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ABSTRACT 
 

Childhood acute lymphoblastic leukaemia (cALL) has a higher incidence, better 

prognosis and distinct mutational spectrum from its adult counterpart. Within B-cell 

precursor ALL, the ETV6-RUNX1 fusion gene accounts for 25% of paediatric cases 

but is rarely seen in adults. The childhood association of ETV6-RUNX1 ALL may 

reflect its origins in a progenitor unique to fetal life. Functioning as a first-hit mutation, 

ETV6-RUNX1 initiates an asymptomatic pre-leukaemia in utero, until further 

mutations cause progression to overt leukaemia. To understand how ETV6-RUNX1 

contributes to leukemogenesis, we need to study the oncogene in the cellular 

framework in which it arises and functions. In vitro B-cell differentiation of human 

induced pluripotent stem cells (hiPSC) recapitulates early embryonic lymphoid 

development, providing a relevant model to study ETV6-RUNX1 cALL initiation. 

Here I show, genome-engineered hiPSCs which constitutively express ETV6-RUNX1 

exhibit a relative expansion of a developmentally-restricted CD19−IL7R+ 

lymphomyeloid progenitor compartment and a partial block in B-lineage commitment. 

ETV6-RUNX1 proB cells that emerge downregulate genes encoding cell cycle-related 

targets of E2F transcription factors, with preliminary results suggesting ETV6-RUNX1 

proB cells progress more slowly through the cell cycle. In addition, the ETV6-RUNX1 

IL7R+ lymphomyeloid progenitor compartment has an increased myeloid 

transcriptome. ETV6-RUNX1 proB cells aberrantly retain this myeloid programming – 

expressing myeloid genes and markers and the ability to differentiate into actively 

phagocytic macrophages. 

To delineate the stage specific impact of ETV6-RUNX1 activity, I designed a RUNX1 

FLEx switch construct targeted into the ETV6 locus to develop an inducible ETV6-

RUNX1 hiPSC line – this work is ongoing.  

Overall, this data could suggest a model in which ETV6-RUNX1 impacts fetal 

lymphopoiesis within a vulnerable developmental window, potentially at the level of 

the transient lymphomyeloid IL7R+ progenitor, restricting lymphoid specification. This 

could result in arrested myeloid-primed B-cells with altered self-renewal properties 

which can aberrantly survive postnatally, allowing acquisition of secondary hits. 
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IMPACT STATEMENT 
 

Acute lymphoblastic leukaemia (ALL) is the commonest malignancy of childhood. 

Childhood ALL is distinct from adult ALL, associated with a different set of cancer-

causing mutations. The mutation ETV6-RUNX1 causes 25% of B cell precursor ALL 

in children but is rarely seen in adult ALL. This has led to the question – why is ETV6-

RUNX1 ALL a childhood disease? 

 

Many new-born babies have cells containing ETV6-RUNX1, but only a small fraction 

will go on to develop leukaemia. The childhood association of ETV6-RUNX1 may be 

due to its origins in cells uniquely susceptible to the mutation within early fetal 

development. The current models of ETV6-RUNX1 leukaemia have provided some 

conflicting results. There is a need for a model that recapitulates the developmental 

landscape in which the mutation arises and impacts. The differentiation of human 

induced pluripotent stem cells (hiPSC) has been shown to mimic this early blood 

development. The findings in this thesis provide further insights into the pre-leukaemic 

impact of ETV6-RUNX1 in hiPSC. The hiPSC model of ETV6-RUNX1 pre-leukaemia 

demonstrates a lineage dysregulation and cell cycle deceleration impact of the 

oncogene on fetal lymphopoiesis. The fetal IL7R progenitor compartment, with a 

developmentally restricted myeloid to lymphoid transition offers a potential 

explanation as to why ETV6-RUNX1 ALL is a disease of childhood and why ETV6-

RUNX1 ALL frequently co-expresses B and myeloid surface markers.  

 

In the future, these findings could aid in the development of therapies targeted against 

ETV6-RUNX1 – potentially identifying fetal-specific vulnerabilities in ETV6-RUNX1 

ALL, informing new therapeutic targets, which could be tested within this platform. 

The cellular hierarchy which ETV6-RUNX1 impacts may offer insights into non-ETV6-

RUNX1-associated ALL. Further work on the inducible ETV6-RUNX1 hiPSC line 

could help to identify the cell of origin and cell of impact for ETV6-RUNX1 pre-

leukaemia. 

 

Some of the work described in chapter three and chapter four has recently been 

published in the journal Developmental Cell (Boiers, C.,* Richardson, S.,* Laycock, 

E., et al., (2018). A Human IPS Model Implicates Embryonic B-Myeloid Fate 

Restriction as Developmental Susceptibility to B Acute Lymphoblastic Leukemia-

Associated ETV6-RUNX1. Developmental Cell. 44, (3): 362-377). 
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STAT  Signal transducer and activator of transcription 

ST-HSC Short-term haematopoietic stem cell 
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TALEN  Transcription activator like effector nuclease 

TCR  T cell receptor 

TEL  Translocation-ets-leukaemia (also known as ETV6) 

tetR   Tetracycline resistance 

TLX  T cell leukaemia homeobox 

TPO  Thrombopoietin 

TP53   Tumour protein p53  

TSLP  Thymic stromal lymphopoietin 

VE-cadherin  Vascular endothelial cadherin 

WT  Wildtype 

YS  Yolk sac 

ZFN   Zinc finger nuclease 
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1.1. Ontogeny of haematopoiesis  
 

Haematopoiesis, from the Ancient Greek ‘haima’ meaning ‘blood’ and ‘poiesis’ 

meaning ‘to make’, is the continuous process of blood cell formation during 

development and throughout adulthood. With a trillion new blood cells required daily 

by an adult human, haematopoiesis is an exceedingly regulated and regenerative 

system. Shaped over 600 million years of evolution, blood is made up of a diverse 

and highly specialised repertoire of cells. From the erythrocytes that transport oxygen, 

megakaryocytes that generate platelets for blood clotting and wound healing, to the 

many leukocytes of the innate and adaptive immune system ready to defend the body 

from both micro- and macroscopic attack. The lifespan of these various mature blood 

cells range from hours to years. 

 

In adult haematopoiesis, the haematopoietic stem cell (HSC) sits at the top of the 

hierarchy – where a small number of cells, capable of self-renewal, are responsible 

for generating the entire blood system through the intricate and multistep process of 

differentiation. However, the very first blood cells during embryonic development 

appear before HSCs have arisen. These initial waves of haematopoiesis are distinct 

from adult, with unique capabilities and vulnerabilities.  

 

1.1.1. On the origin of haematopoietic stem cells 

The term stem cell first appeared in the scientific literature in 1868. German biologist 

Ernst Haeckel used the term ‘Stammzelle’ to describe the unicellular ancestor of all 

multicellular organisms (Haeckel, 1868). By 1896, the term was being used in the 

haematopoietic field. Atur Pappenheim used stem or ‘mother’ cell to describe a 

precursor cell capable of giving rise to both red and white blood cells (Pappenheim, 

1896). At the turn of the century Alexander Maximow, Vera Dantschakoff (sometimes 

referred to as ‘the mother of stem cells’) and Ernst Neumann began to use stem cell 

to refer to the common precursor of the blood system (Maximow, 1908; Dantschakoff, 

1908; Neumann, 1912). Russian biologist Maximow is often credited with coining the 

concept of the HSC in 1909; his histopathological studies identified the coexistence 

of blood cells of multiple lineages and stages of differentiation in the bone marrow 

(BM) (Maximow, 1909; Ramalho-Santos and Willenbring, 2007). 
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Evidence for HSCs came to light in the wake of the first explosions of the atomic 

bomb, with the ionising radiation leading to BM failure and high lethality rates. In 1949, 

Leon Jacobson found that mice could be protected from these lethal effects by 

shielding their spleens or femurs with lead (Jacobson et al., 1949). Shortly after this, 

it was shown that the effect of ionizing radiation could be rescued by intravenous 

infusions of BM from an unirradiated donor (Lorenz et al., 1951). Further studies firmly 

demonstrated that this BM reconstitution was due to cellular rather than humoral 

factors – though the exact cell population was unknown (Barnes and Loutit, 1954; 

Main and Prehn, 1955). 

In the 1960s, pioneering experiments from Ernest McCulloch and James Till gave the 

first proof of multipotent stem cells by transplanting BM cells into irradiated mice (Till 

and McCulloch, 1961; Becker et al., 1963). These cells gave rise to multi-lineage 

colonies in the spleen, with all cells in a colony being derived from a single progenitor 

(so-called CFU-S, Colony-Forming Unit in the Spleen). Upon serial passaging, some 

cells were able to form secondary colonies (Siminovitch et al., 1963). Due to this 

demonstration of limited self-renewal capacity, they are not considered to be true 

stem cells, and CFU-S were later found to be derived from more committed 

progenitors (Schofield, 1978). Nonetheless, these ground-breaking experiments 

demonstrated the fundamental concepts of self-renewal and multipotency - the 

defining characteristics of stem cells - paving the way for the great expansion of stem 

cell research.  

 

1.1.2. Defining the haematopoietic stem cell 

HSCs are rare cells with characteristics of multipotency and self-renewal that are 

capable of generating an entire haematopoietic system. Functional tests, such as in 

vivo transplantation, are the required proof of a genuine HSC, retrospectively 

demonstrating that the cell was capable of both self-renewal and multilineage 

differentiation. Serial transplantation is the most stringent test of HSC potential. The 

longevity of a xenograft and capacity to repopulate a secondary recipient is 

determined by the stability or transience of the self-renewal activity of the founding 

transplanted cells (Benveniste et al., 2010).  
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As HSCs are such a rare and powerful population, the ability to identify and purify 

these cells continues to be intensely studied. No unique HSC markers have been 

identified as of yet, but combinations of markers can get close. However, even the 

best purified cells don’t give a 100% stem cell read-out, which could be due to impure 

fractions or sub-optimal assays. (Eaves et al., 2015) 

.  
The haematopoietic system in mice is far better phenotypically defined than that of 

humans, although precise lineage relationships and trajectories are still not entirely 

clear. In mice, HSCs lie in the c-Kit+, lineage negative and Sca-1+ BM population 

(known as KLS cells). The vast majority of the KLS fraction are committed progenitors 

rather than stem cells, thus needed further definition. Additional cell surface markers 

for murine HSCs include CD34- (Osawa et al., 1996) and SLAM markers 

(CD150+CD48-CD41-) (Kiel et al., 2005). While there are similarities between human 

and murine haematopoietic systems, there is a lack of congruence between the 

surface markers that define the HSC. For example, in contrast to mice, human HSCs 

are CD34+ (Civin et al., 1984). This CD34+ fraction is extremely heterogeneous, which 

has led to various further marker specifications to separate HSCs from their nearest 

progeny.  

 

A more recent study found a Lin-CD34+CD38-CD45RA-Thy1(CD90)+RholoCD49f+ 

phenotype could enrich human HSCs to 15% purity (Notta et al., 2011). However, 

work by Anjos-Afonso and colleagues suggests a CD34- population (Lin-CD34-CD38-

CD93hi) contains a rare subset of cells that represent an immature and quiescent 

human HSC population, residing above the CD34+ population in the hierarchy (Anjos-

Afonso et al., 2013). Considering how few of these markers of HSCs appear to be 

significant for HSC function, there may be more relevant markers to be discovered 

(Eaves et al., 2015). 

 

Adult long-term HSCs have been found to reside in a specific niche within the bone 

marrow in relative hypoxia – partly consisting of mesenchymal stromal cells and 

endothelial cells and associated with the endosteum (Morrison and Scadden, 2014; 

Nombela-Arrieta et al., 2013). There is evidence that the sympathetic nervous system 

regulates C-X-C Motif Chemokine Ligand (CXCL12) expression via circadian 

oscillations and thus HSC retention (Katayama et al., 2006; Mendez-Ferrer et al., 

2008). In stark contrast to highly proliferative and metabolically active progenitors, 

HSCs are predominantly in a protective quiescent, autophagy-dependent state with 

low mitochondrial activity (Laurenti and Gottgens, 2018). Thrombopoietin (TPO) from 
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neighbouring osteoblasts and the presence of megakaryocytes within the niche are 

recognised to have a role in maintaining this quiescent state (Yoshihara et al., 2007; 

Bruns et al., 2014). Recruitment of HSCs into a cycling state occurs upon stress of 

the blood system, such as activation by Interferon (IFN)-gamma in response to 

chronic infection (Baldridge et al., 2010). However, there is some debate on the 

relative contribution of HSCs to steady-state and stress haematopoiesis (Sun et al., 

2014; Schoedel et al., 2016; Sawai et al., 2016; Ng and Alexander, 2017). In addition, 

it has been shown that HSCs are heterogeneous in terms of self-renewal capacity, 

cell cycle properties and differentiation. It is not known whether this is due to, for 

example, an intrinsic property, stochasticity or external influences in the environment 

(Laurenti and Gottgens, 2018). 

 

1.1.3. Waves of haematopoiesis 

Haematopoiesis consists of a primitive and definitive stage which occur in successive 

waves. In the fetus, the first wave of haematopoietic precursor cells are found on 

blood islands at the bottom of the extra-embryonic yolk sac (YS), prior to formation of 

the vascular network. These early cells are runt-related transcription factor 1 

(RUNX1)-independent, suggesting they were derived directly from mesoderm without 

haemogenic endothelium pre-cursors (Okuda et al., 1996). The first blood cells 

produced in the embryo are differentiated cells that are immediately needed for 

growth and development, these consist mainly of large nucleated erythrocytes 

expressing embryonic haemoglobin. This is followed by a second wave of erythro-

myeloid progenitors and lymphoid progenitors that transiently seed the fetal liver (FL). 

(Böiers et al., 2013; McGrath et al., 2015). The first ‘definitive’ self-renewing HSCs 

(dHSC), capable of long-term repopulation of all blood lineages in adult mice, are first 

generated in the intra-embryonic aorta-gonad-mesonephros (AGM) region from 

haemogenic endothelium, subsequently seeding the FL, the main fetal 

haematopoietic site (Medvinsky et al., 1993; Medvinsky and Dzierzak, 1996). This 

third wave of haematopoiesis is seen as the beginning of adult haematopoiesis.  

 

Investigating haematopoiesis at this early stage is difficult. It is a complex system with 

multiple sites of haematopoietic activity separated anatomically and developmentally, 

with circulation moving blood cells across locations. Definitive HSCs are extremely 

rare and, as of yet, there are no markers known to be exclusive for these cells in the 

embryo. This becomes even more difficult with the ethical issues associated with 
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investigating early human haematopoiesis. As such, most of our knowledge of the 

development of the blood system comes from experiments in animal models. 

1.1.4.  Haematopoiesis in the embryo 

The early embryo needs to develop differentiated blood cells and vasculature for 

immediate support and function, whilst also accumulating HSCs in the absence of a 

bone marrow niche. To meet this challenge, multiple sites of haematopoiesis are used 

through development, both to cope with changing anatomy from organogenesis and 

to provide microenvironments with different inductive signals to support differentiation 

and self-renewal, see figure 1.1 (Mikkola and Orkin, 2006). 

 

In the mouse embryo at E7-7.5 the extra-embryonic mesoderm ingresses through the 

posterior primitive streak into the YS (Silver and Palis, 1997). This results in the 

formation of YS blood islands, which harbour the first endothelial and haematopoietic 

progenitors. The vascular network of the YS is formed from the fusion of these blood 

islands. Initially, the blood islands largely consist of primitive erythrocytes, however 

some rare cells with macrophage and megakaryocyte potential have been isolated at 

this time (Xu et al., 2001). By E8.5, erythroid-myeloid progenitors (EMP) with erythroid 

and broad myeloid potential, start to appear in the YS (Moore and Metcalf, 1970; Palis 

et al., 1999) and in the chorion and allantois (which later fuse to form the placenta 

and the umbilical cord) (Palis et al., 1999, McGrath et al., 2011). At this time, EMP 

are produced through endothelial-haematopoietic-transition of haemogenic 

endothelium which is distinct from that from which dHSCs emerge (Chen et al., 2011). 

EMP migrate and colonise the FL at E10.5-11.5, supporting embryogenesis until 

HSC-derived haematopoiesis is established (McGrath et al., 2015). In addition, it is at 

E8.5-9.5 that tissue resident macrophages, for example brain microglia, develop 

independently of dHSCs (Ginhoux et al., 2010). 

 

It was previously believed that lymphoid lineage restriction (B and T cells) occurred 

only after the emergence of dHSC, with the first lymphoid-restricted embryonic 

progenitors being identified after dHSCs seed the FL (Douagi et al., 2002). This has 

been challenged by the identification of a murine interleukin-7 receptor (IL7R) 

recombination activating gene 1 (RAG1)-expressing lymphomyeloid-restricted 

embryonic progenitor much earlier, tracked back to E9.5 YS which goes on to 

transiently colonise the FL (Boiers et al., 2013). The progenitor co-expressed 

lymphoid and myeloid lineage programmes. In addition, the embryonic progenitor 
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contributed to both myeloid and lymphoid lineages with no megakaryocytic-erythroid 

(MkE) activity. The adult counterpart of this progenitor contributed only to the 

lymphoid lineage. This study demonstrates the important differences in the lineage 

specification of fetal and adult B cell progenitors. In addition, a ‘pre-HSC’ has been 

identified prior to the definitive HSC emergence at E9.5-E10.5 in the para-aortic 

splanchnopleura (PsP) and in the AGM (Kieusseian et al., 2012). 

 

In the mouse, the first dHSC emerge in the AGM at E10.5; organised into tight intra-

aortic haematopoietic clusters, which bud predominantly from the ventral wall of the 

dorsal aorta (Muller et al., 1994; Medvinsky and Dzierzak, 1996). Lineage-tracing 

studies have provided evidence that these cells are derived from endothelium 

(Jaffredo et al., 1998). Haemogenic endothelium is distinct from other cells through 

expression and dependence on RUNX1. RUNX1 mediates the endothelial to 

haematopoietic transition and, if embryos are deficient in RUNX1, definitive 

haematopoiesis does not occur (Chen et al., 2009; North et al., 1999; North et al., 

2002; Okuda et al., 1996).  

 

The FL does not produce HSC de novo but is seeded by circulating blood cells. 

Progenitors and dHSC migrate from the YS and AGM to the FL, which becomes the 

main site of haematopoiesis. The liver is first seeded by EMPs from the YS at E9.5-

11.5 which establishes the first vascular connections to the FL through vitelline 

vessels, followed by dHSC from the AGM at E11.5 (McGrath et al., 2015; Muller et 

al., 1994). HSCs undergo expansion and differentiation, reaching a maximum of 

∼1000 HSCs by E15.5-16.5, after which it reaches a plateau and starts to decline 

(Ema and Nakauchi, 2000; Gekas et al., 2005; Morrison et al., 1995). FL HSCs are 

actively cycling, compared to quiescent BM HSCs, and outcompete these cells when 

transplanted into irradiated recipients (Harrison et al., 1997; Morrison et al., 1995). 

 

Evidence suggests differing characteristics of FL and BM HSCs such as self-renewal 

are intrinsically regulated, for example through KIT downstream signalling (Bowie et 

al., 2007). Studies have shown post-transcriptional control involving Lin28b 

contributes to the distinct differentiation potential between FL and BM HSC. Ectopic 

expression of Lin28b enables adult BM HSCs to acquire fetal-like characteristics such 

as skewed production of innate-like lymphocytes (e.g. B-1a cells) (Yuan et al., 2012). 

Similarly, it was shown that SRY-related HMG-box (SOX)17 is expressed by FL HSCs 

and required for their maintenance (Kim et al., 2007). Ectopic expression of SOX17 
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conferred fetal HSC characteristics to adult HSC – including self-renewal, gene 

expression and differentiation characteristics (He et al., 2011).  

 

After expansion in the fetal liver, dHSCs colonize the bone marrow, spleen and 

thymus, with the BM taking over as the main site of haematopoiesis just before birth. 

The fetal spleen is firstly seeded with macrophages followed by detection of dHSCs 

around E15.5 (Christensen et al., 2004). The BM begins to be colonised by B cell 

progenitors at E15, with dHSCs following at E17.5 – attracted by the chemokine 

stromal cell-derived factor-1 (SDF-1) and its receptor C-X-C chemokine receptor type 

4 (CXCR4) (Delassus and Cumano, 1996; Christensen et al., 2004). 

 

The development of the blood system in the human embryo is generally considered 

to be similar to the mouse but over a more protracted developmental period (Ivanovs 

et al., 2017). Mimicking that seen in the mouse model, the first haematopoietic cells 

to emerge in the human embryo are primitive erythroid and myeloid cells within the 

YS during Carnegie Stage (CS) 7 and 8 or 16-18.5 dpc (Bloom and Bartelmez, 1940; 

Fukuda, 1973; Luckett, 1978; Tavian and Peault, 2005). With the onset of circulation, 

YS-derived blood cells are circulated throughout the developing embryo by CS 10/21-

22 dpc. The fetal liver is seeded by CD34+CD45+ cells from CS 13/27-29 dpc (Tavian 

et al., 1999), these may represent YS-derived cells similar to mouse EMPs (McGrath 

et al., 2015). Like the mouse, human HSCs emerge from the AGM, specifically the 

dorsal aorta, this occurs at CS 14/30-32 dpc and they persist until at least CS 17/39-

42 dpc (latest stage tested) (Ivanovs et al., 2011). HSC later appear in the YS at CS 

16/ 35-38 dpc, FL at CS 17/39-42 dpc and placenta at 63 dpc (Ivanovs et al., 2011). 

The formation of the BM is used to signify the end of the human embryonic period at 

CS 23/56 dpc and the beginning of the fetal period (O’Rahilly and Muller, 1987). The 

fetal BM is first seeded by myeloid progenitors from 10.5 weeks of gestation and later 

followed by HSCs (Charbord et al., 1996). 
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Figure 1.1 Major haematopoietic sites in the developing mouse and human 
embryo. Coloured bars show estimated time of haematopoietic activity. Time scale 
shows embryonic stage for the mouse and day post conception for human. Adapted 
from (Mikkola and Orkin, 2006). 
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1.2. Lineage commitment and regulation 
 

With new technologies has come a better understanding of the journey of HSCs to 

their final cell fate. Our haematopoietic roadmaps are being continually revised with 

new stops and shortcuts along the way as the complexity and heterogeneity of the 

blood system becomes ever more apparent. The molecular control and regulation of 

haematopoiesis, through intrinsic and extrinsic factors, is equally intricate. 

 

1.2.1.  Models of the haematopoietic hierarchy 

The classical haematopoietic hierarchy roadmap was proposed to illustrate the 

relationship between HSCs and their progeny, see figure 1.2A. The branching tree-

like map shows a stepwise differentiation process to gradually more committed and 

then restricted progenitors from multipotent, to oligopotent to unipotent and finally fully 

differentiated cells.  

 

Within the adult haematopoietic hierarchy, the HSC sits at the pinnacle, which can be 

split into two functionally distinct subpopulations, long-term (LT) and short-term (ST).  

LT-HSC reside within the bone marrow as a rare population with long-term self-

renewing potential, residing in a quiescent state (Morrison and Weissman, 1994). 

However, a stress response can cause these cells to enter the cell cycle (Schoedel 

et al., 2016). ST-HSCs have a short-term reconstitution ability, approximately 8-12 

weeks post-transplantation, but can rapidly reconstitute the haematopoietic system 

(Yang et al., 2005). ST-HSCs differentiate into multipotent progenitors (MPP) – which 

lack self-renewal but have robust differentiation activity (Morrison et al., 1997). From 

the MPP there emerges a balanced myeloid/lymphoid lineage segregation. The 

common lymphoid progenitor (CLP) is lymphoid restricted giving rise to lymphocytes 

(B, T and natural killer (NK) cells). The common myeloid progenitor (CMP) diverges 

into either a granulocyte monocyte progenitor (GMP) producing granulocytes, 

macrophages, and dendritic cells or a megakaryocyte erythroid progenitor (MEP), 

yielding megakaryocytes and erythrocytes.  

 

This classical haematopoietic hierarchy was developed from work in the mouse 

model. In humans, these progenitor populations can be purified via surface markers: 

CLP (Lin-CD34+CD38+CD45RA+CD10+), CMP (Lin-CD34+CD38+CD135+CD45RA-), 
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GMP (Lin-CD34+CD38+CD45RA+CD135+) and MEP (Lin-CD34+CD38+CD45RA-

CD135-) (Doulatov et al., 2010; Manz et al., 2002). 

 

The classical roadmap has been modified with the identification of new cell 

populations and further understanding of the complexities of lineage commitment, 

particularly with recent advances in single-cell genomics and improved sorting 

strategies, see figure 1.2B (Nimmo et al., 2015).  

 

A       B 

Figure 1.2 Classical and Revised Haematopoietic Road Maps. Abbreviations: LT-
HSC, long-term haematopoietic stem cell; IT-HSC, intermediate-term haematopoietic 
stem cell; ST-HSC, short-term haematopoietic stem cell; MPP, multipotent progenitor; 
LMPP, lymphoid-primed multipotent progenitor; CLP, common lymphoid progenitor; 
CMP, common myeloid progenitor; GMP, granulocyte monocyte progenitor; EoBP, 
Eosinophil Basophil Progenitor; MEP, megakaryocyte/erythrocyte progenitor; NK, 
Natural Killer cells; ILCs, Innate Lymphoid Cells. Adapted from (Laurenti and 
Göttgens, 2018; Zhang et al., 2018). 
 

The intermediate-term (IT-) HSC has been identified, acting as a transitory population 

with a level of self-renewal that falls between LT- and ST-HSCs (Yamamoto et al., 

2013; Benveniste et al., 2010). In the mouse, the MPP population has been further 

subdivided into functionally distinct populations – varying in cell-cycle status, 

differentiation ability and immunophenotype (Zhang et al., 2018; Oguro et al., 2013; 
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Pietras et al., 2015; Wilson et al., 2008). MPP1 has been identified as a metabolically 

active subset of HSCs (Cabezas-Wallscheid et al., 2014), more similar to the ST-HSC 

(Wilson et al., 2008). MPP2-4 can be seen as parallel subpopulations from MPP1 

acting as functionally distinct lineage biased populations. MPP2 and MPP3 have been 

identified as myeloid-biased (Megakaryocyte for MPP2 and GM for MPP3) yet are 

multipotent in permissive conditions (Pietras et al., 2015). A lymphoid-primed 

multipotent progenitor (LMPP) has been identified in both the mouse and human 

(Adolfsson et al., 2005; Goardon et al., 2011). This progenitor has lymphoid bias, 

myeloid potential, but lacking MkE potential (Adolfsson et al., 2005; Mansson et al., 

2007; Goardon et al., 2011). In the mouse, LMPPs share similar surface markers with 

MPP4 (Wilson et al., 2008, Pietras et al., 2015). In addition, the GMP compartment 

has been shown to be fairly heterogeneous. 
 

Our understanding of the HSC compartment has also changed, and will continue to 

do so, with the rise of multiple omics tools at single-cell resolution. The population 

dynamics of normal human blood have been tracked using somatic mutations. It was 

found that the size of the HSC population grew steadily in early life, reaching a stable 

plateau by adolescence. They estimated that 50,000-200,000 HSCs are actively 

making white blood cells at any one time, which is about ten times more than 

previously thought, and the time between symmetric stem cell divisions falls in the 

range of 2–20 months (Lee-six et al., 2018). Rather than a homogenous HSC 

population with identical differentiation potentials, studies have revealed a great deal 

of HSC heterogeneity. At a molecular level, HSCs have been found to exhibit differing 

chromatin accessibility and lineage priming, which may represent the pulling of cells 

towards particular committed states (Buenrostro et al., 2018). Functionally, this can 

be seen through differing self-renewal and lineage differentiation abilities. Lineage 

segregation within the haematopoietic tree has been found to occur early, despite 

sustained multipotency. In particular, studies have shown that megakaryocytes are 

predominantly directly differentiated from HSCs, without transitory progenitors, as 

depicted in figure 1.3B (Notta et al., 2016). In addition, tracking of progenitors and 

differentiated cells produced from singly transplanted HSCs has revealed a propensity 

to adopt a fate towards replenishment of a restricted set of lineages, prior to loss of 

self-renewal and multipotency (Carrelha et al., 2018). 

 

Single-cell gene expression data in large data sets have allowed the in-silico 

construction of haematopoietic development, without dependency on surface markers 

(Karamitros et al., 2018, Macaulay et al., 2016, Nestorowa et al., 2016, Haas et al., 
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2018). This research supports a model of the haematopoietic hierarchy, not as a step-

wise discrete map, but a continuous differentiation continuum with no obvious 

boundaries between the different hierarchical levels of haematopoietic cells, see 

figure 1.3. Within this model, progenitor populations are considered as transitory 

states, rather than discrete cell types. Like a Waddington landscape, lineage biases 

can be seen as hills separating lineages but are not unsurpassable (Haas et al., 

2018). 

 

A      B 

 
Figure 1.3 The Haematopoietic Differentiation Landscapes, showing a discrete 
differentiation landscape (A), compared with a continuous differentiation landscape 
(B). Abbreviations Mk, megakaryocytes; Ery, erythrocytes; My, myelocytes; Ly, 
lymphocytes. Adapted from (Zhang et al., 2018). 
 

 

1.2.2. Molecular haematopoiesis 

Cells are confronted with numerous fate choices: self-renewal; quiescence; 

differentiation and lineage specification; migration; and death. The fate choices of 

blood cells are tightly controlled through combined regulation by external cues from 

niche-derived cytokines and cell state defined cues from intrinsic transcription factor 

circuits and epigenetic regulators. The underlying molecular circuitries must be plastic 

to enable response to a changing environment, whilst also providing stability of 

lineage commitment once a decision has been made – irrespective of other cues. The 

stability of states must support self-renewal and uncommitted cell states, as well as 

maintenance of terminal differentiation. To study these factors, genetically modified 
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animals have been used, particularly gene-knockout studies (Rieger and Schroeder, 

2012). 

 

Transcription factors are DNA-binding proteins which bind to either enhancer or 

promoter regions of DNA adjacent to the genes that they regulate. They activate or 

repress gene expression through a number of different mechanisms with support from 

coactivators/corepressors and chromatin modifiers. Multiple transcription factors are 

often required for lineage commitment, resulting in a complex interconnected gene 

regulatory network. There are a number of transcription factors that are important for 

the formation and specification of HSCs such as SCL/TAL1 (stem cell leukaemia/T-

cell acute lymphoblastic leukaemia 1). SCL is required for specification of the blood 

programme during development, conferring haematopoietic fate to 

mesodermal/endothelial precursor cells. However, SCL is also required in adult HSCs 

and for terminal differentiation of erythroid and megakaryocytic lineages (Porcher et 

al., 2017). Other transcription factors important for HSC emergence and regulation 

include RUNX1 and GATA2 (North et al., 1999; Chen et al., 2009; Tsai et al.,1994). 

 

There are a number of transcription factors which have been found to act as ‘master 

regulators’ towards particular lineages. Examples include GATA1 for the erythroid 

lineage, Paired box (PAX)5 for B cells, and CCAAT enhancer binding protein alpha 

(CEBPA) for GMP (Orkin and Zon, 2008). However, it was found that early progenitors 

of the blood hierarchy simultaneously express at low-level genes specific to multiple 

lineages prior to commitment, a phenomenon known as multilineage priming (Hu et 

al., 1997, Miyamoto et al., 2002). How multilineage priming resolves towards a single 

lineage and if this represents just a snapshot of complex dynamic or cyclical gene 

expression is currently unknown. In addition, a single transcription factor can play a 

role in commitment towards different lineages. For example, PU.1, the ETS family 

transcription factor, regulates numerous genes for both the myeloid and lymphoid 

lineages – such as M-CSFR, GM-CSFR and IL7R. PU.1 plays numerous context and 

concentration dependent roles; a low concentration of PU. 1 induces a B cell fate, 

whereas a high concentration promotes macrophage differentiation (DeKoter and 

Singh, 2000). To promote particular lineages, there needs to be stable expression of 

lineage-associated genes and repression of alternative lineage genes, thus 

transcription factors typically have both positive and antagonistic roles. A classical 

model of this is the GATA1-PU.1 axis, regulating lineage commitment between 

megakaryocyte/erythroid and myeloid lineages respectively through cross 

antagonism (Burda et al., 2010). Interestingly, the majority of transcription factors in 
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the haematopoietic system are involved in blood malignancies – with the origins of 

leukaemia linked to haematopoietic cell fate (Orkin and Zon, 2008).  

 

Alongside intrinsic networks, cytokines are important extrinsic regulators of 

haematopoietic development – involved in commitment, differentiation, maintenance 

and proliferation. Unravelling cytokine biology can be difficult. There are single 

cytokines controlling numerous cell fates and intracellular signalling pathways, 

redundancy between cytokines with different biological effects and cytokines with 

different biological effects activating overlapping signalling pathways (Rieger and 

Schroeder, 2009). There are two (non-mutually exclusive) mechanisms that describe 

how cytokines could promote specific lineages. The first is the instructive model by 

actively initiating the commitment toward a specific lineage. The second is the 

permissive or selective model, whereby pre-committed cells are supported or 

preferentially survive (Metcalf, 1998; Enver et al., 1998). Studies using continuous 

imaging of primary GMPs’ response to M-CSF or G-CSF, alongside forced lineage 

reprogramming experiments, have provided support for the instructive scenario 

(Rieger et al., 2009). Yet, the mechanisms instructing fate choice and how these 

endogenous and exogenous systems are integrated in vivo remain to be determined.  
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1.3. B cell function and development 
 

The word immunity arose from the Latin ‘immunis’; meaning ‘exempt’. The immune 

system enables the body to discriminate ‘self’ and ‘non-self’ to help exclude external 

life from the internal environment. Immune responses are mediated by a range of cells 

and by the soluble molecules these cells secrete. The immune system can be divided 

into innate and adaptive immunity. The innate immune system is the first line of 

defence against invading pathogens, acting rapidly in minutes/hours, providing non-

specific defence mechanisms. These include physical barriers such as skin, defence 

mechanisms such as mucous, and immune cells which contain receptors for many 

general pathogen components, such as macrophages. The cells of the innate immune 

system initiate the antigen-specific immune response of the adaptive immune system. 

The adaptive immune system, made up of T and B cells, is more complex and thus 

slower than innate immunity with a timescale of days/weeks. Adaptive immunity 

creates an immunological memory to prepare for subsequent attacks. In the cell-

mediated branch of adaptive immunity, T cells either activate macrophages to destroy 

phagocytosed microbes, or kill infected cells. T lymphocytes also provide a helper 

function for B cells. B cells make up the humoral branch – secreting antibodies which 

protect the host through neutralisation, opsonisation and complement activation 

(Murphy et al., 2008). 

 

The origin of B cells can be traced back more than 500 million years with the 

evolution of adaptive immunity in jawed vertebrates (Cooper and Alder, 2006). The 

first indications of the existence of B cells came from work by Emil von Behring and 

Shibasaburo Kitasato in 1890 on the importance of circulating antitoxins, now known 

to be antibodies, in immunity to diphtheria and tetanus (von Behring and Kitasato, 

1890). In the early 1900s, Paul Erlich suggested that cells with pre-formed receptors 

were the possible producers of these ‘antitoxins’ (Prull, 2003). In the 1940s, plasma 

cell development was shown to coincide with antibody responses after immunisation 

and was thus suggested as the source of antibody production (Fagraeus 1948). 

There were many theories on antibody formation. The ’instruction’ or ‘template’ 

theories proposed antibodies shaped themselves around the antigen (Pauling and 

Delbrück, 1940). The ‘natural selection’ theory proposed different natural antibodies 

pre-existed in blood, waiting for antigen to bind (Jerne, 1955). Frank Macfarlane 

Burnet proposed a modification to this theory, whereby one cell always produces 

one antibody and is stimulated by its cognate antigen to produce more (Burnet, 
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1957). Evidence to support the clonal selection theory soon followed (Nossal and 

Lederberg 1958). The true birth of the B cell field came in 1965 with a landmark 

study by Max Cooper (Cooper et al., 1965). The study described separate lineages 

for B cells and T cells in the chicken, with cells in the bursa of Fabricius (the thus 

named B cells) responsible for antibody production, while cells that develop in the 

thymus (T cells) required for delayed-type hypersensitivity responses. The ‘bursa-

equivalent’ in mammals were later identified as the FL and in adult the BM (Owen et 

al., 1974; Ryser et al 1974). 

 

1.3.1.  B cell function 

B cells’ primary function is to produce antibodies – which can be secreted as a soluble 

protein or surface-bound as part of the B-cell receptor (BCR) signaling complex. An 

antibody, also known as an immunoglobulin, is a large, Y-shaped protein used to 

neutralise pathogens. On the top tips of the ‘Y’ are the antigen-binding (Fab) fragment 

region, specific for one particular epitope. The stem of the ‘Y’ is the constant region 

(Fc), not involved in antigen recognition. There are five classes or isotypes of 

antibodies in mammals: IgG, IgA, IgM, IgD, and IgE. They are distinguished according 

to their Fc region which is important for the effector functions of antibodies. An 

individual B cell produces an antibody with a single epitope specificity. Each B cell 

has the potential to produce a receptor with a different specificity resulting in a vast 

repertoire. The BCR is composed of two parts. Firstly, a membrane-bound 

immunoglobulin of any isotype, which are identical to their monomeric secreted forms 

other than the presence of an integral membrane domain. Secondly, a signal 

transduction moiety, the heterodimer CD79 composed of the invariable 

immunoglobulins Igα (CD79A) and Igβ (CD79B) – providing most of the cytoplasmic 

domains of the BCR (Borst et al 1996). B cells also possess a co-receptor complex 

which can greatly enhance B cell responsiveness, made up of transmembrane 

proteins CD19, CD21 and CD81 (Murphy et al., 2008). 
 

Simply, upon infection external antigens are recognised and captured by the B cells 

through their BCR. The antigen is degraded and processed, with corresponding 

peptide fragments loaded on MHC class II molecules and presented on the B cell 

surface. It is difficult to activate a naïve B cell through antigen alone; they require 

accessory signals from a helper T (TH2) cell which have been ‘armed’ by professional 

antigen presenting cells such as dendritic cells and macrophages. Through the 
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production of cytokines, the B cell becomes activated and is stimulated to proliferate 

and differentiate into either antibody-secreting plasma cells or memory B cells. The 

first antibodies produced in the humoral immune response are IgM antibodies, which 

are very effective at activating the complement system. The isotype of the antibody 

produced by B cells can change in response to cytokines from TH2 cells. In addition, 

the antigen-binding properties of the antibody can change by somatic hypermutation 

of V-region genes (Murphy et al., 2008). 

 

1.3.2. B cell development in adults 

In adults, B cell development begins in the bone marrow. Their sequential maturation 

is dependent on interactions with BM stromal cells, providing adhesive integrins, 

growth factors, chemokines, and cytokines such as FLT3, TPO, CXCL12, and IL7 

(Cobaleda et al 2007). The immunoglobulin portion of the BCR is composed of two 

heavy and two light chains. Each chain contains a variable (V) domain involved in 

antigen recognition termed the complementarity determining regions (CDRs). The 

immunoglobulin heavy chain (IgH) consists of a V, diversity (D) and joining (J) 

segments, while the light chain (IgL) only has the V and J segments. The diversity of 

the CDR is generated through the controlled somatic mutation of the immunoglobulin 

heavy and light chain loci, known as VDJ recombination. Developing B cells progress 

sequentially through the VDJ recombination; from proB to preB to immature B cells, 

concluding in the expression of IgM mature BCR. In the BM, the recombination-

activating gene (RAG) enzyme mediates genomic recombination of the genomically 

encoded segments (V, D and J) at the IgH and then the IgL. RAG1 and RAG2 form a 

complex that recognises highly conserved recombination signal sequences (RSSs) 

comprised of a heptamer and a nonamer motif with an intervening 12- or 23-bp 

spacer. Recombination occurs almost solely between RSSs with different spacer 

regions, this is known as the 12/23 rule. For IgH, a DH gene segment is joined to a JH 

gene segment, this is followed by a VH gene segment which rearranges to DJH to 

make a complete VH-region exon. Terminal deoxynucleotidyl transferase (TdT) 

mediates the incorporation of non-template-dependent nucleotides into the V, D, and 

J exons which is important for increasing diversity of the BCR repertoire (Murphy et 

al., 2008; Hoffman et al., 2016). 

 

It has been estimated that 75% of immature B cells in humans are self-reactive 

(Wardemann et al., 2003). Immature B cells with strong self-reactivity undergo clonal 
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deletion or receptor editing (rearranging Ig gene segments). The threshold for positive 

selection are clones with low-level or tonic BCR signals which allows them to enter 

the transitional B-cell pool. These transitional B cells leave the BM and home to the 

spleen, where they differentiate into transitional 1 and 2 B cells, which mature into 

marginal zone (MZ) or follicular (FO) B cells depending on signals. FO and MZ B cells 

have distinct and overlapping functions in recognising antigens via T-independent 

and/or T-dependent pathways (Hoffman et al., 2016). MZ B cells are retained in the 

spleen, strategically located at the interface with the circulation, with a lower activation 

threshold than FO B cells. MZ B cells are considered to be innate-like, providing a 

first line of defence by rapidly producing polyreactive IgM and class-switched IgG 

antibodies via T-independent and T-dependent pathways, facilitating clearance of 

blood-borne microorganisms and apoptotic cells (Cerutti et al., 2013). 

 

The majority of B cells become FO B cells which reside in the spleen or secondary 

lymphoid tissues. FO B cells are primarily T-cell dependent, responsible for the 

generation of long-lasting, high-affinity IgG antibodies. Upon contact with antigen and 

co-stimulation from T cells, FO B cells expand and begin somatic hypermutation of V-

region genes by the enzyme activation-induced cytidine deaminase (AID) – 

generating a polyclonal antibody repertoire of increasing affinity known as affinity 

maturation. Another role of AID is facilitating isotype class switching, changing the 

antibody effector function.  Some B cells further differentiate into short-lived antibody-

secreting plasma cells, which lose their ability to divide and respond to antigen, and 

long-lived memory B cells (Murphy et al., 2008). 

 

The stepwise assembly of the BCR represents distinct stages of B cell development. 

