

be pursued to assess its functional requirement in t(8;21) AML. Considering that 

RUNX3 expression is also repressed in inv(16) AML, similar studies should be 

performed in this context.  

Given the functional redundancy between RUNX1 and RUNX3, analysis of 

RUNX1 targets should be performed to elucidate whether the changes observed are 

induced exclusively by RUNX3 or by interfering with RUNX1 native function. Previous 

studies have focused on the analysis of RUNX3 direct targets by ChIP-seq in T and 

NK cells, as well as DC (Yagi et al. 2010; Dicken et al. 2013; Lotem et al. 2013; 

Levanon et al. 2014; Hantisteanu et al. 2020). A recent study performed ChIP-seq 

analysis in murine HSPC overexpressing RUNX3 in the absence of TET2 to induce a 

MDS phenotype (Yokomizo-Nakano et al. 2020), but no study in human HSPC has 

been performed. ChIP-seq analysis will identify genomic-wide target sites for RUNX3, 

which would allow a more comprehensive study of RUNX3-mediated transcriptional 

regulation in these cells. Moreover, complete ablation of RUNX3 expression by using 

CRISPR-Cas9-gRNA system in human HSPC and AML cells would fully assess the 

impact of RUNX3 deficiency in haematopoietic development and leukaemic growth 

and survival.  
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Lastly, dysregulated genes by RUNX3 overexpression in HSPC significantly 

associated with RUNX3 levels in AML patients, such as LTB or FUT7, should be 

further explored to help elucidate the mechanism behind the possible contribution of 

RUNX3 to leukaemogenesis (5.3.7). Both genes were upregulated by RUNX3 in 

HSPC and downregulated by RUNX1-ETO in HSPC and in t(8;21) AML (Cancer 

Genome Atlas Research et al. 2013), which have reduced RUNX3 levels. 

Furthermore, LTB and FUT7 have been previously implicated as oncogenes in 

different types of cancer (Lukashev et al. 2006; Fernandes et al. 2015; Das et al. 2019; 

Jassam et al. 2019; Liu et al. 2019; Dai et al. 2020).  



Chapter 6 – Conclusion 

239 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1 – Graphical abstract summarising the main findings on the role of RUNX3 in normal 

human haematopoietic development and AML. 

TCGA – The Cancer Genome Atlas Program (Cancer Genome Atlas Research et al. 2013); HSC – 

Haematopoietic stem cells; CMP – Common myeloid progenitor. The question mark represents 

unconfirmed effects by RUNX3 overexpression in RUNX1-ETO cells.
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Ladder Control 
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Appendix 1– High quality total RNA was successfully extracted from control and RUNX3 HSPC. 

(A) Representative electropherograms for the RNA ladder and control sample (Control 1) obtained using 

Agilent 2100 Bioanalyzer. Data is summarised in Table 5-1. (B) Example densitometry plots (gel-like 

images) for the RNA ladder and 10 experimental samples. L – Ladder; Samples #1, 3, 5, 7 and 9 – Control 

HSPC; Samples #2, 4, 6, 8, 10 – RUNX3 overexpressing HSPC.
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Appendix 2– Top 50 genes dysregulated by RUNX3 overexpression in human HSPC. 

Summary data of the 50 most dysregulated genes in HSPC as a result of increased RUNX3 expression. 

Values are expressed as the logarithmic (base 2) fold change of differentially expressed genes compared 

to control with the respective adjusted p-value (padj). A negative log2FC value represents downregulation 

(green shade), whereas a positive value represents upregulation (red shade). Ensembl ID is a unique 

number assigned to each gene according to the Ensembl database (www.ensembl.org).  

Ensembl ID Gene symbol Log2FC padj 

ENSG00000140992 PDPK1 -2.34 1.63E-40 

ENSG00000133636 NTS -2.05 1.85E-23 

ENSG00000111796 KLRB1 2.01 3.25E-20 

ENSG00000099139 PCSK5 1.97 3.60E-27 

ENSG00000164683 HEY1 -1.83 1.42E-16 

ENSG00000197405 C5AR1 -1.82 2.24E-27 

ENSG00000128918 ALDH1A2 -1.79 5.12E-26 

ENSG00000020633 RUNX3 1.71 1.85E-28 

ENSG00000169896 ITGAM -1.68 5.86E-36 

ENSG00000148468 FAM171A1 -1.65 6.41E-15 

ENSG00000167580 AQP2 -1.56 1.79E-12 

ENSG00000181577 C6orf223 -1.50 8.70E-13 

ENSG00000174358 SLC6A19 -1.49 1.06E-10 

ENSG00000164199 ADGRV1 -1.46 8.27E-12 

ENSG00000140279 DUOX2 -1.44 5.42E-10 

ENSG00000134830 C5AR2 -1.43 4.70E-13 

ENSG00000115523 GNLY 1.41 8.97E-10 

ENSG00000083454 P2RX5 -1.41 2.68E-10 

ENSG00000131409 LRRC4B -1.39 1.21E-10 

ENSG00000205918 PDPK2P -1.36 5.22E-09 

ENSG00000136040 PLXNC1 -1.35 4.71E-11 

ENSG00000156966 B3GNT7 1.32 3.34E-11 

ENSG00000198400 NTRK1 -1.32 9.79E-12 

ENSG00000105509 HAS1 -1.31 3.16E-08 

ENSG00000116833 NR5A2 -1.30 3.79E-08 

ENSG00000138135 CH25H -1.27 4.48E-08 

ENSG00000145916 RMND5B -1.27 5.70E-21 

ENSG00000147081 AKAP4 -1.27 7.17E-08 

ENSG00000122641 INHBA -1.26 2.72E-08 

ENSG00000079257 LXN -1.25 2.76E-09 

ENSG00000249992 TMEM158 -1.23 2.18E-07 

ENSG00000111261 MANSC1 -1.20 1.03E-07 

ENSG00000124212 PTGIS 1.20 5.10E-07 

http://www.ensembl.org/
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ENSG00000152377 SPOCK1 -1.19 2.90E-07 

ENSG00000179604 CDC42EP4 -1.18 1.73E-09 

ENSG00000100351 GRAP2 -1.17 4.30E-15 

ENSG00000166949 SMAD3 -1.17 3.67E-25 

ENSG00000137491 SLCO2B1 -1.16 1.22E-06 

ENSG00000108691 CCL2 -1.15 2.50E-14 

ENSG00000010610 CD4 -1.14 2.21E-07 

ENSG00000120875 DUSP4 1.12 8.38E-10 

ENSG00000092068 SLC7A8 -1.12 2.36E-08 

ENSG00000075391 RASAL2 -1.12 7.05E-10 

ENSG00000150510 FAM124A -1.11 1.59E-06 

ENSG00000101298 SNPH -1.11 5.91E-06 

ENSG00000162378 ZYG11B -1.11 5.59E-18 

ENSG00000116962 NID1 -1.10 2.78E-06 

ENSG00000182580 EPHB3 1.08 5.56E-06 

ENSG00000196220 SRGAP3 1.07 3.56E-06 

ENSG00000127329 PTPRB -1.06 2.12E-05 
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