The stages of murine B cell development have been characterized by cell surface 

markers and there is some overlap with the human (Hardy et al., 1991), see figure 

1.4. B cell development goes through CLP which are capable of differentiating 

towards B cells, T cells, NK cells, or Dendritic Cells. The first committed prepro B cells 

(Stage A) are negative for CD19, but genes involved in VDJ recombination as well as 

B lineage-associated transcription factors (such as E2A, EBF1, and PAX5) were 

found to be expressed in prepro B cells (Hystad et al., 2007).  In mice this stage is 

defined with expression of B220 (Li et al., 1996). Less well-defined in humans – 

CD43+CD24lo, BP-1lo has been suggested as a surface phenotype for preproB cells 

(Buchner et al., 2015), whereas others identify human preproB cells as CD19+CD10- 

(Sanz et al., 2010). 
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In humans, the proB stage (fraction B/C) can be identified by expression of CD19, 

CD34 and CD10. (Hystad et al., 2007; Buchner et al., 2015) Activation of the STAT5 

pathway through IL7R signaling is critical for survival and development during these 

stages. ProB cells have high expression of RAG and, upon completion of IgH 

rearrangement, IgH is expressed on the cell surface along with the surrogate light 

chain (consisting of λ5 and VpreB proteins) to form the preBCR, transitioning the cell 

into the preB stage, losing CD34 expression. PreB cells conduct a check to ensure 

productive recombination and pairing with the surrogate light chain, requiring survival 

signals emanating from a productively assembled pre-BCR. In the small number of 

preB cells which pass this checkpoint, signaling through the preBCR down-regulates 

Rag1 and Rag2 expression and triggers an expansion and differentiation into large 

cycling preB cells (fraction C’) which upregulate CD20. Later signaling through the 

preBCR re-establishes a quiescent state, allowing progress to recombination of the 

light chain genes (Hardy and Hayakawa, 2001). These smaller, non-proliferating cells 

(small preB, fraction D) have IL7-independent rearrangement of the κ (or if 

unsuccessful λ) light chain loci and loss of CD20 expression. Once rearrangements 

of the V(D)J gene segments have finished, the cell expresses complete IgM on the 

surface, termed an immature B cell (fraction E). Alternative splicing generates delta-

heavy chains, leading to mature B cells which express both IgM and IgD on their 

surface (Murphy et al 2008). 

 
 
Figure 1.4 Stages of B cell development in the Bone Marrow. Includes Cell 
surface markers for mouse and human and rearrangement activity of the 
immunoglobulin loci (darker shade depicts higher activity). Adapted from (Buchner et 
al., 2015). 
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1.3.3. B cell development in the embryo 

Unlike the extensive characterisation of B cell development in the adult, little is known 

about the structure of the B lineage in the embryo. This unique cellular context may 

explain the underlying vulnerability resulting in the in-utero initiation of childhood 

leukaemia. Most research within this area is based on the mouse model, thus even 

less is known within the human context. 

 

In the mouse, the presence of progenitors with B cell potential can be detected at 

E8.5 in the YS and PsP (Cumano et al., 1993; Godin et al., 1995). However, it is not 

until E13.5 that preB cells are found and later IgM+ cells at E17 in the FL (Raff et al., 

1976; Velardi and Cooper, 1984). Definitive HSCs are found after E10.5, which seed 

the fetal liver at E11, followed by the BM at around E15 (Kumaravelu et al., 2002, 

Medvinsky and Dzierzak, 1996; Dorshkind and Montecino-Rodriguez, 2007). It was 

previously believed that lymphoid lineage restriction (B and T cells) occurred only after 

the emergence of dHSC, with the first lymphoid-restricted embryonic progenitors 

being identified after dHSCs seed the FL (Douagi et al., 2002). However, there are 

several findings indicating lymphoid lineage commitment potentially initiating earlier. 

Progenitors with myeloerythroid and lymphoid potential can be seen before the 

emergence of dHSCs (Kieusseian et al., 2012; Rybtsov et al., 2011; Yoshimoto et al., 

2012). In addition, low level expression of IL7Ra and RAG1 at E10.5–E11 have been 

described in the embryo, suggesting the presence of lymphoid-restricted progenitors 

(Kawamoto et al., 2000, Yokota et al., 2006). 

 

A YS-derived wave of fetal lymphomyeloid restricted cells has been identified, with a 

significant population of IL7R+ lymphomyeloid progenitors in the E11.5 FL (Boiers et 

al., 2013). The embryonic progenitors detected in E9.5 YS and E10.5 FL co-express 

lymphoid and myeloid genes, with a distinct downregulation of MkE genes similar to 

the LMPPs identified later in development (Adolfsson et al., 2005, Månsson et al., 

2007). RAG1-cre fate mapping showed these progenitors contributed to both 

lymphoid and myeloid lineages, without MkE activity, describing myeloid-lymphoid 

versus MkE restriction as one of the earliest haematopoietic lineage decisions. In 

contrast to later emerging B and T lymphoid-restricted progenitors (Sitnicka et al., 

2003), the IL7R+ lymphomyeloid progenitors emerged independently of Flt3 and IL7R 

signalling as shown from common gamma chain and Flt3 knockout embryos (Boiers 
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et al., 2013). In childhood ALL, preleukaemic translocations frequently occur in utero 

and often leukaemias are biphenotypic (Béné, 2009). Considering the close 

developmental connection between the B and myeloid lineages, with the myeloid 

potential of the progenitor decreasing over development, this developmentally 

restricted lymphomyeloid progenitor may be highly relevant for cALL (Boiers et al., 

2013). It may indicate timings, and potentially be a cell of origin (or impact), for cALL 

preleukemic translocations. 

 

The make-up of the B cell populations has been shown to differ between the fetal and 

adult contexts. In mice, two distinct classes of B cells have been described, B-1 and 

B-2. B-2 cells (B220hiCD5-) are produced in the BM in postnatal life, which undergo 

maturation into MZ B cells or FO B cells, as described in section 1.3.2. The majority 

of cells in peripheral lymphoid tissues are B-2 cells and these are generally involved 

in adaptive immune responses. 

 

 A second population of B cells are B-1 cells, further categorised into B-1a 

(B220loCD5+) and B-1b (B220loCD5-), found in the FL and sustained at low level in the 

adult BM. B-1 cells can be found in multiple tissues and make up a large proportion 

of B cells in serous cavities (Dorshkind and Montecino-Rodriguez, 2007). B-1 cells 

have a restricted immunoglobulin repertoire in comparison to B-2 (Hardy et al., 1989) 

and are involved in innate immune responses, mainly responding to T-cell-

independent antigens.  B-1a cells have been found to spontaneously secrete IgM as 

a first line of defence against certain encapsulated bacteria such as Streptococcus 

pneumoniae – similar to MZ B cells (Martin et al 2001). On the other hand, B-1b 

antibody production is induced, with a role in pathogen clearance and long-term 

protection (Haas et al., 2005; Alugupalli et al., 2004)  

 

The initial wave of B-cell development in the embryo has been shown to be biased 

towards B-1 cell development (Dorshkind and Montecino-Rodriguez, 2007), with B-1 

cells originating primarily during the fetal stage from distinct precursors from B-2 cells 

(Kantor et al., 1992; Yoshimoto et al., 2011). Adult BM HSCs transferred to lethally 

irradiated recipients give rise to B-2 and B-1b cells but no detectable B-1a cells 

(Ghosn et al., 2012). In addition, single-cell barcoding for in vivo fate analyses found 

that fetal liver dHSCs gave rise to both B-1a and B-2 cells, however the B-1a potential 

was lost with ontogeny (Kristiansen et al., 2016). Ectopic expression of LIN28b, a key 

regulator of fetal haematopoiesis, reinitiated the B-1a lineage in adult dHSCs 

(Kristiansen et al., 2016). 
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In humans, there is not yet consensus over whether the B-1 cell populations exist. 

There is evidence of a population in humans that is functionally similar to mouse B-1 

cells in the cord blood and adult peripheral blood, with the phenotype CD20+ CD27+ 

CD43+ CD70- (Griffin et al., 2011). However, this remains to be fully defined.  

 

1.3.4. Extrinsic regulation of B cell development 

Flt3 is a type III receptor tyrosine kinase and is critical for lymphopoiesis. Mice lacking 

Flt3 ligand have significantly reduced numbers of myeloid and B-lymphoid 

progenitors. Flt3 appears to regulate the earliest lymphoid-primed multipotent 

progenitors in the BM (Sitnicka et al., 2007). In addition, Flt3 works synergistically with 

IL7R selectively promoting B cell commitment and differentiation (Veiby et al., 1996). 

Mice deficient in both FLT3L and IL7R have extensive reductions in lymphopoiesis – 

almost entirely lacking mature B cells and B cell progenitors (Sitnicka et al., 2007). 

 

The early stages of B cell development from the CLP are dependent on the STAT5 

pathway, mediated by IL7 and possibly thymic stromal lymphopoietin (TSLP). IL7R 

signals via JAK 1 and 3 to activate STAT5a/b and the PI3K pathway. IL7R signalling 

induces EBF1 and PAX5 expression; initiates the process of VH-DJH recombination 

through locus contraction, enhancing the proximity between the VH segments and the 

D-JH joint; and provides a strong survival and proliferation signal (Hirokawa et al., 

2003; Corcoran et al.,1998). Mice with deletions of IL7 or the IL7R display a severe 

block of B cell development (von Freeden-Jeffry et al., 1995; Carvalho et al., 2001).  

 

However, in humans the role of IL7 is not as clear.  In humans, IL7R mutations lead 

to X-linked severe combined immunodeficiency disease, characterised by the 

absence of T cells and NK cells but normal B cell numbers (Puel et al., 1998). 

However, the B cells produced appear to be the result of fetal or neonatal 

development, which is IL7R-independent. Human B cell precursors express the IL7R 

and displayed increased proliferation and survival in response to IL7 mediated by 

STAT5 (Johnson et al., 2005; Corfe and Paige, 2012). Mutations in IL7R and other 

genes involved in the signalling pathway are found in both B and T leukaemia 

(Shochat et al., 2011). An activating mutation in these genes could result in a B cell 

differentiation block at the preB stage – with uncontrolled proliferation and impaired 

IgL recombination (Somasundaram et al., 2015). 
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TSLP is a cytokine which shares characteristics with IL7. The receptor for TSLP is a 

heterodimer consisting of one TSLP-binding subunit (CRLF2) and the alpha subunit 

of IL7R. Upon binding TSLP, the receptor activates the JAK/STAT and PI3K signaling 

pathways. The role of TSLP in mouse B cell development is unclear. In IL7-deficient 

mice, transgenic expression of TSLP partially restored B and T lymphopoiesis, 

showing some redundancy (Chappaz et al., 2007). However, in CRLF2 knockout mice 

haematopoietic cell development appeared normal, with no effect on B and T cells 

making its physiological role uncertain (Carpino et al., 2004). In humans, one study 

has provided evidence that TSLP supports B-cell differentiation from fetal 

haematopoietic progenitors – with TSLP inducing proliferation of the B lineage in vitro 

(Scheeren et al., 2010). 

 

IL7 signalling is crucial for early lymphopoiesis and expansion of the early preB 

compartment, however, further B cell development requires exit from the cell cycle to 

allow initiation of IgL recombination and thus attenuation of IL7 signalling (Johnson et 

al., 2008). This occurs upon the successful generation of a functional preBCR – 

composed of the μ heavy chain pairing to the surrogate light chain components λ5 

and VpreB. Signalling through the preBCR can be activated by binding to Galectin1 

ligands in the bone marrow or intrinsically through the N terminal of λ5 (Gauthier et 

al., 2002; Ubelhart et al., 2010). Signalling through the preBCR: regulates allelic 

exclusion at the IgH locus; positively selects B cells expressing a functional heavy 

chain by stimulating cell proliferation that takes over from IL7R signalling and by 

activation of B cell lymphoma/leukaemia (BCL)6 counteracting apoptotic priming by 

BACH2; and induces differentiation to small post-mitotic preB cells that further 

undergo the rearrangement of the Ig L chain genes (Zhang et al., 2004; Roldan et al., 

2005; Duy et al., 2011; Swaminathan et al., 2013). 

 

1.3.5. Transcriptional regulation of B cell development 

Commitment to the B lineage is orchestrated by a tightly controlled network of 

transcription factors – activating the B cell programme, whilst silencing alternative cell 

fates. PU.1, IKAROS and E2A are critical for early lymphoid cell-fate determination 

and induce specific B-lineage commitment factors like EBF1 and Pax5.  
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As described earlier, PU.1 is an ETS family transcription factor which regulates genes 

for both the myeloid and lymphoid lineages. Pu.1 is expressed exclusively in 

haematopoietic cells. Encoded by Spi1, knockout mice lack B cells and macrophages 

(McKercher et al., 1996). PU.1 plays a dose-dependent role. In PU.1-deficient FL cells 

the level of ectopic expression directed lineage commitment, cells with a high level of 

expression formed macrophages and those with a lower concentration formed B cells 

(DeKoter and Singh, 2000). This reflects the known differential expression of PU.1 in 

macrophages and B cells (Nutt et al., 2005). PU.1 functions very early in B cell 

specification. Cells with conditional knockout of PU.1 driven by CD19 were able to 

develop into functional B cells (Polli et al., 2005). In addition, B cell differentiation 

could continue despite in vitro inactivation of PU.1 in CLP (Iwasaki et al., 2005). This 

indicates PU.1 has a role in specifying lymphoid progenitors but is dispensable for 

further B cell differentiation (Nutt and Kee, 2007). 

 

IKAROS is a zinc-finger transcription factor which acts at multiple levels of B cell 

differentiation and function. IKAROS is critical for early B cell development. Knockout 

mice lack preproB cells with a complete block in B lymphopoiesis (Wang et al., 1996). 

IKAROS controls B cell specification through activating expression of crucial early 

lymphopoiesis regulators IL7R and Flt3 in CLP, as well as expression of the B cell 

commitment transcription factor EBF1 in preproB cells (Nichogiannopoulou et al., 

1999; Yoshida et al., 2006; Reynaud et al., 2008). Within B cell commitment, IKAROS 

has a role in repression of non-B cell fates, with EBF-induced Ik-/- proB cell lines 

showing myeloid gene expression and, similarly to Pax5-/-, culture in M-CSF can lead 

to Ik-/- proB lines differentiating into macrophages (Reynaud et al., 2008). Later in 

maturation, IKAROS is required for efficient proB to preB transition, IKAROS 

regulates IgH recombination through activating Rag expression and contracting the 

IgH locus (Yoshida et al., 2006; Kirstetter et al., 2002; Reynaud et al., 2008). Within 

mature B cells, IKAROS sets the B cell activation threshold, regulating B cell response 

to stimulation, and controls Ig isotype selection during class switch recombination. 

Thus, IKAROS contributes to B lineage specification, commitment and maturation 

(Sellars et al., 2011). 

 

Central to B cell commitment are the collaboration of the transcription factors E2A, 

EBF1 and Pax5, see figure 1.5.   
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Figure 1.5 Molecular Mechanisms of B Cell commitment. Arrows represent direct 
or indirect activation and barred lines represent repression. Transcription factors are 
depicted in black boxes, surface receptors in grey. Adapted from (Rieger and 
Schroeder, 2012) 
  

E2A, encoded by the TC3 gene, is a basic helix–loop–helix transcription factor that 

exists in two different splice variants, termed E12 and E47. In E2A-deficient mice B 

lymphopoiesis is arrested at the preproB cell stage (Bain et al., 1994), however, 

expression of EBF1 and PAX5 can rescue the B cell differentiation (Seet et al., 2004; 

Kwon et al., 2008). E2A may have a role in the generation of LMPPs, antagonising 

non-B cell fates and priming expression of EBF1 and PAX5 (Dias et al., 2008). 

 

EBF1 (early B cell factor 1) expression is intrinsically controlled by IKAROS, E2A and 

PU.1, alongside extrinsic signals of the IL7R. EBF1 knockout mice develop preproB 

cells but are arrested early in B cell development with no IgH rearrangement (Lin and 

Grosschedl, 1995). EBF1 activates many genes associated with B-cell identity and 

genes regulating the (pre-) BCR signalling cascade – including CD19, VPreB1 and 

Pax5 – whilst repressing genes associated with other cell fates (Treiber et al., 2010). 

EBF1 and E2A act synergistically to activate Pax5, which creates a positive feedback 

loop with Pax5 and IKAROS sustaining EBF1 expression.  

 

PAX5 is a member of the paired box (PAX) family of transcription factors and is 

essential for the maintenance of B cell identity- with a major role in suppressing 

alternative cell fates. PAX5 deficient mice display a block in differentiation at the pre-

/proB-cell stage. PAX5-/- B cells are promiscuous – able to differentiate into various 

alternative cell fates, but this is restricted with ectopic expression of EBF1 (Nutt et al., 

1999; Delogu et al., 2006).  Of note, PAX5 deficiency in the embryo leads to a block 
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earlier within B cell differentiation, with no B-lymphoid progenitors detected in the fetal 

liver, suggesting a requirement for PAX5 in early B cell specification in the embryo 

(Nutt et al., 1997). 

 
In summary, B cell commitment is regulated by a sensitive network of synergistic 

transcription factors to ensure a stable B cell identity. Many of these transcription 

factors are also frequent targets of mutation in B cell malignancies, with even subtle 

changes impacting normal development and leading to disease.  
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1.4. Modelling haematopoiesis in health and 
disease 

 

In this thesis, the research has been conducted using hiPSC and primary fetal 

samples. In this section, I will discuss the models one can use to investigate 

haematopoiesis, in health and disease, and discuss their relevance, limitations and 

ethical considerations. Specific models of ETV6-RUNX1 ALL will be discussed in a 

later section.   

 

1.4.1. Clinical research and material 

Human experimentation and investigation of human samples has led to astounding 

medical breakthroughs and has a long, and sometimes unethical, history. The world's 

first clinical trial is recorded in The Bible, conducted by King Nebuchadnezzar in 500 

BC comparing a diet of meat and wine with vegetables and water.  

 

Considering the marred history of human trials (such as the Tuskegee Syphilis Trial, 

the human radiation experiments, and the Nazi human experimentation), an 

awareness of the ethical landscape is vital. Researchers should keep up to date with 

the ethical, legislative, regulatory, and governance requirements relating to their area. 

Many ethical guidelines, such as the declaration of Helsinki, are described as ‘living 

documents’ – updated as and when required.  

 

Twin studies have been vital in elucidating the natural history of childhood leukaemia 

and many other diseases (Greaves et al., 2003). The human obsession with identical 

twins can be traced from the beginning of recorded history, holding a unique status in 

almost all human cultures – with ancient stories such as Romulus and Remus, and 

the Hehe Erxian ‘laughing twins’ (Beit-Hallahmi and Paluszny, 1974). In 1875, Francis 

Galton, half-cousin of Charles Darwin, introduced the idea of using twins to study 

heritability of traits, or as he coined ‘nature versus nurture’ (Galton, 1875). This 

initiated hundreds of twin studies, on topics from schizophrenia to sexuality to cancer. 

It cannot be ignored that much of Galton’s scientific endeavours, including twin 

studies, were informed by his firm belief in eugenics (a term he coined) and the 

implications of which have been devastating (Galton, 1883).  
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Within childhood leukaemia, twin studies have offered a unique opportunity to 

investigate the development, natural history and genetics of the disease. The first pair 

of identical infant twins with concordant leukaemia were described in 1882 (Senator, 

1882). In 1964, the first estimates of twin concordance rate for childhood leukaemia 

were published, inferring the prenatal origins of the disease (MacMahon and Levy, 

1964). The idea of placental transmission was first suggested in 1962 by Wolman, but 

this was largely ignored until it was fully developed by Clarkson and Boyse in 1971 

(Wolman, 1962; Clarkson and Boyse, 1971).  The prenatal origins of childhood 

leukaemia will be discussed in more detail later.  

 

Research involving human material has been vital for studies of haematopoiesis – 

particularly early in development. Human samples used within this thesis are fetal 

liver, adult bone marrow and cord blood. When using donor samples, an ethical 

application must be evaluated by an independent committee. Informed consent and 

confidentiality are key ethical concerns when using human tissue. These ethical 

considerations should also be considered for established cell lines. The infamous 

HeLa cells are used extensively for scientific research and were taken from Henrietta 

Lacks’ cervical tumour without her knowledge or consent (Beskow, 2016). In this 

thesis, the leukaemia cell line REH is used. 

 

1.4.1.1. Human embryos 
 

The ultimate model for investigating early human development is the embryo. In 2016 

two research groups were able to maintain embryos in culture for 13 days (Shahbazi 

et al., 2016; Deglincerti et al., 2016). This is beyond the stage when embryos would 

normally implant in the womb. The experiment was halted at 13 days, due to the 14-

day legal limit of maintaining embryos in culture. These experiments sparked a debate 

worldwide over whether the 14-day limit should be lengthened. The limit came from 

the 1984 Warnock report, named after Baroness Mary Warnock, who led the 

Committee of Inquiry into Human Fertilisation and Embryology. The report, written 

over thirty years ago, had a huge impact on society, shaping human embryology and 

reproductive technology legislation in the UK and around the world.  

 

The 14-day limit was chosen, rather than a specific point in embryo development, so 

the rule was clear and could be more easily monitored and understood by non-

experts.  While in some ways the choice of 14 days was arbitrary, it was based on a 

number of factors. For example, beyond this stage twinning is no longer possible, thus 
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was a marker of the beginning ‘individuality’. In addition, there was no development 

of the nervous system therefore there could be no suffering. The potential benefits of 

extending the 14-day rule are exciting – particularly for research into early miscarriage 

and assisted conception, as well as fundamental basic research into how humans 

develop including haematopoietic development. However, revisiting the 14-day rule 

is a risk. Pushback from certain groups could end up shortening, rather than 

extending, the limit – particularly considering the current political climate.  

 

The importance of using human embryos rather than extrapolating findings from 

animal models and embryos, which are less strictly regulated, has been shown by the 

work of Kathy Niakan. Niakan is the first UK scientist to receive permission from the 

Human Fertilisation and Embryology Authority to use CRISPR-Cas9 in human 

embryos. She found the effects of deleting OCT4, a very well-researched gene, in 

human embryos were different than in mice (Fogarty et al., 2017).  

 

Researchers have been finding alternative approaches to investigate this early 

timepoint, including synthetic embryoids and human-animal chimera embryos 

(Warmflash et al., 2014; Martyn et al., 2018). The latter, however, come with their own 

ethical issues. 

 

1.4.2.  Animal models 

Animal models are employed in virtually all fields of biomedical research and have 

provided tremendous insights into the human haematopoietic system. In 2007, the 

Nobel Prize for Physiology and Medicine was awarded to Martin Evans, Mario 

Capecchi, and Oliver Smithies for their work twenty years previous on generating the 

first knockout mouse model through the introduction of specific gene modifications 

using embryonic stem cells. This work revolutionised biology and is the basis of much 

of the work discussed in this thesis. Since then, models have become more 

sophisticated, with the development of humanised models expressing human 

haematopoietic-associated genes and more elegant genetic engineering with 

conditional and inducible modifications (Kohnken et al., 2017; Shultz et al., 2012). 

Another popular model for haematopoiesis is zebrafish, being highly genetically 

tractable and amenable to large-scale genetic and chemical screens as well as easy 

to manipulate and image in vivo due to their transparent embryos (Jing and Zon, 

2011). 
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The major limitation for in vivo models is translating the findings to humans. While the 

basic elements of haematopoiesis appear generally conserved across mammals, 

evolutionary pressures have generated many differences between species. These 

differences are unsurprising considering how long ago our species diverged and the 

differences in lifespan. There will be many discrepancies that are currently unknown 

but have similarly important biological implications. This demonstrates the importance 

of research comparing the human system with animal models, using multiple models 

to ensure robustness of data and developing and refining humanised models. This is 

particularly important for pre-clinical research with many examples of work in animals 

not translating to humans at a time where therapies are becoming increasingly more 

targeted (Mestas and Hughes, 2004; Parekh and Crooks, 2013). 

 

The three Rs were proposed in 1959 and since then have become a widely accepted 

ethical principle in animal research (Russell and Burch, 1959). The three Rs stand for 

replacement, reduction, and refinement. Replacement refers to either avoiding 

animals absolutely through use of cell lines or computer programs for example or 

replacing more sentient animals with those considered to have a lower pain 

perception such as some invertebrates.  Reduction refers to using as few animals to 

answer research questions or maximising the information obtained per animal, 

without compromising animal welfare. Refinement refers to modifying procedures or 

husbandry to minimise distress and pain. Within this thesis, I have used hiPSC, which 

could be considered as a replacement to animal research where much leukaemia 

research has been completed. hiPSCs were chosen as a human model which 

mimicked the relevant developmental period I wished to study. However, if possible, 

it would be interesting to transplant the cells and investigate them in vivo.  

 

1.4.3. Human pluripotent stem cell models 

Stem cells are characterised by their ability to self-renew and their varying capability 

to give rise to differentiated and more restricted cell types. The latter is defined as the 

cell potency. Totipotency is the ability of a single cell to divide and produce all three 

germ layers, as well as the extra-embryonic tissue, i.e. placental cells. Pluripotency is 

the ability of a single cell to produce differentiated cell types representing all three 

germ layers. Embryonic stem cells are pluripotent. Compared to differentiated cells, 

pluripotency is associated with distinctive epigenetic signatures, including permissive 
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chromatin, high occurrence of bivalent domains, and low levels of heterochromatin 

(Bilic and Izpisua Belmonte, 2012). Past this, tissue resident stem cells have levels of 

multipotency – restricted to generating specialised cell types of a particular tissue, 

such as the HSC. 

 

To model haematopoiesis, we need to be able to maintain and manipulate HSCs in 

long-term culture. To date, no in vitro model or protocol exists which mimics the bone 

marrow niche enough to allow this. There is much research into this area, including 

creating a ‘Bone marrow-on-a-chip’ (Sieber et al., 2018). As an alternative approach, 

pluripotent stem cells have been used to generate haematopoietic progenitors. These 

differentiation protocols not only allow derivation of such cells, which is an incredible 

tool for disease modelling and regenerative medicine, but also an insight into the 

haematopoietic ontogeny, particularly within the fetus. 

 

1.4.3.1. Embryonic stem cells 
 

Embryonic Stem Cells (ESCs) are pluripotent stem cells derived from the embryo. 

The first ESCs were derived from mouse embryos in 1981 by culturing the inner cell 

mass outgrowth of explanted blastocysts (Evans and Kaufman, 1981; Martin, 1981). 

Fourteen years later this was achieved in monkeys and finally, after another three 

years, in humans (Thomson et al., 1995; Thomson et al., 1998). James Thomson 

used excess embryos that were unused from fertility treatment, donated with informed 

consent of the donors. Pluripotent stem cells are characterised by specific surface 

marker and transcription factor expression and the ability to produce all three germ 

layers in a teratoma assay. The most stringent test for pluripotency is the tetraploid 

blastocyst complementation assay, proving the capacity to contribute to germline 

chimeras (Yee, 2010). 

 

Under defined conditions, embryonic stem cells are able to proliferate indefinitely in 

an undifferentiated state. This relies on extrinsic stimuli from the in vitro culture to 

keep the cells in a state which would be transient in vivo. The conditions for human 

and mouse ESC maintenance are distinct. Mouse ESCs require leukaemia inhibitory 

factor (LIF) to maintain an undifferentiated state without feeder cells and rely on 

inhibition of the MAPK/ERK differentiation pathway through BMP4. Human ESCs on 

the other hand do not require hLIF and pluripotency maintenance is largely via FGF 

and activin pathways. It is thought this difference is due to a different developmental 

stage being captured from the outgrowth of the inner cell mass, with human ESCs 
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considered closer to the ‘primed’ pluripotent cells derived from the mouse post-

implantation epiblast – a later stage in development (Nichols and Smith, 2009). Like 

the mouse epiblast stem cells, human ESCs form large flat 2D colonies, require bFGF 

for self-renewal and are heterogenous, with biases in differentiation potential between 

cell lines (Osafune et al., 2008).  

 

Such biases in lineage priming are an issue for defined and directed differentiation of 

stem cells. There has been much research into the conditions which could maintain 

ESCs in a ‘ground state’, i.e. completely naïve with loss of any epigenetic lineage 

priming and minimal requirements for extrinsic stimuli. Within the lab of Austin Smith, 

the combination of a glycogen synthase kinase-3 inhibitor and a potent MEK inhibitor, 

termed the 2i conditions, were found to stabilise the primitive pluripotent ground state 

in mouse ESCs (Wray et al., 2011; Wray et al., 2010).  Mouse ESCs cultured in 2i 

homogeneously express NANOG which enables pluripotent gene transcription by 

creating a permissive chromatin structure (Marks et al., 2012) and leads to genome-

wide DNA hypomethylation due to reduced expression of the DNA methyltransferase 

3 family (Leitch et al., 2013). Ground state pluripotency is characterized by X 

chromosome reactivation, low global DNA methylation, expression of naive-specific 

transcripts, and OCT4 distal enhancer activity. 

 

Human ESCs are unresponsive to 2i and establishing ground state is significantly 

more difficult. The Smith lab used inducible KLF2 and NANOG transgenes to reset 

human ESCs to a ground state able to grow in the presence of 2i/LIF. The addition of 

a protein kinase C inhibitor helped maintain this state but needed feeder cells to be 

maintained in the long-term (Takashima et al., 2014). Alongside the difficulty to 

achieve ground state, human ESCs are less robust than mouse ESCs – surviving 

single cell dissociation poorly. This makes sub-cloning cells of interest difficult. 

 

A major issue with human ESCs is the destruction of a human embryo during 

derivation. Upon the derivation of the first human ESC there were many who called 

for a ban of derivation – particularly those from religious circles who consider an 

embryo as a human being. In the US government funding was restricted to a few ESC 

lines, while in other countries the creation of ESCs were banned outright. The need 

for pluripotent stem cells not derived from an embryo was clear. 
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1.4.3.2. Induced pluripotent stem cells 
 

Almost all cells within an individual share the same genome; they contain the same 

instructions and information, but make different decisions based on this with 

expression of different gene sets and synthesis of different RNA and proteins. 

Landmark experiments by John Gurdon challenged dogma by using nuclear 

transplantation into frog eggs to show nuclei from differentiated cells still had the 

machinery and genetic information needed to a create a healthy tadpole (Gurdon, 

1962). This same technique was later used to clone Dolly the sheep (Campbell et al., 

1996). Research such as this proved that cellular differentiation does not involve a 

permanent modification of the genome and that there must be active genes in stem 

cells maintaining or inducing pluripotency. This opened up the possibility that any cell 

could be epigenetically reprogrammed back to this pluripotent state – turning back the 

developmental clock. 

 

Over forty years after Gurdon’s experiments, Kazutoshi Takahashi and Shinya 

Yamanaka published their landmark paper on the creation of induced pluripotent stem 

cells (iPSC) (Takahashi and Yamanaka, 2006). From previous research, Takahashi 

and Yamanaka identified 24 genes that likely played a role in regulating pluripotency 

and retrovirally transduced mouse fibroblasts with these factors in ESC conditions – 

leading to small numbers of ESC-like cells. Through testing, these 24 genes were 

narrowed down to four essential genes – Oct3/4, Sox2, Klf4, and c-Myc – now known 

as the Yamanaka factors. These iPSC exhibited the morphology and growth 

properties of ESC, expressed ESC marker genes and could form teratomas. Using 

knowledge gained from Thomson’s work on hESC, mouse iPSCs were soon followed 

by human (hiPSC) (Takahashi et al., 2007).  

 

It is surprising how few transcription factors are needed to reprogram cells back into 

a pluripotent state. The general consensus is that the activity of these core genes has 

a snowball effect resulting in simultaneous activation of the entire cellular pluripotency 

gene network and inhibiting lineage specific genes (Sayed et al., 2016). 

Transcriptional analysis of iPSC formation revealed a biphasic process, with c-

Myc/Klf4 driving the first phase whereas Oct4/Sox2/Klf4 drive second phase (Polo et 

al., 2012). The initial phase is associated with metabolic alterations, histone 

modifications and changes in methylation, this is followed by a late maturation phase 

with alterations in nuclear structure, the cytoskeleton, and signalling pathways (Sayed 

et al., 2016). Using information from such studies the iPSC reprogramming has since 
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evolved, including the development of nonintegrating- methods like messenger RNA 

transfection and defining the specific stoichiometric and kinetic requirements for the 

Yamanaka factors, including different combinations with enhancers of reprogramming 

(Carey et al., 2011; Rais et al., 2013; Papapetrou, 2016). 

 

While initial studies did note differences between iPSC and ESC regarding 

transcriptional and DNA methylation patterns (such as Chin et al., 2009; Ghosh et al., 

2010), other studies found the cell types to be indistinguishable (Bock et al 2011). The 

equivalence of these cell lines were later assessed using genetically-matched lines 

(Choi et al., 2015). The matched iPSC and ESC were found to be molecularly and 

functionally equivalent and could not be distinguished by a consistent gene 

expression signature. Variations in genetic backgrounds were found to be a major 

confounding factor for comparisons of pluripotent cell lines, accounting for most 

observed differences.  

 

Yamanaka’s simple and elegant experiment changed biomedical research. In 2012, 

the Nobel Prize for physiology and medicine was jointly awarded to John Gurdon and 

Shinya Yamanaka for the discovery that mature cells can be reprogrammed to 

become pluripotent. This discovery proved that cell identity was far more malleable 

than previously thought and provided an invaluable tool for areas such as disease 

modelling and regenerative medicine. Human iPSCs can be derived from essentially 

any somatic cell – with any genetic background or disease cell type – without the 

ethical issues surrounding embryonic stem cells. In addition, combining human iPSC 

with genome editing creates an extremely powerful tool.  

 

1.4.3.3. Haematopoietic differentiation from pluripotent stem cells 
 

To harness the full potential of pluripotent stem cells (both ESC and iPSC) one needs 

robust and well-characterised differentiation protocols. Research into embryogenesis, 

the bone marrow microenvironment, and key pathways regulating commitment to 

blood cells continue to underpin the development of protocols for hiPSC 

haematopoietic differentiation. Most differentiation protocols are based on research 

using mouse ESC (Slukvin, 2013). There are several protocols for hiPSC 

haematopoietic differentiation, based on either embryoid body formation (such as (Ng 

et al., 2005)) or 2D co-culture (such as (Vodyanik et al., 2005)). Generally, these 

protocols involve two stages, the first being haemato-endothelial specification using 

mesodermal morphogens such as BMP4, WNT, FGF2, and VEGF established using 
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knowledge gained from the mouse embryo. The second stage is amplification, lineage 

commitment from multipotent haematopoietic progenitors, and maturation (Slukvin, 

2013). 

 

The first report of haematopoietic cells derived from hESC were grown over a 

monolayer of a murine stromal cell line S17 or the yolk sac endothelial cell line C166 

in the presence of FBS, producing colony-forming cells (Kaufman et al., 2001). Later, 

the differentiation was improved through the co-culture of hESC on OP9, a bone 

marrow stromal cell line derived from mice deficient in M-CSF (Vodyanik et al., 2005), 

as had been done previously with mouse ESC (Nakano et al., 1994). Some stromal 

lines have been modified to further support haematopoietic development of a 

particular lineage – such as OP9-DL1 which ectopically expresses the Notch ligand 

Delta-like-1 for robust T cell development (Schmitt et al., 2002).  

 

Differentiation via embryoid bodies recapitulates early embryonic development; the 

lineage specification can be directed using a cocktail of haematopoietic cytokines. 

Studies of haematopoiesis from hESC have shown waves of primitive and definitive 

differentiation recapitulating embryonic development (Zambidis et al., 2005). In 2009, 

it was shown that hiPSC can also effectively generate blood cells, with robust 

generation of CD34+CD45+ cells via embryoid bodies, importantly again recapitulating 

aspects of early embryonic development (Lengerke et al., 2009). While some 

variations in efficiency of haematopoietic differentiation have been observed between 

different cell lines, the pattern of differentiation of hiPSC and hESC are very similar 

(Choi et al., 2009; Choi et al., 2012). 

 

Within the embryo, the start of gastrulation is marked by the formation of the primitive 

streak. Epiblast cells ingress into the primitive streak to give rise to the mesoderm and 

definitive endoderm (Kinder et al., 1999). Brachyury, or the T gene, is a general 

marker of early mesoderm, expressed by all cells of the primitive streak (Wilkinson et 

al., 1990). Cells with haematoendothelial potential within the primitive streak are 

identified by expression of kinase insert domain receptor (KDR also known as FLK1, 

VEGFR-2) (Yamaguchi et al., 1993), which go on to migrate to the yolk sac to form a 

vascular plexus and blood islands (Slukvin, 2013). In the embryo, the waves of 

primitive and definitive haematopoiesis can be identified from anatomical location, 

morphology, etc. However, these spatially co-exist within in vitro cultures, making 

identification of distinguishing surface markers critical (Choi et al., 2012).  
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To identify the mesodermal stage in hiPSC cultures, the apelin receptor (APLNR), 

PDGFRα, and KDR are used. In contrast to mouse ESC, KDR can be detected in 

undifferentiated hESC, APLNR was found to be a novel marker of the primitive streak 

in hiPSC cultures – expressed in both posterior mesoderm and anterior 

mesendoderm (Vodyanik et al., 2010; Yu et al., 2012). Markers of endothelial, 

mesenchymal and haematopoietic cells are used to separate mesoderm from lineage-

committed cells (EMHLin-) (Slukvin, 2013). This is followed by KDR+, APLNR+, 

PDGFRα+ cells with features of the posterior primitive streak and capable of forming 

VEGF-responsive blast CFC, also known as haemangioblasts (Kennedy et al., 2007). 

These can be found on day three of OP9 or embryoid body differentiation. These 

haemangioblasts define the onset of haematopoiesis in hESC differentiation cultures, 

which through endothelial intermediates, can give rise to primitive erythroid cells, 

megakaryocytic cells and macrophages. Further mesodermal commitment of hESCs 

toward the haematoendothelial lineage can be found by day four of OP9 culture, with 

the development of haematovascular mesodermal precursors. This is characterised 

by a downregulation of PDGFRα and upregulation of KDR (VE-

cadherin−EMHlin−KDRbrightAPLNR+PDGFRαlow/−). Haematovascular mesodermal 

precursors co-express lateral plate/extraembryonic mesoderm and 

angiohaematopoietic commitment but lacking primitive streak gene expression. They 

cannot form haemangioblasts but are highly enriched in bipotential 

haematoendothelial cluster-forming cells on OP9 (Choi et al., 2012). 

 

One of the most specific markers of the hemogenic endothelium is VE-cadherin 

(Breier et al., 1996). The identification of CD43 as a pan-haematopoietic marker in 

hiPSC cultures enabled separation of VE-cadherin+ blood cells from endothelium 

(Vodyanik et al., 2006; Choi et al., 2009).  

 

The first haematopoietic progenitors emerging from the VE-cadherin+ population are 

termed angiogenic haematopoietic progenitors, with the surface markers VE-

cadherin+CD73−CD43lowCD235a+CD41a−CD117−. Angiogenic haematopoietic 

progenitors form haematopoietic colonies in the presence of FGF2 and 

haematopoietic cytokines, but also retain endothelial potential. Further analysis of VE-

cadherin+ populations with other endothelial and mesodermal markers in OP9 hESC 

cultures identified CD73 as a distinguishing marker of hemogenic endothelium (Choi 

et al., 2012). Both VE-cadherin+CD43−CD73− and CD73+ populations could generate 

endothelial cells and lacked haematopoietic colony-forming activity. However only the 

CD73- cells displayed hemogenic endothelial properties – generating haematopoietic 
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cells after secondary coculture with OP9 and expressed high levels of RUNX1, a 

known marker of hemogenic endothelium in the embryo (North et al., 1999). The VE-

cadherin+CD73−CD235a/CD43− hemogenic endothelium cells isolated at day 5 of 

OP9-hESC culture were shown to originate from haematovascular mesodermal 

precursors – distinct from the more primitive APLNR+PDGFRα+ mesoderm through 

the ability to form haemangioblasts. Progressive commitment to the haematopoietic 

lineage is associated with upregulation of CD43 expression and loss of endothelial 

potential. Subsets of CD43+ populations appear including CD41a+CD235a+ erythro-

megakaryocytic progenitors and LIN−CD34+CD43+CD45+/− multipotent 

haematopoietic progenitors with broad lymphomyeloid potential (day 8 OP9 culture).  

 

Studies of T- and B-cell development from hiPSC have been limited, with some 

studies suggesting why this might be difficult to achieve (Martin et al., 2008). To 

generate B lineage output, CD34+ progenitors from later in the hiPSC-OP9 co-culture 

are cultured on the MS-5 stromal cell line with IL3, IL7, SCF, and Flt3L (Vodyanik et 

al., 2005; Carpenter et al., 2011). The CD34+ cells develop adherent blood colonies 

and cobblestone-like colonies under the stroma. After 21 days, granulocytes, 

macrophages, and lymphoid cells can be detected, including CD19+ PreB cells with 

multiple genomic D-JH rearrangements. It was later demonstrated that the hiPSC 

hemogenic endothelium compartment, defined as CD235a/CD43-CD144+CD73-, 

yields a much greater B potential compared to a CD43+ haematopoietic fraction 

(French et al., 2015), as had been previously seen for T cells (Kennedy et al., 2012). 

The same authors developed a protocol to derive B lymphocytes that are able to 

undergo full VDJ recombination and express cell surface IgM. After the 21 days on 

MS-5 which produces preBs, CD45+ cells were re-plated on MS-5 for a further 21 

days- which generated a 5% sub CD19+ population of IgM+ cells. Interestingly, while 

not affecting total B cell numbers, the presence of ongoing IL7 past the initial 21-day 

MS-5 co-culture blocked differentiation beyond the preB stage. This indicates IL7 may 

inhibit Rag-mediated recombination – preventing rearrangement at the 

immunoglobulin light chain locus as has been considered previously (Johnson et al., 

2008; Nodland et al., 2011), and provides further suggestion that hiPSC-derived B-

cells authentically recapitulate developmental B-cell lymphopoiesis (French et al., 

2015). Notably, the hiPSC-derived B cells expressed Lin28b suggesting a similarity 

to fetal tissue. It was later shown that hiPSC B cells faithfully recapitulate human FL 

B lymphopoiesis (Boiers et al., 2018), which shall be discussed in chapter 3.  
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1.4.3.4. Lineage reprogramming 
 

Lineage reprogramming or transdifferentiation is the conversion of a mature cell from 

one lineage to another, without reversion to pluripotent cells. The term 

transdifferentiation was originally coined in 1974 to describe the changes in the cells 

of silk moths undergoing metamorphosis (Selman and Kafatos, 1974). It was found 

that lineage conversions can be affected surprisingly simply through the ectopic 

expression of transcription factors – even the introduction of just one cDNA converts 

fibroblasts into myoblasts (Davis et al., 1987). Immortalised B cell lines have been 

reprogrammed into macrophages by concomitant expression of the c-myc and v-raf 

oncogenes (Klinken et al., 1988) and transduction of M-CSFR (Borzillo et al., 1990). 

Enforced expression of CEBPA and CEBPB led to a stepwise reprogramming of B 

cells to macrophages where the cells had an intermediate state expressing low levels 

of both B cell- and macrophage-specific genes prior to complete transdifferentiation 

(Xie et al., 2004). Recently, a computational tool has been developed called Mogrify, 

which uses gene expression data and regulatory network information to predict a 

suggested set of transcription factors that could be used to induce cell conversion 

from one cell type to another (Rackham et al., 2016). The process of 

transdifferentiation is often quick and highly efficient – especially when compared with 

iPSC reprogramming. As such, this approach could potentially be used for cell 

replacement therapies and drug screening (Graf and Enver, 2009). 

 

There are many examples of transdifferentiation induced experimentally, raising the 

question as to whether such conversion could occur physiologically in vivo. One of 

the few examples of this are hepatocytes which, following liver injury, turn off 

hepatocyte-specific genes and turn on markers of biliary epithelial cells leading to 

transdifferentiation (Yanger et al., 2013). 
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1.5. Genome engineering 
 

Gregor Mendel is considered the founder of modern genetics. His experiments with 

pea plants in the mid 19th century established the principles of heredity. This classical 

experiment relied on the discovery and analysis of spontaneous mutations. In the mid 

20th century, this was enhanced through the use of mutagens and later transposon 

insertions (Muller, 1927; Auerbach et al., 1947). This scattergun approach produced 

random mutations throughout the genome, with no specificity or subtlety. By the 

1970s and 1980s, the first targeted genome modifications were made, first in yeast 

and later mouse ES cells (Sherer and Davis, 1979; Smithies et al., 1985; Thomas and 

Capecchi, 1986). This used the process of homologous recombination. By providing 

DNA constructs that contain a shared homology to the targeted genome sequence, it 

is possible that the homologous recombination processes within the cell will insert the 

construct to the targeted location. This method was precise but extremely inefficient 

and not easily adaptable to other species. To further understand gene function, site 

specific recombinases can be used, such as the Cre-LoxP and Flp-FRT systems. 

Using these systems under the control of a tissue-specific promotor, recombination 

(leading to gene knockout or expression) will only occur in certain cells and/or at the 

desired time or stage of development. One such example is the FLEX switch 

(Schnutgen et al., 2003; Carroll, 2017). 

 

Our current genome editing strategies brought about a paradigm shift in biological 

research. Yet the role of the genome editing nucleases is simply to cause a double 

stranded break – it is the cellular DNA repair machinery that performs the ‘editing’.  
 

1.5.1. DNA Repair mechanisms 

There are two cellular DNA repair mechanisms, the precise homology directed repair 

(HDR) or the error-prone non-homologous end joining (NHEJ). It was found that 

inducing a double stranded break by site-specific nucleases dramatically increased 

the rate of homology-mediated changes compared to conditions that only provided an 

exogenous repair template (Rouet et al., 1994a, Rouet et al., 1994b, Moore and 

Haber, 1996). Importantly, this principle was found to be almost universal.  
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In NHEJ, upon a double stranded break, the two break ends of the chromosome are 

directly ligated back together without the need for a homologous template. This can 

add insertions and deletions (INDELs) to the joining region. While efficient, it is an 

error-prone process. NHEJ can lead to knocking out the gene by forming a premature 

stop codon. In HDR, the two break ends are repaired using exogenous donor DNA or 

homologous chromosome as a template. This is a precise and accurate process and 

can be used to repair chromosomes or insert a transgene (Carroll, 2017). 

 

Most somatic cells in higher eukaryotes have a bias towards NHEJ.  Small-molecule 

inhibitors of NHEJ have been reported which may be effective in helping to redress 

this balance (Maruyama et al., 2015). Further research to promote HDR has included 

design modifications such as asymmetric donor DNA (Richardson et al., 2016) and 

linkage of the donor sequence to the guide RNA (Lee et al., 2017; Carroll, 2017). 

 

 

1.5.2. Genome engineering systems 

We currently have three major classes of nucleases used for genome engineering: 

zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs) 

and CRISPR-Cas. All of these systems came about from basic research into 

biological processes.  

 

ZFNs comprise of a zinc finger DNA-binding domain and a DNA-cleavage domain 

(Kim et al., 1996). Typically, the bacterial restriction endonuclease FokI is used as the 

cleavage domain in ZFNs. Zinc fingers were originally identified in sequence-specific 

eukaryotic transcription factors which contained zinc-binding repeats in its DNA-

binding domain that recognised base pair triplets (Miller et al., 1985; Pavletich and 

Pabo, 1991). The DNA-recognition specificity of a zinc finger can be altered by 

changing the protein residues, multiple zinc fingers are needed within ZFNs to ensure 

site specificity. ZFNs are highly specific and relatively easy to deliver in vivo, however 

the complexity and expense of designing and constructing validated ZFN libraries 

limited their widespread use (Carroll, 2017).  

 

TALENs use the same cleavage domain as ZFNs, but this is linked to a transcription 

activator-like (TAL) effector DNA binding domain produced by bacterial plant 

pathogens.  TAL effectors are programmable and contain sequence-specific DNA 
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binding domains containing a conserved 34 amino acid sequence with divergent 12th 

and 13th amino acids that determine the recognised base. One TAL effector 

recognises one base pair in the DNA target (Boch et al., 2009). TALENs require 

complex molecular cloning methods due to their repetitive nature but are considered 

much easier to design compared to ZFN. TALENs are highly specific, but their large 

size hinders in vivo delivery. 

 

Both ZFN and TALENs used protein–DNA binding for site specific genome editing. 

The need for new protein design and validation for each experiment restricted 

widespread adoption and, though still used in experiments today, were soon 

supplanted by the advent of CRISPR-Cas genome engineering. 

 

1.5.2.1. CRISPR-Cas 
 

Clustered Regularly Interspaced Short Palindromic Repeats or CRISPR is a family of 

repetitive DNA elements in prokaryotic organisms, often in association with genes 

involved in DNA recombination and repair. They were first discovered by accident in 

1987 while trying to determine a particular gene sequence encoding an enzyme in E. 

coli (Ishino et al., 1987). These repeat elements were given multiple names before 

being coined as CRISPR in 2002 (Jansen et al., 2002). The same study also identified 

a closely linked group of genes, termed as CRISPR-associated (Cas) genes, only 

found in CRISPR-containing organisms. In 2005, the spacer elements were linked to 

invading genetic elements, such as bacteriophages and plasmids, and represented a 

memory of past ‘genetic aggressions’ (Mojica et al., 2005; Pourcel et al., 2005). 

Following this research, CRISPR-Cas was confirmed as a prokaryotic immune system 

providing acquired immunity to foreign DNA or RNA; invading DNA elements are 

acquired as new spacers within the CRISPR region, the CRISPR loci are then 

transcribed generating CRISPR RNA (crRNA) which are used to guide Cas nucleases 

to target and degrade specific foreign DNA (Barrangou et al., 2007; Garneau et al., 

2010). (Han and She, 2017) 

 

Two pioneering studies cemented the use of CRISPR-Cas9 systems as a 

programmable endonuclease system for genome engineering, using RNA–DNA 

hybridisation for site-specific genome editing (Jinek et al., 2012; Gasiunas et al., 

2012). The CRISPR-Cas9 system uses a Cas9 nuclease and a guide RNA (gRNA) 

which binds to the Cas9 and guides it to the desired sequence. This was subsequently 

used to edit the genomes of eukaryotic cells and mice (Cong et al., 2013; Mali et al., 
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2013; Wang et al., 2013). CRISPR-Cas revolutionised biological research. The 

simplicity and flexibility of the system has made CRISPR-Cas a formidable research 

tool and led to a rush of discoveries.  

 

The versatile CRISPR-Cas system allows efficient and specific genome engineering 

at the single cell and whole organism level. CRISPR-Cas has been used for genome-

wide screening with large-scale pooled-gRNA libraries, providing a high-throughput 

approach to assay gene functions (Shalem et al., 2014). The system has been used 

for transcriptional regulation, epigenetic regulation, and genome imaging (Gilbert et 

al., 2014; Chen et al., 2013; Hilton et al., 2015). CRISPR technology has been used 

to model diseases, investigating their underlying molecular and cellular impacts, 

including through the use of hiPSC (Ben Jehuda et al., 2018). Within cancer 

immunotherapy, CRISPR-Cas technology has been used to develop CAR-T cells 

which use patient T cells and engineer them to specifically recognise tumour antigens, 

now approved by the NHS (Xia et al., 2018). As well as cellular therapies, there is 

work towards direct delivery of CRISPR in vivo (Bakondi et al., 2016). CRISPR-Cas 

has applications within animals to engineer human medical products and tissues (Li 

et al., 2015). In addition, research is underway to control disease-carrying insects 

such as mosquitoes using the controversial gene drive technology (Hammond et al., 

2016). Self-targeting CRISPR-Cas systems have been engineered which can be 

programmed to target any bacterial species (Beisel et al., 2014) – highly promising 

for antimicrobial applications, a field sorely in need of innovation with the rise of 

antimicrobial resistance. Within agriculture the system is being used to expedite crop 

(Belhaj et al., 2015) and livestock breeding (Whitworth et al., 2016). With our changing 

climate and ever-expanding population, we need crops which can withstand 

increasingly extreme conditions and make use of all environments. This is just a small 

snapshot of ongoing CRISPR-Cas applications within research (Barrangou and 

Doudna, 2016). 

 

The extraordinary value of CRISPR technology led to a battle over who would hold 

the patent for the discovery of CRISPR-Cas9. From UC Berkley, Jennifer Doudna and 

Emmanuelle Charpentier filed a patent for their discovery of CRISPR-Cas9 and its 

ability to edit DNA (Jinek et al., 2012). Later, from the Broad Institute, Feng Zhang 

used CRISPR-Cas9 to edit the genomes of eukaryotic cells (Cong et al., 2013) and 

applied for a fast-tracked patent application, which was processed before UC's. The 

long-running dispute was eventually won by the Broad Institute (BioNews 967, 2018). 

Yet, while the Cas9 patent battle brewed, CRISPR technology moved on. While 
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CRISPR-Cas9 is often still the preferred choice, the number of new technologies 

grows, with new enzymes replacing the original Cas9 such as mini-Cas9, Cpf1, and 

C2c2 (Ran et al., 2015; Kim et al., 2017; Abudayyeh et al., 2016). Through further 

exploring the diversity of enzymes, the editing can become more powerful and subtle; 

by disabling Cas9 and tethering a cytidine deaminase enzyme, researchers were able 

to edit a single base pair (Komor et al., 2016). 

 

Much research within the CRISPR field is focussed on minimising off-target effects. 

For example, individual nicks in the genome from the use of single or double Cas9 

nickases are repaired with high fidelity, even in the case of paired nicking to create a 

double-stranded break (Ran et al., 2013). With transient expression of a single 

nickase and a homologous recombination donor, off-target effects are unlikely.  

 

It would be remiss, however, not to discuss the controversies that have come hand in 

hand with the march of CRISPR technology. Scientific advancement should always 

be coupled with societal discussion. Where are our boundaries? What are we willing 

to accept? Gene drives have the potential to control the spread of disease, but at what 

cost? What are the potential ecological impacts? How will we regulate this technology 

and how else could it be applied? The most controversial of all is the use of CRISPR 

technology to modify the human germline. The first attempt to edit a human embryo 

was in 2015, which worked but was extremely inefficient, followed by a more 

successful attempt in 2016. Both of these studies were done in China, where 

regulations are far more relaxed. In November 2018 the news broke of the birth of the 

first human genome-edited babies – twins Lulu and Nana. Dr He Jiankui used 

CRISPR-Cas9 genome editing to remove the gene CCR5 with the goal of conferring 

HIV resistance. Dr He contravened the global consensus on genome editing embryos, 

there were major issues around consent and coercion, and there was no clinical need. 

The research was shockingly unethical, and, at this moment, we do not know the 

repercussions. Deleting CCR5 to confer HIV resistance was already fundamentally 

flawed and now research suggests modification of CCR5 may have impacted the 

cognitive function of the twins. CCR5 has been shown to play an important role in 

neuroplasticity, learning and memory, with CCR5-/- mice have a significantly improved 

memory and humans without CCR5 having been shown to recover quicker from 

stroke (Zhou et al., 2016; Joy et al., 2019; BioNews 988, 2019). Regulation is not a 

slippery slope, but a barrier. Global consensus and public engagement are critical for 

such controversial technologies.  
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1.6. Childhood acute lymphoblastic leukaemia 
 

Leukaemia is the commonest malignancy of childhood, accounting for a third of 

childhood cancers (Pui  and Evans 2006), with a cumulative risk of ~1 in 2,000 up to 

the age of 15 years (Parkin et al., 1988). Acute lymphoblastic leukaemia is 

characterised by the overproduction and maturation arrest of lymphoid progenitor 

cells, leading to an accumulation of malignant cells in the bone marrow. It can 

originate in B- or T- committed progenitors. The leukaemic blasts impede the 

production of other blood cell types and infiltrate other organs such as spleen, liver, 

thymus, lymph nodes and central nervous system. Symptoms include anaemia, 

fatigue, fevers, frequent infections, unusual and frequent bleeding, easily bruised skin, 

swollen lymph nodes and unexplained weight loss. ALL is an aggressive condition 

that develops rapidly. If untreated, ALL results in rapid bone marrow failure and death.  

 

Childhood ALL has a number of subtypes defined by cell lineage, differentiation status 

and genetics. In the UK around 810 people are diagnosed with ALL each year (CRUK 

website, 2018). The peak incidence for ALL is 2-5 years, which drops sharply through 

childhood and adolescence. ALL is much rarer in adults, with a slow and steady rise 

in incidence with age from around 40 years (Pui and Evans 2006). 

 

The biology of ALL differs distinctly with age. Childhood ALL has a higher incidence, 

connected with different mutational drivers and associated with a good prognosis. 

Survival rates from cALL could be considered one of the greatest medical success 

stories of the last half century. What was once a uniformly lethal cancer with a 6-

month median survival, has changed into one with cure rates of 80-90% in higher-

income countries (Inaba et al., 2013). 

 

Lesser therapeutic improvements have been made in adult ALL with a survival of 40% 

(Pui  and Evans 2006). A controversial subject in this area is whether age-related 

differences in ALL outcome is predicated on disease biology, therapeutic approach or 

therapeutic tolerance (Fielding, 2008). The distinct mutational spectrums show the 

incidence of ‘very high risk’ cytogenetic abnormalities, such as the Philadelphia 

chromosome, increase dramatically with age. Philadelphia chromosome-positive ALL 

accounts for a quarter of all adult cases, while only occurring in 3% of cALL cases 

(Moorman et al., 2007; Jones et al., 2005). However, evidence is accumulating that 
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the more aggressive paediatric therapy approach gives superior survival in young and 

middle-aged adult patients compared to the adult approach (Fielding, 2008). 

 

Despite impressive five-year survival, the toll of aggressive paediatric therapy 

approach is significant. Childhood ALL survivors are at an increased risk of chronic 

morbidity and early mortality (Ness et al., 2011). In addition, survival rates are not 

uniform globally; around 80% of cases of childhood cancer occur in low and middle-

income countries (LMICs) and are associated with high mortality rates. According to 

VIGICANCER, five-year overall survival for cALL was 55.6% in LMICs (Ramirez et 

al., 2018). 

 

1.6.1. Genetic landscape of ALL 

Gross chromosomal alterations are a hallmark of childhood ALL and are often the 

initiating first hit mutations. These have been evaluated by fluorescent in situ 

hybridisation (FISH) for many decades. Recent efforts to further identify the genetic 

alterations have involved microarrays and next generation sequencing to further 

explore the leukaemic signature and define novel subtypes. This has been particularly 

useful to analyse the secondary sub-microscopic genetic alterations which drive 

leukaemogenesis. This crucial research has been translated into the clinics with 

improved diagnostics and prognostics, as well as more targeted treatments. Upon 

relapse of childhood ALL, patients have double the number of secondary mutations 

that were seen at diagnosis. This research provides an insight into the heterogenous 

nature of cancers and how this can affect response to treatment and relapse (Ma et 

al 2015; Mullighan, 2014). 

 

1.6.1.1. First hit mutation 
 

Three-quarters of B-ALL cases exhibit aneuploidy (changes in chromosome number) 

or a recurring gross chromosomal rearrangement.  

 

Within aneuploidy, there is high hyper-diploidy, with non-random gain of at least five 

chromosomes, most commonly involving 4, 10, 14, 17, and 21 (Paulsson and 

Johansson, 2009). This is common in childhood B-ALL, with an excellent prognosis. 

Hypodiploidy, on the other hand, with less than 44 chromosomes is rarer and 
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associated with a poor prognosis (Harrison et al 2004). Another significant aneuploidy 

associated with B-ALL is trisomy 21 arising from Down’s syndrome. 

 

Chromosomal rearrangements commonly affect genes encoding haematopoietic 

regulators, tumour suppressors, oncogenes, or tyrosine kinases, and can be 

separated into two functional classes. The first class dysregulate gene expression by 

relocating oncogenes into regions with strong enhancers, such as the translocation 

of CRLF2 and EPOR genes to IGH and IGK in B-ALL and rearrangement of TLX1 

and TLX3 to TCR loci in T-ALL (Hunger and Mullighan, 2015). The second functional 

class of translocations result in the expression of a fusion gene encoding a chimeric 

protein, such as ETV6-RUNX1. The t(9;22)(q34;q11.2) translocation results in 

formation of the Philadelphia chromosome, encoding BCR-ABL an activated tyrosine 

kinase. Another important set of translocations are those involving rearrangement of 

MLL from chromosome 11q23, encoding a histone methyltransferase necessary for 

efficient transcription. Rearrangements of MLL are specifically associated with ALL in 

infants less than one year old, accounting for up to 80% of cases, and are associated 

with a poor prognosis (Pui et al., 1994; Biondi et al., 2000). 

 

Not all subtypes of leukaemia could be easily defined by a single alteration. The newly 

identified Ph-like subtype, accounting for 15% of childhood ALL, is characterized by 

a gene expression profile similar to Ph-positive ALL, without the BCR-ABL fusion. Ph-

like ALL harbours a range of kinase-activating genetic alterations, commonly affecting 

the ABL class and signalling through the JAK/STAT pathway (Roberts et al., 2014). 

Other novel subtypes identified through genomic profiling and sequencing include 

DUX4 rearrangement (Zhang et al., 2016; Lilljebjorn et al., 2016) and internal 

amplification of chromosome 21 (iAMP21) (Heerema et al., 2013). This research is 

ongoing as there are a proportion of ALL cases, in both adults and children, in which 

the genetic basis remains unknown.   

 

The prevalence of the genetic alterations differs significantly dependent on age, see 

figure 1.6. Most notably, ETV6-RUNX1 accounting for 22-25% of childhood ALL, yet 

is rarely seen in adults (Shurtleff et al., 1995; McLean et al., 1996). 
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      Childhood ALL                          Adult ALL  

 
Figure 1.6 Incidence of first hit mutations in childhood and adult ALL. Adapted 
from (Boiers et al., 2015) 
 

 

1.6.1.2. Second hit mutations 
 

The majority of first hit mutations are insufficient to drive ALL alone, requiring co-

operating mutations to result in transformation into leukaemia. This is consistent with 

the ‘two-hit’ hypothesis proposed by Knudson (Knudson, 1971). Using microarrays 

and sequencing, sub-microscopic genetic alterations such as deletions, gains and 

mutations have been identified that define ALL subtypes and co-operate with 

chromosomal rearrangements. 

 

Compared to adult, cALL has relatively few secondary mutations at diagnosis 

(Papaemmanuil et al., 2014). Within a single paediatric patient with BCP-ALL the 

average number of deletions is 3.83 and focal amplifications is 2.91 (Mullighan et 

al., 2007). This small number of mutations shows BCP-ALL as a disease with a 

restricted and specific mutational signature – with a low level of background or 

neutral alterations. This indicates that global genomic instability is not an underlying 

mechanism for these alterations, as can be seen in cases of genotoxic exposures 

(Alexandrov et al., 2013).  

 

There are a number of key pathways and cellular processes commonly affected by 

sub-microscopic alterations in cALL. Mutations in genes encoding regulators of B-cell 

development and differentiation were found in 40% of BCP-ALL cases, often lymphoid 

transcription factors such as IKZF1, EBF1 and PAX5 (Mullighan et al., 2007). 

Absence of any of these transcription factors leads to arrest in varying stages of 
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lymphoid/B cell development (Georgopoulos et al., 1994; Urbánek et al., 1994; Lin 

and Grosschedl, 1995). Further lymphoid signalling affected includes BTLA and 

CD200 as well as cytokine receptors such as IL7R. Other commonly altered pathways 

include cell cycle regulation and tumour suppression such as TP53 and RB1, 

transcriptional regulation and coactivation such as ETV6 and ERG, regulation of 

apoptosis such as BTG1, and epigenetic alterations such as NSD2 and CREBBP 

(Mullighan et al., 2007). 

 

Sub-microscopic genetic alterations vary in both prevalence and type depending on 

the subtype of leukaemia. The lowest mutational burden of all leukaemia subtypes is 

the highly aggressive infant MLL-rearranged ALL, with an average of one additional 

mutation per case, while secondary alterations are far more common in ETV6-RUNX1 

and BCR-ABL ALL (Mullighan et al., 2012). In patients with Ph-like ALL, kinase-

activating alterations were identified in 91% of cases such as rearrangements 

involving ABL1, EPOR, JAK2 or TYK2 and sequence mutations involving FLT3 or 

IL7R (Roberts et al., 2014).  

 

 

1.6.2. Inherited susceptibility 

In families with a child suffering from ALL, the risk of a sibling developing the disease 

has been estimated to be ~3.0 times higher than the risk in the general population (a 

background risk of 1:2000). This provides evidence for an, albeit modest, impact of 

inherited susceptibility in cALL. GWAS studies have shown an increased risk of ALL 

from multiple gene variants; their modest impact appears to be functionally additive 

rather than synergistic (Greaves, 2018; Moriyami et al., 2015). Most candidate risk 

genes identified are those affected by acquired mutations in ALL, such as CDKN2A. 

The inherited allelic variants may interact with the mutated alleles to increase 

vulnerability of cells to transformation (Xu et al., 2015; Greaves, 2018).  

 

Children with Down’s syndrome, caused by trisomy 21, have a 20- to 30- fold 

increased risk of developing ALL (Lee et al., 2016). This setting is associated with a 

specific set of secondary hits such as CRLF2, IL7R and JAK2. Interestingly however, 

large population-based and/or tumour registries have shown that solid tumours occur 

significantly less frequently in children and adults with Down’s syndrome compared 

to the general population (Hasle et al., 2000; Satge et al., 1998; Narod et al., 1991). 
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Childhood ALL is also associated with rare inherited familial syndromes such as 

mutations in PAX5, ETV6 and TP53 (Shah et al., 2013; Noetzli et al., 2015; Holmfeldt 

et al 2013). 

 

1.6.3. Initiation of childhood ALL 

The only environmental exposure which is currently accepted as a causal agent of 

cALL is ionising radiation (Preston et al., 1994). Many exposures have been linked, 

but the studies have been considered weak or biologically implausible (Greaves, 

2018). 

Cancers that present in children often have features of embryonic cells, which moved 

rapidly to genomic instability. Mutations can accumulate as a consequence of cell 

division and the intrinsic infidelity of DNA replication. During fetal development, 

spontaneous mutations or mutations caused by endogenous processes are 

particularly common (Paashuis-Lew and Heddle, 1998). Leukaemogenesis is known 

to begin prenatally in children with B-ALL (Ford et al., 1998; Hjalgrim et al., 2002; 

Wiemels et al., 1999; Teuffel et al., 2004).  Within fetal development, an excess of 

cells is produced, leading to proliferative and oxidative stress, followed by profound 

apoptosis after embryogenesis is complete. Thus, it has been suggested that the 

initiation of paediatric cancers in utero can be considered as developmental errors 

(Marshall et al., 2014). Further research is required on the origins and mechanisms 

associated with acquisition of these fusions in utero (Greaves, 2018). 

 

1.6.4. Infection hypothesis 

The covert prenatal origins of cALL is followed by the postnatal development of 

second hits which lead to overt leukaemia. Many studies have examined the role of 

infections in the aetiology of cALL, an idea which is now over a hundred years old 

(Ward, 1917). Infection was the first causal exposure to be suggested for cALL and, 

despite no specific infectious agents have been associated with the disease, remains 

one of the strongest candidates. Evidence from epidemiological and modelling studies 

have shown a role of infection within cALL, with two key hypotheses emerging – 

Kinlen’s population mixing hypothesis and Greaves’ delayed infection hypothesis. 
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The Kinlen population mixing hypothesis was proposed to describe the observations 

of temporary cALL clusters in isolated rural communities following an influx of 

migrants. New pathogens would be introduced to a non-immune population which 

may lead to abnormal immune response to infection and transient increase in cALL 

cases (Kinlen, 1988; Kinlen, 2011). 

 

The delayed infection hypothesis, proposed by Greaves, suggests that infectious 

exposures in early life are protective however, in their absence, infections later in 

childhood trigger the critical secondary mutations due to abnormal immune responses 

from the ‘unprepared’ immune system (Greaves, 2006; Greaves, 2018). Evidence for 

this hypothesis includes a protective impact on the risk of cALL if children experienced 

day care in the first 12 months of life (Gilham et al., 2005). Thus, cALL can be seen 

as an evolutionary mismatch between evolutionary adaptations of the immune system 

and contemporary lifestyles (Greaves, 2018). 

 

While the hypotheses differ, they both suggest that cALL is a result of abnormal 

responses to infections in unexposed children acquired through personal contact.  

The difficulties measuring exposure, and subsequent response, to infections make it 

difficult to directly test these hypotheses (Hwee et al., 2018). Further research to 

elucidate the underlying mechanisms is needed. This research could potentially lead 

to the development of early prophylactic intervention, potentially making cALL a 

preventable disease.  

 

1.6.5. Clonal evolution and heterogeneity 

In the words of Theodosius Dobzhansky: ‘Nothing in biology makes sense except in 

the light of evolution’. In 1976, Peter Nowell proposed that cancers, whilst originating 

from a single transformed cell with a founder mutation, were driven by an evolutionary 

process of sequentially acquired somatic cell mutations undergoing rounds of 

selection to yield genetically diverse progeny (Nowell, 1976). Following Darwinian 

trajectories of clonal evolution, the genetic profiles of tumours would reflect the 

sequentially dominant clones formed in a fundamentally linear dynamic. Nowell’s 

research was mostly based on cytogenetic observations.  

 

Since then, the genetic and epigenetic evolution of leukaemia over time has been 

elucidated in impressive detail, benefitting from the ease of access to tumour cells 
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and advances in genomics and single-cell analysis (Potter et al., 2013). The genomic 

analysis of ETV6-RUNX1 B-ALL at diagnosis found underlying sub-clonal genetic 

variegation and a nonlinear, branching evolutionary tree. The genetic diversity is likely 

to bring about functional diversity, such as differentiation status, niche occupancy and 

quiescence (Anderson et al., 2011). Studies such as these have shown leukaemia as 

a complex and dynamic model of clonal evolution yielding variable patterns of genetic 

diversity all within the context of the complex tissue microenvironment ecology and 

therapeutic selective pressure. This structure has clear implications for disease 

treatment and relapse. The ability to predict evolutionary dynamics and knowledge of 

the clinical relevance of different subclones would help develop pro-active 

‘anticipation-based’ chemotherapy strategies (Ferrando and Otin, 2017). 
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1.7. ETV6-RUNX1 associated acute 
lymphoblastic leukaemia 

 

The t(12;21)(p13;q22) chromosomal translocation, encoding the chimeric 

transcription factor ETV6-RUNX1 (TEL-AML1), accounts for 22-25% of cALL cases 

(Shurtleff et al., 1995; McLean et al., 1996). ETV6-RUNX1 is rare in adults, accounting 

for only 3% of ALL cases (Zhou et al., 2012).  ETV6-RUNX1 cALL usually has a preB 

(CD34-CD19+) or occasionally proB (CD34+CD19+) immunophenotype, however, it is 

also associated with the aberrant expression of myeloid antigens (Borkhardt et al., 

1997; Gerr et al., 2010). Patients with ETV6-RUNX1 are associated with a favourable 

prognosis, with reported five-year event-free survival ranging from 80% to 97% 

(Forestier et al., 2008; Bhojwani et al., 2012). However, studies have found 

predominantly late relapses occurring in up to 20% of ETV6-RUNX1 patients, with 

most relapses occurring several years after cessation of treatment, and occasionally 

after 10-20 years (Harbott et al 1997; Forestier et al., 2008; Chow et al., 1999). The 

chromosomal translocation involves the fusion of two transcription factors essential 

for haematopoiesis: ETV6 and RUNX1. The breakpoint can be anywhere along the 

12kb length of ETV6 intron V into either intron I or II of RUNX1, fusing the N terminal 

of ETV6 to almost all of RUNX1, see figure 1.7. 

 

 
Figure 1.7 Schematic representation of ETV6, RUNX1 and ETV6-RUNX1 
 

ETV6 contains an oligomerisation pointed domain (PNT), a central repression domain 

and an ETS family DNA binding domain. RUNX1 contains the DNA binding RUNT 

domain, an mSin3A interaction domain (SID), a region reported to interact with the 

p300 histone acetyl transferase (p300ID), a transcriptional activation domain and a 

VWRPY motif which has been shown to be responsible for repressive functions 
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through Groucho/TLE transcriptional co-repressors. Arrows indicate fusion points 

between ETV6 and RUNX1 sequences. Adapted from (Zelent et al., 2004). 

 

1.7.1. RUNX1 

RUNX1 is located at chromosome 21q22.12, encoding a DNA-binding transcription 

factor that is a master regulator of haematopoiesis. RUNX1 (also known as AML1 and 

CBFA2) contains the DNA binding RUNT domain, an mSin3A interaction domain 

(SID), a region reported to interact with the p300 histone acetyl transferase (p300ID), 

a transcriptional activation domain, and a VWRPY motif which has been shown to be 

responsible for repressive functions through Groucho/TLE transcriptional co-

repressors. RUNX1 is one of three RUNX proteins that together are known as core 

binding factors (CBF). Core binding factor β (CBFβ) is part of the CBF complex and 

is essential for many RUNX1 in vivo functions, conferring increased DNA binding and 

stability (Gu et al., 2000; Tober et al., 2016). 

 

RUNX1 acts as an epigenetic regulator and as an activator or repressor of 

transcription. RUNX1 has a large array of target genes, including signalling molecules 

(p21, Bcl-2, BLK), receptors (Flt3, c-kit, M-CSFR) and growth factors (IL3, GM-CSF). 

It can act as an activator or repressor of target gene expression, depending upon its 

interactions with transcription factors, co-activators (PU.1, Pax5, CBP, Histone 

acetyltransferases) and co-repressors (mSin3A, Histone deacetylases) (Michaud et 

al., 2003). 

 

RUNX1 has multiple isoforms arising from differential splicing and utilisation of a distal 

and proximal promoter. RUNX1c isoform is relatively rare and transcribed from the 

proximal promoter. RUNX1b, the most abundant isoform, and RUNX1a are 

transcribed from the distal promoter, with the latter involving alternative splicing, and 

are broadly considered to have similar functions. The RUNX1 isoforms have 

distinctive expression profiles, which are developmental, tissue and model specific. 

The various functions of RUNX1 isoforms in haematopoietic specification and 

regulating embryonic haematopoiesis are still elusive and require further research. 

The differential activities of the two promoters define milestones of haematopoietic 

development. The proximal promoter was found to be more active at the onset of 

haematopoiesis, marking a haemogenic endothelium cell population, while the distal 

promoter was active within fully-committed definitive haematopoietic progenitors 
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(Sroczynska et al., 2009). The distal promoter element is more complex than the 

proximal promoter, with more binding sites for several haematopoietic transcription 

factors (Ghozi et al., 1996). 

 

RUNX1 is essential for the specification of definitive HSCs in the embryo.  Within the 

mouse embryo, RUNX1 was detected in endothelial cells in the AGM and the fetal 

liver, marking the earliest haematopoietic precursor cells (North et al., 1999). 

Heterozygous RUNX1(+/-) mice are healthy; homozygous RUNX1 knockout mice are 

embryonic lethal at E12.5, due to failed fetal liver haematopoiesis, lacking any 

definitive haematopoietic cells (Okuda et al., 1996). RUNX1 has been established as 

critical for generation of definitive haematopoietic cells from haemogenic endothelium 

(Lancrin et al., 2009). However, RUNX1 was found to not be required in cells 

expressing Vav1, one of the first pan-haematopoietic genes expressed in HSCs 

(Chen et al., 2009). Thus, RUNX1 plays a fundamental role in the establishment of 

definitive HSCs, but once defined RUNX1 is no longer essential.  

 

RUNX1 is constitutively expressed in all adult haematopoietic cells except mature 

erythrocytes (Lorsbach et al., 2004, North et al., 2004). The critical role of RUNX1 

during development and findings from human disease, such as leukaemia, would 

suggest a pivotal role in adult haematopoiesis. In contrast, conditional RUNX1 

knockout mice survive with relatively mild phenotypes, including a block in lymphoid 

development, with pronounced inhibition of common lymphocyte progenitor 

production, and a myeloproliferative phenotype (Growney et al., 2005; Ichikawa et al., 

2004). Mice haploinsufficient for RUNX1 displayed fewer than a 50% reduction in 

LTR-HSCs, but the decrease was not spread to the next levels of haematopoietic 

differentiation (Sun and Downing, 2004). Investigations in mice suggested RUNX1 is 

necessary for survival and development of B cell–specified progenitors and bound to 

the enhancers of genes involved with the pre-B cell transition (Niebuhr et al., 2013). 

 

RUNX1 is a frequent target for chromosomal translocation in leukaemia, with around 

55 partner chromosome partners described (de Braekeleer et al., 2011). Most 

mutations result in loss or impairment of RUNX1 function. Haploinsufficiency of 

RUNX1 demonstrates dominant negative effects, as such, RUNX1 insufficiency may 

be a common underlying mechanism in RUNX1 leukaemia (Osato, 2004). ETV6-

RUNX1 is unique amongst the RUNX1 translocations (RUNX1-ETO, RUNX1-

MECOM, RUNX1-CBFA2T3), which retain only the N-terminal RUNT domain and 

result in myeloid, rather than lymphoid, leukaemia. In addition, forced expression of 
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ETV6-RUNX1 in myeloid cells led to apoptosis and was found to severely interfere 

with myeloid differentiation (Dann et al., 2000).  

 

1.7.2. ETV6 

ETV6 is located at chromosome 12p13.2 (Fears et al., 1996, Baens et al., 1996) and 

encodes a ubiquitously expressed ETS family transcription factor (Wang et al., 1997). 

ETV6 contains an N-terminal oligomerisation pointed (PNT) domain, a central 

repression domain and a highly conserved C-terminal ETS family DNA-binding 

domain. ETV6 can form polymers with two protein surfaces via the PNT domain 

mediating homo- and heterodimerisation, for example with ETV7 and Fli1. ETV6 

rendered monomeric via PNT mutation has very low DNA binding affinity due to a C-

terminal autoinhibitory domain; the intact protein likely binds as a multimer to several 

ETS-motifs (Green et al., 2010). ETV6 localises in the cytoplasm and nucleus, with 

control of nuclear localisation representing a key regulation mechanism (Park et al., 

2006).  

 

While RUNX1 has the capacity to either activate or repress target genes, ETV6 is 

considered to be a strong transcriptional repressor. ETV6 binds an array of co-

repressors with interactions mapped to each major domain. Repression is mediated 

through interaction with L3MBTL1 (member of the polycomb group (PcG) of 

chromatin-associated proteins), KAP1, SIN3A, histone deacetylase 3 as well as N-

COR, and mSin3 which in turn can recruit Histone deacetylases (HDAC) (Boccuni et 

al., 2003; Nakamura et al., 2006; Guidez et al., 2000; Chakrabarti and Nucifora, 1999; 

Hock and Shimamura, 2017). 

 

ETV6 has a crucial role in embryonic development and haematopoietic regulation. 

ETV6 knockout mice are embryonic lethal, dying at E10.5 to 11.5 due to a failure in 

maintenance of the developing vascular network in the yolk sac, alongside apoptosis 

in selected regions including mesenchymal and neural cells (Wang et al., 1997). 

Consistent with these findings, arterial specification was disturbed in ETV6-depleted 

Xenopus embryos due to loss of VEGFA expression (Ciau-Uitz et al., 2010).  

 

Primitive blood formation in the embryo was found to be largely unperturbed for both 

yolk sac and fetal liver haematopoiesis (Wang et al., 1997; Wang et al., 1998). The 

transient nature of embryonic haematopoiesis was considered a potential explanation 
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for the apparent dispensability of ETV6 (Hock et al., 2004). This has been challenged 

with work in zebrafish demonstrating a role for ETV6 in regulating haematopoietic 

progenitors during primitive haematopoiesis – with a decrease in progenitors, 

erythrocytes and macrophage populations (Rasighaemi et al., 2015).   

 

The role of ETV6 within definitive haematopoiesis is more defined. Work using mouse 

chimeras found ETV6 was required for establishing stable haematopoiesis in the bone 

marrow (Wang et al., 1998). Consistent with this, knockdown of ETV6 in Xenopus 

revealed ETV6 is required for the formation of the first definitive haematopoietic stem 

cells in the dorsal aorta, controlling VEGFA production in and around the precursors 

(Ciau-Uitz et al., 2010). In addition, after disruption of ETV6 in adult mice, HSCs were 

lost from the BM, while short-lived progenitor cells were left unaffected and transiently 

sustained blood formation (Hock et al., 2004). Together, these studies demonstrate 

the critical cell extrinsic and intrinsic roles of ETV6 in both establishing HSCs during 

embryonic development and their maintenance in the adult.  

 

ETV6 is notable for its frequent involvement in chromosomal translocations in human 

leukemia and myelodysplastic syndrome. Around 50 different translocations involving 

ETV6 have been reported, involving around 30 partner genes (De Braekeleer et al., 

2012). ETV6 rearrangements have several different pathogenic mechanisms, 

including constitutive activation of partner kinases or functional disruption of partner 

transcription factors. Within ETV6-associated leukaemia, there is often loss of 

functional ETV6 through mutations or deletions in the wildtype allele or dominant 

negative effects of the fusion protein – suggesting disruption of a tumour-suppressive 

function (De Braekeleer et al., 2012). 

 

1.7.3. Molecular impact of ETV6-RUNX1 

The t(12;21) translocation leads to a chimeric transcription factor which contains the 

PNT domain and the central repression domain of ETV6, with almost all of  RUNX1. 

The ETV6 ETS DNA-binding domain is not involved (figure 1.7). ETV6-RUNX1 retains 

the ability to bind RUNX1 target sequences, with transcriptional repression mediated 

through interactions with HDAC and other repressors – causing deregulation of the 

RUNX1 target genes (Hiebert et al., 1996; Fears et al., 1997; Morrow et al., 2007; 

Uchida et al., 1999). This repression was confirmed through application of HDAC 
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inhibitors to ETV6-RUNX1 leukaemic cells, which led to indications of differentiation 

(Starkova et al., 2007). 

 

Heterodimerisation with wild-type ETV6 through the PNT domain has been observed 

in ETV6-RUNX1. This exerts a dominant negative effect over transcriptional 

repression mediated by wild-type ETV6 and appears to contribute to 

leukaemogenesis (Gunji et al., 2004). Indeed, loss of the second wild-type allele of 

ETV6 is also a common second hit within ETV6-RUNX1 ALL. Increasing amounts of 

ETV6-RUNX1 inhibited ETV6-mediated transcriptional repression – demonstrated via 

a stromelysin-1 reporter (Gunji et al., 2004). Other transcriptional targets of ETV6 

include CLIC5, SPHK1 and PTGER4. Functional studies have indicated these are 

associated with survival and proliferation (Neveu et al., 2016; Malouf et al., 2016). 

(Malouf and Ottersbach, 2017) 

 

STAT3 activity was found to be necessary for the survival, proliferation, and self-

renewal of ETV6-RUNX1 leukaemia. ETV6-RUNX1 increases activity of RAC1, 

inducing phosphorylation of STAT3, which results in the transcriptional induction of 

MYC (Mangolini et al., 2013). STAT3 is a key player in B cell development due to its 

role in IL7-mediated B lymphopoiesis (Chou et al., 2006).   

 

The shRNA knockdown of ETV6-RUNX1 in leukaemic cell lines led to a reduction in 

proliferation and cell survival. This was found to be associated with the 

downregulation of the PI3K/AKT/mTOR signalling cascade (Fuka et al., 2012). This 

pathway is an essential regulator of many normal cellular processes such as protein 

synthesis, proliferation and apoptosis; its deregulation is associated with many 

malignancies (Fuka et al., 2012). In addition, upstream of the PI3K/AKT/mTOR 

pathway, ETV6-RUNX1 can directly bind the EPOR promotor. Binding of EPOR was 

associated with increased proliferation through this pathway, as well as increased cell 

survival through activation of the JAK2-STAT5 and upregulation of antiapoptotic 

protein BCL-XL (Inthal et al., 2008; Torrano et al., 2011). 

 

The fusion protein can also upregulate MDM2, through binding promoter-inherent 

RUNX1 motifs. MDM2 is the predominant negative regulator of p53, leading to p53 

repression. Inhibition of the MDM2/p53 interaction led to cell cycle arrest and 

apoptosis in ETV6-RUNX1 cell lines and patient samples (Kaindl et al., 2014). ETV6-

RUNX1 can affect cytokine responsiveness of B cells. Normal B cell proliferation is 

inhibited by TGFβ via activation of the cell cycle inhibitor p27. ETV6-RUNX1 B cells 
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had a reduced sensitivity to growth inhibition by TGFβ via binding to Smad3, a key 

TGF-β signalling target (Ford et al., 2009). The malignant evolution or maintenance 

of preleukaemic ETV6-RUNX1 clones may be promoted through this dysregulated 

immune response to infection, giving preleukaemic cells a fitness advantage in the 

presence of TGFβ.  

 

1.7.4. Roadmap to ETV6-RUNX1 ALL 

The pathway to ETV6-RUNX1 ALL begins in utero with the initiating chromosomal 

translocation. The acquisition of second hits leads to clinical leukaemia, with 

accumulation of mutations predominantly mediated by RAG1-recombination. The 

postnatal development of second hits is thought to be increased by abnormal immune 

responses to infections, see figure 1.8. 

 

1.7.4.1. Prenatal origins 
 

Upon considering the natural history of ETV6-RUNX1 ALL, a major question is the 

cellular framework in which the fusion initially arises. The clinical differences between 

adult ALL and cALL may arise through their origin in developmentally distinct target 

cells. Studies of monozygotic twins and retrospective identification of ETV6-RUNX1 

in the neonatal heel pricks of cALL cases have shown that ETV6-RUNX1 is an 

initiating mutation that predominantly arises in utero (Ford et al., 1998; Hjalgrim et al., 

2002; Wiemels et al., 1999). In approximately 60% of cases of ETV6-RUNX1 ALL, 

the fusion can be traced back to genomic DNA isolated from drops of blood from 

neonatal heel pricks on Guthrie cards (Wiemals et al., 1999). In addition, 

mathematical modelling and epidemiological studies also support a prenatal origin of 

ALL (Simon et al., 1997; Ross et al 1994). 

 

It is hypothesised that ETV6-RUNX1 arises in or impacts progenitors in 

developmentally restricted haematopoietic sites such as the fetal liver or yolk sac. 

Single-cell genetic scrutiny of monochorionic twins with concordant ETV6-RUNX1 

ALL demonstrated shared clonal rearrangements of IG and TCR genes, suggesting 

that ETV6-RUNX1 is associated with clonal expansion early in the fetal B- and T- cell 

lineage (Alpar et al., 2015). Importantly, the fusion itself did not contain RAG or TdT 

motifs (Wiemels and Greaves, 1999; Tsai et al., 2008; Papaemmanuil et al., 2014), 
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suggesting the fusion recombination event appears to involve non-homologous end 

joining. 

 

The frequency of ETV6-RUNX1 in healthy new-borns is disputed. Clarifying this issue 

is essential to mapping the natural history of the disease and when considering future 

preventative measures. The suggested incidence rate ranges from 0.01%, which is 

equivalent to the incidence of leukaemia, to around 8%, which is 800-fold higher than 

the leukaemic incidence (Lausten-Thomsen et al., 2011; Eguchi-Ishimae et al., 2001). 

The natural history of ETV6-RUNX1 changes dramatically depending on the 

incidence. If the incidence is the former, a new-born screening programme would be 

highly advisable; if it is the latter, focus should be on identifying the promotion of 

postnatal genetic events. These studies had similar cohorts, thus the differences in 

rates likely have technical explanations. The concordance rate for ALL in twins is only 

around 10%, with a highly variable postnatal latency period of up to 14 years (Greaves 

et al., 2003; Wiemels et al., 1999). This, alongside evidence from transgenic animals, 

suggests ETV6-RUNX1 is weakly oncogenic. Considering this, and independent 

verification from other studies, an incidence rate of at least one percent or higher 

seems likely (Mori et al., 2002; Zuna et al., 2011; Škorvaga et al 2014). The most 

recent estimate, using a DNA-based screening method, estimated that 5% of 

newborns harbour the ETV6-RUNX1 fusion (Schafer et al., 2018). 

 

Studies of discordant monozygotic twins, where one twin develops ALL and the other 

is healthy, provide rare access to a population of covert pre-leukaemic cells. An 

aberrant population of putative ETV6-RUNX1 preleukaemic clones were identified in 

a healthy twin, which shared the same partial IGH DJ rearrangement as cells from the 

leukaemic twin – shared in utero through the placenta (Hong et al., 2008). These 

covert pre-leukaemic clones most likely adopt characteristics that allow survival in the 

embryonic environment but have a short lifespan postnatally. Alone, ETV6-RUNX1 is 

unable to cause overt leukaemia and thus the majority of individuals with 

preleukaemic clones do not go on to develop ALL.  

 

1.7.4.2. Postnatal development 
 

Clinically overt leukaemia requires the rate-limiting postnatal development of second 

hits to drive leukaemic transformation. Each ETV6-RUNX1 ALL patient has an 

average of 3.5 additional copy number alterations (Lilljebjörn et al., 2010). Genetic 

abnormalities of the non-rearranged ETV6 and RUNX1 genes are prevalent in ETV6-
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RUNX1 ALL; around a fifth of patients have more than one additional genetic change 

in these genes (Peter et al., 2009; Fears et al., 1996). The most common genetic 

abnormality is deletion or silencing of ETV6 – occurring in 70% of patients (Cavé et 

al., 1997). Other common genetic changes are an extra RUNX1 gene (23%) and/or 

an extra der(21)t(12;21) (10%) (Stams et al., 2006; Peter et al., 2009). Among the 

other cooperating oncogenic lesions, several are recurrent deletions in genes 

involved in B cell development (PAX5, EBF1, IKAROS, and TCF3), cell cycle 

(CDKN2A/CDKN2B) or nuclear hormone response (TBL1XR1, NR3C1, and NR3C2) 

(Lilljebjörn et al., 2010; Mullighan et al., 2007; Parker et al., 2008; Papaemmanuil et 

al., 2014).  

 

There have been multiple mechanisms given to explain how second hits are 

accumulated. A mouse model expressing ETV6-RUNX1 in CD19+ cells found 

elevated levels of reactive oxygen species (ROS). It was proposed that raised levels 

of ROS increased genetic instability and double stranded breaks in preleukaemic cells 

– favouring the accumulation of second hits (Kantner et al., 2013). 

 

Exome and low-coverage whole-genome sequencing of ETV6-RUNX1 ALL identified 

RAG-mediated recombination as the predominant mechanism for secondary events, 

targeting the promoters, enhancers, and first exons of genes that normally regulate B 

cell differentiation (Papaemmanuil et al., 2014). There were high levels of enrichment 

of acquired mutations at recombination signal sequence motifs, junctions and a ∼30-

fold enrichment at promoters and enhancers of genes actively transcribed in B cell 

development.  

 

Activation induced cytidine deaminase (AID) is another enzyme involved in 

diversifying immunoglobulin-encoding genes. Analysis by ChIP found there was a 

close correlation between genes deleted in ETV6-RUNX1 ALL and AID DNA binding 

sites (Swaminathan et al., 2015). This correlation had not been identified by previous 

deep sequencing (Papaemmanuil et al., 2014). The RAG1 and AID enzymes are 

segregated to developing cells during B lymphopoiesis in the bone marrow and 

peripheral mature B cells in the lymph nodes, respectively. Swaminathan and 

colleagues identified a natural subset of small preBII cells that had both enzymes 

concurrently active, leading to increased genetic vulnerability. In addition, it was found 

that IL7R served as a safeguard against premature activation of AID in preB cells 

through STAT5- and AKT- pathways (Swaminathan et al., 2015). The activity of RAG1 
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and AID is increased through chronic inflammation, highlighting the importance of 

childhood infections in leukaemic transformation. 

 

 
Figure 1.8 The natural history of ETV6-RUNX1 ALL. Adapted from (Greaves, 2018; 
Sun et al 2017) 
 

 

1.7.5. Modelling ETV6-RUNX1 ALL 

Many models have been developed to understand the role of ETV6-RUNX1 in 

leukaemic transformation. These model systems can be divided into three categories: 

studies of cell lines, models using human (often patient-derived) material either ex 

vivo or in xenograft animals and transgenic animals.  

 

1.7.5.1. Cell lines 
 

Patient-derived cell lines have been used to investigate molecular and cellular 

aspects of leukaemia. The most widely used immortalised ETV6-RUNX1 ALL cell line 

is REH. REH was derived from the peripheral blood of a 15-year old girl in ALL relapse 

(Rosenfeld et al., 1977) and was the first bona fide B cell precursor leukaemia cell 

line established (Matsuo and Drexler, 1998). Soon after the discovery of ETV6-

RUNX1 in 1995, it was found that REH harboured the fusion gene, in addition to 

deletion of the other ETV6 allele (Uphoff et al., 1997). Other ETV6-RUNX1 cell lines 
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include AT-1 and AT-2, established from the same patient, A.T. (Zhang et al., 1993). 

The first cell line, AT-1, was derived from a 5-year old boy with BCP-ALL at his first 

relapse. The second line, AT-2, was established at his second relapse. Both lines 

contain ETV6-RUNX1, however, unlike AT-1, AT-2 did not express normal ETV6 

transcripts (Kim et al., 1996). This pair of cell lines have been used to identify changes 

in gene expression patterns that occur during disease progression (Fears et al., 

2002). Other studies have taken advantage of other B cell lines, such as Ford and 

colleagues, who established an inducible ETV6-RUNX1 in murine BaF3 cells, a 

putative proB cell line (Ford et al., 2009). 

 

These cell lines have been essential in elucidating the molecular biology and 

pathogenesis of ETV6-RUNX1 – assaying DNA binding, transcriptional impact, and 

crucial signalling pathways. A caveat of cell lines is the presence of multiple leukaemic 

mutations, confounding the assessment of ETV6-RUNX1’s action alone. In addition, 

during the transforming process, lines could potentially acquire genetic changes to 

adapt to growth factor-independent proliferation ex vivo.  Nonetheless, primary 

leukaemia samples and leukaemia cell lines carrying the same genetic 

rearrangements were found to co-segregate together via gene expression analysis, 

supporting the retention of relevant transcriptional signatures and critical regulatory 

pathways within cell lines (Andersson et al., 2005).  

 

Another consideration for these in vitro studies is that homogenous cell lines fail to 

recapitulate the cellular hierarchies and compartments that ETV6-RUNX1 could 

impact during B cell differentiation and commitment. De Laurentiis circumvented this 

issue by lentivirally transducing the murine multipotent (erythroid/myeloid/lymphoid) 

EML1 cell line with ETV6-RUNX1 (de Laurentiis et al., 2015). Upon treatment with IL7 

and Flt3, control EML1 cells differentiated to mature B cells, whereas those with 

ETV6-RUNX1 displayed impaired differentiation, remaining blocked at an early stage 

of maturation. Global gene expression profiling identified the IFNα/β pathway as a 

primary target of repression by ETV6-RUNX1, potentially mediated by a reduction in 

mTOR-mediated activation of IRF3. 

 

1.7.5.2. Primary material and xenografts 
 

There are a plethora of informative studies analysing leukaemic patient samples. 

However, primary patient samples of pre-leukaemic ETV6-RUNX1+ cells are limited, 
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and there are few or no surface phenotypes to enrich for these cells (Hong et al., 

2008).  

 

Murine transplantation models have been used to assess the impact of ETV6-RUNX1, 

retrovirally transducing bone marrow (Bernardin et al., 2002; Fischer et al., 2005; 

Tsuzuki et al., 2004), fetal liver (Morrow et al., 2004) and human cord blood (Hong et 

al., 2008) to express ETV6-RUNX1. In three models, there was an increase in B 

progenitor cells with a differentiation deficit of more mature B cells, however none 

developed leukaemia (Fischer et al., 2005; Hong et al., 2008;  Tsuzuki et al., 2004).  

When Bernardin and colleagues transplanted murine BM HSCs which were 

retrovirally transduced with ETV6-RUNX1, two out of nine mice developed a T and B 

cell ALL respectively. When BM from p16INK4a/p19ARF (-/-) mice, a common deletion in 

paediatric B-ALL, was also transduced with ETV6-RUNX1, six out of eight mice 

developed leukaemia (T-ALL, AML and four lineages unknown) (Bernardin et al., 

2002). 

Hong and colleagues studied patient samples and transduced cord blood to explore 

the clonal evolution of ETV6-RUNX1 cALL (Hong et al., 2008). A pair of 

monochorionic twins were studied, one of which presented with leukaemia, the other 

clinically healthy. A pre-leukaemic clone established in one twin may spread to the 

other via their shared placenta, thus may still carry the ancestral preleukemic clone 

but may remain clinically normal. ETV6-RUNX1 cALL has been associated with a rare 

aberrant population of CD34+CD38–/lowCD19+ cells, not detectable in normal bone 

marrow, which reconstituted ETV6-RUNX1–positive ALL in NOD-SCID mice (Castor 

et al., 2005). Hong et al detected this aberrant population in the peripheral blood of 

the healthy twin and found it shared the same partial IGH DJ rearrangement as cells 

from the leukaemic twin. The cells had clonal relation to more differentiated cell types 

both in the healthy and in the leukemic twin implying differentiation potential. They 

next established a model of ETV6-RUNX1 driven preleukemia by transplanting ETV6-

RUNX1 lentivirally transduced human cord blood cells into NOD/SCID mice. The 

model generated abnormal cells that resembled the ETV6-RUNX1 expressing 

CD34+CD38–/lowCD19+ cells observed in the healthy twin. These cells displayed self-

renewal via serial transplantation and altered survival properties with enhanced 

resistance to some apoptotic stimuli. This study highlighted that pre-leukaemia, like 

frank leukaemia, may have its own hierarchical structure.  
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As many transplantation studies used retroviral transduction, Tsuzuki and Seto set 

out to test whether the level of ETV6-RUNX1 expression, dependent on position up 

or down stream of an IRES, affected the observed phenotype (Tsuzuki and Seto, 

2013). The low-level virus gave expression levels consistent with REH, which was 

one sixth the expression of the high-level virus.  High level expression in murine FL 

HSCs inhibited in vitro differentiation of B cells and expanded the myeloid 

compartment. Low level expression resulted in higher B cell re-plating efficiency, 

serial engraftment and an incomplete B cell differentiation block at the proB cell stage. 

Interestingly, FL proB cells transduced with low level ETV6-RUNX1 demonstrated an 

increased re-plating ability compared to BM proB cells, indicating the effect of ETV6-

RUNX1 on proB self-renewal appears to be specific to cells of fetal origin. The ETV6-

RUNX1-mediated self-renewal was found to be associated with a transcriptional 

programme shared with embryonic stem cells (ESCs). 

 

1.7.5.3. Transgenic models 
 

There have been a number of transgenic animals used to model ETV6-RUNX1. 

Andreasson et al expressed ETV6-RUNX1 under the control of the immunoglobulin 

heavy chain enhancer in mice, but these mice failed to develop leukaemia 

(Andreasson et al., 2001). A similar transgenic ETV6-RUNX1 mouse found that early 

preproB cells were increased in number however there was no malignant phenotype 

(Ford et al., 2009). A CD19-ETV6-RUNX1 transgenic mouse found no haematopoietic 

issues, but did find reactive oxygen species levels were elevated in B cells (Kantner 

et al., 2013).  

 

A transgenic zebrafish model expressing ETV6-RUNX1 either ubiquitously or in 

lymphoid progenitors, found that expression in all lineages (but not lymphoid 

restricted) led to progenitor cell expansion which evolved into B-ALL in 3% of the 

zebrafish (Sabaawy et al., 2006).  

 

A number of conditional knock–in mice were designed by Schindler et al., with RUNX1 

cDNA inserted at the endogenous ETV6 locus upon the lineage restricted expression 

of cre recombinase in the early embryo, HSCs or lymphoid cells (Schindler et al., 

2009). Expression of ETV6-RUNX1 at E14.5 in response to GATA1-cre resulted in 

increased self-renewal of FL cells in vitro, but this was transient in vivo and lost 

postnatally. In the absence of mutagen, mice expressing ETV6-RUNX1 in HSCs (Mx-
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Cre) or specifically in lymphoid cells (CD2-Cre), were not prone to malignancies and 

remained without evidence of disease. Interestingly, in mice with ETV6-RUNX1 

HSCs, there was an increase in the number of HSCs which were predominantly in the 

G0 stage. Upon exposure to the mutagen ENU, approximately 30% of both control 

and CD2-Cre mice developed T cell malignancies. When ENU was applied to ETV6-

RUNX1 HSC mice the tumour latency was shortened and a higher proportion of mice 

developed malignancies. This study indicates that HSCs are susceptible to ETV6-

RUNX1, which subverts them to create a persistent premalignant lesion available for 

the accumulation of further genetic hits. 

 

A constitutive knock-in model was designed by van der Weyden, with RUNX1 cDNA 

knocked into the ETV6 locus with a downstream Sleeping Beauty transposase to 

introduce second hit mutations (van der Weyden et al., 2011). Upon being crossed 

with mice carrying the T2Onc transposon array, 13/90 mice developed B cell 

leukaemia. However, a higher proportion developed T and myeloid lineage leukaemia 

(21/90 and 34/90 respectively). A follow-up study crossing the constitutive knock-in 

mice with pax5+/- mice, generated a transplantable CD19+ B-ALL with a significant 

disease incidence, however, a number of myeloid and T cell leukaemia still developed 

(van der Weyden et al., 2015). Common transposon insertion sites were genes 

involved in B cell development, such as the JAK-STAT pathway. 

Recently, Rodríguez-Hernández et al., created a mouse model with human ETV6-

RUNX1 cDNA under the control of the Sca1 promoter, targeting the fusion within 

haematopoietic stem/progenitor cells (Rodríguez-Hernández et al., 2017). In a 

pathogen-free environment, WT and Sca1-ETV6-RUNX1 mice had no evidence of 

disease. There was a suggestion that the ETV6-RUNX1 favoured the maintenance of 

the B-cell precursor compartment, with BM pro/preB cells not gradually declining as 

with the WT mice at 24 months. Upon exposure to common pathogens, Sca1-ETV6-

RUNX1 mice developed precursor B-ALL, with secondary genomic alterations known 

to be relevant for ETV6-RUNX1 pathogenesis, such as Ebf1. The murine model had 

a low disease penetrance of around 10%, which mimics what is seen in childhood 

leukaemia. However, due to the low incidence the overall survival of Sca1-ETV6-

RUNX1 mice was not significantly reduced compared with WT mice. 

 

In summary, the current models of ETV6-RUNX1 pre-leukaemia and leukaemia have 

provided some conflicting results. Common themes involve a block early in B cell 

differentiation, with a subtle enhanced self-renewal capacity of HSCs or early B cell 
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progenitors. A number of studies have also pointed to a unique vulnerability of FL 

cells to ETV6-RUNX1. With some notable exceptions, the addition of second hits 

failed to recapitulate the B lineage leukaemia seen in patients in most models. This 

demonstrates the need for a model that recapitulates human fetal lymphopoiesis, with 

ETV6-RUNX1 expression at physiological levels and in the appropriate progenitor 

cells. 
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1.8. Aims of the study 
 

The incidence of ALL is highest in childhood, which is in contrast to how we usually 

think of the slow progression towards cancer. ALL as a disease is distinct in adults 

and children – with different clinical manifestations and mutational spectrum. For 

example, the first hit mutation ETV6-RUNX1 accounts for 22-25% of childhood ALL 

but is seldom seen in adults. So why is childhood ALL a childhood disease? 

 

Childhood ALL is often initiated in utero indicating that first-hit mutations may arise in 

progenitors in developmentally restricted haematopoietic sites. If there are unique 

blood cell populations within fetal life which are particularly susceptible to ALL 

mutations, this may explain the high rates of ALL in children. One such unique 

population is a developmentally-restricted lymphomyeloid progenitor population 

which is abundant in early fetal liver. However, research into early human 

development is understandably difficult, assessing the impact of an oncogene with 

such limited ex vivo material would be almost impossible. 

 

The molecular impacts and cellular origins of the frequent childhood ALL mutation 

ETV6-RUNX1 remain uncertain. There is a need for a model that recapitulates human 

fetal lymphopoiesis, with ETV6-RUNX1 expression at physiological levels and in the 

appropriate progenitor cells. From previous work in the Enver lab, hiPSCs have been 

genome engineered to constitutively express ETV6-RUNX1 under the control of the 

endogenous ETV6 promoter. Characterisation of this hiPSC line allows the modelling 

of the effect of ETV6-RUNX1 in the developmentally relevant context of fetal B 

lymphopoiesis. I wanted to particularly focus on the impact of ETV6-RUNX1 within 

proB cells and the developmentally-restricted lympho-myeloid progenitor population. 

In addition, while the constitutive ETV6-RUNX1 hiPSC model allows analysis of the 

developmental impact of the oncogene, this system cannot dissect the stage specific 

impact. To delineate the cell context dependence of ETV6-RUNX1 activity, I aimed to 

target ETV6-RUNX1 expression to different stages of B differentiation by engineering 

an inducible ETV6-RUNX1 hiPSC model.  
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The study consisted of three objectives: 

1) Characterisation of the B lymphoid output from hiPSC constitutively 

expressing ETV6-RUNX1. 

2) Characterisation of a lympho-myeloid progenitor population abundant in early 

fetal liver and its relation to ETV6-RUNX1.  

3) Generation of hiPSC clones genome engineered to harbour inducible ETV6-

RUNX1 to dissect the stage-specific impact of the oncogene.  
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 CHAPTER TWO:      Materials 

and Methods 
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2.1. Molecular Biology 
 

2.1.1. Chemical transformation of bacteria 

All chemical transformations were done in competent DH5a (ThermoFisher) or STBL2 

(ThermoFisher) bacteria, the latter used for cloning unstable inserts. Protocols for 

both are described below.  

 

For DH5a, 50μl cells were thawed on ice for 10 minutes and placed in a 17 × 100 mm 

Falcon2059 tube. 1 pg-100 ng of plasmid DNA was added to cells and left on ice for 

30 minutes. Bacteria were heat-shocked at 42oC for 30 seconds, placed on ice for 5 

minutes and 950μl warm SOC media (ThermoFisher) added. The bacteria were 

incubated at 37oC for an hour shaking at 250rpm. Bacteria were spread at 90% and 

10% volumes on to warmed agar plates with appropriate antibiotic selection and 

incubated overnight at 37oC.  

 

For STBL2, 100μl cells were thawed on ice and placed in a 17 × 100 mm Falcon2059 

tube. For DNA from ligation reactions, reactions were diluted 5-fold in 10 mM Tris-HCl 

(pH 7.5) and 1 mM EDTA. 1μL of the dilution was added to the cells (1–10 ng DNA), 

and tube was tapped to gently mix. The cells were incubated on ice for 30 minutes, 

heat-shocked for 25 seconds in a 42°C water bath, placed on ice for 2 minutes and 

0.9ml warm SOC media added to the tube.  The tubes were shaken at 225 rpm at 

30°C for 90 minutes. Bacteria were spread at 90% and 10% volumes on to warmed 

agar plates with appropriate antibiotic selection and incubated overnight at 30oC. 

 

2.1.2. Isolation of Plasmid DNA 

All plasmid DNA was isolated using either the QIAprep® Spin Miniprep Plasmid kit or 

plasmid plus Midi or Maxi Kits (Qiagen) according to the manufacturer’s instructions. 

In summary, for a plasmid plus midi-prep, the 20-50ml bacterial culture was 

centrifuged at 6000g for 15 minutes at 4oC. The pellet was re-suspended in 2ml buffer 

P1 containing lyseblue indicator. 2ml buffer P2 was added and mixed by gently 

inverting the tube 4–6 times until the solution turned homogeneously blue and left at 

room temperature for 3 minutes. 2ml buffer S3 was added and mixed by inverting the 
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tube 4–6 times until the solution was fully white. Lysate was transferred to the QIAfilter 

Cartridge and incubated at room temperature for 10 minutes. Using the QIAfilter 

plunger, the cells were filtered into a clean tube. 2ml buffer BB was added to cleared 

lysate and mixed by inverting 4-6 times. Lysate was transferred to a QIAGEN Plasmid 

Plus spin column (with tube extender) that had been placed in the QIAvac 24 plus. 

Approximately -300mbar vacuum was applied until the liquid had passed through the 

column. 700μl buffer ETR was added to the column then drawn through using the 

vacuum. 700μl buffer PE was added to column then drawn through using the vacuum. 

Column was centrifuged at 10,000g for 1min to remove residual wash buffer. Column 

was then placed into a clean 1.5ml Eppendorf tube. To elute the DNA, 50-200μl buffer 

EB or water was added to the column, left to stand for 1 minute and centrifuged for 1 

minute.  The final DNA concentration was measured using Qubit BR fluorometer 

(Molecular Probes) or a spectrophotometer (NanoDrop.ND-1000, Labtech 

International). 

2.1.3. Restriction Enzyme Digests 

Components are added to a microcentrifuge tube, a typical restriction digest consisted 

of 1μg DNA, 1μl 10X NEBuffer, 1μl NEB restriction enzyme and up to 10μl water. 

Tube was flicked then briefly pulsed in a microcentrifuge and incubated at 37oC for 

1hr or overnight if it was a large digest. A sample of DNA was run in a 1% agarose 

gel alongside a ladder to confirm a successful digest. 

 

2.1.4. Gel Extraction 

The QIAquick gel extraction kit (Qiagen) was used for extracting DNA from gel, as per 

manufacturer's instructions, summarised below. DNA fragment was excised on an 

LED lightbox from the agarose with a scalpel. Gel slice was weighed, and 3 volumes 

buffer QG to 1 volume gel was added (100mg gel ~ 100μl). This was incubated at 

50oC for 10 minutes or until the gel had completely dissolved, tube was flicked every 

few minutes to help dissolve the gel. Mixture should be yellow, if not 10μl 3 M sodium 

acetate was added. One gel volume isopropanol was added to sample and mixed. 

Sample was loaded into a QIAquick spin column (inside a 2ml collection tube) and 

centrifuged for 1 minute, discarding flow-through. Sample was washed with buffer PE, 

as described above, with an extra microcentrifuge step to remove residual wash 

buffer. The column was placed into a clean 1.5 ml microcentrifuge tube and 20-50μl 
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buffer EB or water was added to elute the DNA. Column was incubated for 1 minute 

then centrifuged for 1 minute.  

 

2.1.5. Ligation 

The following 20μl reaction was set up in a microcentrifuge tube on ice: 2μl T4 DNA 

Ligase Buffer (10X) (NEB), Vector DNA, Insert DNA, up to 20μl nuclease-free water, 

1μl T4 ligase (NEB). The NEBioCalculator (http://nebiocalculator.neb.com/#!/ligation) 

was used to calculate molar ratios, and therefore required DNA mass, at ratios 

between 1:1 – 7:1 (Insert:Vector). This ratio was reversed if the insert was bigger than 

the vector. Reaction was mixed by gently flicking the tube, then briefly pulsed in the 

microcentrifuge. Reactions were incubated at 16oC overnight or 30 minutes at room 

temperature. Enzymes were heat inactivated at 65oC for 10minutes. 

 

2.1.6. DNA Sequencing 

DNA sequencing was performed by Source Biosciences. DNA was provided at the 

following concentrations in 5μl water: plasmid 100ng/μl, PCR product 1ng/μl/100bp 

and primers 3.2pmol/μl. 

 

2.1.7. Inducible Construct 

The RUNX1 FLEx cassette was designed in silico and commercially synthesised by 

GeneArt™, Invitrogen. The construct was released from plasmid DNA using XhoI 

(NEB) digest and transformed into pBluescript_AmpR (on Amp+ LB agar plates). 

White colonies were picked and grown in Amp+/Kan+ media. Successful colonies were 

validated by restriction digest. The cassette was then released via SwaI digest, 

exposing rpsL-gentaR 50bp homology arms flanking the cassette.   

 

E. coli containing p15a_DTA_AmpR_ETV6_rpsL-gentaR and psc101_gba_tet, were 

grown in 1.4ml LB with tetracycline (4μg/ml), ampicillin (50μg/ml) and gentamicin 

(4μg/ml) at 30oC (the psc101 plasmid is lost at higher temperatures). This was 

constructed by Dr Simon Richardson (UCL), bacteria are recombineering efficient via 

pSC101_gbaA_TetR arabinose inducible recombineering plasmid. The 
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p15a_DTA_AmpR_ETV6_rpsl-genta has ETV6 homology arms and a positive-

negative selection cassette rpsL-gentaR. 

 

Following induction by the addition of 20μl 10% arabinose the E. coli were grown at 

37oC for 40mins prior to electroporation with 600ng of cleaned SwaI linearised RUNX1 

FLEx cassette. DNA and arabinose negative controls were also included. 

Electroporation was prepared by washing the E. coli washing 3 times with 1ml cold 

H20. The final pellet was gently re-suspended in 40ul cold water, mixed with DNA and 

electroporated using the Ec1 setting (BioRad). The cells were recovered in SOC for 

1 hour at 37oC then cultured overnight in 1.4ml LB with ampicillin (50μg/ml) and 

kanamycin (5μg/ml) at 37oC to remove the psc101 recombineering plasmid.  

 

The following day plasmid DNA was prepared from cultures and verified via restriction 

digest. The plasmid was then retransformed into chemically competent DH5α E. coli 

and plated on Kan+/Amp+ agar. The clones were verified by restriction digest and 

sequencing. A verified clone was used to prepare tissue culture-grade plasmid DNA 

by MaxiPrep (Qiagen), linearised with XhoI (NEB) and cleaned over a Minelute® 

(Qiagen) column into tissue culture-grade water for use in hiPSC nucleofection 

(Lonza).  

 

2.1.8. Southern Blot 

Candidate knock-in hiPSC clones were assessed for successful construct targeting 

using Southern blot hybridisation. For colonies picked after nucleofection, a 96-well 

format was used.  

 

Preparation of genomic DNA for Southern Blot from hiPSC in 96 well format 

Candidate hiPSC colonies were overgrown in a 96-well tissue culture plate. Cells 

were washed once with PBS and 50ul cell lysis buffer (NaCl 100mM, Tris HCL pH7.5 

50mM, EDTA 10mM, SDS 0.5%, supplemented with fresh proteinase K (Invitrogen) 

0.8mg/ml) was added. Cells were incubated overnight in the lysis buffer at 65oC in a 

sealed humid box. The next day DNA was precipitated with 50µl Isopropanol for 30 

minutes, carefully mixed on the vortex. Plate was then centrifuged at 2000g for 20 

minutes at room temperature. Plate was inverted to discard liquid and dried on a paper 

towel. Plate was carefully washed three times with 70% ethanol and dried in a 

hybridisation oven at 37oC for 5-10min, ensuring pellets weren't over-dry. gDNA was 
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then digested overnight at 37oC in humid box using 30µl (10U enzyme per well) 

restriction enzyme mix (NEB Buffer 1X, BSA 0.2mg/ml, Spermidine 1mM, RNaseA 

20µg/ml, enzyme 10U/30µl). The next morning, 5µl of concentrated restriction 

enzyme mix (NEB Buffer 1X, BSA 0.2mg/ml, Spermidine 1mM, RNaseA 20µg/ml 

(Sigma), enzyme 10U/5µl) was added to each well, plate was spun briefly and left to 

incubate at 37oC for another 4 hours within the humid box and 1 hour outside box to 

reduce volume. Samples can be frozen at -20oC at this point. 3.5µl 10X loading buffer 

was added to each well. Samples were loaded into a 200 well 0.8% agarose gel with 

a melted (at 65oC) λHindIII ladder (0.5μg/lane) (NEB) and run at 110V for 2-3 hours. 

Gels were visualised to ensure successful preparation and digestion via UV 

transilluminator.  

 

Capillary transfer, hybridisation and scanning 

The top loading slots were cut off the gel and the top right-hand corner nicked to later 

determine orientation. The gel was depurinated in 250mM HCl for 10 minutes, rinsed 

in ddH20, denatured in 2x 15 minutes 0.5M NaOH/1.5M NaCl, rinsed in ddH20, 

neutralised in 2x 15 minutes 1.5M NaCl/Tris HCl 0.5M pH7.5, rinsed in ddH20 and 

equilibrated in 20xSSC (Severn Biotech) for 10mins. The gel was transferred to a 

capillary transfer apparatus onto 3MM paper over a reservoir of 20x SSC. The edges 

of the gel were sealed with parafilm®. A positively charged nylon membrane (Roche) 

was cut 1cm longer and wider than the gel and nicked in the top right corner. The 

nylon was wetted in ddH2O and then 20xSSC and placed over the gel, ensuring any 

bubbles were removed. The nylon was covered with wetted 3MM paper and a stack 

of weighted paper towels added on top. The transfer apparatus was covered with 

Saran® wrap and left overnight to transfer. The next day, the nylon was removed with 

forceps on to Saran wrap and wet 3MM and UV crosslinked at 120mJ on 

Stratalinker™, then rinsed in ddH2O. The nylon could be stored at -80/-20/4oC in 

Saran wrap in a cassette, if the nylon dries out wet with ddH2O first then 2XSSC. 

 

A Southern probe (SP2) was produced using HotStar® Taq polymerase (Qiagen) 

from 500pg ETV6 BAC. Primers SP2-F: CCCATCTGAGAGGGACTGTG (Tm 56.9) 

SP2-R: GTATCCGCAGCTAAAGGCATTG (Tm 56.4). PCR mix: 10x buffer 5μl, dNTP 

(10mM) 1μl, primers (2.5μM) 2.5μl, HotStar Taq 0.25μl and template DNA (0.5ng/μl) 

1μl. Cycling conditions: 95oC 15min, 94oC 30s, 56oC 30s, 72oC 2min, repeat 35 

cycles, 72oC 10min. The SP2 probe was labelled using 32P-dATP to maximise 

sensitivity (Agilent). 1-200ng SP2 clean PCR product was mixed with 10-20μl random 

nonamers made up to 34-68μl with ddH2O and the DNA melted at 95oC for 5mins. 
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Then 10-20μl ATP deficient buffer, 5-10ul 32P-dATP (Hartmann SRP-203) and 1-2μl 

Klenow fragment were added and the mixture incubated at 37oC for 45mins. The 

preparation was column purified (GE microspin) and the activity of the flow through 

containing the probe compared to the column. 1.5μg λHindIII ladder was labelled in 

the same way and a 1:1000 dilution made in IDTE pH8.0. 5-20μl of this dilution was 

added to the labelled Southern probe. The combined probes were denatured for 5min 

at 95oC, before being added to the hybridising buffer. The membrane was left to 

hybridise overnight at 42oC in a rotating bottle. The next day the membrane was 

washed twice in warm low stringency buffer (0.5xSSC/0.1%SDS) for 5min at room 

temperature and twice in pre-warmed high stringency buffer (0.1XSSC/0.1%SDS) at 

68oC for 15min. If significant counts were still detectable on the nylon then the 

membrane was given a third high stringency wash. The membrane was wrapped in 

polythene, excess buffer removed and the edges sealed. The nylon was exposed to 

a phosphor screen in a cassette for 12-36 hours prior to imaging on a Typhoon 

phosphorimager. 
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2.2. Tissue Culture Protocols 
 

2.2.1. Human Pluripotent Stem Cell Culture 

 
2.2.1.1. Human Pluripotent Stem Cells 
 

The Human Pluripotent Stem Cells used in this project were the mRNA induced 

foreskin fibroblast 3 (MIFF3), University of Sheffield (https://hiPSCreg.eu/cell-

line/UOSi001-B). This line was derived by Dr Christian Unger and kindly provided by 

Dr Unger and Prof Peter Andrews (Centre for Stem Cell Biology, University of 

Sheffield). 

 

Constitutive ETV6-RUNX1 hiPSC lines, 2.8 and 2.1, were engineered from MIFF3 by 

Dr Simon Richardson (UCL). The ETV6-RUNX1 reverted hiPSC lines, D5 and D6, 

were engineered from 2.8 clones by Dr Simon Richardson (UCL). (Richardson, 2016)  

 

2.2.1.2. hiPSC maintenance using Matrigel and hiPSC media 
 

Matrigel (BD/Corning) was thawed overnight on ice at 4oC and subsequently 

aliquoted, according to advised dilution factor, in chilled conditions into 15ml Falcons 

to be stored at -20oC. Aliquoted matrigel was thawed on ice for an hour and, to make 

a 1x solution, 12.5ml DMEM/F12 (Gibco) was added using chilled stripettes. For a 6-

well plate, 1ml matrigel was dispensed per well. Plates were kept at 37oc for an hour 

if to be used that day or at 4oC, for up to 7 days. The latter must be placed at RT for 

30min before use. Matrigel was removed from wells just prior to addition of media. 

hiPSC were maintained in StemFit AK03 and later StemFit Basic, according to the 

manufacturers’ instructions. All StemFit AK03 and Basic components were thawed 

overnight at 4oC, with supplementary liquids dispensed into basal media. 45ml 

complete media aliquots were stored at -80oC. Thawed aliquots were warmed to 37oC 

immediately before use and otherwise kept at 4oC for up to 7 days. Media was 

supplemented with 1% Penicillin/Streptomycin and for StemFit Basic 100ng/ml bFGF 

(Peprotech). Once established, for knock-in hiPSC lines with neomycin resistance, 

cells were maintained in StemFit additionally supplemented with 25µg/ml G418. E8 
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medium was made in house, based on a published formulae (Chen et al., 2011). Post 

passage, cells were fed 1.5ml every other day for 1-4 days, then daily.  

 

2.2.1.3. Passaging hiPSC 
 

iPSCs were passaged, as per manufacturers instruction, via gentle cell disassociation 

reagent (GDCR) (STEMCELL Technologies) or ReLeSR (STEMCELL Technologies). 

For GDCR, if necessary, differentiated areas were scraped away prior to passaging. 

Cells were then incubated at room temperature for 5-7 minutes with 1ml GDCR, then 

replaced by hiPSC media supplemented with 10µM Y27632 (STEMCELL 

Technologies). Cells were mechanically disassociated into clumps of 20-100 cells, 

ready for seeding. For ReLeSR, media was removed and briefly replaced with 

ReLeSR for under 30 seconds. ReLeSR was removed and the plate was placed at 

37oC for 5-7min. 1ml hiPSC media supplemented with Y27632 was added to the well 

and the plate gently tapped once on each side to release the undifferentiated cells. 

The cell suspension was placed in a 15ml Falcon and the well was washed with 1ml 

hiPSC media, to be added to the 15ml Falcon tube. Cells were triturated once or twice 

to acquire clumps of 20-100 cells, ready for seeding. Cells were seeded into a well 

pre-coated with matrigel with 1.5ml hiPSC media supplemented with Y27632. Cells 

were subsequently fed daily with hiPSC media. 
 

2.2.1.4. Freezing hiPSC (6-well and 96-well format) 
 

hiPSCs were grown to day 5 or 6 post passage. hiPSC media was removed and 

replaced with cold 800µl Knock Out Serum Replacement (KOSR) (Invitrogen) and 

cells were mechanically disassociated into large clumps. For each cryovial, 250µl cell 

suspension was added, followed by 250µl 2X Freezing medium (80% KOSR, 20% 

DMSO (Sigma), 2% Y27632). Cryovials were placed in a Mr. Frosty™ Freezing 

Container (ThermoFisher) and frozen overnight at 80oC. Cells were then transferred 

over to Liquid Nitrogen storage within a few days. 

 

To freeze hiPSC cells in 96-well format, media was removed and replaced by 50µl 

KOSR. Cells were mechanically disassociated by scraping with multi-channel pipette, 

ensuring there were large aggregates of cells, followed by addition of 50µl 2X freezing 

medium to each well. Plates were wrapped in Saranwrap and placed in -80oC. As 
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these cells cannot be transferred to Liquid Nitrogen, they should preferably be thawed 

within a month. 

 

2.2.1.5. Thawing hiPSC 
 

Frozen hiPSC vials were removed from Liquid Nitrogen storage and immediately 

thawed in 37oC water bath until just a small frozen pellet remains. 1ml hiPSC media, 

supplemented with Y27632, was added dropwise to the cryovial. The suspension was 

gently transferred to a 15ml Falcon and an additional supplemented 7ml hiPSC media 

was slowly added to dilute out the DMSO. Cells were spun at 300g for 5 minutes, 

supernatant removed and cell pellet resuspended in hiPSC media (with Y27632) and 

transferred to a single well of a 6-well plate, pre-coated with matrigel. Cells fed daily 

until colonies are large enough to passage, this could take up to 12 days.  

 

2.3.2.  Generation of Knock-In hiPSC 
2.3.2.1. Nucleofection 
 

hiPSCs were pre-incubated with Y27632 for at least two hours prior to nucleofection.  

hiPSC were harvested as single cells via incubation with GCDR for 13min at 37oC 

followed by mechanical disassociation in hiPSC media.  For inducible ETV6-RUNX1 

hiPSC, 2x106 MIFF3 were transfected with 2µg XhoI linearised ETV6-RUNX1 FLEx 

construct, 4µg ETV6 guide RNA (pBS-ETV6gRNA targeting: 

GGCAATTGGAGGTTCTGCT) and 4µg Cas9D10A (pCDNA3.3topo hNLS-

hCas9D10ANLS, kindly provided by Dr Beth Payne, UCL). hiPSCs were transfected 

with human stem cell nucleofector kit 2 using programme B016, Nucleofector IIA 

(Lonza). Nucleofected cells were seeded into a matrigel-coated 10cm2 plate in hiPSC 

media with Y27632. Cells were fed daily and at 48 hours 50µg/ml G418 selection was 

started. Single colonies were picked via microscope 10-12 days later. 

 

2.3.2.2. Lipofection 
 

A single well of a 6-well plate was disaggregated using ReLeSR (StemCell Tech) and 

hiPSC media with 1/1000 ROCK Inhibitor into 2-5 cell colonies, plated on a 10cm 

plate (1-2 million cells). The following day, media was aspirated and replaced without 

Rock Inhibitor. 50µl DMEM (Sigma-aldrich) and 15µl Lipofectamine Stem reagent 
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(ThermoFisher) were combined together in a tube. The DNA (gRNA, Cas9D10a and 

construct) at 3-10µg each was combined with 50µl DMEM, then both mixtures were 

combined together and incubated at room temperature for 30 minutes. The DNA-Lipid 

complex was then added to the dish. The following day, an additional 5mL of hiPSC 

media was added. Cells were fed daily and at 48 hours 50µg/ml G418 selection was 

started.  

 

2.3.2.3. Colony picking and processing 
 

After 6-8 days (Day 8-10) of G418 selection, hiPSC colonies were ready for picking. 

Cells were pre-incubated with Y27632 for at least 2 hours. Colonies were picked 

manually, using a microscope and p200 pipette, into a 96-well plate (pre-coated with 

matrigel). Cells then fed daily with hiPSC media supplemented with g418. Upon 

hiPSC growth, 96-well plates were passaged in replicates, with a plate to freeze and 

a plate for DNA lysis for screening by Southern Blot.  
 

2.3.2.4. Thawing candidate clones 
 

Irradiated HS27 stromal cells and media were kindly provided by Prof Andrew Smith 

(University of Oxford). HS27 were thawed onto a matrigel coated 24-well plate. The 

next day, candidate clones were thawed using the airflow in TC hood and transferred 

to HS27 plate with 3ml HiPSC media with Y27632. hiPSCs were fed daily with hiPSC 

media and, upon viable colonies, passaged into 1-3 wells of 6-well plate. Stocks of 

clones were frozen and cells lysed for confirmatory Southern Blot. 

 

2.3.2.5. Karyotyping  
 

Cells were grown in 10cm plate. After 3-5 days post passage, added 0.4ml of 2μg/ml 

colcemid (Gibco) to a 10ml culture for at least 4 hours at 37oC (can be left over night). 

Media taken off and centrifuged for 8 minutes at 1200rpm. Removed the supernatant 

from the pellet. At the same time, passaged hiPSC as single cells. Transferred half 

the passaged cells into the centrifuged tube. Transferred the second half of the 

suspension to a second test tube (splitting into two tubes will produce a cleaner 

preparation). Added 6-8mls of a pre-warmed (37oC), hypotonic solution of 0.0375M 

potassium chloride (distilled water) to each tube. Centrifuged at 1200rpm for 8 

minutes. Removed supernatant leaving 0.5ml fluid in the tube and vigorously re-
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suspend cells. Added approximately 4ml fixative (3 parts methanol : 1 part acetic 

acid). Note, it's important that the first 2mls of fixative be added slowly, drop by drop 

whilst constantly agitating the tube as you do so, adding the fix too quickly will lyse 

cells. The remaining 2mls and subsequent fixations can be added normally. 

Centrifuged at 1200rpm for 8 minutes. Removed supernatant leaving about 0.5mls 

fluid in the tube and re- suspend cells. Repeated centrifuge and fixative step twice 

more. Left with pelleted cells with 4ml fixative on top. Stored in -20oC freezer until sent 

off for karyotyping performed by Sheffield Diagnostic Genetics Service.  

 

2.2.2. In vitro B cell differentiation 
2.2.2.1. OP9 stroma maintenance 
 

OP9 murine bone marrow stroma was kindly provided to the lab by Anna French and 

Lee Carpenter (University of Oxford). High quality OP9 cultures are essential for 

differentiations, thus all FBS was batch tested, OP9 were only used up to passage 35 

and adiposity was kept to a maximum of 15% in maintenance cultures.  

 

OP9 were maintained on 10cm plates (BD Falcon) treated with 0.1% bovine gelatin 

(Sigma) overnight in the fridge or 2hrs at 37oC. OP9 were grown in 10ml OP9 

maintenance media (OP9M) (αMEM from powder (Invitrogen), 20% qualified FBS 

(Invitrogen, 26140079), 100µM Monothioglycerol (Sigma), 1X Penicillin/Streptomycin 

(Invitrogen)). Cells were passaged (1:5-1:6) upon confluency every 4 days. Cells were 

washed twice with PBS and treated for 5 minutes at 37oC with freshly thawed trypsin 

(0.05% trypsin, 0.5M EDTA in PBS), at this point cells should be visibly disassociated.  

5ml OP9M media was added, cells were triturated and centrifuged at 300g for 5 

minutes and seeded upon resuspension in fresh OP9M.   

 

For B cell differentiations OP9 were overgrown to day 8 to day 10 prior to hiPSC 

seeding. Overgrown OP9 were half-fed OP9M on day 4 and optionally day 8 if cells 

were being used at day 9 or 10.  

 

2.2.2.2. OP9-hiPSC co-culture 
 

Upon confluency, usually 5-6 days post passage, hiPSC colonies were ready for 

seeding on to day 8-10 OP9. Between 1 and 4 confluent hiPSC wells were seeded 
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per OP9 plate. Media was removed from wells and cells were incubated at 37oC for 

10-90min with 1ml freshly thawed collagenase IV (Sigma) (1mg/ml in DMEM/F12). 

When all colonies in a well were detached upon swirling, the cells were removed from 

the incubator and washed by gravity three times with 10ml OP9 differentiation (OP9D) 

media (αMEM from powder (Invitrogen), 10% qualified FBS (Invitrogen, 26140079), 

100µM monothioglycerol (Sigma), 1X Penicillin/Streptomycin (Invitrogen)), carefully 

maintaining the large colonies. hiPSC (approx. 1.5-2x106) were seeded on OP9 in 

10ml OP9D media. On day 1 there was a complete media change and on days 4, 6 

and 8 a half-feed, all with OP9D. On day 10 the cells were ready for CD34+ harvesting. 

 

2.2.2.3. MS-5 stroma maintenance 
 

MS-5 stromal cells were maintained in T75 flasks treated with 0.1% porcine gelatin 

(Sigma) for at least 2 hours. MS-5 were grown in 15ml MS-5 maintenance media (MS-

5M) (αMEM from powder (Invitrogen), 10% qualified FBS (Invitrogen, 26140079), 1X 

Penicillin/Streptomycin (Invitrogen)), with no reducing agent. Cells were split when 

80% confluent at 1:4-1:12 seeding density. To passage, cells were washed twice with 

PBS and treated for 5 minutes at 37oC with freshly thawed trypsin (0.05% trypsin, 

0.5M EDTA in PBS).  5ml MS-5M media was added, cells were triturated and 

centrifuged at 300g for 5 minutes and seeded upon resuspension in fresh MS-5M.   

 

For B cell differentiations, MS-5 stromal cells were seeded into pre-gelatinised 6-well 

plates 1-2 days prior to co-culture at a relative density of 1:4-5.  

 

2.2.2.4. MS-5-CD34+ co-culture 
 

On day 10 of OP9-hiPSC co-culture, culture media is transferred to falcon. 7ml 

collagenase 1mg/ml in DMEM/F12 was added per plate to be incubated for 25mins 

at 37oC. Collagenase was removed and replaced with 7ml warm freshly thawed 

trypsin (0.05% trypsin, 0.5M EDTA in PBS) for at least 7 minutes or until layers of 

cells break up upon swirling. The trypsin was neutralised with 7ml OP9D media and 

triturated with a 10ml stripette and then a 1ml pipette. Media was strained through a 

40µm filter (BD) and plates washed with 5ml MACS buffer (500ml PBS, 2% qualified 

FBS (Gibco), 2mM EDTA), to be subsequently strained. Filter washed twice with 

MACS buffer and then media was centrifuged at 300g for 5min. 
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Cells were resuspended in 300µl MACS buffer with 100µl FcR block (Miltenyi) and 

100µl MBC CD34+ microbeads (Miltenyi), to be incubated at 4oC for 30min. Cells were 

washed with 5ml MACS buffer, centrifuged at 300g for 5 min and subsequently 

resuspended in 500µl MACS buffer. LS MACS columns (Miltenyi) were loaded into a 

magnet with a 30µm filter (BD) on top. These were then primed with 3ml MACS buffer. 

Resuspended cells were placed in the filter and the column was washed three times 

with 3ml MACS buffer. The flow through, i.e. CD34- fraction could be collected at this 

point if needed. Column was placed on a 15ml Falcon, 5ml MACS buffer added and 

rapidly plunged to extract cells. Cells were centrifuged at 300g for 5 min and 

resuspended in 500µl OP9D media. A total of the small phase bright and phase dark 

cells were counted (ignoring the large phase bright stromal cells) and 50,000-100,000 

cells were seeded per well of 6-well MS-5 plate. Cells were grown in 2ml OP9D media 

supplemented with Flt3 50ng/ml, hSCF 50ng/ml, Il7 20ng/ml and Il3 10ng/ml (week 1 

only). On day 7, 2ml of above supplemented OP9D media (excluding IL3) was added 

to each well. On day 14, 2ml media was carefully removed from wells (avoiding cloud 

of cells) and 2ml supplemented OP9D media (excluding IL3) added.  

 

Cells are harvested at day 21 of MS-5 co-culture, producing CD34-CD19+IgM- PreB 

cells. If cells are to be analysed by flow cytometry or CyTOF, they are harvested 

mechanically using 1ml pipette, to avoid any interference with antigen detection. 

 

 

2.2.2.5. Extended B Cell Differentiation for IgM+ PreB cells 
 

On day 21 of MS-5 co-culture, the cells are harvested using the collagenase and 

trypsin method used previously on Day 10 of OP9 co-culture, scaled down for the 6-

well format. The cells are enriched for CD45 using CD45+ microbeads (Miltenyi), using 

the protocol described above. 

 

A total of the small phase bright and phase dark cells were counted (ignoring the large 

phase bright stromal cells) and 50,000 cells were seeded per well of 6-well MS-5 

plate. Cells were grown in 2ml OP9D media supplemented with Flt3 50ng/ml and 

hSCF 50ng/ml. On day 7, 2ml of above supplemented OP9D media was added to 

each well. On day 14, 2ml media was carefully removed from wells (avoiding cloud of 

cells) and 2ml supplemented OP9D media added. 



 103 

 

Cells are harvested at day 42/43 of MS-5 co-culture, producing a small population of 

CD19 cells expressing sIgM. 

 

2.2.3. In vitro differentiation assays 
2.2.3.1. Myeloid output from non-adherent liquid culture 
 

Cells harvested from day 18-21 of MS-5 co-culture were sorted into the following 

populations: CD45+CD34+, CD45+CD34+Il7-CD19-, CD45+CD34+ CD19+ and 

CD45+CD34- CD19+. Cells were sorted into IMDM + 20% FBS + 1% P Penicillin 

Streptomycin + 1% L-Glutamine media supplemented with M-CSF 25ng/ml, GM-CSF 

20ng/ml, G-CSF 50ng/ml, IL-3 50ng/ml, TPO 50ng/ml, and SCF 50ng/ml. Cells were 

plated either in bulk (20 cells/well) or single cell density into 60-well terasaki plates in 

20ul. Cells were initially scored at Day 4, and again at Day 12. Cells were then 

harvested for cytospins. If continuing myeloid culture, at Day 14 cells were transferred 

into RPMI + 10% FBS, supplemented with 100ng/ml M-CSF for 14 days, with a half 

feed mid-way through.  

 

2.2.3.2. Competition Assay - MS-5 culture 
 
Early competitive assay: After 10 days on OP9 co-culture, equal numbers of CD34+ 

Miff3 and ETV6-RUNX1 cells (determined via manual counting or cell sorting) were 

seeded together onto MS-5 stroma. Cells were cultured as per the B cell 

differentiation protocol and analysed at day 29-31. 

 

2.2.3.3. Dual output  
 

To evaluate dual lymphoid and myeloid potential IL7R+ progenitors were index sorted 

as single cells on to MS-5 stroma. Media (a-MEM (Gibco), with 1% 

Penicillin/Streptomycin (HyClone), 1% L-glutamine (2mM, Gibco), 1% 2-

Mercaptoethanol (0.1mM, Sigma-Aldrich) and 10% Fetal Bovine serum (FBS, 

HyClone) supplemented with hSCF 50ng/ml, Flt3 50ng/ml,  M-CSF 25ng/ml, GM-CSF 

25ng/ml, G-CSF 25ng/ml,  IL-3 25ng/ml and TPO 50ng/ml. cytokines were changed 

weekly. After 2 weeks, cells were picked and stained and analysed for expression of 

lineage markers. 
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2.2.4. Cytospin and MGG staining  

The slide holder was fitted with a slide, filter and funnel. 100ul PBS was added to 

funnels to moisten filter, spun at 350g for 2 min. Cells were centrifuged at 300g for 5 

minutes, resuspended in 100ul PBS and added to funnel. Cells were spun at 1000g 

for 10 minutes (using minimum acceleration). Slides were left to air dry.  

 

Slides were placed in May Grunwald (1X) solution for 5-10 minutes. Slides were then 

washed in PBS three times and placed in Giemsa (made fresh 1X with dH2O) for 5 

minutes. Slides were washed three times with water and left to air dry. Once dry, a 

cover slip was added with Entellan. Slides were analysed via microscopy. 

 

2.2.5. Flow Cytometry 

Single cell suspensions were blocked with Fc receptor binding antibodies, stained 

with specific monoclonal antibodies and re-suspended in viability dye prior to sorting. 

Progenitors were identified according to the following markers: IL7R+ progenitor: (LIN-

)CD19-CD34+CD45RA+IL7R+; ProB; (LIN-)CD34+CD19+; PreB; CD34-CD19+  

 

I performed all fluorescence-activated cell sorting (FACS) (both processing and 

sorting samples), some experiments were supported by Dr Charlotta Boiers (Lund 

University), Dr Simon Richardson (UCL) and Dr Virginia Turati (UCL). 

 

Table 2.1 Flow Cytometry Antibodies 
 

Antibody-conjugate  Clone  Supplier  Application 

CD19-PE HIB19 BioLegend B/Dual readout 

CD19-APC HIB19 BioLegend B readout 

CD33-PE-Cy7 WM-53 eBioscience Dual readout 

CD33-BV785 WM-53 BioLegend B/M readout 

CD45RA-PE-Cy7 HI100 BioLegend B readout 

CD45RA-BV711 HI100 BD B readout 

CD11b-APC M1/70 BioLegend Dual readout 

CD11b-PE-Cy7 ICRF44 BioLegend M readout 

CD14-APC HCD14 BioLegend M readout 
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CD115-BV421 9-4D2-1E4 BioLegend B/M readout 

CD34-APC 4H11 eBioscience B readout 

CD34-PE-Cy7 581 BioLegend B readout 

CD45-A700 HI30 BioLegend B/Dual readout 

CD127-BV421 HIL7R-M21 BD B readout 

CD127-PE A019D5 BioLegend B readout 

NKP46 BV650 9E2 BioLegend Dual readout 

HLA DR-Pacific Blue L243 BioLegend M readout 

7-Aminoactinomycin D (7-AAD)   

Sigma 

Aldrich, BD Viability 

 

2.2.6. DJ rearrangement 

Cells were FACS sorted directly into Kapa Express DNA extraction Kit 

(KAPABiosystems) and DNA extracted according to manufacturer´s 

recommendation. RT-PCR was performed mixing DNA with Maxima SYBR Green 

(ThermoFisher) and the primers listed in table 2.2 (van Dongen et al., 2003). Two 

reactions were performed – one with DH1-6 and the JH consensus primers and one 

with DH7 and the JH consensus primer, the latter also rise gives to germline bands. 

Samples were run with the following programme: 15 min hold at 95°C followed by 50 

cycles of 30 sec at 95°C, 30 sec at 60°C and 45 sec at 72°C and ending with one 

cycle of 15 sec at 95°C, 20 sec at 60°C and 15 sec at 95°C. The PCR product was 

run on a gel (2% Agarose, ethidium bromide) with TBE buffer (ThermoScientific). 

 

Table 2.2 Primers used for analysis of DJH rearrangement 
Primers – DJ rearrangement 

DH1-6-JH reaction DH1 

DH2 

DH3 

DH4 

DH5 

DH6 

JH consensus 

GGCGGAATGTGTGCAGGC 

GCACTGGGCTCAGAGTCCTCT 

GTGGCCCTGGGAATATAAAA 

AGATCCCCAGGACGCAGCA 

CAGGGGGACACTGTGCATGT 

TGACCCCAGCAAGGGAAGG 

CTTACCTGAGGAGACGGTGACC 

DH7-JH reaction DH7 

JH consensus 

CACAGGCCCCCTACCAGC 

CTTACCTGAGGAGACGGTGACC 
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2.2.7. Western Blot 

Western blot performed by Jason Wray. Sorted CD45+Venus+ hiPSC-derived cells or 

cultured REH were washed in PBS, pelleted, resuspended in cold RIPA buffer (50mM 

Tris pH8.0, 150mM NaCl, 1% Igepal CA-630, 0.5% Na-deoxycholate, 0.1% SDS) 

containing protease inhibitors (cOmplete™ Mini Protease Inhibitor Cocktail, Roche 

11836153001) and incubated for 10 minutes on ice. Lysates were centrifuged at 

20,000g for 10 minutes, supernatants were removed and pellets washed once in 

RIPA. Pellets were resuspended in RIPA and sonicated in a Bioruptor Pico 

(Diagenode) five times for 30 seconds. Samples were subjected to PAGE and 

western blotting. ETV6-RUNX1 was detected with an antibody against RUNX1 

(Abcam, ab23980, 1ug/ml). Loading control was Histone H3 (Abcam ab1791, 1ug/ml). 

Negative controls were cell lines NALM6 and MIFF3. 

 

2.2.8. Mass Cytometry 

Mass Cytometry experiments performed in collaboration with Dr Jason Wray 

(University of Bristol) and Dr Elitza Deltcheva (UCL). 

IdU staining: Cell-ID™IdU was added to single cell suspensions to a final 

concentration of 50uM and incubated for 30min at 37oC. Cells were washed twice with 

MaxPar Cell Staining Buffer via centrifugation at 300g.  

Live/Dead: Cell pellet was resuspended in 1ml of MaxPar PBS with Cell-ID Cisplatin 

to a final concentration of 1uM and incubated for 5min at RT. Reaction quenched by 

adding 5x volume of MaxPar cell staining buffer to cells (i.e. 5ml). Cells centrifuged at 

300g and supernatant discarded. 

Barcoding: Pellet resuspended in 0.5ml 1x Fix I Buffer and incubated for 10min at RT. 

Suspension was centrifuged at 900rpm for 5min, supernatant was removed by tipping 

vortex gently and wash twice with 1x Barcode Perm Buffer. Each sample to be bar 

coded was resuspended in 800ul 1x Maxpar Barcode Perm Buffer.  Each barcode 

was resuspended completely in 100ul 1x Barcode Perm Buffer (barcode 10ul, 90ul 

buffer). The barcode was mixed with sample, vortexed and incubated at RT for 30min. 

Gently tapped the tube after 15min. The suspension was centrifuged and washed 

once with Maxpar Cell Staining Buffer. Each sample was resuspended in 100ul 
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Maxpar Cell Staining Buffer and then all samples were combined into one tube in one 

tube.  

Cell-Surface staining: Cell surface antibody cocktail is prepared in Cell Staining 

Buffer. Cells were incubated with the antibody mix for 15 min at RT, vortexed gently 

and incubated for an additional 15 min. Cells were washed with 1ml of MaxPar Cell 

staining buffer, centrifuged at 900g for 5 min and supernatant was removed. 

Intracellular staining: Prepared fresh Nuclear Antigen Staining buffer working solution 

(dilute 4x Nuclear Concentrate with 3 part of Diluent). Added 0.5ml of 1x Nuclear 

Antigen Staining buffer to each sample or to the barcoded mix and incubated at RT 

for 30min. Washed cells with 1ml of Nuclear Antigen Staining Perm, spun down for 5 

min at 800g and removed supernatant. Made a master mix of the antibodies – 50ul of 

staining added to 50ul of residual volume in the sample and incubated 30-45 min at 

RT. Cells were washed with 1ml of Maxpar cell staining buffer, spun down at 800g for 

5min and supernatant was removed. Cells were fixed by adding 1ml of freshly 

prepared 1.6% PFA/sample and incubated 10min at RT. Cells were spun down and 

supernatant removed.  

Cell-ID Intercalator: Prepared 1ml of intercalation solution for each sample by adding 

1ul of Cell-ID Intercalator-ID to 1ml of MaxPar Fix and Perm Buffer (1000x dilution).  

Incubated for 1 hour at RT or overnight at 4oC.  

Prepare cells for acquisition: Cells were spun down in intercalation solution at 800g 

for 5min. Cells were washed with 1-2ml of Maxpar Cell Staining Buffer and 

supernatant was removed. Pellet was resuspended in 1ml of dH2O (+2mM EDTA), 

1ml/5x105 cells. 10ul was taken out to count cells. Sufficient volume of 0.5x EQ beads 

(1:5 in dH2O) was prepared to be added to final resuspension.  

 
Table 2.3 Mass Cytometry Antibodies 

 
Antibody-conjugate  Clone  Supplier 

Anti-Human p53 (DO-7)-150Nd DO-7 Fluidigm 

Anti-p-Histone H2A.X [Ser139](JBW301)-147Sm JBW301 Fluidigm 

Anti-p-Histone H3 [Ser28](HTA20)-175Lu HTA20 Fluidigm 

Anti-Human p21 Waf1/Cip1 (12D1)-159Tb 12D1 Fluidigm 

Anti-Human CD45 (HI30)-Y89 HI30 Fluidigm 

Anti-Human CD45 (HI30)-141Pr HI30 Fluidigm 

Anti-Human CD45 (HI30)-89Y HI30 Fluidigm 

Anti-Human MCL1(Poly)-163Dy Poly Fluidigm 
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Anti-Human c-Myc (9E10)-176Yb 9E10 Fluidigm 

Anti-Human CD45RA (HI100)-155Gd HI100 Fluidigm 

Anti-CyclinB1 (GNS-1)-153Eu GNS-1 Fluidigm 

Anti-Human cleaved PARP (F21-852)-143Nd F21-852 Fluidigm 

Anti- cleaved caspase (D3E9)-142Nd D3E9 Fluidigm 

Anti-pRb [S807/S811] (J112-906)-166Er J112-906 Fluidigm 

Anti-Human CD127/IL7Ra (A019D5)-165Ho A019D5 Fluidigm 

Anti-Human CD127/IL7Ra (A019D5)-149sm A019D5 Fluidigm 

Anti-Human CD19 (HIB19)-165Ho HIB19 Fluidigm 

Anti-Human CD34 (581)-148Nd 581 Fluidigm 

Anti-Human CD33 (WM53)-169Tm WM53 Fluidigm 

Anti-Human CD10 (HI10a)-156Gd HI10a Fluidigm 

Anti-Ki-67(B56)-172Yb B56 Fluidigm 

Anti-pSTAT3 [Y705](4/P-STAT3)-158Gd 4/P-STAT3 Fluidigm 

Anti-pSTAT5 [pY694](47)-147Sm 47 Fluidigm 

 
 

2.2.9. Bioinformatic Analysis 

Sequencing data was mapped and processed by Dr Dapeng Wang, Dr Javier Herrero 

and Dr Chela James, UCL Cancer Institute. As described in Boiers et al., 2018, 

PRINSEQ-lite v0.20.4 was used to process raw reads (Schmieder and Edwards, 

2011). Reads were further aligned with TopHat2 v2.0.11 on the GRCh37 human 

assembly (Kim et al., 2013). Cufflinks v2.2.0 was used to calculate FPKM values for 

protein-coding genes using only uniquely mapping reads (Trapnell et al., 2010). If 

genes had an FPKM < 5 in all samples they were filtered out. The remaining genes 

were log-transformed using the formula log2 (FPKM+1). Expression values were 

normalised upon quantiles (Bolstad et al., 2003). (Boiers et al., 2018) 

 

Gene Set Enrichment Analysis (GSEA) was performed with permutation type=gene 

set (Mootha et al., 2003, Subramanian et al., 2005) and gene sets were from the 

molecular signature database and Laurenti et al (Liberzon et al., 2015; Laurenti et al., 

2013). (http://software.broadinstitute.org/gsea/index.jsp) 

 



 109 

PCA was constructed using ggplot2. Ellipses on the PCAs were calculated using 

ggplot stat_ellipse assuming a multivariate t-distribution and a confidence level of 0.9. 

(https://ggplot2.tidyverse.org/)  

 

Gene expression heatmap was constructed using the ‘heatmap()’ native function of 
R, with RColorBrewer blues palette. (https://stat.ethz.ch/R-manual/R-
devel/library/stats/html/heatmap.html)  
 

Dr Jason Wray (University of Bristol) performed tSNE analysis. tSNE was constructed 

using the viSNE tool from MRC Cytobank (https://mrc.cytobank.org/). A sample of 

cells, gated on live, from each of the four cell lines was used to train it. The channels 

used for the viSNE were: 127I, 153Eu_CycB1, 166Er_pRb, 172Yb_ki67 and 

175Lu_pH3. 

 

Dr Jason Wray and Dr Chela James constructed the core myeloid graph (figure 4.7). 

Dr Jason Wray ran GSEA using GO terms for myeloid gene sets for proB cells from 

ETV6-RUNX1 and wildtype lines. The  “leading edge” genes from those sets that 

were significant in ETV6-RUNX1 proB cell GSEA were grouped together, with any 

duplicates removed to create the “myeloid_core” gene set list 

("Regulation_of_myeloid_cell_differentiation", "Myeloid_cell_differentiation", 

"Myeloid_cell_development", "Regulation_of_myeloid_leukocyte_differentiation").  

Dr Chela James constructed the graph, scaling FPKMs by gene and plotting 

myeloid_core genes by cell type and ETV6-RUNX1 status. Relative expression of 

ETV6-RUNX1 and control lines calculated by cell type and ETV6-RUNX1 status and 

plotted using ggplot2 and geom_smooth. 
 

2.2.10. Statistical Analysis 

Data are shown as mean values with standard deviation (SD) unless stated otherwise. 

Statistics were performed using a non-parametric Mann-Whitney test or Kruskal-

Wallis/Dunns test for multiple comparisons. 
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 CHAPTER THREE: 
Characterising the B cell 

progenitors of ETV6-RUNX1 

hiPSC 
 

Chapter Summary 
ETV6-RUNX1 functions as a first-hit mutation that initiates an asymptomatic pre-

leukaemia in utero, requiring further mutations for the development of overt leukaemia. 

In vitro B cell differentiation of human induced pluripotent stem cells (hiPSC) has been 

shown to recapitulate early embryonic lymphoid development, providing a relevant 

model to study ETV6-RUNX1 cALL initiation. To investigate the impact of ETV6-

RUNX1 on fetal lymphopoiesis, genome-engineered hiPSCs constitutively expressing 

ETV6-RUNX1 from the endogenous ETV6 locus were put through a 31-day in vitro B 

cell differentiation. The ETV6-RUNX1 B cell hierarchy shows relative expansion of a 

developmentally restricted CD19−IL7R+ lymphomyeloid progenitor compartment, 

which is abundant in the fetal liver, and a partial block in B lineage commitment with 

few proB and few-to-no preB cells. In an extended 52-day B cell differentiation, ETV6-

RUNX1 hiPSC were capable of producing IgM+ B cells, however these cells 

downregulate ETV6-RUNX1. ETV6-RUNX1 proB cells downregulate genes encoding 

cell cycle related targets of E2F transcription factors, supported by preliminary results 

from mass cytometry suggesting ETV6-RUNX1 proB cells progress more slowly 

through the cell cycle. Interestingly, ETV6-RUNX1 proB cells showed enrichment for 

genes associated with inflammation, with dysregulated response to infections being 

related to the transition from ETV6-RUNX1 pre-leukaemia to ALL. This could suggest 

that the fetal IL7R+ compartment may be particularly susceptible to dysregulation by 

ETV6-RUNX1, which restricts B cell differentiation and alters cell cycle properties, 

thereby providing an explanation for the childhood restriction of ETV6-RUNX1 ALL. 
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3.1. Introduction 
 

ETV6-RUNX1 is an oncogene that initiates pre-leukaemia in utero and alone is 

insufficient to cause overt leukaemia, indicating that the mutation may have a specific 

but subtle impact on early human fetal B lymphopoiesis. This earliest stage of human 

B lymphoid development, which begins in the first trimester, is poorly characterised. 

During fetal haematopoiesis, there are developmentally unique progenitor states 

(Boiers et al., 2013, Notta et al., 2016). The importance of this developmental context 

within disease is becoming increasingly understood – with oncogenes demonstrating 

distinct effects in a cell-context dependent manner (Horton et al., 2013, Man et al., 

2016, Porter et al., 2016).  

 

B lymphoid output from hiPSC may provide a developmentally relevant model in 

which to explore the first hit function of ETV6-RUNX1. Differentiation of hiPSCs and 

hESC are known to produce cells with characteristics of primitive haematopoiesis 

(Dias et al., 2011). In vitro hiPSC B cell differentiations are particularly challenging 

and for a long time it remained uncertain as to whether the B lymphopoiesis modelled 

an embryonic or adult B cell hierarchy.  

 

Charlotta Boiers and Simon Richardson characterised the earliest human B lineage 

progenitors from early first trimester fetal liver (Boiers et al., 2018). The first B cells 

that emerge during human development have extensive IL7R expression, making 

them distinct from their adult counterparts. Working from these IL7R+ fetal proB cells, 

a candidate upstream progenitor was identified which was Lin-

IL7R+CD117+CD45RA+. The proportion of the IL7R progenitor decreases markedly 

from the fetal liver to cord blood and adult bone marrow. The IL7R progenitor was 

found to transition from a myeloid progenitor state at CS17, through a lympho-myeloid 

state at CS20, to a predominantly lymphoid state in cord blood and adult bone 

marrow. At CS20, the lympho-myeloid IL7R progenitor uniquely exhibits B-Myeloid 

gene expression co-resident within individual cells and has both lymphoid and 

myeloid potential.  A similar early immune-restricted IL7R+ lymphoid progenitor had 

been identified in the mouse, prior to emergence of dHSCs (Boiers et al., 2013). The 

progenitor co-expressed myeloid and lymphoid lineage programmes and contributed 

to both myeloid and lymphoid lineages in the embryo, while adult IL7R+ progenitors 

were exclusively lymphoid (Boiers et al., 2013). This difference between fetal and 

adult lymphoid progenitors, as shown in both mouse and human, may underlie fetal-
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specific vulnerabilities to pre-leukaemic initiation by oncogenes such as ETV6-

RUNX1. 

 

The CD19−IL7R+ progenitor compartment and its gene expression transition, as well 

as IL7R+ B cells, were mimicked in hiPSC in vitro B cell differentiations suggesting 

that the system recapitulates this early developmental lymphoid lineage progression. 

At the global transcriptional level, the hiPSC-derived lymphoid hierarchy maps closely 

with that from the embryo, with both separating from the adult (Boiers et al., 2018). 

This suggests hiPSCs offer a tractable relevant model to understand how ETV6-

RUNX1 dysregulates early human fetal lymphopoiesis, which would be almost 

impossible using the limited primary material from human foetuses. 

 

A homologous recombination knockin approach was used to provide an authentic 

recapitulation of ETV6-RUNX1 expression and timing. The cDNA encoding RUNX1 

exons II-VIII was targeted to ETV6 intron V, the breakpoint region of ETV6-RUNX1, 

by CRISPR Cas9D10A-directed homologous recombination. The RUNX1 cassette 

encodes a splice acceptor, cDNA for RUNX1 V5 tagged at the C terminus and linked 

by a self-cleaving furin/T2A peptide to an mVenus fluorescent reporter, see figure 3.1 

below.  

Figure 3.1 Constitutive ETV6-RUNX1 hiPSC genome engineering strategy. 
The constitutive knockin cassette encodes a splice acceptor (SA), cDNA for RUNX1 
exons II–VIII V5 tagged at the C terminus and linked to the mVenus fluorescent 
reporter by a self-cleaving furin/T2A peptide. The cassette is flanked by LoxP sites 
and includes a 3′ triple stop/poly(A) tail followed by a FLP floxable NeoR+ selection 
cassette. The cassette is inserted by CRISPR-directed homologous recombination 
toward the 5′ end of ETV6 intron V. 
 

An advantage of this approach is the resulting haploinsufficiency of ETV6, recreating 

the genetics found in patients. In addition, ETV6-RUNX1 is under the control of the 

endogenous ETV6 promoter, providing physiological ETV6-RUNX1 expression 

levels, a well-known issue in viral models (Tsuzuki and Seto, 2013). 

 

Four ETV6-RUNX1 knockin hiPSC lines were created, termed 1.6, 1.9, 2.1 and 2.8, 

from the hiPSC line MIFF3. MIFF3 was derived from footprint-free mRNA transfection 

of primary human foreskin fibroblasts in Peter Andrews lab (University of Sheffield). 
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The RUNX1 cassette is flanked by LoxP sites in the Head-to-Tail orientation (see 

figure 3.1 above). This allows the cassette to be removed using TAT-CRE, leaving 

the PGK-NeoR cassette in situ, controlling for any confounding effects of the NeoR 

(Strathdee et al., 2006, Zhu et al., 2015). Two reverted lines were made from the 

ETV6-RUNX1 2.8 line, termed D5 and D6. The hiPSC work detailed above was 

completed by Simon Richardson, along with some characterisation of the lines (Boiers 

et al., 2018).  

 

Alone, ETV6-RUNX1 is unable to cause overt leukaemia and requires the rate-limiting 

postnatal development of second hits to drive leukaemic transformation. This 

suggests it may be unlikely to have highly oncogenic activity. In previous models, a 

consistent phenotype has been a block in B cell differentiation (Tsuzuki et al., 2004; 

Tsuzuki and Seto, 2013). Alongside a block in B lymphopoiesis, other phenotypes 

noted include enhancement of self-renewal capability (Morrow et al., 2004; Hong et 

al., 2008; Schindler et al., 2009). In light of this, I wanted to assess the cell cycle 

profile of the ETV6-RUNX1 hiPSC B cell differentiation. 

 

In eukaryotes, the cell cycle is split into interphase and the mitosis (M) phase. 

Interphase consists of two gap phases (G1 and G2) and an S phase. The G1 phase is 

also known as the growth phase, where increased biosynthetic activities prepare the 

cell for division. At a checkpoint known as the restriction point, regulated by G1/S 

cyclins, the cell is committed to division and transitions to the S phase. In the S phase, 

DNA replication occurs, with each chromosome consisting of two sister chromatids. 

After DNA replication, G2 phase occurs where metabolic changes prepare the cell for 

mitosis and cytokinesis. Finally, in the M phase, nuclear division (mitosis) occurs, 

followed by cell division (cytokinesis). G0 phase describes a non-dividing state outside 

of the cell cycle, this can be reversible (quiescent) or irreversible (senescent and 

differentiated) (Cooper, 2000).  

 

Cell cycle analysis can be done through measurement of DNA content. Cells are 

permeabilised and treated with a fluorescent dye which stains DNA such as propidium 

iodide (PI) or 4,6-diamidino-2-phenylindole (DAPI) and analysed by flow cytometry. 

With the doubling of DNA content during the S phase, cells can be distinguished 

between the G0/G1, S phase and the G2/M phase (Van Dilla et al., 1969; Krishan, 

1975). Other cell cycle-associated components and features can also be analysed by 

flow cytometry – such as incorporation of DNA precursor 5-bromo-2'-deoxyuridine 

(BrdU) or expression of members of the cyclin family which exhibit distinct expression 
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patterns during cell cycle (Gray et al., 1986; Darzynkiewicz et al., 1996). Combining 

cell cycle analysis with a large number of surface markers is made difficult due to 

restrictions in the number of parameters which can be measured with some flow 

cytometers.  Advances in flow cytometry has led to mass cytometry, which uses 

isotope-tagged antibodies, rather than fluorochromes, with detection by mass 

spectrometry. The use of isotopes avoids multiplexing issues due to emission spectral 

overlap, allowing a far higher number of parameters to be measured. Mass cytometry 

protocols and panels have been determined to allow analysis of cell cycle, see figure 

3.2 below (Behbehani et al., 2012). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.2 Diagram of cell cycle gating strategy for cell cycle phases.  
As determined by Behbehani et al., 2012. 
 

In this chapter, I aimed to characterise the hiPSC lines, investigating the effect of 

ETV6-RUNX1 in a model that mimics human fetal B lymphopoiesis. I used flow 

cytometry to analyse hiPSC B cell differentiations of ETV6-RUNX1, reverted and 

wildtype cultures. I then analysed the transcriptional and functional impact of ETV6-

RUNX1.  
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3.2. Results 
 

3.2.1. ETV6-RUNX1 hiPSC B lymphopoiesis shows a block in B 

lineage commitment at the level of the lymphomyeloid 

IL7R Progenitor 

 

ETV6-RUNX1 is likely dose-dependent, thus before analysing B lymphopoiesis, it was 

important to first confirm the expression level of the ETV6-RUNX1 protein. hiPSC 

were first put through the in vitro B cell differentiation to produce haematopoietic 

progenitors – ensuring expression of ETV6, and therefore, ETV6-RUNX. I FACS 

sorted ETV6-RUNX1 knock-in lines 2.1 and 2.8 and their wildtype counterpart for 

CD45+Venus+/- cells into lysis buffer and analysed via western blot. These were 

compared to ETV6-RUNX1 expressing B-ALL cell line REH and the ETV6-RUNX1 

negative B-ALL cell line Nalm6. Western blot analysis confirmed protein levels 

equivalent to that seen in the ETV6-RUNX1-expressing cell line REH, see figure 3.3 

below.  

 

 

Figure 3.3 ETV6-RUNX1 hiPSC-derived haematopoietic progenitors show 
equivalent protein level of ETV6-RUNX1 as cell lines derived from patients. 
Western blot of ETV6-RUNX1 protein from CD45+Venus+ haematopoietic progenitors 
from ETV6-RUNX1 knock-in lines 2.1 and 2.8. Positive control: ETV6-RUNX1 B-ALL 
cell line (REH). Negative controls: MIFF3 and NALM6 (N6). The knock-in ETV6-
RUNX1 protein includes additional V5 tag, hence the slight size difference. Western 
blot kindly performed by Jason Wray. 
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Upon differentiation of ETV6-RUNX1 hiPSC, there was a block in B cell development 

at the level of the IL7R Progenitor. ETV6-RUNX1 2.1 and 2.8 lines consistently 

produced significantly low numbers of ProB (CD34+CD19+) and PreB (CD34-CD19+) 

cells, in comparison to the wildtype MIFF3 and reverted D5 and D6 lines. As 

previously determined by Simon Richardson, the ETV6-RUNX1 hiPSC lines 1.6 and 

1.9 produced no B cells (data not shown). The IL7R progenitor showed comparable 

levels between lines. A representative flow analysis is shown below, see figure 3.4.  

 

 
Figure 3.4 ETV6-RUNX1 hiPSC show a block in B lineage commitment. 
Representative flow cytometry analysis of B cell differentiation of wildtype Miff3, 
ETV6-RUNX1 2.1 and reverted clone D5. A: Cells gated on CD45 from a day 28 B 
cell differentiation for proB (CD34+CD19+) and preB (CD34−CD19+) cells (left), and 
IL7R progenitor (CD34+CD45RA+IL7R+) (right). B: Cells gated on CD45 for Venus 
reporter. 
 

B cell differentiations can be variable, with differences in stroma quality, FBS batch, 

condition of hiPSC, etc affecting B cell output. Considering this, all differentiations 

were performed with one or more control lines. In addition, I analysed the frequencies 

of the IL7R progenitor, ProB and PreB populations over multiple B cell differentiations 

of ETV6-RUNX1 and control lines to determine the level of the B cell differentiation 

block (figure 3.5). As a proportion of CD45+ compartment, the IL7R progenitor was 
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not significantly changed between wildtype MIFF3, ETV6-RUNX1 2.1 and 2.8 and 

reverted D5 and D6 lines. The proB output was significantly reduced in the ETV6-

RUNX1 lines and preB populations were rare.  

 

 

 

 

 

 

 

 
 
Figure 3.5 ETV6-RUNX1 hiPSC produce significantly lower frequencies of proB 
and preB cells. Frequency of wildtype, reverted and ETV6-RUNX1 hiPSC line B cell 
output. hiPSC B cell differentiations were analysed by flow cytometry between days 
27-31 for frequency of IL7R progenitor, proB and preB cells. Shown as a percentage 
of the CD45+ blood cell compartment. Each dot represents one replicate. Only 
samples with 8,000 cells or more were considered. Mean ± SD. Statistics were 
performed using MIFF3 as control group, ns, not significant.  
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3.2.2. ETV6-RUNX1 hiPSC are capable of producing IgM+ B 

cells with extended differentiations but downregulate 

ETV6-RUNX1 

 

Considering the substantial B cell differentiation block apparent from the standard 

protocol, I decided to investigate whether ETV6-RUNX1 hiPSC were capable of 

producing IgM+ immature B cells. French and colleagues produced an updated 

protocol for hiPSC B cell differentiation (French et al., 2015). The extended protocol, 

see figure 3.6, begins with the standard 10-day hiPSC-Op9 stroma co-culture, 

followed by MACS enrichment for the 21-day CD34-MS-5 stroma co-culture with 

cytokines, producing B cells around days 24-31. At the end of the standard protocol 

(day 31), the extended protocol is continued with a CD45+ MACS enrichment, followed 

by a 21-day CD45-MS-5 stroma co-culture with or without cytokines. This produces a 

small population of IgM+ B cells around days 47-52.  

 

 
Figure 3.6 Schematic drawing of extended in vitro hiPSC B Cell differentiation 
protocol. hiPSC colonies are seeded onto confluent OP9 stroma for 10 days. Cells 
are harvested and the CD34+ cells co-cultured on MS-5 stroma. After 21 days cells 
are harvested and CD45+ cells are seeded onto MS-5 stroma for a further 21 days. 
Figure is based on the protocol published by French et al., 2015.  
 
The extended B cell differentiation protocol was technically difficult and time 

consuming. Determining timings for both the CD45 enrichment and final IgM analysis 

proved difficult. Contrary to expectations, I produced immature B cells (i.e. IgM+) for 

both ETV6-RUNX1 2.1 and 2.8 lines but was not able to produce the same for the 

wildtype MIFF3 cells, see figure 3.7.  In addition, only CD19+CD34- cells were found 

to be IgM+, as one would expect biologically. 
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Figure 3.7 ETV6-RUNX1 hiPSC are capable of producing IgM+ B cells. Flow 
cytometry analysis of IgM+ B cell output from ETV6-RUNX1 2.8 (top panel) and 2.1 
(middle panel) clones and control MIFF3 (bottom panel). Cells were gated CD45+; 
further gating as indicated. Cells analysed at day 52 for proB (CD34+CD19+IgM-), 
preB (CD34-CD19+IgM-) and Immature B (CD34-CD19+IgM-). proB used as gating 
and negative control.  
 

Of note, the published protocol stated that IgM+ cells could be achieved using no 

cytokines, addition of FLT3 alone or addition of SCF alone in the final co-culture 

(supplementing the cytokines already produced by MS-5 stroma). After finding limited 

numbers from no or single cytokines in the second MS-5 co-culture (data not shown), 

I tried both SCF and FLT3 together, which produced an increased number of IgM+ B 

cells. French et al., states that a CD19-MS-5 stroma co-culture did not result in IgM+ 

B cells – the culture requires a hierarchy of cells. The MIFF3 wildtype cultures by day 

31 are mostly CD19+ with limited CD34+ cells compared to ETV6-RUNX1 lines that 

are majority CD34+. Considering this, I believe it is likely an issue with timing the 

MIFF3 CD45 enrichment and analysis. Both are likely needed earlier. Though 
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confident that MIFF3 would be able produce IgM+ B cells with enough experimental 

modifications, these experiments were not pursued. Considering the technical 

difficulties, variability and time-consuming nature already present in the standard 31-

day B cell differentiation, I found these issues exacerbated during the extended 52-

day protocol.  

 

Upon further analysis of the populations from the ETV6-RUNX1 hiPSC extended B 

cell protocol, I found that venus expression, and therefore ETV6-RUNX1, was 

downregulated in the later B cell populations, see figure 3.8 below. This is in line with 

the decrease in ETV6 expression seen as B cells develop (Jones et al., 2016). If the 

cells are downregulating ETV6-RUNX1, this may be an explanation as to why these 

cells were able to overcome the B cell differentiation block. Most importantly, ETV6-

RUNX1 B-ALLs are exclusively IgM-. While it would be interesting to analyse 

differences between these populations, I decided to focus my attention on the cells 

most relevant to pre-leukaemia. 

 

 

 
Figure 3.8 ETV6-RUNX1 hiPSC derived IgM B cells downregulate ETV6-RUNX1. 
Flow cytometry analysis of IgM+ B cell output from ETV6-RUNX1 2.8 clone. Cells were 
gated CD45+; further gating as indicated. Cells analysed at day 52 for proB 
(CD34+CD19+IgM-), preB (CD34-CD19+IgM-) and Immature B (CD34-CD19+IgM+).  
 
 
 
 
 
 



 122 

3.2.3. ETV6-RUNX1 IL7R progenitor compartment is relatively 

expanded compared to wildtype in competitive cultures 

 

In a previous study, to test for enhanced engraftment capacity, hiPSC-derived ETV6-

RUNX1 and wildtype MIFF3 CD34+ cells from day 31 of the B cell differentiation had 

been injected into the livers of new-born NSG mice (experiments performed by Dr 

Simon Richardson and Dr Yanping Guo). Mice were sacrificed at 2 and 3 months, but 

no evidence of any human engraftment was seen from either cell line (Richardson, 

2016). This lack of overt leukaemia is in line with previous ETV6-RUNX1 models 

(Morrow et al., 2004, Andreasson et al., 2001). 

 

In the absence of a transplantation model, I wanted to test whether cells expressing 

ETV6-RUNX1 exhibited any clonal advantage over wildtype. The first experimental 

set up designed was an ‘extended’ competitive experiment, sorting cells from different 

compartments at day 27-31 of B cell differentiations directly into media supplemented 

with cytokines and culturing for two weeks. This proved difficult due to the small 

number of cells produced by ETV6-RUNX1 hiPSC and variability of culture. The 

second experimental design was a competitive co-culture of MIFF3 and ETV6-

RUNX1 knock-in CD34+ cells, see figure 3.9 below. 

 

 

Figure 3.9 Schematic drawing of in vitro competitive assay. Equal numbers of 
ETV6-RUNX1 and wild-type MIFF3-derived CD34+ cells from day 10 of OP9 co-
culture were seeded onto MS-5 in B differentiating conditions. The proportions of 
Venus+ and Venus- preB cell and IL7R progenitors were analysed by FACS at D29-
31. 
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Competitive co-cultures were analysed by FACS on days 29-31. Wild-type MIFF3 

CD34−CD19+ preB cells dominated (98%, ∗p < 0.05), whereas the more primitive 

ETV6-RUNX1 IL7R progenitors outcompeted their wild-type counterparts (83%, ∗p < 

0.05), see figure 3.10 below. I also explored the proB compartment however this 

proved technically challenging due to the rare numbers of cells, with variable results. 

 

Figure 3.10 ETV6-RUNX1 IL7R progenitor compartment is relatively expanded 
compared to wildtype. Flow cytometry analysis of differentiated wildtype and ETV6-
RUNX1 hiPSCs grown in competition. Cultures were analysed for CD34−CD19+ preB 
cells (top) and CD19−IL7R+ progenitor (bottom) at D29–31. Cells were gated CD45+; 
further gating as indicated. FACS plot of representative sample annotated with mean 
percentages values. Summary bar charts show mean ± SD, ∗p < 0.05, n = 4. 
 

In summary, these data suggest ETV6-RUNX1 produces a partial block in B cell 

development, at the level of the CD19-IL7R+ lymphomyeloid progenitor to proB 

transition, resulting in a relative expansion of the progenitor in comparison to wildtype.  
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3.2.4. Wildtype IL7R progenitor demonstrates dual B and 

myeloid output at the single cell level 

In light of the relative expansion of ETV6-RUNX1 IL7R progenitor, I wanted to further 

characterise this population. The IL7R progenitor population from the fetal liver 

uniquely contains cells that co-express myeloid and B cell genes, as shown by single 

cell qPCR (Boiers et al., 2018). The novelty of the duality of B and myeloid 

programmes expressed in the wildtype IL7R progenitors could suggest a 

developmental window of susceptibility. In fetal liver, the IL7R progenitor has been 

shown to produce both B cells and myeloid colonies, however, this does not prove 

that a given cell within the population has both lymphoid and myeloid potential (Boiers 

et al., 2018). It is possible that the compartment is a mixed population of lymphoid 

and myeloid committed cells, and the single cell expression data may not accurately 

predict cell fate.  

 

I approached the duality issue in two ways. Firstly, the wildtype hiPSC-derived IL7R 

progenitors were sorted as single cells on to MS-5 stroma, with cytokines supporting 

both myeloid and lymphoid growth. After two weeks, the wells were analysed via flow 

cytometry for lineage markers, see figure 3.11. 

   
Figure 3.11 Schematic drawing of dual output experiment. IL7R progenitor from 
day 27 of in vitro B cell culture are index sorted as single cells into a 96 well plate with 
MS-5 stroma in B/myeloid conditions. After two weeks, wells are analysed using flow 
cytometry. 
 

While rare, there were IL7R progenitor cells that demonstrated dual B and myeloid 

output, see figure 3.12. The IL7R progenitor had a cloning efficiency of 19.04% for 

GM, 0.51% for B and 0.21% for GM/B in these dual output conditions. Considering 

the high myeloid output, it is possible that reducing the myeloid cytokines may allow 

more B lineage expansion.  
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Figure 3.12 Wildtype IL7R progenitor demonstrates dual lineage output at a 
single cell level. Analysis of lineage output from plated single IL7R progenitors. A. 
MIFF3 IL7R progenitor single cell cloning efficiency after two weeks in B/myeloid 
conditions, demonstrating a rare GM/B dual output population.  B. Example of dual 
B/myeloid output from a single IL7R progenitor.  
 
Secondly, myeloid clones derived from IL7R progenitors (determined via flow 

cytometry) had IgH DJ rearrangements confirmed, demonstrating that these were 

produced by a RAG expressing IL7R progenitor, see figure 3.13 below. 

 

 
Figure 3.13 IL7R progenitor-derived myeloid cells show IgH DJ rearrangements. 
Agarose gel of DH7JH rearrangements in myeloid cells derived from liquid culture of 
Miff3 IL7R progenitor. Lanes: Marker, 1-9: Myeloid cells derived from single cell IL7R 
progenitor. Marked lanes are those with both correct germline and DJ band. 
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3.2.5. ETV6-RUNX1 slows the progression of proB cells through 

the cell cycle  

To explore the molecular changes brought about by ETV6-RUNX1, I next analysed 

global RNASeq data of the ETV6-RUNX1 progenitor compartments using global 

RNASeq data previously captured from the hiPSC (Richardson, 2016) and novel 

RNAseq data from reverted hiPSC and additional ETV6-RUNX1 hiPSC samples 

processed by Dr John Brown (UCL).  

 

I used Gene Set Enrichment Analysis (GSEA) to determine whether previously 

defined sets of genes showed statistically significant, concordant differences between 

control and ETV6-RUNX1 hiPSC-derived cells – identifying significantly enriched or 

depleted groups of genes (Mootha et al., 2003; Subramanian et al., 2005). The plots 

show a ranked list of genes from published gene sets, with genes most upregulated 

in ETV6-RUNX1 to genes most downregulated (from left to right). The black bars 

represent matches from the gene list being tested and the distribution of the bars 

shows whether the gene sets are enriched in the upregulated or downregulated 

genes.  

 

In comparison to wildtype and reverted, the few ETV6-RUNX1 proB cells that 

emerged were found to downregulate genes encoding cell cycle related targets of 

E2F transcription factors and genes involved in the G2/M checkpoint, (i.e. progression 

through the cell cycle), see figure 3.14. E2F family transcription factors are important 

regulators of the cell cycle. E2F has been shown to be essential for the temporal 

expression of the oscillating cell cycle genes, with control of both G1/S- and G2/M- 

regulated genes (Zhu et al., 2005; Thurlings and de Bruin, 2016).  
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Figure 3.14 ETV6-RUNX1 proB cells downregulate genes associated with cell 
cycle. Comparison of ETV6-RUNX1 to wildtype and reverted hiPSC lines using 
GSEA ranked gene list analysis for proB cells compartments at D31 of differentiation 
GSEA for genes encoding cell cycle related targets of E2F transcription factors and 
genes involved in the G2/M checkpoint. NES, normalized enrichment score. FDR, 
false discovery rate.  
 

I next tested whether these cell cycle changes could be demonstrated functionally. 

The first method tried was sorting populations from the hiPSC B cell differentiation, 

fixing the cells and using the classical staining with DAPI (DNA content) and Ki-67 

(present in cycling cells) for cell cycle analysis via flow cytometry. However, this was 

unsuccessful due to the number of cells required for accurate analysis and cells lost 

throughout the process (data not shown). As the Ki67 protocol cannot be combined 

with cell surface staining and pre-sorted populations were too small, it would have 

been difficult to dissect population specific differences in cell cycle profile.  

 

In collaboration with Elitza Deltcheva and Jason Wray, hiPSC B cell differentiation 

cultures harvested at day 27-31 were analysed by mass cytometry or CyTOF, using 

cell cycle markers described previously (Behbehani et al., 2012). Mass cytometry 

allowed us to combine surface differentiation markers, with surface and intracellular 

cell cycle markers, allowing dissection of the cell cycle in different cellular 

compartments.  

 

To gain a broad perspective, we firstly used t-distribution stochastic neighbour 

embedding (tSNE) analysis. tSNE analysis is a nonlinear dimensionality reduction 

technique – it models data in such a way that cells with similar sets of markers are 

modelled by nearby points and dissimilar objects are modelled by distant points. The 
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cell cycle phenotype of the viable CD45 compartment of wildtype, reverted and ETV6-

RUNX1 B cell differentiations were visualised – using only cell cycle relevant 

antibodies for the tSNE analysis. We found a large reduction in the G2/M population 

in ETV6-RUNX1 cells, in comparison to wildtype and reverted, see figure 3.15 below.  

 
Figure 3.15 ETV6-RUNX1 CD45+ compartment shows reduction in cells within 
G2/M cell cycle stage. tSNE map of the D27-31 B cell differentiations gated on live 
CD45+ cells based on cell-cycle markers. Expression of cell cycle-associated 
molecules is presented as heatmap overlay over cells arranged by their tSNE 
coordinates based on cell cycle markers. Analysis performed by Jason Wray. 
 

As the pre-leukaemic phenotype is within the B cell compartment, we gated on 

CD34+/- and CD19 to examine the cell cycle in these populations. These experiments 

are preliminary – only one full experiment is shown.  

 

We compared the cell cycle profiles of ETV6-RUNX1, wildtype and reverted proB 

cells. ETV6-RUNX1 proB cells were found to have an increased proportion of cells 

within G0, G1 and S stages at the expense of G2, see figure 3.16. This is consistent 

with the E2F transcriptional signature from the GSEA analysis, with repressed E2F 

targets slowing progression through the cell cycle. We then compared the cell cycle 

profiles of ETV6-RUNX1, wildtype and reverted preB cells. The few numbers of ETV6-
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RUNX1 preB cells which come through did not exhibit the same changes in cell cycle, 

showing a similar profile see figure 3.16. This suggests that cells can escape the proB 

block and proliferate normally. In addition, this acts as a good internal control, with 

not all cells in the ETV6-RUNX1 samples showing altered cycle properties. 

A 

B 
 
 
 
 
 
 
 
 
 
  
 
Figure 3.16 ETV6-RUNX1 slows progression of proB cells, but not preB cells, 
through the cell cycle. Cell Cycle profile of ETV6-RUNX1, wildtype and reverted 
proB and preB cell compartments. A. Plots of proB and preB compartments from 
CyTOF for cell cycle parameters. B. Calculations of cell cycle stages using the gating 
strategy; S: IdU+, G1: IdU- pRb+ CycB1-, G2: IdU- pRb+ CycB1+ pH3-/low, M: IdU-pRb+ 
CycB1+ pH3++, G0: IdU- pRb- CycB1- pH3-. n=1 

S 

G0 
G2 

M 

G1 
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3.2.6. ETV6-RUNX1 proB cells show enrichment for genes 

associated with inflammation 

Dysregulated immune response to infection and infection exposure have been 

associated with the transition from ETV6-RUNX1 pre-leukaemia to ALL (Greaves, 

2006; Ford et al., 2009; Rodríguez-Hernández et al., 2017). Importantly, the activity 

of RAG is increased through chronic inflammation, which is strongly associated with 

the acquisition of secondary events (Papaemmanuil et al., 2014; Swaminathan et al., 

2015).  

 

To explore changes in the inflammatory response brought about by ETV6-RUNX1, I 

analysed global RNASeq data on proB cells from ETV6-RUNX1, reverted and 

wildtype hiPSC cultures. In comparison to control, ETV6-RUNX1 proB cells were 

found to upregulate genes associated with TNF signalling via NF-KB, IL6-JAK-STAT3 

signalling and the inflammatory response, see figure 3.17. IL6 is a major mediator of 

inflammation, with the IL-6/JAK/STAT3 signalling pathway hyperactivated in patients 

with chronic inflammatory conditions (Johnson et al., 2018). Members of the TNF 

family stimulate the transcription of genes associated with inflammation (among 

others), primarily through the activation of the NF-κB pathway (Hayden and Ghosh, 

2015). 

 

 
Figure 3.17 ETV6-RUNX1 proB cells show enrichment for genes associated with 
inflammation. GSEA showing genes encoding TNF signalling via NF-KB, IL6-JAK-
STA3 signalling and genes defining the inflammatory response, comparing ETV6-
RUNX1 hiPSC (red) with control proB cells at D31 of differentiation. NES, normalized 
enrichment score. FDR, false discovery rate. 
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3.3. Discussion 
 

We used hiPSCs to model the pre-leukaemic effect of the ALL-initiating oncogene 

ETV6-RUNX1 in an in vitro B cell differentiation system that mimics the early 

embryonic development of human haematopoietic cells (Boiers et al., 2018). Genome 

engineering hiPSCs to constitutively express ETV6-RUNX1 recapitulates the 

physiological expression level of the ETV6-RUNX1 protein and the haploinsufficiency 

of ETV6, however not of RUNX1. As the level of ETV6-RUNX1 expression affects the 

observed phenotype, a more authentic physiological expression level is critical 

(Tsuzuki and Seto, 2013). 

 

The in vitro B cell differentiation of hiPSCs can be technically variable – with 

differences between hiPSC lines, quality of hiPSC at beginning of differentiation, 

variability within stromal quality, FBS quality, etc. To control for such variation, 

multiple knockin lines with similar phenotypes were used. These were further sub-

cloned to produce lines with the RUNX1 cassette removed. The reverted lines 

retained the PGK-NeoR cassette in situ, controlling for any confounding effects of the 

NeoR (Strathdee et al., 2006, Zhu et al., 2015). Using these controls, we aimed to 

control for variability in hiPSC culture and differentiation. 

 

The results in this chapter indicate ETV6-RUNX1 hiPSC have a partial block in B cell 

development at the IL7R progenitor to proB cell transition, leading to the relative 

expansion of the IL7R progenitor. A partial block in B cell development at the proB 

stage is consistent with viral expression transplantation models of ETV6-RUNX1 

(Tsuzuki and Seto, 2013; Fischer et al., 2005; Tsuzuki et al., 2004). However, in 

ETV6-RUNX1 transgenic mice, a block in B cell differentiation was found at the HSC 

stage (Schindler et al., 2009) and not all studies have found a block in B cell 

development (Morrow et al., 2004). Consistent with the relative expansion of the IL7R 

progenitor, other studies have also noted an expansion of early progenitors after 

retroviral expression of ETV6-RUNX1 (Morrow et al., 2004, Tsuzuki et al., 2004) and 

within the HSC compartment in a transgenic model (Schindler et al., 2009). These 

differences may be due to the use of cells from different species, from different 

developmental stages, from different haematopoietic compartments and expression 

of ETV6-RUNX1 from different regulatory elements. 
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The ETV6-RUNX1 hiPSC were able to produce IgM+ B cells, this is consistent with 

the partial nature of the B cell block noted in a number of studies (Tsuzuki et al., 2004; 

Schindler et al 2009; Hong et al., 2008) and consistent with the documentation of 

ETV6-RUNX1 B cells in pre-leukemic cord blood (Mori et al., 2002). Whether the 

ETV6-RUNX1 hiPSC derived IgM+ B cells were transcriptionally or functionally normal 

is unknown. Due to the additional difficulty and time (52 days) associated with the 

extended B cell differentiation, these experiments were not pursued.   

 

A number of studies have noted differences in self-renewal and cell cycle within 

ETV6-RUNX1 models in CD19lo compartments (Hong et al., 2008), HSC 

compartments and early fetal liver B cells (Schindler et al., 2009). From this study, 

ETV6-RUNX1-proB cells demonstrated an increased proportion of cells within G0, G1 

and S stages at the expense of G2. This is consistent with the downregulated E2F 

transcriptional signature from the GSEA analysis. This could suggest that repression 

of E2F targets by ETV6-RUNX1 causes a slowing of the progress through G1/S. 

Runx1 is known to regulate cell proliferation. CBFβ-SMMHC, a dominant-inhibitory 

myeloid oncoprotein, slows G1 to S cell cycle progression in growth factor-dependent 

Ba/F3 cells (Cao et al., 1997). Cell cycle inhibition is prevented if the amino acids 

required for Runx1 interaction are removed from CBFβ (Cao et al., 1998). Conversely, 

in numerous cell lines exogenous RUNX1 stimulates G1 to S cell cycle progression 

(Strom et al., 2000; D’Costa et al., 2005), through its trans-activation domain 

(Bernardin and Friedman, 2002). One could speculate that ETV6-RUNX1 inhibits 

RUNX1-driven transcription which may be slowing RUNX1-mediated progression of 

the cell cycle.  

 

The slowing of progression through the cell cycle may seem counter-intuitive for an 

oncogene, encouraging a more dormant senescent phenotype rather than actively 

cycling and dividing. One could speculate that this repression of the cell cycle may 

allow ETV6-RUNX1 proB cells to survive longer than wildtype proB cells, perhaps 

predisposing them to second hits. It would be interesting to consider whether the cell 

cycle repression may place ETV6-RUNX1 cells under positive selection for loss of 

p16. The protein p16 is an inhibitor of cyclin-dependent kinases (CDK) which 

decelerates the cell's progression from G1 phase to S phase (Rayess et al., 2013). 

Loss of p16 is a common and early second hit in ETV6-RUNX1 ALL (Lilljebjörn et al., 

2010). 
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Due to the initial expense for the core B cell differentiation and cell cycle CyTOF 

antibodies, we were unable to fully examine the progenitor populations. These 

experiments are now ongoing. The data from the bulk CD34+ fraction (data not shown) 

indicates similar cell cycle data to the ETV6-RUNX1 proB cells. 

 

The differentiation block may be arresting B lineage progenitors at a stage susceptible 

to the acquisition of second-hit mutations, with both proB cells and the majority of 

relatively expanded IL7R progenitor compartment expressing RAG. In this case, it is 

uncertain as to whether second-hits would accrue within the IL7R progenitor 

population or its B-cell progeny. The enrichment for genes associated with 

inflammation within the ETV6-RUNX1 proB compartment hints that this may provide 

a permissible environment for the acquisition of second hits – perhaps through a 

dysregulated response to niche signals. 

 

From our existing understanding of ETV6-RUNX1 leukaemia and pre-leukaemia, we 

can predict a number of features that the in utero target cell should exhibit. It is 

hypothesised that leukemic initiation occurs in the first trimester, with ETV6-RUNX1 

arising in or impacting progenitors in developmentally restricted haematopoietic sites 

such as the fetal liver or yolk sac, thus the target cell should be unique to/enriched in 

the fetus or there may be a unique progenitor-tissue microenvironmental relationship 

at this time point. Single-cell genetic scrutiny of monochorionic twins with concordant 

ETV6-RUNX1 ALL demonstrated shared clonal rearrangements of IG and TCR 

genes, suggesting that ETV6-RUNX1 arises in or impacts an early lymphoid 

progenitor prior to B-lineage commitment (Alpar et al., 2015). As ETV6-RUNX1 cALL 

frequently co-expresses B and myeloid surface markers, the target cell likely has 

some myeloid programming and/or potential (Gerr et al., 2010). While certainly not 

confirmed, the IL7R progenitor compartment is a strong candidate cell of origin 

for ETV6-RUNX1 pre-leukaemia.  
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 CHAPTER FOUR: 
Characterising the lineage 

dysregulation of ETV6-RUNX1 

hiPSC B cell output 
 

Chapter Summary 
In the embryo, lineage commitment hierarchies differ, with developmentally unique 

progenitor states and a propensity towards lineage plasticity. The tendency towards 

expression of myeloid antigens in cALL suggests lineage dysregulation and cell-fate 

decisions may be part of the ETV6-RUNX1 oncogenic process. With a partial B lineage 

block occurring at the level of the developmentally-restricted lymphomyeloid IL7R 

progenitor compartment, I wanted to investigate the cell-fate decisions of the ETV6-

RUNX1 lymphoid lineage. Analysis of global RNA-seq data found that the ETV6-

RUNX1 hiPSC lymphoid hierarchy has an increased myeloid transcriptome compared 

to wildtype cells. The few ETV6-RUNX1 B cells that emerge aberrantly express a 

myeloid gene signature, myeloid markers and retain myeloid potential – able to 

differentiate into macrophages. The macrophages retained partial DJ immunoglobulin 

gene rearrangements, lost B cell antigens, expressed myeloid markers and were 

actively phagocytic. This data could support a model whereby ETV6-RUNX1 inhibits 

effective resolution of a lymphomyeloid programme present in early fetal CD19-IL7R+ 

progenitors, impeding B lineage differentiation. The developmentally restricted myeloid 

to lymphoid transition within the fetal IL7R progenitor compartment, may suggest an 

explanation for why ETV6-RUNX1 ALL predominantly affects children.  
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4.1. Introduction 
 

I previously demonstrated that hiPSC with constitutive ETV6-RUNX1 expression have 

a block in B cell development, consistent with previous studies (Tsuzuki et al., 2004; 

Schindler et al., 2009; Tsuzuki and Seto, 2013). The B cell differentiation block 

appeared at the level of the relatively expanded lymphomyeloid IL7R progenitor 

population, a putative in utero target cell for the translocation. In addition, it was found 

that ETV6-RUNX1 hiPSC B cell differentiations show a differing cell cycle profile to 

wildtype and reverted lines. ETV6-RUNX1 proB cells demonstrated an increased 

proportion of cells within G0, G1 and S stages at the expense of G2, with repressed 

E2F targets slowing progression through the cell cycle. Interestingly, this was not 

seen in the rare ETV6-RUNX1 preB cells, which escaped the block and proliferated 

normally. 

 

Clinical features of ETV6-RUNX1 B-ALL include aberrant co-expression of myeloid 

antigens (Abdelhaleem, 2007; Gerr et al., 2010), suggesting lineage dysregulation 

and cell-fate decisions may be part of the oncogenic process.  

 

Understanding the molecular mechanisms behind ETV6-RUNX1’s impact on 

haematopoietic cells is critical. Regulation of haematopoiesis is a complex network of 

transcription factors and other signalling components which cross-regulate each 

other. Within the lymphoid lineage, some factors are required for the entire lineage, 

such as IKAROS, while others are only required at later stages of cell specification, 

such as Pax5 from the proB cell stage (Collombet et al., 2017). Reprogramming 

experiments transdifferentiating lymphoid cells to myeloid with a single transcription 

factor have demonstrated the plasticity of cellular states – with cell lineage 

commitment no longer seen as irreversible (Collombet et al., 2017). In addition, fetal 

liver haematopoiesis exhibits more lineage plasticity than that in adult bone marrow 

(Notta et al., 2016).  

 

In this chapter, I aimed to investigate the impact of ETV6-RUNX1 on the cell-fate 

decisions of the lymphoid hierarchy with particular focus on the IL7R progenitor-to-

proB transition, where the partial differentiation block occurs.  
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4.2. Results 
 

4.2.1. ETV6-RUNX1 proB cells cluster with primitive progenitors 

based on global transcriptional profile 

To explore the transcriptional programming of the ETV6-RUNX1 progenitor 

compartments, I performed a Principal Component Analysis (PCA) to visualise the 

global gene expression programmes within the lymphoid hierarchies from wildtype, 

ETV6-RUNX1 and reverted hiPSC.  A PCA is a dimensionality-reduction method used 

to measure the overall similarity between samples. I examined both IL7R progenitor 

and proB cell populations, using LIN−CD34+CD38−CD45RA− cells as more primitive 

controls (Doulatov et al., 2012). This showed the ETV6-RUNX hiPSC-derived proB 

cells (blue circles) clustering with the primitive progenitors, IL7R progenitor and LIN-

CD34+CD45RA-, rather than with the proB from wildtype and reverted lines. This 

suggests the global gene expression programme seen in ETV6-RUNX1 proB cells is 

closer to that of a progenitor than wildtype and reverted cells with similar CD19+ 

immunophenotype. 

 
Figure 4.1 ETV6-RUNX1 proB cells cluster with primitive progenitors based on 
global transcriptional profile. PCA of RNASeq data from ETV6-RUNX1, wildtype 
(Miff3), reverted hiPSCs. PC2 and PC4 are shown as deemed most informative; each 
dot represents one sample. Red dot: IL7R progenitor, Green dot: LIN-CD34+CD45RA-
, Blue dot: proB cells. Ellipses based on cell type. 
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To home in on the difference seen within the proB compartment, I repeated this 

process with only the proB cell samples. The ETV6-RUNX1 proB population and the 

wildtype and reverted populations separated from each other. With separation of 

mutants and controls along PC2, I further analysed the top 500 genes associated with 

this variation by computing overlaps with known gene ontology (GO) sets. The gene 

set was significantly enriched for multiple GO terms related to the immune system, 

such as immune system process, immune response and regulation of immune system 

process. There were also a number of GO terms relating to proliferation and cell cycle 

such as regulation of cell proliferation, regulation of cell cycle and cell death (p<0.001, 

FDR q<0.001). Using REACTOME to analyse the gene set, a number of interesting 

pathways appeared including: transcriptional regulation by RUNX1 and RUNX1 

regulates transcription of genes involved in differentiation of HSCs and BCR signalling 

as well as cell cycle pathways such as G1/S transition, cell cycle checkpoints and cell 

cycle (p<0.001, FDR <0.05). 

 

 
Figure 4.2 ETV6-RUNX1 proB separate from wildtype and reverted proB 
compartments via global RNAseq data analysis. PCA of RNASeq data from 
wildtype, ETV6-RUNX1 and reverted proB cells. PC1 and PC2 are shown; each dot 
represents one sample.  
 

Considering the differences seen within the proB compartment, I wanted to further 

analyse the IL7R progenitor population where the lymphoid block appears to occur. I 

constructed a PCA using only IL7R progenitor samples from ETV6-RUNX1, wildtype 

and reverted. The ETV6-RUNX1 IL7R progenitor samples generally clustered 



 139 

together, away from the majority of reverted and wildtype populations. Similar GO 

terms as the proB cells came up upon pathway analysis of PC3, which counted for 

the variation between ETV6-RUNX1 and control cells. In fact, of the top 500 genes 

from PC3 of IL7R progenitor PCA and PC2 of proB PCA, I found 72 were overlapping. 

Upon further analysis of these genes, a large majority were related to the immune 

system and 11 were genes down-regulated in normal haematopoietic progenitors by 

RUNX1-RUNX1T1 fusion (p<0.001, FDR q<0.001). Using REACTOME analysis on 

the overlapping genes, significant overrepresentation was found again in pathways 

such as transcriptional regulation by RUNX1. 

 

 
 

Figure 4.3 ETV6-RUNX1 IL7R progenitors cluster away from wildtype and 
reverted compartments via global RNAseq analysis. PCA of RNASeq data from 
ETV6-RUNX1, wildtype and reverted IL7R progenitor. PC1 and PC3 are shown as 
deemed most informative; each dot represents one sample.  
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4.2.2. ETV6-RUNX1 B hierarchy shows primitive multilineage 

priming compared to wildtype 

 

To gain a broader appreciation of how ETV6-RUNX1 affects B lineage commitment I 

used GSEA to analyse RNAseq data, probing HSC, megakaryocyte/erythroid, 

granulocyte-monocyte and myeloid-associated signatures (Laurenti et al., 2013) 

(figure 4.4). The ETV6-RUNX1 IL7R progenitors and proB cells were highly enriched 

for HSC, megakaryocyte/erythroid, granulocyte-monocyte and myeloid genes 

compared with wildtype and reverted counterparts. 

Figure 4.4 GSEA of lineage affiliations comparing ETV6-RUNX1 and control 
hiPSC-derived IL7R progenitor and proB cells. NES, normalized enrichment 
score. FDR, false discovery rate. Gene sets used are indicated above (Laurenti et al., 
2013). 
 
 
Both the ETV6-RUNX1 IL7R progenitor and proB compartments had less well-

developed early B cell signature compared to controls, but still displayed components 

of B cell identity (figure 4.5). Thus, multilineage programming continued within the 

ETV6-RUNX1 proB cells and was not resolved upon commitment to the B cell lineage.  
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Figure 4.5  GSEA comparing the B lineage gene expression of ETV6-RUNX1 and 
control lines of IL7R progenitor and proB cells compartments. NES, normalized 
enrichment score. FDR, false discovery rate. Gene sets from (Laurenti et al., 2013) 
 
Considering the multilineage priming of the ETV6-RUNX1 proB compartment, I used 

GSEA to confirm that the ETV6-RUNX1 proB cells were more mature than the ETV6-

RUNX1 IL7R progenitor (figure 4.6). ETV6-RUNX1 proB cells showed marked 

enrichment for known proB cell genes compared to the ETV6-RUNX1 IL7R progenitor 

and similar levels of comparative enrichment to the control lines. 

 

Figure 4.6 GSEA comparing the B lineage gene expression of IL7R progenitor 
and proB cells from both ETV6-RUNX1 and control lines. NES, normalized 
enrichment score. FDR, false discovery rate. Gene sets from (Laurenti et al., 2013). 
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4.2.3. ETV6-RUNX1 hiPSC lymphoid hierarchy has increased 

myeloid transcriptome, with aberrant lymphomyeloid 

signalling in ETV6-RUNX1 proB cells 

 

In light of the multilineage primitive priming in both IL7R progenitor and proB 

compartments I wanted to further investigate how ETV6-RUNX1 may be affecting 

lineage commitment. Taking into account the IL7R progenitor B/myeloid gene co-

expression and the well-described co-expression of myeloid antigens in ETV6-

RUNX1 B-ALL patients (Romana et al 1995, Borkhardt et al 1997), I had particular 

interest in the myeloid lineage.  

 

Using GSEA analysis, I found both ETV6-RUNX1 IL7R progenitor and proB cells were 

markedly enriched for myeloid cell differentiation associated genes (figure 4.7). 

 

 
 

Figure 4.7 GSEA of Myeloid Cell Differentiation enrichment within IL7R 
progenitor and proB cells from both ETV6-RUNX1 and control lines. NES, 
normalized enrichment score. FDR, false discovery rate.  
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A ‘core myeloid’ gene list was created by collating unique genes from the leading 

edge of enriched myeloid GSEA gene sets. This gene set was used to analyse the 

different differentiation populations within the B cell differentiations. As can be seen 

from figure 4.8, ETV6-RUNX1 cells show an increased myeloid transcriptome which 

is maintained through development into the proB cell stage. 

 

 
Figure 4.8 ETV6-RUNX1 hiPSC maintain myeloid transcriptome throughout B 
cell differentiation. Graph tracking GSEA core myeloid genes through development. 
Each line represents a gene. Red: ETV6-RUNX1, Blue: Wildtype. Fraction 1.0: LIN-
CD34+CD45ra-, 2.0: IL7R progenitor, 3.0: proB cells. Performed by Dr Jason Wray 
and Dr Chela James. 
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To begin to understand the regulatory underpinnings that may be affecting the 

lymphoid/myeloid cell-fate decisions of the IL7R progenitor, I analysed the ETV6-

RUNX1 progenitors for the main transcription factors and signalling components 

involved in the myeloid and lymphoid development regulatory network (Collombet et 

al., 2017). There was a clear downregulation of B-associated genes within the ETV6-

RUNX1 proB compartment, with upregulation (or maintenance of expression) of 

primitive- and myeloid-associated genes such as Flt3 and CEBPA (figure 4.9 and 

figure 4.10). 

 

 
Figure 4.9 ETV6-RUNX1 proB cells downregulate B- associated genes and 
upregulate myeloid associated genes in comparison to control cells. Heatmap 
of relative gene expression in MIFF3/reverted ETV6-RUNX1 and ETV6-RUNX1 
hiPSC IL7R progenitor and proB cells. Each square represents one sample. n = 4–5.  
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Figure 4.10 Comparison of gene expression in MIFF3/reverted ETV6-RUNX1 
(purple) and ETV6-RUNX1 hiPSC (green) IL7R progenitor and proB cells. Each 
dot represents one sample. Bars show mean fragments per kilobase of transcript per 
million fragments mapped (FPKM) value ± SD, n = 4–5.  
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It is interesting to note that some early B-lineage genes are unaffected by ETV6-

RUNX1, such as IKAROS and E2A, while others are only affected within the proB 

compartment such as ETS1. Myeloid genes such as CEBPA are maintained at the 

same level through the ETV6-RUNX1 IL7R progenitor-to-proB transition. Using such 

gene expression data and regulatory networks, one could begin to model a plausible 

mechanism for ETV6-RUNX1 (see discussion), with the embryonic B-myeloid fate 

restriction of the IL7R progenitor implicated as a developmental susceptibility for 

ETV6-RUNX1. 

 

Further analysis of proB RNASeq data, see figure 4.11 below, found that myeloid 

genes, such as CD33 and CSF1, and genes expressed in more primitive cells, such 

as FLT3 and MPL, were upregulated (Abdelhaleem, 2007, Iijima et al., 2000, Tijchon 

et al., 2013). However, it should be noted that CSF1 FPKM values were very small, 

so whether this is biologically significant is unknown. In addition, the erythroid-

associated gene EPOR, known to be upregulated in ETV6-RUNX1 B-ALL, was 

significantly increased in the hiPSC ETV6-RUNX1 proB cells (Torrano et al., 2011).  

 

 
Figure 4.11 Comparison of gene expression in MIFF3/reverted ETV6-RUNX1 
(RC)(purple) and ETV6-RUNX1 hiPSC (green) proB cells. Each dot represents one 
sample. Bars show mean fragments per kilobase of transcript per million fragments 
mapped (FPKM) value ± SD, n = 4–5.  
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4.2.4. ETV6-RUNX1 proB cells exhibit aberrant myeloid priming 

and functional potential 

 

Considering the increased myeloid transcriptome in both the ETV6-RUNX1 IL7R 

progenitor and proB populations, I wanted to see whether this was mimicked at the 

protein level through flow cytometry.  

 

Within the ETV6-RUNX1 IL7R progenitor compartment, there was an increased 

expression of both myeloid markers CSF1R and CD33, often co-expressed, see 

figure 4.12. Preliminary data suggests this increased myeloid transcriptome is 

coupled with a reduction in B cell potential (data not shown).  

 

 

 

 

 

 

 

 

 

Figure 4.12 Surface expression of myeloid markers on IL7R progenitors. 
Markers: CD33 and CD115/CSF1R as determined by flow cytometry. 
 

Surprisingly, within the proB compartment, I found a large proportion of ETV6-RUNX1 

proB cells were positive for CSF1R (CD115) in comparison to wildtype and reverted 

clones. Interestingly, this myeloid-signalling was downregulated upon further 

development of ETV6-RUNX1 proBs into preBs (as can be seen by loss of CD34), 

see figure 4.13.  
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Figure 4.13 ETV6-RUNX1 proB, but not preB, cells show expression of M-CSFR. 
Representative FACS analysis of MIFF3, ETV6-RUNX1 hiPSC (2.8 and 2.1) and 
reverted clone D5 B cell expression of CSF1R. Cells were gated CD45+; further gating 
as indicated. Cells analysed at day 27. 
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I analysed the expression of CSF1R/CD115 within the proB and preB populations 

over multiple B cell differentiations of ETV6-RUNX1 and control lines to determine 

expression level, see figure 4.14. 
 

 
 

 
 
 

 
 

 
 
Figure 4.14 CSF1R/CD115 surface expression of wildtype, reverted and ETV6-
RUNX1 hiPSC line B cell output. hiPSC B cell differentiations were analysed by flow 
cytometry between days 27-31. Each dot represents one replicate. Mean ± SD. ns, 
not significant. 
 
The expression of myeloid surface markers, demonstrated by both RNASeq and 

FACS, prompted investigation into the functional significance of this aberrant co-

expression, by assaying ETV6-RUNX1 proB cells clonogenicity in liquid myeloid 

conditions. I sorted ETV6-RUNX1, wildtype and reverted proB cells as single cells 

into IMDM + 10% FBS, supplemented with myeloid cytokines. There was a significant 

increase in small colonies after 14 days of culture from ETV6-RUNX1 proB cells 

compared with their wildtype and reverted counterparts, demonstrating an increased 

survival of these pre-leukemic cells, see figure 4.15. 

Figure 4.15 ETV6-RUNX1 proB cells are able to survive in myeloid conditions.  
Survival of MIFF3/reverted ETV6-RUNX1 (purple) and ETV6-RUNX1 hiPSC (green)-
derived single proB cells (CD34+CD19+) grown in liquid culture supplemented with 
myeloid cytokines (percentage of wells with ≥3 cells at 14 days). Mean ± SD, n = 
ETV6-RUNX1 = 4; MIFF3/reverted = 6, in two experiments. 
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Surprisingly, a proportion (8.8%) of the ETV6-RUNX1 proB cells transdifferentiated 

into large macrophage-containing colonies, see figure 4.16 below.  A cytospin was 

performed to confirm myeloid identity. 

 

Figure 4.16 ETV6-RUNX1 proB cells can transdifferentiate into myeloid cells. 
Left: Myeloid differentiation potential MIFF3/reverted ETV6-RUNX1 (purple) and 
ETV6-RUNX1 (green)-derived single proB cells (CD34+CD19+). Grown in liquid 
culture supplemented with myeloid cytokines (percentage of wells with ≥20 cells at 
14 days). Mean ± SD, n = ETV6-RUNX1 = 4; MIFF3/reverted = 6, in two experiments. 
Right: Representative cytospin of macrophages generated from ETV6-RUNX1 proB 
cells 
 

The lymphoid origins of these myeloid colonies were confirmed by demonstrating IgH 

DJ recombination in the myeloid cells, see figure 4.17 below.  

 
 
 
 
 
 
 
 
 
 

Figure 4.17 ETV6-RUNX1 proB-turned-myeloid cells have an IgH DJ 
recombination, confirming lymphoid origins. Agarose gel of DH7JH 
rearrangements in myeloid cells derived from liquid culture of ETV6-RUNX1 proB 
cells (2.1 and 2.8) and primitive ETV6-RUNX1 CD34+ cells. Ladder 1 kb+ (Invitrogen). 
DH7JH recombination predicted band 100–130 bp (van Dongen et al., 2003). Kindly 
performed by Simon Richardson. 
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The ETV6-RUNX1 proB cells exhibited an unexpected capacity for lineage plasticity. 

I decided to further investigate the myeloid commitment of these colonies, by taking 

the myeloid clones derived from ETV6-RUNX1 proB cells (at day 14) and put them 

through a further 14 days of myeloid lineage culture. This protocol, see figure 4.18, 

was based on published hiPSC macrophage differentiation protocols (Yanagimachi 

et al 2013). 

Figure 4.18 Schematic of in vitro liquid myeloid culture of ETV6-RUNX1 proB 
cells.  
 

After 14 days in liquid myeloid culture, the timepoint in figures 3.15-17, ETV6-RUNX1 

proB cells are heterogenous in their myeloid morphology. By day 28, the proBs 

appear homogenous and similar to committed macrophages, see figure 4.19.  

 
Figure 4.19 Pictures of ETV6-RUNX1 proB cells after 14 days (left) and 28 days 
(right) in liquid myeloid culture. 
 

To gain insight, I analysed the day 28 ETV6-RUNX1 proB-turned-macrophages by 

flow cytometry, see figure 4.20. The cells were still expressing venus (and thus ETV6-

RUNX1) and pan-haematopoietic marker CD45, but were negative for the B cell 

marker CD19. The cells were largely homogenous and showed a strong myeloid 

signature- expressing CD33 (expressed on cells of myeloid lineage), CD14 

(expressed mainly by macrophages), CD11b/Mac1 (expressed on many leukocytes 

including monocytes and macrophages) and HLA-DR (an MHC class II cell surface 

receptor found on antigen presenting cells such as monocytes/macrophages and B-

cells). 
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Figure 4.20 FACS analysis of ETV6-RUNX1 proB and CD34+ cells after 28 days 
of in vitro myeloid culture, showing loss of CD19 and gain of myeloid 
associated markers.  
 

In light of the array of macrophage markers, I next decided to test whether the cells 

could function as macrophages. Within a phagocytosis assay, macrophages derived 

from both ETV6-RUNX1 proB and CD34+ cells were able to phagocytose the latex 

beads, see figure 4.21.  

Figure 4.21 ETV6-RUNX1 proB-turned-Macrophages are actively phagocytic. 
ETV6-RUNX1 proB after 28 days in liquid myeloid culture at 1 and 10 hours of a 
macrophage phagocytosis assay with GFP+ latex beads. Negative control: HEK cells. 
Positive control: ETV6-RUNX1 CD34+ control cells from liquid myeloid culture.  
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Considering the expression of CSF1R and CSF1 within the ETV6-RUNX1 B cell 

hierarchy, I began preliminary experiments to determine how this could be affecting 

B cell development. To investigate the effect of CSF1R expression on ETV6-RUNX1 

ProB-like cells, a selective CSF1R inhibitor (GW2580) was added at 60nM every other 

day at the MS-5 co-culture stage of the B cell differentiation (from day 10). At the end 

of the differentiation, the cells were analysed by flow cytometry. 

 

It was expected that the inhibition would change the B cell hierarchy, most likely 

pushing ETV6-RUNX1 cells towards the lymphoid lineage- perhaps resolving the 

lineage confusion. Surprisingly, rather than an increase in ETV6-RUNX1 B cells, there 

was a dramatic decrease in the number of ETV6-RUNX1 haematopoietic cells 

(CD45+), see figure 4.22. Of the ETV6-RUNX1 cells that survived, there was no 

difference with the population proportions. This preliminary data suggests that 

expression of CSF1R on ETV6-RUNX1 cells confers some kind of survival signal. 

However, further experiments are required to confirm this data and investigate the 

root of the effect. 

 

 
 

Figure 4.22 Inhibiting CSF1R leads to decrease in total CD45+ ETV6-RUNX1 
cells. Wildtype and ETV6-RUNX1 hiPSC underwent an in vitro B cell differentiation. 
At day 10, 60nM GW2580 was added every other day. Percentage of CD45+ cells 
from total alive cells at day 27-31 of B cell differentiation. Mean+SD, n=3-5, 3 exp 
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4.3. Discussion 
 

In light of the partial B-lineage differentiation block, I wanted to further investigate the 

transcriptional impact of ETV6-RUNX1 on the lymphoid hierarchy. In particular, the 

relationship between the IL7R progenitor and proB population and the embryonic B-

myeloid fate restriction as a potential developmental susceptibility for ETV6-RUNX1. 

 

Analysis of gene expression found that the ETV6-RUNX1 hiPSC lymphoid hierarchy 

has an increased myeloid transcriptome compared to wildtype cells. This myeloid 

transcriptome was mimicked at a protein level with the ETV6-RUNX1 IL7R progenitor 

showing an increased level of myeloid markers. This data supports a model whereby 

ETV6-RUNX1 inhibits effective resolution of a lympho-myeloid programme present in 

early fetal CD19-IL7R+ progenitors, impeding B lineage differentiation. This myeloid 

transcriptome could be associated with previous findings which have noted an 

increase in myeloid progenitors in ETV6-RUNX1 models (Tsuzuki et al., 2004; Morrow 

et al., 2004; Schindler et al., 2009). The developmentally restricted myeloid to 

lymphoid transition within the fetal IL7R progenitor compartment, may suggest an 

explanation for why ETV6-RUNX1 ALL predominantly affects children. 

 

Transcriptional analysis of the ETV6-RUNX1 proB cells which passed the 

differentiation block found that the cells exhibited markedly abnormal gene expression 

with co-expression of primitive HSC and myeloid genes. The significant multilineage 

programming persists in ETV6-RUNX1 proB cells despite expression of B cell 

regulators IKAROS, EBF1 and PAX5, though the latter two are both expressed at 

lower levels than control. This is surprising considering the influence of PAX5 to both 

maintain B lineage identity and quench myeloid programming (Hanna et al., 2008, Xie 

et al., 2004). The conflicting signalling and pathway activation may lead to a network 

level lineage conflict (Banerji et al., 2013, Enver and Greaves, 1998). The 

upregulation of EPOR in ETV6-RUNX1 proB cells mirrors that seen in patients with 

ETV6-RUNX1 ALL (Torrano et al., 2011). 

 

ETV6-RUNX1 proB cells were found to have significantly upregulated a number of 

myeloid cytokine regulators. This upregulation was mimicked at the protein level with 

expression of CSF1R on ETV6-RUNX1 proB cells, however this was lost upon further 

differentiation into preB cells. The expression of a myeloid marker such as CSF1R 

within ETV6-RUNX1 proBs may explain the clinical feature seen in some ETV6-
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RUNX1 B-ALLs to co-express myeloid antigens (Abdelhaleem, 2007; Gerr et al., 

2010). Interestingly a very small number of wildtype hiPSC derived-proB cells 

(approximately 1%) expressed CSF1R. In the mouse at E13.5, CSF1R+ fetal ProB 

cells have been identified within a highly restricted developmental window, these 

results perhaps suggest a similar compartment may exist within the human at this 

timepoint (Zriwill et al., 2016).  

 

The functional relevance of the upregulated myeloid programming within ETV6-

RUNX1 proB cells was shown through the markedly increased cloning frequency and 

residual myeloid potential of this compartment in response to myeloid cytokines. 

ETV6-RUNX1 proB cells under myeloid conditions transdifferentiated into functional 

phagocytosing macrophages. Interestingly, the addition of M-CSF alone was not 

enough to trigger the transdifferentiation in proB cells (data not shown). Preliminary 

experiments blocking CSF1R within the B cell differentiation significantly affected the 

ETV6-RUNX1 lymphoid hierarchy, suggesting the signalling is important to the cells. 

Further experiments are required to confirm this data and investigate the root of the 

effect. It may be that inhibition of CSF1R within primitive ETV6-RUNX1 

haematopoietic cells may result in cell death – thus preventing further differentiation. 

This loss of cells may not be seen if the CSF1R inhibitor is added later in the B cell 

differentiation. 

 

Network lineage conflict potentially occurring within the ETV6-RUNX1 proB cells may 

cause differential responses to niche signals, as well as to altered cytokine 

environments produced in response to infection (Ford et al., 2009, Greaves, 2006). 

Suggestive evidence of this was found through upregulation of inflammation 

associated genes compared to wildtype within ETV6-RUNX1 proB cells.  

 

While this study has looked at the impact of ETV6-RUNX1, the mechanism by which 

the differentiation block occurs is uncertain. To investigate this mechanism, I used the 

regulatory modelling built on lymphoid and myeloid cell specification and lymphoid to 

myeloid transdifferentiation as a base (Collombet et al., 2017). During normal 

development, the B cell master regulators activate in a specific order from E2a IL7R 

and followed by Foxo1, Ebf1 and Pax5 (Collombet et al., 2017). E2A and Ikaros are 

required for early lymphoid specification from the HSC to the CLP. Interestingly, these 

early factors are not affected within the ETV6-RUNX1 hiPSC lymphoid hierarchy. 

Within the ETV6-RUNX1 IL7R progenitor, there is a significant decrease in EBF1. 
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This downregulation is continued into the ETV6-RUNX1 proB cells, alongside 

decreased Pax5, ETS1 and IL7R compared to wildtype.  

 

The transcription factors CSF1R and CEBPA have the power to transdifferentiate B 

cells into macrophages (Borzillo et al., 1990; Xie et al., 2004) - both of these are 

upregulated in ETV6-RUNX1 IL7R progenitor and proB compartments. CEBPA is 

maintained at the upregulated level from the ETV6-RUNX1 IL7R progenitor to the 

proB population. CEBPA is a strong inhibitor of lymphoid signalling and is a known 

inhibitor of EBF1, PAX5 and IL7R - all downregulated in ETV6-RUNX1 proB cells. 

Using this data, I constructed a plausible mechanism (figure 4.23), with ETV6-RUNX1 

working through CEBPA to cause the lineage dysregulation and differentiation block 

seen in the ETV6-RUNX1 hiPSC model. While this is a potential mechanism based 

on gene expression data, there is no firm proof. There are some genes which were 

not included, for example SPIB a B-lymphoid restricted transcription factor which was 

significantly downregulated in IL7R progenitor compartment. In future experiments, it 

would be interesting to inhibit CEBPA within the ETV6-RUNX1 hiPSC lymphoid cells 

to see whether the lineage dysregulation is resolved.  

 

In this study it was not possible to explore the epigenetic landscape associated with 

ETV6-RUNX1. It would be interesting to use, for example low-cell number ATAC-Seq, 

to dissect the transcription factor networks of the different cellular compartments 

impacted by ETV6-RUNX1 and explore how the fetal epigenetic state of the IL7R+ 

progenitor interfaces with ETV6-RUNX1. 
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Wildtype     ETV6-RUNX1 
IL7R Progenitor 
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Figure 4.23 A potential mechanism for ETV6-RUNX1 on the lympho-myeloid 
regulatory network. Boxes indicate genes, arrows indicate positive signalling, lines 
indicate inhibition.  Black: Gene expression/signalling equivalent to wildtype, Grey: 
No or very small expression/signalling at this timepoint, Blue: Downregulation of 
expression/signalling in comparison to wildtype, Red: Increased expression/signalling 
compared to wildtype. Dotted line from SPI1 used to denote B lineage signalling only 
at low SPI1 expression levels.  
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 CHAPTER FIVE:   Engineering 

an inducible ETV6-RUNX1 

construct for hiPSC 
 

 

 

 

 

 
 
 
 
 
 
 

Chapter Summary 
While the constitutive ETV6-RUNX1 hiPSC model allows analysis of the 

developmental impact of the oncogene, this system cannot dissect the stage specific 

impact. To delineate the cell context dependence of ETV6-RUNX1 activity, I aimed to 

target ETV6-RUNX1 expression to different stages of B differentiation by engineering 

an inducible ETV6-RUNX1 hiPSC model. After considering multiple approaches, I 

designed a RUNX1 FLEx switch construct targeted into ETV6. The inducible construct 

proved to be technically challenging and work to target the construct into hiPSCs is 

ongoing. If we could see the effect of ETV6-RUNX1 in the different cellular 

compartments this may help elucidate the ETV6-RUNX1 cell of origin and the cell of 

impact. 
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5.1. Introduction 
 

Genome engineering hiPSCs to constitutively express ETV6-RUNX1 results in a 

partial block in B cell development at the level of a relatively expanded lymphomyeloid 

IL7R progenitor that is abundant in the early fetal liver. The ETV6-RUNX1 IL7R 

progenitor has an increased myeloid transcriptome compared to wildtype. The few 

ETV6-RUNX1 B cells that emerge aberrantly co-express B and myeloid signatures 

and retain myeloid potential. In addition, ETV6-RUNX1 proB cells were demonstrated 

to cycle slower, with an increase in cells in G0, G1 and S phase, at the expense of 

G2. From the previous work described in this thesis and by the Enver lab, we propose 

that ETV6-RUNX1 specifically impacts the cell fate decision of the fetal IL7R+ 

progenitor, providing a rationale for ETV6-RUNX1 ALL as a disease of childhood. The 

constitutive knock-in model demonstrates the first part of the haematopoietic 

hierarchy that ETV6-RUNX1 affects. However, while the constitutive model allows 

analysis of the developmental impact, this system cannot dissect the stage specific 

impact of ETV6-RUNX1. As transcription factors are cell context dependent, ETV6-

RUNX1 may have different impacts depending when in B cell differentiation it acts. 

The effect of the fusion may depend on the stage of differentiation in which it is 

expressed initially. What happens if the fusion is expressed at different stages of 

human fetal haematopoiesis? Is this block in B-cell development observed, and if so, 

does this occur only if the fusion is expressed already at the stage of 'HSCs' or the 

IL7R progenitor? 

 

The translocation may cause (and require for leukaemic effect) a subversion of a 

primitive transcriptional programme present in an early progenitor, such as retention 

of a myeloid programme. Conversely, ETV6-RUNX1 may be capable of re-

programming a more committed B cell by activating a novel transcriptional regime. 

Interestingly, Schindler and colleagues noted ETV6-RUNX1 altered the B cell 

differentiation potential in a developmental-stage-specific manner (Schindler et al., 

2009). 

 

I aimed to design and create an inducible ETV6-RUNX1 hiPSC line, to control  

expression of the oncogene at different stages of B differentiation to delineate the cell 

context dependence of ETV6-RUNX1 activity. In this chapter I will describe the 

different designs considered for the construct and the genome engineering used to 

create a construct ready for insertion into hiPSC.   
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5.2. Results 
5.2.1. Designing an inducible ETV6-RUNX1 hiPSC construct 

 

To delineate the cell context dependence of ETV6-RUNX1 activity, I wanted to target 

ETV6-RUNX1 expression to different stages of B differentiation by engineering an 

inducible ETV6-RUNX1 construct.  

 

We decided to use the same RUNX1 cassette that was validated in the constitutive 

ETV6-RUNX1 construct, previously made in the Enver lab. The RUNX1 cassette 

encodes a splice acceptor, cDNA for RUNX1 V5 tagged at the C terminus and linked 

by a self-cleaving furin/T2A peptide to the mVenus fluorescent reporter. The V5 

epitope tag aids downstream analysis such as ChIP and western blotting. The 

cleavable furin domain protects the V5 tag, as such only one amino acid is left on its 

C terminal. The mVenus reporter was successful in the constitutive construct with 

favourable emission spectra and low toxicity in hiPSCs. Upon expression, RUNX1 

would be spliced into the ETV6 transcript through the splice acceptor engrailed 2.  

 

The first approach we considered was a tet-responsive inducible PiggyBac, kindly 

provided by Konstantinos Anastassiadis, University of Dresden, with ETV6-RUNX1 

cDNA under a doxycycline-inducible promoter. The PiggyBac plasmid allows large 

sections of DNA to be stably integrated into cell lines, such as hiPSC, upon co-

transfection with a PiggyBac transposase. The TET inducible PB system is similar to 

that of a viral transduction but is simpler and has no size limit. This system consists 

of three components: a constitutive Puro selection, constitutive tet transactivator and 

the tet response element upstream of a gateway cloning site. The system is induced 

by the binding of doxycycline to rtTA-M2. ETV6-RUNX1 cDNA, reported by mVenus, 

would be inserted from a Gateway vector surrounded by attL sites, see figure 5.1 

below.  

 

 
Figure 5.1 Inducible ETV6-RUNX1 Tet-Responsive PiggyBac strategy.  
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This particular inducible system has the advantages of relative technical feasibility of 

targeting and screening. Unlike other homologous recombination strategies, the short 

homology arms would allow screening by PCR, rather than the more labour intensive 

southern blot. The timing of ETV6-RUNX1 expression would be controlled by addition 

of doxycycline to cells. The disadvantages of this approach include concerns over the 

well-described ‘leakiness’ of the doxycycline inducible system (Jaisser., 2000). This 

strategy would also retain the presence of two wild type alleles of ETV6 and RUNX1 

and the promoter may drive artificially high-levels of ETV6-RUNX1 expression, raising 

concerns over physiological relevance. 
 

Considering these concerns, we considered an alternative system using Cre 

recombinase. Cre activity is regulated by fusion to a modified fragment of the estrogen 

receptor (ERT2) which sequesters Cre outside of the nucleus where it cannot direct 

recombination. In the presence of estrogen receptor antagonists, such as 4-

hydroxytamoxifen (4-OHT), Cre rapidly relocates into the nucleus where it directs 

recombination, resolving the Lox sites. Lox sites can either excise or invert intervening 

DNA sequences, depending on orientation. 

 

The second approach we considered was using Cre recombinase in a Lox STOP 

design, see figure 5.2. The RUNX1 cassette would be preceded by a STOP cassette. 

The STOP cassette, flanked by LoxP sites, would encode a Stop codon and a 

constitutive PGK promoter driving a NeoR selection cassette and the inducible 

CreERT2. Cells successfully targeted with this Lox STOP construct are designed not 

to express the RUNX1 cassette, by inclusion of the splice acceptor and Stop codon 

immediately downstream of ETV6 exon 5. Upon presence of 4-OHT, the Head-to-Tail 

LoxP sites would excise the STOP cassette, allowing transcription of ETV6-RUNX1. 

By linking Neo selection with CreERT2 within the floxable domain, we can select 

against leaky Cre floxing cells over time in hiPSC culture, however this would not be 

possible during the B cell differentiation. The RUNX1 cassette is flanked by FRT, 

allowing for the reversion of the cells back to a wildtype state. The main issue with 

this approach is the risk of alternative splicing into the RUNX1 cassette causing 

leakiness. 

 
Figure 5.2 Inducible ETV6-RUNX1 Lox-STOP strategy. 
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Considering the risk of alternative splicing within the Lox-STOP design, we decided 

to use the FLEx switch approach (Schnutgen et al., 2003), originally designed for in 

vivo mouse studies. The FLEx switch uses two pairs of functionally distinct heterotypic 

LoxP sites, harnessing their ability to either excise or invert intervening DNA 

sequences, depending on orientation.  

 

In the FLEx switch, the RUNX1 cassette is in the anti-sense direction, unable to be 

transcribed. This is followed by a Neo-Cre cassette in the sense direction encoding 

constitutive EF1a (hiPSC) and Em7 (bacteria) promoters driving a NeoR selection 

and, following an IRES, an inducible ERT2iCreERT2. The cassettes are flanked with 

two pairs of distinct LoxP sites, the wild-type LoxP and a mutant Lox2272 site, which 

show efficient homotypic but not heterotypic recombination (Lee and Saito, 1998) and 

have been used together previously in the FLEx switch setting (Atasoy et al., 2008), 

see figure 5.3. 

 
Figure 5.3 ETV6-RUNX1 FLEx construct. A RUNX1 cassette in the anti-sense 
direction, encodes a splice acceptor (SA), cDNA for RUNX1 exons II-VIII V5 tagged 
at the C terminus and linked by a self-cleaving furin/T2A peptide to the mVenus 
fluorescent reporter. This is followed by a Neo-Cre cassette in the sense direction 
encoding constitutive EF1a (hiPSC) and Em7 (bacteria) promoters driving a NeoR 
selection and, following an IRES, the inducible ERT2iCreERT2. The cassettes are 
flanked with two pairs of functionally distinct heterotypic loxP sites. 
 

The version of Cre used in this project is codon optimized for mammals (Shimshek et 

al., 2002) and incorporates an ERT2 fragment on either end of the protein 

(ERT2iCreERT2) which ensures tight regulation of transgene expression (Matsuda 

and Cepko, 2007).  

 

Head-to-head compatible LoxP sites invert the intervening sequence with Cre 

recombinase activity. The inversion is a transient step that is resolved by excision. 

This inversion event now leaves the other 2 compatible LoxP sites in a head-to-tail 

orientation, that will permit excision of the intervening DNA sequence in the presence 

of Cre recombinase activity. This excises both the Cre and the neo leaving a minimal 

footprint. The LoxP sites can resolve in one of two ways, both with the same results, 

as seen in figure 5.4. In the Schnutgen FLEx switch, the results indicated that Cre 

always mediated consecutively both inversion and excision, after which the DNA 
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molecule was stable (Schnutgen et al., 2003). An advantage of this approach is the 

need for only a single targeting event. 

 

 
Figure 5.4 ETV6-RUNX1 FLEx resolving upon addition of 4-hydroxytamoxifen. 
The ETV6-RUNX1 FLEx construct can resolve in one of two ways depending on the 
Lox sites resolved first. Both inversion and excision events leave the RUNX1 cassette 
in the sense directions, with minimal footprint. 1a. Upon addition of 4-
hydroxytamoxifen, Lox2272 sites in the Head-to-Head orientation invert the 
intervening sequence, both the RUNX1 cassette and the Neo-Cre cassette. 1b. LoxP 
sites now in Head-to-Tail orientation excise the intervening Neo-Cre cassette. 2a. 
Upon addition of 4-hydroxytamoxifen, LoxP sites in the Head-to-Head orientation 
invert the RUNX1 cassette. 2b. Lox2272 sites now in Head-to-Tail orientation excise 
intervening Neo-Cre Cassette. 
 
For the recombineering stage in bacteria, NeoR is driven by the bacterial Em7 

promoter, providing kanamycin resistance. In addition, we have ERT2iCreERT2 

downstream of an IRES to prevent Cre recombinase activity when recombineering in 

bacteria, as ERT2 repression is via cytoplasmic sequestration. Successful hiPSC 

knock-ins would be initially isolated through g418 selection and later screened by 

Southern blot hybridization.  

 

Another advantage of this approach is the resulting haploinsufficiency of ETV6, 

recreating the genetics found in vivo. In addition, ETV6-RUNX1 is under the control 

of the endogenous ETV6 promoter, providing physiological ETV6-RUNX1 expression 

levels, a well-known issue in viral models (Tsuzuki and Seto, 2013). A potential issue 

with the constitutive model was that the fusion may have been expressed too early in 

development, affecting the B cell differentiation in a further non-physiological way. 

While the Van der Weyden constitutive KI mouse model suggests that this is probably 

not the case, the inducible model works around this issue (van der Weyden et al., 

2011). 
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A disadvantage of the inducible model, as with the constitutive hiPSC model, is that 

both alleles of RUNX1 remain intact. Considering that haploinsufficiency of RUNX1 

has a dominant negative effect, it is possible that the presence of ETV6-RUNX1 may 

be enough to replicate this. While this is not ideal, it is comparable to other models of 

ETV6-RUNX1 (Schindler et al., 2009; van der Weyden et al., 2015). In addition, it 

should be noted that a gain of an additional copy of RUNX1 is a common second hit 

mutation in ETV6-RUNX1 leukaemia (Peter et al., 2009).  

Other potential caveats of the inducible approach include the increased size of the 

construct, making the knock-in more difficult in terms of both genome engineering and 

insertion into cells. In addition, the effect of 4-OHT on B cell differentiation may be an 

issue, but this could be circumnavigated by treating sorted cells rather than the bulk 

differentiation, and the capability of the B cell hierarchy to withstand genetic 

rearrangements. There have also been reports of the off-target effects of Cre 

expression, such as DNA damage and growth inhibition (Janbandhu et al., 2014; 

Loonstra et al., 2001). This demonstrates the importance of careful titration of Cre 

activity to permit recombination without concomitant toxicity, as well as careful 

characterisation of the floxed clones.  

 

The t(12,21) breakpoint occurs throughout ETV6 intron V. The construct is inserted 

by CRISPR-directed homologous recombination towards the 5’ end of ETV6 intron V 

using ETV6 gRNA and the nickase CasD10A as in Boiers et al., 2018. The single-

strand cutting nickase CasD10A is used to minimise off-target non-homologous end 

joining mutagenesis.  

 

5.2.2.  Southern blot screening strategy 

Southern blots are often used to screen for successful homologous recombination in 

gene targeting experiments. The technique employs a radiolabelled DNA probe to 

detect a specific DNA sequence in a digested DNA which has been separated via gel 

electrophoresis.  

 

The Southern blot strategy in this study uses two probes to determine successful 

genomic-targeting, an internal NeoR probe and an external ETV6 probe. As the ETV6 

probe is located outside the construct’s homology arms in an evolutionary conserved 

region, this probe is specific to the ETV6 alleles, confirming the location of the knock-
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in. The internal NeoR probe will confirm the presence of an unresolved knock-in. The 

Southern blot digest has been designed to distinguish between the construct in its 

unresolved and resolved states. In wild-type gDNA, the EcoRV-KpnI double digest 

releases a 14.8Kb gDNA fragment, which is probed using a 1634bp southern probe 

(SP2). In cells with the knock-in, the EcoRV-KpnI double digest releases a 12Kb 

fragment. If the FLEx construct is fully resolved (leaving only the RUNX1 cassette), 

the digest releases an 8.7Kb fragment. Whilst unlikely to occur, it is also possible to 

identify partial resolutions, but this would require multiple Southern blots. An overview 

of the Southern blot strategy using the external ETV6 probe is shown in figure 5.5. 

 

 
 

Figure 5.5 Southern blot strategy. Genomic DNA is digested by an EcoRV KpnI 
double digest which releases a 15Kb wild type fragment from both ETV6 alleles. This 
is detected using a radiolabeled probe to an evolutionary conserved region within 
ETV6. Upon knock-in of the construct, the released fragment shortens to 12Kb due 
to introduction of a KpnI site within the Neo-CreERT2 cassette. Upon addition of 4-
hydroxytamoifen, the construct resolves leaving only the RUNX1 cassette, containing 
an EcoRV site, shortening the fragment once more to 9Kb. 
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5.2.3. Inducible ETV6-RUNX1 hiPSC genome engineering 

Considering the complexity and precision required, the construct was synthesised 

commercially by GeneArt. The recombineering strategy was based on that previously 

validated with the constitutive construct, see figure 5.6.  

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.6 ETV6 targeting vector construction using BAC recombineering. 
Bacteria are recombineering efficient via pSC101_BAD_gbaA arabinose inducible 
recombineering plasmid. The p15a_DTA_AmpR_ETV6_rpsl-genta has ETV6 
homology arms and the positive-negative selection cassette rpsL-gentaR. The ETV6-
RUNX1 FLEx is first electroporated into the pR6K donor plasmid. The construct is 
then released from the pR6K plasmid to replace the rpsL-gentaR counter selection. 
Successful recombination is selected with kanamycin. Non-recombineered clones are 
counter-selected with streptomycin. The final targeting vector is then cloned, checked 
and linearized prior to nucleofection into hiPSCs. 
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The first step of the genome engineering process was to insert the ETV6-RUNX1 

FLEx construct into a pR6K plasmid. The replication of plasmids with a pR6K origin 

requires the pi protein, encoded by the pir gene. The plasmid is used routinely 

throughout subcloning to prevent background recombineering. Linear DNA 

recombineers into plasmids relatively rarely in comparison to circular DNA. Circular 

DNA, such as left-over vector backbone or non-digested parental plasmid, can 

transform the bacteria very efficiently and result in the same antibiotic sensitivity as 

the successful linear transformation. This leads to a high background, despite gel 

purification steps. This issue is resolved by pR6K, which can only grow in pir+ bacteria. 

In this project, pir116+ E. coli (250 copy number) were used, with transformation via 

electroporation. Unfortunately, the DNA yield from this plasmid was very low, making 

recombineering difficult. 

 

This simple ligation and transformation step proved to be extremely difficult. As per 

the original protocol (used to successfully recombineer the ETV6-RUNX1 constitutive 

model) linearised dephosphorylated pR6K_AmpR was ligated with linearised ETV6-

RUNX1 FLEx and subsequently transformed into pir116+ E. coli via electroporation. 

After outgrowth in SOC medium, the bacteria are cultured on Amp plates overnight at 

37oC. The next day, colonies are picked and grown out in Amp/Kan media. Using this 

protocol for the constitutive model, 1 in 8 AmpR colonies were found to be AmpR and 

KanR.  Upon using this protocol for the ETV6-RUNX1 FLEx, there were no colonies 

that were both Amp and Kan resistant. All colonies were either Amp resistant or Kan 

resistant. I tried to optimise the protocol in many ways, see Table 5.1 for a summary. 

In total, 1257 colonies were picked from single selection plates (either Kan or Amp), 

no colonies were double positive. 
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Table 5.1 Attempted optimisation of pR6K + ETV6-RUNX1 FLEx ligation and 
transformation into pir116+ E. coli 

 

 

 

Optimisation Reasoning Outcome 
New/verified buffers 
(Antarctic dephosphatase, 
Ligase, CutSmart, etc.) 

Buffers potentially not working 
properly 

All validated. All 
experiments had 
relevant positive and 
negative controls. No 
effect 

Used LED lightbox rather 
than UV lightbox during gel 
purification 

UV may be damaging DNA No effect 

DNA checked via gel at 
every stage  
(dephosphorylation, 
ligation, etc.) 

Determine whether DNA is 
degrading at a particular stage. 

No effect 

Concentrated DNA via 
ethanol precipitation rather 
than commercial kit 

DNA loss was high during clean 
up using commercial kits. 

No effect 

Varied DNA concentration 
and ligation ratios 3:1, 1:1, 
1:3, 10:1 and 10:1 
(vector:construct). 

Construct is large compared to 
vector. Recommended to go for 
lower ratios for a larger construct 
into a small vector. 

No effect 

SOC outgrowth time 
following electroporation 
increased 

Due to size of construct bacteria 
may need longer time to 
generate encoded antibiotic 
resistance proteins. 

No effect 

Verified concentration of 
antibiotics used 

Antibiotics could be too high for 
construct. Pir116 is low copy 
number, perhaps this is affecting 
antibiotic tolerance. 
Is ETV6-RUNX1 FLEx Neo not 
providing Kan resistance as 
expected? 

Determined lowest 
antibiotic 
concentration for 
Amp and Kan that 
was still selective for 
pir116 pR6K_TAKI 
vs empty pir116. No 
effect on outcome. 

First outgrowth on 
Amp/Kan plates 

Original protocol detailed a single 
selection in Amp followed by 
Amp/Kan. Double selection may 
help bacteria keep construct 

No colonies 

Initial outgrowth on Amp 
plates, second outgrowth 
in Kan liquid culture 

Is double selection too much for 
cells? 

Colonies on Amp, no 
colonies in second 
Kan selection 

First outgrowth on Kan 
plates, second outgrowth 
in Amp liquid culture 

Is it necessary to select for 
construct first? 

Less colonies on first 
selection. No 
colonies on second 
selection. 

First outgrowth on Amp 
plates, second outgrowth 
in Amp 

Is ETV6-RUNX1 FLEx Neo not 
providing Kan resistance as 
expected? 

Only pR6K+ colonies 
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Alongside the optimisations listed in table 5.1, I performed the ligation and 

transformation into pR6K using constitutive ETV6-RUNX1 construct, alongside the 

ETV6-RUNX1 FLEx construct. This was to ensure the protocol was being performed 

correctly, replicating previous results. Of the 62 ETV6-RUNX1 constitutive AmpR 

colonies picked, 25% were Amp/Kan resistant. Of the 447 ETV6-RUNX1 FLEx 

AmpR colonies picked, four colonies appeared to grow in both Amp and Kan, 

however failed to display the correct digest pattern upon analysis, see figure 5.7. 

This proved that the issue was due to the ETV6-RUNX1 FLEx construct specifically. 

 

 
Figure 5.7 Unsuccessful ligation and transformation of pR6K vector + ETV6-
RUNX1 FLEx. ETV6-RUNX1 FLEx Xhol Lin dephosphorylated construct was ligated 
into pR6K and then transformed into pir116+ E. coli. Of 1257 colonies picked, 4 clones 
survived Amp/Kan selection. None showed correct digest pattern. Predicted Bands: 
10.3Kb (construct) and 1.8Kb (pr6K). 

 

There are many possible reasons why the transformation was unsuccessful. One 

reason being the 10.3Kb construct is too large for the 1.8Kb pR6K vector, to 

compare, the ETV6-RUNX1 constitutive was 6.5Kb. The construct could be toxic to 

the pir116+ bacteria, thus any successful transformations may be dying. The EF1a-

Em7-Neo-IRES-ERT2-CRE-ERT2 cassette may not be successfully providing Kan 

resistance. This was not known as the construct was received in a KanR backbone. 

 

To check these possibilities, the ETV6-RUNX1 FLEx construct was transformed into 

two plasmids. Firstly, to ensure the construct could be transformed, I attempted to 

re-transform the construct back into the original KanR plasmid it was received in. 
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This was unsuccessful, see figure 5.8a, most likely due to the lack of a second 

selection for the construct. I then tried to transform the construct into a 

pBluescript_AmpR plasmid. The pBluescript plasmid allows for blue/white 

screening, which should help select for the successful transformation even if rare. 

The transformed bacteria were first plated on Amp and then outgrown in Amp/Kan 

culture the next day. Of the 60 white colonies picked, 55 grew in Amp/Kan media. 

Six clones were then successfully validated by restriction digest, see figure 5.8. This 

proved that the construct could be successfully transformed and was providing 

KanR.  

 

 
Figure 5.8 Testing ETV6-RUNX1 FLEx Construct transformation 
A. Unsuccessful ligation and transformation of pKanR vector + ETV6-RUNX1 FLEx. 
ETV6-RUNX1 FLEx Xhol Lin dephosphorylated construct was ligated into pKanR 
vector and then transformed into E. coli. None showed presence of construct. Xhol 
digest predicted Bands: 10.3Kb (construct) and 2.5Kb (pKanR). B. Validation of 
pBluescript (pBS) + ETV6-RUNX1 FLEx clones via restriction digest. pBS and ETV6-
RUNX1 FLEx were ligated and transformed into DH5a. Clones were validated by Xhol 
digest. Predicted bands: 10.3Kb (construct) and 3.3Kb (pBluescript). 
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Upon successfully transforming into pBS, I decided to attempt to clone the construct 

straight into the p15a_DTA_AmpR_TEL_rpsl/genta recombineering BAC. This 

risked a high background of parental vector, however the pR6K strategy had proven 

impossible. The construct was linearised via SwaI, leaving rpsL-gentaR homology 

arms at either end of the construct. The linearised DNA was then electroporated into 

bacteria containing p15a_DTA_AmpR_TEL_rpsL-gentaR and psc101_gba_tet. The 

transformed bacteria were grown in positive and negative selection of Amp, Kan and 

Streptomycin at 37oC. Of the 40 colonies picked, three were found to be successful 

via restriction digest, see figure 5.9. Clone 9 from figure 5.9 was then sequence 

verified over the entire construct and recombineering junctions. 

 

 
Figure 5.9 Screen of p15a_DTA_AmpR_TEL_ETV6-RUNX1 FLEx clones. 
Linearised by EcoRV, expected band 21Kb. Digested by BamHI, expected bands 
11Kb, 8.7Kb and 1Kb. 
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5.2.4. Resolving Lox sites in bacteria 

The functionality of the site-specific recombination sequences were tested by 

expression of Cre recombinase in p15a_DTA_AmpR_TEL_ETV6-RUNX1 FLeX clone 

9 containing E. coli via psc101_BAD_Cre_tet plasmid. The LoxP and Lox2272 sites 

successfully resolved upon arabinose induction, as shown by the change of digest 

pattern in figure 5.10.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.10 ETV6-RUNX1 FLeX resolved in bacteria. Cells were transformed with 
arabinose inducible Cre. Column 2-4: Arabinose induced culture. Column 6-8: 
Arabinose negative culture. Expected Bands: Lin Cre plasmid at 5.5Kb, Lin ETV6-
RUNX1 FLeX (non-floxed) at 21Kb, Lin ETV6-RUNX1 FLeX (floxed) at 15.2Kb, 
Digested ETV6-RUNX1 FLeX (non-floxed) at 14.1Kb, Digested ETV6-RUNX1 FLeX 
(floxed) at 8.3Kb, Digested Cre plasmid at 5.5Kb. Linearised by Xhol, Digested by 
EcoRI. 
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5.2.5. ETV6-RUNX1 FLeX 
 

p15a_DTA_AmpR_ETV6_ETV6-RUNX1 FLeX clone 9 from figure 5.9 was 

transformed from the recombineering E. coli into DH5α. Colonies were picked and 

digested to ensure presence of the construct, see figure 5.11. Clone 1 from figure 

5.11 was sequenced verified, prepared by MaxiPrep (Qiagen) and linearised with Xhol 

for use in hiPSCs. 

 
Figure 5.11 P15a_DTA_AmpR_TEL_ETV6-RUNX1 FLEx was transformed into 
DH5α. Three clones were validated by restriction digest. Linearised with Xhol, 
predicted band 21Kb. Digested with EcoRI, predicted bands 14.1Kb, 4.1Kb and 2.8Kb 
 

5.2.6. Transfection of inducible ETV6-RUNX knock-in hiPSC clones 

For this study, I used the hiPSC line, Miff3, derived from footprint-free mRNA 

transfection of primary human foreskin fibroblasts in Peter Andrews lab (University of 

Sheffield). The line was demonstrated to express hiPSC markers, be both 

karyotypically normal and stable and produced teratomas in NOD/SCID mice. 

 

This same line was used for the constitutive ETV6-RUNX1 construct. This was 

chosen as Miff3 had only transient expression of the iPS reprogramming factors 

(which can become oncogenic) and can be differentiated in vitro into B cells. Whilst 

using multiple hiPSC lines would be ideal, the long timescale and difficulties 
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transfecting cells made this unfeasible in the current study.  Prior to transfection, Miff3 

were again assessed for a normal karyotype, see figure 5.12. 

 

 

 
 
 
Figure 5.12 Normal karyotypes of MIFF3. (Courtesy of the University of Sheffield 
Centre for Stem Cell Biology). 
 

The chosen method of transfection was nucleofection. This was the method used to 

transfect the constitutive ETV6-RUNX1 hiPSC line (Boiers et al., 2018). Nucleofection 

is an electroporation-based transfection method that enables transfer of nucleic acids 

into the cytoplasm and nucleus of cells. For improved survival the Rho kinase (ROCK) 

inhibitor Y-23672 was used, including a two-hour pre-incubation (Watanabe et al., 

2007). This method is particularly used for stem cells and hard to transfect lines. 

hiPSCs were transfected via a Nucleofector® II device (Lonza) (Solution two, Setting 

B-016), using settings optimised for MIFF3 hiPSC.  

 

Upon nucleofection there were very few colonies surviving the addition of Neo. Over 

many nucleofections I managed to pick 30 clones that survived in Neo, however these 

were later lost in unforeseeable circumstances. In my previous experience of 

nucleofecting hiPSCs, I found the major difficulties in cell survival (other than the initial 

single-cell suspension and transfection) came upon picking single colonies, rather 

than the initial growth in Neo as in this case. For reference, in unrelated hiPSC 
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nucleofections with a different construct, I was able to pick 50-100 colonies per plate, 

with the inducible construct it was 5-10 colonies. I was advised that nucleofection may 

be causing the DNA to shear, which becomes more likely as the construct is bigger, 

and it was suggested I try lipofection. 

 

I started to test Lipofectamine Stem Transfection Reagent (ThermoFisher). 

Lipofection is a low toxicity alternative to electroporation as it does not require a single 

cell suspension and needs far fewer cells. The major drawback of lipofection is the 

large amount of DNA required for each transfection. This was a particular issue for 

this project as the DNA prepped from the construct was already low due to the 

construct’s large size. This amount was reduced again through the process of 

linearising and purifying which made getting enough DNA for lipofections difficult. 

While initial results looked promising, unfortunately, due to time constraints, I was not 

able to get any further on this project.  
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5.3. Discussion 
 

Genome engineering hiPSCs is notoriously inefficient (Giacalone et al., 2018). Low 

homologous recombination and single-cell survival rates make traditional genome 

modification difficult as compared to mESCs. CRISPR-Cas has made genome editing 

far more feasible; however, efficiency is still an issue (Giacalone et al., 2018). 

 

This chapter describes the design of an inducible ETV6-RUNX1 construct for use in 

hiPSC, the recombineering of the construct into the ETV6 targeting vector and 

evidence that the FLEx switch is functional and able to resolve. The recombineering 

proved to be more difficult than expected, particularly the transfer of the inducible 

construct into the pR6K plasmid which was eventually circumvented. This was later 

followed by difficulties in transfecting hiPSC with the construct, perhaps due to the 

increased size compared to the constitutive ETV6-RUNX1 construct.  

 

One reason for the large size of the construct was due to the use of 10kb homology 

arms- which were used successfully in the targeting of the constitutive ETV6-RUNX1 

hiPSC construct previously. The use of the long homology arms was originally based 

on vectors used in mESCs which didn’t involve a double-stranded break (Smithies et 

al., 1985; Thomas et al., 1986). It is known that there is a correlation between the size 

of the construct and homology arm length that determines the efficiency of HDR-

mediated genome editing (Radecke et al.,2010). A larger gene insert requires longer 

homology arms; however, it is reported that HDR-mediated genome editing is 

improved by using homology arms of 400 base pairs or longer, much shorter than the 

arms used in this study (Hendel et al., 2014; Merkle et al., 2015; Hendriks et al., 2016). 

Smaller homology arms would also allow for screening via PCR, rather than the more 

arduous Southern blot hybridisation. Considering the increased size of the inducible 

construct versus the constitutive, which likely caused the increased difficultly during 

both ligation into the pR6K and nucleofections, reducing the size of the homology 

arms may help. 

 

Other options for increasing the efficiency of construct insertion in hiPSC would be 

changing the nuclease and gRNA. For example, a second gRNA could be created to 

increase efficiency of the knock-in (Ran et al., 2013). There are also reports that 

Cas9D10A nickase variant is less efficient than wild-type Cas9, with suggested 

approaches including double nickases (Cong et al., 2013; Gopalappa et al., 2018). 
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Wildtype Cas9 was tested for the constitutive construct, however in these experiments 

there appeared to be some toxicity to the cells – with changes in morphology and 

survival (Richardson, 2016). Some studies have increased HDR-based knock-in 

efficiency by directly inhibiting the NHEJ pathway using small molecule inhibitors (Yu 

et al., 2015) or by directly enhancing the HDR pathway such as overexpression of 

RAD51 (a key regulator of HR) with valproic acid (thought to loosen nucleosome 

folding in transcriptionally inactive chromatin) (Takayama et al., 2017). Other methods 

have included synchronising cell cycles of cells to the G2/M phase, where HR is 

endogenously enriched (Yang et al., 2016; Heyer et al., 2010).  

 

Looking ahead, upon successful genome editing and validation of inducible ETV6-

RUNX1 hiPSC, we wanted to dissect the molecular and functional impacts of the 

oncogene at different stages of embryonic B cell development, see figure 5.13. 

Considering the previous work presented in this thesis, a major question is whether 

ETV6-RUNX1 subverts a primitive transcriptional programme present in an early 

progenitor, such as retention of a myeloid programme from the IL7R+ progenitor, or is 

it capable of re-programming a more committed B cell by activating a novel 

transcriptional regime? As transcription factors are cell context dependent, ETV6-

RUNX1 may have different impacts depending when in B cell differentiation it acts. 

The key is to see the effect of ETV6-RUNX1 in the different compartments and help 

elucidate the ETV6-RUNX1 cell of origin and the cell of impact. Can ETV6-RUNX1 

produce an expansion of B cells if expressed later in development? Would these B 

cells show the same aberrant B/Myeloid signalling? How does ETV6-RUNX1 affect 

the cell’s self-renewal, expansion and apoptosis?  

 

To conclude, this chapter describes the design of an inducible ETV6-RUNX1 

construct for hiPSC and the recombineering of the construct into the ETV6 targeting 

vector. There were issues with targeting the construct into the hiPSC, which may 

require more time or a change in tactic, such as the above described options. Once 

validated inducible ETV6-RUNX1 hiPSC are made, they will be invaluable in 

dissecting the cellular origins and impact of ETV6-RUNX1 pre-leukaemia.   
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Figure 5.13 Inducible ETV6-RUNX1 experiment plan. ETV6-RUNX would be 
induced at different stages of the B cell differentiation (indicated by red outline) and 
characterised by various assays (green boxes). 
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remarks and future directions 
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Concluding remarks and future directions 
ETV6-RUNX1 accounts for a large proportion of childhood ALL. The cure rates for 

ETV6-RUNX1 ALL are 80-90% in higher income countries (Inaba et al., 2013); 

however, it is likely we are overtreating some children. Paediatric ALL therapy is long 

and aggressive, and this takes its toll with childhood ALL survivors at higher risk of 

chronic morbidity and early mortality (Ness et al., 2011). In addition, the rate of late 

relapse is high (Harbott et al 1997). The clinical differences between adult ALL and 

childhood ALL may arise through their origin in developmentally distinct target cells. 

The overarching aim of this project was to learn more about the first hit ETV6-RUNX1. 

There are many questions surrounding this translocation, one of which is why is 

ETV6-RUNX1 ALL a childhood disease? Much is still unknown about the impact of 

ETV6-RUNX1 on the lymphoid hierarchy. There may be a common pathway or 

underlying programme within fetal haematopoiesis that is uniquely susceptible to a 

number of leukaemic mutations.  

 

During human ontogeny, the IL7R progenitor transitions from a myeloid to lymphoid 

progenitor state, with a developmentally restricted lymphomyeloid state at CS20; this 

development is mimicked in hiPSC (Boiers et al., 2018). The results of this thesis and 

previous work indicate that the myeloid to lymphoid transition may be a 

developmentally-restricted window of susceptibility for ETV6-RUNX1; this could 

explain why ETV6-RUNX1 ALL is a disease of childhood and the frequent co-

expression of B and myeloid surface markers in ETV6-RUNX1 ALL (Abdelhaleem, 

2007). The presence of ETV6-RUNX1 may be restricting the potential of the 

lymphomyeloid IL7R progenitor population, leading to abnormal progeny and 

differentiation arrest. The low rate of progression to ETV6-RUNX1 ALL and the 

relatively good response to chemotherapy could be due to the transient progenitor-

like nature of this population taken together with the relatively weak ETV6-RUNX1 

oncogenic impact (Boiers et al., 2018). 

 

Using a lymphomyeloid developmental transcriptional model as a base, I constructed 

a plausible mechanism for the impact of ETV6-RUNX1 working through CEBPA to 

cause the lineage dysregulation and the differentiation block seen in the ETV6-

RUNX1 hiPSC model. While this is a potential mechanism based on gene expression 

data, there is no firm proof. Further transcriptomic analysis of the cells could use 

ATAC-seq to assess genome-wide chromatin accessibility and investigate epigenetic 

activation and silencing of lineage-restricting programmes.  
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The developmentally restricted myeloid-lymphoid transition and lineage promiscuity 

in ETV6-RUNX1 proB cells provides a potential molecular mechanism underlying 

differentiation arrest (see figure 6.1); with contradictory signalling and pathway 

activation leading to a network level lineage conflict – or identity crisis – unable to 

resolve into uni-lineage expression (Enver and Greaves, 1998). The downregulation 

of the cell cycle, providing a quasi-quiescence and relative accumulation of ETV6-

RUNX1+ cells, together with the differentiation arrest, provides a plausible pre-

leukemic impetus. With arrest occurring in RAG+ cells, ongoing exposure in both IL7R 

progenitor and proB cells provides an opportunity for the acquisition of second hits. 

The enriched expression of genes associated with an inflammatory response within 

ETV6-RUNX1 proB cells may act to increase activity of RAG through chronic 

inflammation (Swaminathan et al., 2015). In addition, chronic inflammation exposes 

cells to growth factors, potentially leading to a proliferative effect (Landskron et al., 

2014).  The delayed infection hypothesis suggests in the absence of infections during 

the first year of life, infections later in childhood trigger an abnormal immune response 

from the ‘unprepared’ immune system (Greaves, 2006; Greaves, 2018). This could 

lead to a dysregulated response from the ETV6-RUNX1 pre-leukaemic proB cells 

which are enriched for inflammation-associated genes.  

 

 
Figure 6.1 Potential model for ETV6-RUNX1 leukaemogenic impact on early 
human lymphoid development 
 



 184 

From this study, it is unclear in which cellular compartment the transformation into 

frank leukaemia occurs. We predict the IL7R progenitor may be important in 

sustaining a pool of ETV6-RUNX1-expressing first hit cells, whether or not the second 

hit mutations occur within it or its transcriptionally abnormal progeny. From current 

knowledge, I would think it is more likely the ETV6-RUNX1 proB are the population 

which accrue second hits; while both populations express RAG, the putative mediator 

of second hit mutations in ETV6-RUNX1 ALL (Papaemmanuil et al., 2014), proB cells 

have increased RAG expression and are enriched for genes associated with 

inflammation – providing more opportunity for acquisition of further mutations. This 

could be explored through further genetic engineering of ETV6-RUNX1 hiPSC, 

creating sub-clones with relevant second hits in B lineage compartments. 

Experimentally, this could be achieved through inserting inducible CAS9 into ETV6-

RUNX1 hiPSCs using a selectable piggy bac vector incorporating gene specific guide 

RNAs targeting genes such as Pax5, ETV6, IKAROS and p16 either singly or in 

combination. In addition, experiments assessing response of ETV6-RUNX1 hiPSC-

derived proB cells to antigen and inflammatory stimuli may be interesting to study how 

cells respond and transform. Sca1-ETV6-RUNX1 mice developed pB-ALL at a low 

disease penetrance upon exposure to common pathogens (Rodriguez-Hernandez et 

al., 2017), perhaps the hiPSC proB cells may be similarly induced.   

 

Why is ETV6-RUNX1 an oncogene? Numerous studies modelling ETV6-RUNX1 

show a subtle first hit effect rather than a clear positive ‘genetic enhancement’. Rather 

than representing a classical malignancy-predisposing mutation such as tumour 

suppressor genes, counterintuitively, ETV6-RUNX1 in some ways reduces cell fitness 

– with defective haematopoiesis and downregulation of the cell cycle.  

 

In light of this, the role of second hits in ETV6-RUNX1 leukaemia may be more 

complicated than commonly imagined. ETV6-RUNX1 is associated with a number of 

recurrent secondary mutations, however there is no unifying second hit. The majority 

of patients display a unique pattern of recurrent copy number aberrations (CNAs), 

indicating a large heterogeneity within ETV6-RUNX1 ALL (Lilljebjörn et al., 2010). It 

is interesting to note that MLL rearrangements in childhood leukaemia are associated 

with an average of 1.3 CNAs (Andersson et al., 2015). In comparison, ETV6-RUNX1 

fusion has 3.5 CNAs on average, perhaps relating to the comparatively weaker 

oncogenic effects. 
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Upon acquisition of a mutation, complex networks of interactions will work to buffer 

against any deleterious effects that impair cell fitness or viability. Second hits which 

reduce the detrimental effects of ETV6-RUNX1 may be selected for – known as 

functional buffering or genetic canalization (Ashworth et al., 2011). An example of 

second hit rescue is highlighted in a recent study showing how defective 

haematopoiesis caused by initiating mutations are rescued by second hits, leading to 

myelodysplastic syndrome (Tesi et al., 2017). 

 

In ETV6-RUNX1 leukaemogenesis, mutations in ETV6, CDKN2A/B and PAX5 have 

been identified as among the possible early events. The recurrent nature of these 

mutations indicates that they may be important ‘driver mutations’ (Lilljebjörn et al., 

2010). Taken in consideration of the ‘unfavourable’ impacts of ETV6-RUNX1, second 

hits within B cell regulators such as PAX5 may be cooperating with ETV6-RUNX1 to 

stabilise the aberrant B cell phenotype. While loss of CDKN2A, encoding p16 which 

decelerates the cell's progression from G1 phase to S phase, may be acting to buffer 

against the cell cycle phenotype. Loss of the non-translocated ETV6 is the most 

common second hit within ETV6-ALL and is a putative tumour suppressor – 

suggested to inhibit cell growth and induce apoptosis, this could perhaps be buffering 

against the slowing of the cell cycle for proB cells (Cavé et al.,1997; Fenrick et al., 

2000; Irvin et al., 2003). Gain of RUNX1 and/or chromosome 21 may act to counter 

ETV6-mediated repression of RUNX1 signalling. Loss of CEBPA is a common second 

hit within ETV6-RUNX1 ALL (Sun et al., 2017); deletion of CEBPA may be positively 

selected for to counter against the potential CEBPA signalling pathway described 

earlier. Thus, the attempt to resolve and buffer against the weakly detrimental effects 

of ETV6-RUNX1 may be leading to the gain of far more oncogenic mutations.  

 

In light of this network remodelling, the acquisition of successive mutations may be 

restricted to those compatible with these changes – known as network compatibility 

(Ashworth et al., 2011). This could lead to an increasingly stereotyped evolutionary 

progression, perhaps explaining the recurrent mutated pathways in ETV6-RUNX1 

ALL.  

 

The constitutive knock-in model demonstrates the first part of the haematopoietic 

hierarchy that ETV6-RUNX1 affects, this system is unable to dissect the stage specific 

impact of ETV6-RUNX1. The translocation may cause (and require for leukaemic 

effect) a subversion of a primitive transcriptional programme present in an early 

progenitor, such as retention of a myeloid programme. Conversely, ETV6-RUNX1 
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may be capable of re-programming a more committed B cell by activating a novel 

transcriptional regime. The inducible ETV6-RUNX1 construct could help to unravel 

the cell context dependence of ETV6-RUNX1 activity and elucidate the ETV6-RUNX1 

cell of origin and the cell of impact. 

 
Depending on further research, the data in this study could potentially advocate for 

either lymphoid or myeloid differentiation therapy for ETV6-RUNX1 pre-leukaemia or 

perhaps post-ALL treatment to prevent relapse. Further analysis of ETV6-RUNX1 

IgM+ B cells and ETV6-RUNX1 preB cells would be interesting to establish whether 

lymphoid differentiation therapy may be a potential line of treatment. The loss of 

CSF1R and return to wildtype cell cycle profile within the ETV6-RUNX1 preB cells 

and the downregulation of ETV6-RUNX1 in IgM+ B cells which is more mature than 

that seen in ETV6-RUNX1 ALL, indicates this may be worth investigating. On the 

other hand, the relatively easy transdifferentiation of ETV6-RUNX1 proB into 

macrophages, with loss of lymphoid antigen points towards the potential of myeloid 

differentiation therapy. ETV6-RUNX1 leukaemia never presents or relapses with a 

myeloid phenotype – despite the presence of myeloid antigens – in contrast to other 

lineage switching initiating mutations such as MLL-AF4 and BCR-ABL1. However, 

whether one would want a therapy for ETV6-RUNX1 pre-leukaemia is debatable.  

 

While the ETV6-RUNX1 hiPSC model is tractable, it is challenging. The B cell 

differentiations are long and expensive, particularly in terms of cytokines and media, 

and the hiPSC are time-consuming, both culturing and genome editing. Such 

difficulties are highlighted with the issues with the inducible and RAG construct work 

(see appendix A). The small numbers of B cells and IL7R progenitors which emerged 

from the hiPSC differentiations (including wildtype) made producing enough cells for 

experiments difficult and the cell sorting extremely long – generally only one 

experiment per differentiation could be performed (if at all). The variability of B cell 

differentiations, as discussed in chapter three, alongside the long timeline made 

replicates difficult. In addition, a potential disadvantage of hiPSC modelling as an 

approach to investigate pre-leukaemia and ALL is that leukaemia is not cell 

autonomous, the microenvironment and niche interactions are important (Doan and 

Chute, 2012).  

 

Despite these obstacles, I believe hiPSC have a number of unique advantages.  

Alongside the range of genetic backgrounds, the key value of hiPSC modelling is their 

ability to recapitulate fetal haematopoiesis – as demonstrated with B lymphopoiesis 



 187 

(Boiers et al., 2018). By further analysing the ETV6-RUNX1 hiPSC model, it may be 

possible to identify specific vulnerabilities to ETV6-RUNX1 present during fetal 

development, informing new and more specific therapeutic targets. Single cell 

RNAseq would allow further analysis of the lympho-myeloid spectrum and fetal 

specific core transcriptional programme. Further hiPSC models could be used to 

investigate other initiating mutations within childhood ALL, such as MLL-AF4, or other 

childhood diseases. The cellular hierarchy described in this thesis and within Boiers 

et al., 2018 may be susceptible to other childhood ALL mutations. Alongside disease 

modelling, hiPSC have a place in understanding developmental biology, for example 

hiPSC could be barcoded to trace and further understand lymphoid and myeloid 

development within this fetal environment or the development of a RAG-reporter 

hiPSC line (Appendix A), to identify and characterise the earliest RAG1 expressing 

cells. Mass cytometry could be used to fully pick apart the B cell hierarchy in 

comparison to fetal samples, such as whether the hiPSC-derived B cells are B1 or 

B2.  

 

To summarise, this hiPSC model of ETV6-RUNX1 pre-leukaemia demonstrates the 

lineage dysregulation and cell cycle deceleration impact of the oncogene on fetal 

lymphopoiesis. In the future, work on the inducible ETV6-RUNX1 hiPSC line will help 

to identify the cell of origin for ETV6-RUNX1 pre-leukaemia.   
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7.1. Appendix A: Engineering a RAG1-reporter 
hiPSC line 

 

In ETV6-RUNX1 ALL, RAG-mediated recombination is the dominant driver of 

leukaemogenesis, with cells displaying abnormally high recombinase activity. To 

investigate the oncogenic process and the cellular compartment it impacts, we aimed 

to identify the earliest RAG1 expressing cells by constructing an hiPSC RAG1 reporter 

line. An equivalent system was used to identify these cells in mouse (Boiers et al., 

2013; Kuwata et al., 1999). The earliest RAG1 expressing cells would be 

characterised via immunophenotyping, gene expression profiling and using single-

cell RNA Seq. A RAG1 reporter hiPSC line would allow an investigation of how 

heterogeneous the earliest RAG-1 cells are and provide a platform to investigate the 

B and T cell hierarchies and plasticity at this level. 

 

The Enver lab had previously designed a human RAG1 C- terminal fluorescent 

reporter iPS knock-in, containing a T2A- fluorescent protein reporter and promoter-

driven floxable antibiotic resistance gene, see figure 15 (Courtesy of Andrew Smith, 

University of Oxford). A hRAG1 containing BAC RP11-465C16 was recombineered 

with the cassette into the final targeting vector. 

 
Figure 7.1 RAG1 Knock-In gDNA with mCherry and NeoR 
 

I nucleofected Miff3 with the RAG1-Cherry construct, RAG1 CRISPR gRNA and Cas9 

nickase. After 8 days of neo selection, colonies were picked. Colonies were frozen 

and genomic DNA was prepared. Using a BamHI strategy, a southern blot was 

performed with the genomic DNA, using a RAG SP5 probe and an internal neo probe, 

see figure 7.2. Of the colonies that were shown as successfully knocked in via the 

southern blot, five survived the thawing process. Unfortunately, the Rag1-Cherry 

hiPSCs were unable to undergo B cell differentiation. This is likely to be due to the 

specific batch of Miff3 cells originally nucleofected rather than the construct itself.  
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Figure 7.2 Southern Blot for RAG1 reporter hiPSC line. SP5 probe (external) 
expected bands: WT 15.7Kb, KI 5Kb, Neo probe (internal) expected bands: 
10Kb. Ladder: 23Kb, 9Kb, 6Kb, etc 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



 192 

 REFERENCES 
 
ABDELHALEEM, M. 2007. Frequent but nonrandom expression of myeloid markers on de 

novo childhood acute lymphoblastic leukemia. Exp Mol Pathol, 83, 138-41. 

ABUDAYYEH, O. O., GOOTENBERG, J. S., KONERMANN, S., JOUNG, J., SLAYMAKER, 

I. M., COX, D. B., SHMAKOV, S., MAKAROVA, K. S., SEMENOVA, E., MINAKHIN, L., 

SEVERINOV, K., REGEV, A., LANDER, E. S., KOONIN, E. V. & ZHANG, F. 2016. C2c2 is a 

single-component programmable RNA-guided RNA-targeting CRISPR effector. Science, 

353, aaf5573. 

ADOLFSSON, J., MANSSON, R., BUZA-VIDAS, N., HULTQUIST, A., LIUBA, K., JENSEN, 
C. T., BRYDER, D., YANG, L., BORGE, O. J., THOREN, L. A., ANDERSON, K., SITNICKA, 

E., SASAKI, Y., SIGVARDSSON, M. & JACOBSEN, S. E. 2005. Identification of Flt3+ 

lympho-myeloid stem cells lacking erythro-megakaryocytic potential a revised road map for 

adult blood lineage commitment. Cell, 121, 295-306. 

ALEXANDROV, L. B., NIK-ZAINAL, S., WEDGE, D. C., APARICIO, S. A., BEHJATI, S., 

BIANKIN, A. V., BIGNELL, G. R., BOLLI, N., BORG, A., BORRESEN-DALE, A. L., 

BOYAULT, S., BURKHARDT, B., BUTLER, A. P., CALDAS, C., DAVIES, H. R., DESMEDT, 

C., EILS, R., EYFJORD, J. E., FOEKENS, J. A., GREAVES, M., HOSODA, F., HUTTER, B., 
ILICIC, T., IMBEAUD, S., IMIELINSKI, M., JAGER, N., JONES, D. T., JONES, D., 

KNAPPSKOG, S., KOOL, M., LAKHANI, S. R., LOPEZ-OTIN, C., MARTIN, S., MUNSHI, N. 

C., NAKAMURA, H., NORTHCOTT, P. A., PAJIC, M., PAPAEMMANUIL, E., PARADISO, A., 

PEARSON, J. V., PUENTE, X. S., RAINE, K., RAMAKRISHNA, M., RICHARDSON, A. L., 

RICHTER, J., ROSENSTIEL, P., SCHLESNER, M., SCHUMACHER, T. N., SPAN, P. N., 

TEAGUE, J. W., TOTOKI, Y., TUTT, A. N., VALDES-MAS, R., VAN BUUREN, M. M., VAN 'T 

VEER, L., VINCENT-SALOMON, A., WADDELL, N., YATES, L. R., ZUCMAN-ROSSI, J., 
FUTREAL, P. A., MCDERMOTT, U., LICHTER, P., MEYERSON, M., GRIMMOND, S. M., 

SIEBERT, R., CAMPO, E., SHIBATA, T., PFISTER, S. M., CAMPBELL, P. J. & STRATTON, 

M. R. 2013. Signatures of mutational processes in human cancer. Nature, 500, 415-21. 

ALPAR, D., WREN, D., ERMINI, L., MANSUR, M. B., VAN DELFT, F. W., BATEMAN, C. M., 

TITLEY, I., KEARNEY, L., SZCZEPANSKI, T., GONZALEZ, D., FORD, A. M., POTTER, N. 

E. & GREAVES, M. 2015. Clonal origins of ETV6-RUNX1(+) acute lymphoblastic leukemia: 

studies in monozygotic twins. Leukemia, 29, 839-46. 

ALUGUPALLI, K. R., LEONG, J. M., WOODLAND, R. T., MURAMATSU, M., HONJO, T. & 
GERSTEIN, R. M. 2004. B1b lymphocytes confer T cell-independent long-lasting immunity. 

Immunity, 21, 379-90. 

ANDERSON, K., LUTZ, C., VAN DELFT, F. W., BATEMAN, C. M., GUO, Y., COLMAN, S. 

M., KEMPSKI, H., MOORMAN, A. V., TITLEY, I., SWANSBURY, J., KEARNEY, L., ENVER, 

T. & GREAVES, M. 2011. Genetic variegation of clonal architecture and propagating cells in 

leukaemia. Nature, 469, 356-61. 



 193 

ANDERSSON, A., EDEN, P., LINDGREN, D., NILSSON, J., LASSEN, C., HELDRUP, J., 

FONTES, M., BORG, A., MITELMAN, F., JOHANSSON, B., HOGLUND, M. & FIORETOS, 

T. 2005. Gene expression profiling of leukemic cell lines reveals conserved molecular 

signatures among subtypes with specific genetic aberrations. Leukemia, 19, 1042-50. 
ANDERSSON, A. K., MA, J., WANG, J., CHEN, X., GEDMAN, A. L., DANG, J., 

NAKITANDWE, J., HOLMFELDT, L., PARKER, M., EASTON, J., HUETHER, R., KRIWACKI, 

R., RUSCH, M., WU, G., LI, Y., MULDER, H., RAIMONDI, S., POUNDS, S., KANG, G., SHI, 

L., BECKSFORT, J., GUPTA, P., PAYNE-TURNER, D., VADODARIA, B., BOGGS, K., 

YERGEAU, D., MANNE, J., SONG, G., EDMONSON, M., NAGAHAWATTE, P., WEI, L., 

CHENG, C., PEI, D., SUTTON, R., VENN, N. C., CHETCUTI, A., RUSH, A., CATCHPOOLE, 

D., HELDRUP, J., FIORETOS, T., LU, C., DING, L., PUI, C.-H., SHURTLEFF, S., 

MULLIGHAN, C. G., MARDIS, E. R., WILSON, R. K., GRUBER, T. A., ZHANG, J., 
DOWNING, J. R. & ST. JUDE CHILDREN'S RESEARCH HOSPITAL–WASHINGTON 

UNIVERSITY PEDIATRIC CANCER GENOME, P. 2015. The landscape of somatic 

mutations in infant MLL-rearranged acute lymphoblastic leukemias. Nature genetics, 47, 

330-337. 

ANDREASSON, P., SCHWALLER, J., ANASTASIADOU, E., ASTER, J. & GILLILAND, D. G. 

2001. The expression of ETV6/CBFA2 (TEL/AML1) is not sufficient for the transformation of 

hematopoietic cell lines in vitro or the induction of hematologic disease in vivo. Cancer 

Genetics and Cytogenetics, 130, 93-104. 
ASHWORTH, A., LORD, C. J. & REIS-FILHO, J. S. 2011. Genetic interactions in cancer 

progression and treatment. Cell, 145, 30-8. 

ATASOY, D., APONTE, Y., SU, H. H. & STERNSON, S. M. 2008. A FLEX switch targets 

Channelrhodopsin-2 to multiple cell types for imaging and long-range circuit mapping. J 

Neurosci, 28, 7025-30. 

AUERBACH, C., ROBSON, J. M. & CARR, J. G. 1947. The Chemical Production of 

Mutations. Science, 105, 243-7. 
BAENS, M., PEETERS, P., GUO, C., AERSSENS, J. & MARYNEN, P. 1996. Genomic 

organization of TEL: the human ETS-variant gene 6. Genome Res, 6, 404-13. 

BAIN, G., MAANDAG, E. C., IZON, D. J., AMSEN, D., KRUISBEEK, A. M., WEINTRAUB, B. 

C., KROP, I., SCHLISSEL, M. S., FEENEY, A. J., VAN ROON, M. & ET AL. 1994. E2A 

proteins are required for proper B cell development and initiation of immunoglobulin gene 

rearrangements. Cell, 79, 885-92. 

BAKONDI, B., LV, W., LU, B., JONES, M. K., TSAI, Y., KIM, K. J., LEVY, R., AKHTAR, A. 

A., BREUNIG, J. J., SVENDSEN, C. N. & WANG, S. 2016. In Vivo CRISPR/Cas9 Gene 
Editing Corrects Retinal Dystrophy in the S334ter-3 Rat Model of Autosomal Dominant 

Retinitis Pigmentosa. Mol Ther, 24, 556-63. 

BALDRIDGE, M. T., KING, K. Y., BOLES, N. C., WEKSBERG, D. C. & GOODELL, M. A. 

2010. Quiescent haematopoietic stem cells are activated by IFN-gamma in response to 

chronic infection. Nature, 465, 793-7. 



 194 

BARNES DWH, L. J. 1954. Spleen protection: the cellular hypothesis. Radiobiology 

Symposium, 134–135. 

BARRANGOU, R. & DOUDNA, J. A. 2016. Applications of CRISPR technologies in research 

and beyond. Nat Biotechnol, 34, 933-941. 
BARRANGOU, R., FREMAUX, C., DEVEAU, H., RICHARDS, M., BOYAVAL, P., MOINEAU, 

S., ROMERO, D. A. & HORVATH, P. 2007. CRISPR provides acquired resistance against 

viruses in prokaryotes. Science, 315, 1709-12. 

BECKER, A. J., MCCULLOCH, E. A. & TILL, J. E. 1963. Cytological Demonstration of the 

Clonal Nature of Spleen Colonies Derived from Transplanted Mouse Marrow Cells. Nature, 

197, 452-454. 

BEHBEHANI, G. K., BENDALL, S. C., CLUTTER, M. R., FANTL, W. J. & NOLAN, G. P. 

2012. Single-cell mass cytometry adapted to measurements of the cell cycle. Cytometry A, 
81, 552-66. 

BEISEL, C. L., GOMAA, A. A. & BARRANGOU, R. 2014. A CRISPR design for next-

generation antimicrobials. Genome Biol, 15, 516. 

BEIT-HALLAHMI, B. & PALUSZNY, M. 1974. Twinship in mythology and science: 

ambivalence, differentiation, and the magical bond. Compr Psychiatry, 15, 345-53. 

BELHAJ, K., CHAPARRO-GARCIA, A., KAMOUN, S., PATRON, N. J. & NEKRASOV, V. 

2015. Editing plant genomes with CRISPR/Cas9. Curr Opin Biotechnol, 32, 76-84. 

BEN JEHUDA, R., SHEMER, Y. & BINAH, O. 2018. Genome Editing in Induced Pluripotent 
Stem Cells using CRISPR/Cas9. Stem Cell Rev, 14, 323-336. 

BENE, M. C. 2009. Biphenotypic, bilineal, ambiguous or mixed lineage: strange leukemias! 

Haematologica, 94, 891-3. 

BENVENISTE, P., FRELIN, C., JANMOHAMED, S., BARBARA, M., HERRINGTON, R., 

HYAM, D. & ISCOVE, N. N. 2010. Intermediate-term hematopoietic stem cells with extended 

but time-limited reconstitution potential. Cell Stem Cell, 6, 48-58. 

BERNARDIN, F., YANG, Y., CLEAVES, R., ZAHURAK, M., CHENG, L., CIVIN, C. I. & 
FRIEDMAN, A. D. 2002. TEL-AML1, expressed from t(12;21) in human acute lymphocytic 

leukemia, induces acute leukemia in mice. Cancer Res, 62, 3904-8. 

BESKOW, L. M. 2016. Lessons from HeLa Cells: The Ethics and Policy of Biospecimens. 

Annual review of genomics and human genetics, 17, 395-417. 

BHOJWANI, D., PEI, D., SANDLUND, J. T., JEHA, S., RIBEIRO, R. C., RUBNITZ, J. E., 

RAIMONDI, S. C., SHURTLEFF, S., ONCIU, M., CHENG, C., COUSTAN-SMITH, E., 

BOWMAN, W. P., HOWARD, S. C., METZGER, M. L., INABA, H., LEUNG, W., EVANS, W. 

E., CAMPANA, D., RELLING, M. V. & PUI, C. H. 2012. ETV6-RUNX1-positive childhood 
acute lymphoblastic leukemia: improved outcome with contemporary therapy. Leukemia, 26, 

265-70. 

BILIC, J. & IZPISUA BELMONTE, J. C. 2012. Concise review: Induced pluripotent stem cells 

versus embryonic stem cells: close enough or yet too far apart? Stem Cells, 30, 33-41. 



 195 

BIONDI, A., CIMINO, G., PIETERS, R. & PUI, C. H. 2000. Biological and therapeutic 

aspects of infant leukemia. Blood, 96, 24-33. 

BLOOM, W. & BARTELMEZ, G. W. 1940. Hematopoiesis in young human embryos. 

American Journal of Anatomy, 67, 21-53. 
BOCCUNI, P., MACGROGAN, D., SCANDURA, J. M. & NIMER, S. D. 2003. The human 

L(3)MBT polycomb group protein is a transcriptional repressor and interacts physically and 

functionally with TEL (ETV6). J Biol Chem, 278, 15412-20. 

BOCH, J., SCHOLZE, H., SCHORNACK, S., LANDGRAF, A., HAHN, S., KAY, S., LAHAYE, 

T., NICKSTADT, A. & BONAS, U. 2009. Breaking the code of DNA binding specificity of 

TAL-type III effectors. Science, 326, 1509-12. 

BOCK, C., KISKINIS, E., VERSTAPPEN, G., GU, H., BOULTING, G., SMITH, Z. D., ZILLER, 

M., CROFT, G. F., AMOROSO, M. W., OAKLEY, D. H., GNIRKE, A., EGGAN, K. & 
MEISSNER, A. 2011. Reference Maps of human ES and iPS cell variation enable high-

throughput characterization of pluripotent cell lines. Cell, 144, 439-52. 

BÖIERS, C., GUPTA, R., NIMMO, R., RICHARDSON, S.E., WRAY, J.P. AND ENVER, T. 

2015. Origins and clonal evolution of childhood leukemia. Hematology Education: the 

education program for the annual congress of the European Hematology Association 9. 

BOIERS, C., CARRELHA, J., LUTTEROPP, M., LUC, S., GREEN, J. C., AZZONI, E., WOLL, 

P. S., MEAD, A. J., HULTQUIST, A., SWIERS, G., PERDIGUERO, E. G., MACAULAY, I. C., 

MELCHIORI, L., LUIS, T. C., KHARAZI, S., BOURIEZ-JONES, T., DENG, Q., PONTEN, A., 
ATKINSON, D., JENSEN, C. T., SITNICKA, E., GEISSMANN, F., GODIN, I., SANDBERG, 

R., DE BRUIJN, M. F. & JACOBSEN, S. E. 2013. Lymphomyeloid contribution of an 

immune-restricted progenitor emerging prior to definitive hematopoietic stem cells. Cell Stem 

Cell, 13, 535-48. 

BOIERS, C., RICHARDSON, S. E., LAYCOCK, E., ZRIWIL, A., TURATI, V. A., BROWN, J., 

WRAY, J. P., WANG, D., JAMES, C., HERRERO, J., SITNICKA, E., KARLSSON, S., 

SMITH, A. J. H., JACOBSEN, S. E. W. & ENVER, T. 2018. A Human IPS Model Implicates 
Embryonic B-Myeloid Fate Restriction as Developmental Susceptibility to B Acute 

Lymphoblastic Leukemia-Associated ETV6-RUNX1. Dev Cell, 44, 362-377. 

BORKHARDT, A., CAZZANIGA, G., VIEHMANN, S., VALSECCHI, M. G., LUDWIG, W. D., 

BURCI, L., MANGIONI, S., SCHRAPPE, M., RIEHM, H., LAMPERT, F., BASSO, G., 

MASERA, G., HARBOTT, J. & BIONDI, A. 1997. Incidence and clinical relevance of 

TEL/AML1 fusion genes in children with acute lymphoblastic leukemia enrolled in the 

German and Italian multicenter therapy trials. Blood, 90, 571-577. 

BORZILLO, G. V., ASHMUN, R. A. & SHERR, C. J. 1990. Macrophage lineage switching of 
murine early pre-B lymphoid cells expressing transduced fms genes. Molecular and Cellular 

Biology, 10, 2703-2714. 

BOWIE, M. B., KENT, D. G., COPLEY, M. R. & EAVES, C. J. 2007. Steel factor 

responsiveness regulates the high self-renewal phenotype of fetal hematopoietic stem cells. 

Blood, 109, 5043-8. 



 196 

BOYER, SCOTT W., SCHROEDER, AARON V., SMITH-BERDAN, S. & FORSBERG, E. C. 

2011. All Hematopoietic Cells Develop from Hematopoietic Stem Cells through Flk2/Flt3-

Positive Progenitor Cells. Cell Stem Cell, 9, 64-73. 

BREIER, G., BREVIARIO, F., CAVEDA, L., BERTHIER, R., SCHNURCH, H., GOTSCH, U., 
VESTWEBER, D., RISAU, W. & DEJANA, E. 1996. Molecular cloning and expression of 

murine vascular endothelial-cadherin in early stage development of cardiovascular system. 

Blood, 87, 630-41. 

BRUNS, I., LUCAS, D., PINHO, S., AHMED, J., LAMBERT, M. P., KUNISAKI, Y., 

SCHEIERMANN, C., SCHIFF, L., PONCZ, M., BERGMAN, A. & FRENETTE, P. S. 2014. 

Megakaryocytes regulate hematopoietic stem cell quiescence through CXCL4 secretion. Nat 

Med, 20, 1315-20. 

BUCHNER, M., SWAMINATHAN, S., CHEN, Z. & MUSCHEN, M. 2015. Mechanisms of pre-
B-cell receptor checkpoint control and its oncogenic subversion in acute lymphoblastic 

leukemia. Immunol Rev, 263, 192-209. 

BUENROSTRO, J. D., CORCES, M. R., LAREAU, C. A., WU, B., SCHEP, A. N., ARYEE, M. 

J., MAJETI, R., CHANG, H. Y. & GREENLEAF, W. J. 2018. Integrated Single-Cell Analysis 

Maps the Continuous Regulatory Landscape of Human Hematopoietic Differentiation. Cell, 

173, 1535-1548.e16. 

BURDA, P., LASLO, P. & STOPKA, T. 2010. The role of PU.1 and GATA-1 transcription 

factors during normal and leukemogenic hematopoiesis. Leukemia, 24, 1249-57. 
CABEZAS-WALLSCHEID, N., KLIMMECK, D., HANSSON, J., LIPKA, D. B., REYES, A., 

WANG, Q., WEICHENHAN, D., LIER, A., VON PALESKE, L., RENDERS, S., WUNSCHE, 

P., ZEISBERGER, P., BROCKS, D., GU, L., HERRMANN, C., HAAS, S., ESSERS, M. A. G., 

BRORS, B., EILS, R., HUBER, W., MILSOM, M. D., PLASS, C., KRIJGSVELD, J. & 

TRUMPP, A. 2014. Identification of regulatory networks in HSCs and their immediate 

progeny via integrated proteome, transcriptome, and DNA methylome analysis. Cell Stem 

Cell, 15, 507-522. 
CAMPBELL, K. H., MCWHIR, J., RITCHIE, W. A. & WILMUT, I. 1996. Sheep cloned by 

nuclear transfer from a cultured cell line. Nature, 380, 64-6. 

CAREY, B. W., MARKOULAKI, S., HANNA, J. H., FADDAH, D. A., BUGANIM, Y., KIM, J., 

GANZ, K., STEINE, E. J., CASSADY, J. P., CREYGHTON, M. P., WELSTEAD, G. G., GAO, 

Q. & JAENISCH, R. 2011. Reprogramming factor stoichiometry influences the epigenetic 

state and biological properties of induced pluripotent stem cells. Cell Stem Cell, 9, 588-98. 

CARPENTER, L., MALLADI, R., YANG, C.-T., FRENCH, A., PILKINGTON, K. J., FORSEY, 

R. W., SLOANE-STANLEY, J., SILK, K. M., DAVIES, T. J., FAIRCHILD, P. J., ENVER, T. & 
WATT, S. M. 2011. Human induced pluripotent stem cells are capable of B-cell 

lymphopoiesis. Blood, 117, 4008-4011. 

CARRELHA, J., MENG, Y., KETTYLE, L. M., LUIS, T. C., NORFO, R., ALCOLEA, V., 

BOUKARABILA, H., GRASSO, F., GAMBARDELLA, A., GROVER, A., HÖGSTRAND, K., 

LORD, A. M., SANJUAN-PLA, A., WOLL, P. S., NERLOV, C. & JACOBSEN, S. E. W. 2018. 



 197 

Hierarchically related lineage-restricted fates of multipotent haematopoietic stem cells. 

Nature, 554, 106. 

CARROLL, D. 2017. Genome Editing: Past, Present, and Future. The Yale journal of biology 

and medicine, 90, 653-659. 
CARVALHO, T. L., MOTA-SANTOS, T., CUMANO, A., DEMENGEOT, J. & VIEIRA, P. 2001. 

Arrested B Lymphopoiesis and Persistence of Activated B Cells in Adult Interleukin 7−/−Mice. 

The Journal of Experimental Medicine, 194, 1141-1150. 

CASTOR, A., NILSSON, L., ASTRAND-GRUNDSTROM, I., BUITENHUIS, M., RAMIREZ, 

C., ANDERSON, K., STROMBECK, B., GARWICZ, S., BEKASSY, A. N., SCHMIEGELOW, 

K., LAUSEN, B., HOKLAND, P., LEHMANN, S., JULIUSSON, G., JOHANSSON, B. & 

JACOBSEN, S. E. 2005. Distinct patterns of hematopoietic stem cell involvement in acute 

lymphoblastic leukemia. Nat Med, 11, 630-7. 
CAVE, H., CACHEUX, V., RAYNAUD, S., BRUNIE, G., BAKKUS, M., COCHAUX, P., 

PREUDHOMME, C., LAI, J. L., VILMER, E. & GRANDCHAMP, B. 1997. ETV6 is the target 

of chromosome 12p deletions in t(12;21) childhood acute lymphocytic leukemia. Leukemia, 

11, 1459-64. 

CERUTTI, A., COLS, M. & PUGA, I. 2013. Marginal zone B cells: virtues of innate-like 

antibody-producing lymphocytes. Nat Rev Immunol, 13, 118-32. 

CHAKRABARTI, S. R. & NUCIFORA, G. 1999. The leukemia-associated gene TEL encodes 

a transcription repressor which associates with SMRT and mSin3A. Biochem Biophys Res 
Commun, 264, 871-7. 

CHAPPAZ, S., FLUECK, L., FARR, A. G., ROLINK, A. G. & FINKE, D. 2007. Increased 

TSLP availability restores T- and B-cell compartments in adult IL-7 deficient mice. Blood, 

110, 3862-70. 

CHARBORD, P., TAVIAN, M., HUMEAU, L. & PEAULT, B. 1996. Early ontogeny of the 

human marrow from long bones: an immunohistochemical study of hematopoiesis and its 

microenvironment [see comments]. Blood, 87, 4109-4119. 
CHEN, G., GULBRANSON, D. R., HOU, Z., BOLIN, J. M., RUOTTI, V., PROBASCO, M. D., 

SMUGA-OTTO, K., HOWDEN, S. E., DIOL, N. R., PROPSON, N. E., WAGNER, R., LEE, G. 

O., ANTOSIEWICZ-BOURGET, J., TENG, J. M. C. & THOMSON, J. A. 2011. Chemically 

defined conditions for human iPSC derivation and culture. Nature methods, 8, 424-429. 

CHEN, M., LICON, K., OTSUKA, R., PILLUS, L. & IDEKER, T. 2013. Decoupling epigenetic 

and genetic effects through systematic analysis of gene position. Cell Rep, 3, 128-37. 

CHEN, M. J., YOKOMIZO, T., ZEIGLER, B. M., DZIERZAK, E. & SPECK, N. A. 2009. Runx1 

is required for the endothelial to haematopoietic cell transition but not thereafter. Nature, 
457, 887-91. 

CHIN, M. H., MASON, M. J., XIE, W., VOLINIA, S., SINGER, M., PETERSON, C., 

AMBARTSUMYAN, G., AIMIUWU, O., RICHTER, L., ZHANG, J., KHVOROSTOV, I., OTT, 

V., GRUNSTEIN, M., LAVON, N., BENVENISTY, N., CROCE, C. M., CLARK, A. T., 

BAXTER, T., PYLE, A. D., TEITELL, M. A., PELEGRINI, M., PLATH, K. & LOWRY, W. E. 



 198 

2009. Induced pluripotent stem cells and embryonic stem cells are distinguished by gene 

expression signatures. Cell Stem Cell, 5, 111-23. 

CHOI, J., LEE, S., MALLARD, W., CLEMENT, K., TAGLIAZUCCHI, G. M., LIM, H., CHOI, I. 

Y., FERRARI, F., TSANKOV, A. M., POP, R., LEE, G., RINN, J. L., MEISSNER, A., PARK, 
P. J. & HOCHEDLINGER, K. 2015. A comparison of genetically matched cell lines reveals 

the equivalence of human iPSCs and ESCs. Nature biotechnology, 33, 1173-1181. 

CHOI, K.-D., VODYANIK, MAXIM A., TOGARRATI, PADMA P., SUKNUNTHA, K., KUMAR, 

A., SAMARJEET, F., PROBASCO, MITCHELL D., TIAN, S., STEWART, R., THOMSON, 

JAMES A. & SLUKVIN, IGOR I. 2012. Identification of the Hemogenic Endothelial Progenitor 

and Its Direct Precursor in Human Pluripotent Stem Cell Differentiation Cultures. Cell 

Reports, 2, 553-567. 

CHOI, K.-D., YU, J., SMUGA-OTTO, K., SALVAGIOTTO, G., REHRAUER, W., VODYANIK, 
M., THOMSON, J. & SLUKVIN, I. 2009. Hematopoietic and endothelial differentiation of 

human induced pluripotent stem cells. Stem cells (Dayton, Ohio), 27, 559-567. 

CHOU, W. C., LEVY, D. E. & LEE, C. K. 2006. STAT3 positively regulates an early step in 

B-cell development. Blood, 108, 3005-11. 

CHOW, C. D., DALLA-POZZA, L., GOTTLIEB, D. J. & HERTZBERG, M. S. 1999. Two cases 

of very late relapsing ALL carrying the TEL:AML1 fusion gene. Leukemia, 13, 1893-4. 

CHRISTENSEN, J. L., WRIGHT, D. E., WAGERS, A. J. & WEISSMAN, I. L. 2004. 

Circulation and chemotaxis of fetal hematopoietic stem cells. PLoS Biol, 2, E75. 
CIAU-UITZ, A., PINHEIRO, P., GUPTA, R., ENVER, T. & PATIENT, R. 2010. Tel1/ETV6 

specifies blood stem cells through the agency of VEGF signaling. Dev Cell, 18, 569-78. 

CIVIN, C. I., STRAUSS, L. C., BROVALL, C., FACKLER, M. J., SCHWARTZ, J. F. & 

SHAPER, J. H. 1984. Antigenic analysis of hematopoiesis. III. A hematopoietic progenitor 

cell surface antigen defined by a monoclonal antibody raised against KG-1a cells. J 

Immunol, 133, 157-65. 

CLARKSON, B. D. & BOYSE, E. A. 1971. Possible explanation of the high concordance for 
acute leukaemia in monozygotic twins. Lancet, 1, 699-701. 

COBALEDA, C., SCHEBESTA, A., DELOGU, A. & BUSSLINGER, M. 2007. Pax5: the 

guardian of B cell identity and function. Nat Immunol, 8, 463-70. 

COLLOMBET, S., VAN OEVELEN, C., SARDINA ORTEGA, J. L., ABOU-JAOUDÉ, W., DI 

STEFANO, B., THOMAS-CHOLLIER, M., GRAF, T. & THIEFFRY, D. 2017. Logical modeling 

of lymphoid and myeloid cell specification and transdifferentiation. Proceedings of the 

National Academy of Sciences, 114, 5792-5799. 

CONG, L., RAN, F. A., COX, D., LIN, S., BARRETTO, R., HABIB, N., HSU, P. D., WU, X., 
JIANG, W., MARRAFFINI, L. A. & ZHANG, F. 2013. Multiplex Genome Engineering Using 

CRISPR/Cas Systems. Science, 339, 819-823. 

CONG, L., RAN, F. A., COX, D., LIN, S., BARRETTO, R., HABIB, N., HSU, P. D., WU, X., 

JIANG, W., MARRAFFINI, L. A. & ZHANG, F. 2013. Multiplex genome engineering using 

CRISPR/Cas systems. Science, 339, 819-23. 



 199 

COOPER, M. D. & ALDER, M. N. 2006. The evolution of adaptive immune systems. Cell, 

124, 815-22. 

COOPER, M. D., PETERSON, R. D. & GOOD, R. A. 1965. DELINEATION OF THE THYMIC 

AND BURSAL LYMPHOID SYSTEMS IN THE CHICKEN. Nature, 205, 143-6. 
CORCORAN, A. E., RIDDELL, A., KROOSHOOP, D. & VENKITARAMAN, A. R. 1998. 

Impaired immunoglobulin gene rearrangement in mice lacking the IL-7 receptor. Nature, 391, 

904-7. 

CORFE, S. A. & PAIGE, C. J. 2012. The many roles of IL-7 in B cell development; mediator 

of survival, proliferation and differentiation. Semin Immunol, 24, 198-208. 

CUMANO, A., FERRAZ, J. C., KLAINE, M., DI SANTO, J. P. & GODIN, I. 2001. 

Intraembryonic, but not yolk sac hematopoietic precursors, isolated before circulation, 

provide long-term multilineage reconstitution. Immunity, 15, 477-85. 
CUMANO, A., FURLONGER, C. & PAIGE, C. J. 1993. Differentiation and characterization of 

B-cell precursors detected in the yolk sac and embryo body of embryos beginning at the 10- 

to 12-somite stage. Proc Natl Acad Sci U S A, 90, 6429-33. 

CUMANO, A. & GODIN, I. 2007. Ontogeny of the hematopoietic system. Annu Rev Immunol, 

25, 745-85. 

DANN, E. J., FEARS, S., ARAD-DANN, H., NUCIFORA, G. & ROWLEY, J. D. 2000. Lineage 

specificity of CBFA2 fusion transcripts. Leuk Res, 24, 11-7. 

DANTSCHAKOFF, W. 1908. Anatomische Hefte, 37, 472-589. 
DARZYNKIEWICZ, Z., GONG, J., JUAN, G., ARDELT, B. & TRAGANOS, F. 1996. 

Cytometry of cyclin proteins. Cytometry, 25, 1-13. 

DAVIS, R. L., WEINTRAUB, H. & LASSAR, A. B. 1987. Expression of a single transfected 

cDNA converts fibroblasts to myoblasts. Cell, 51, 987-1000. 

DE BRAEKELEER, E., DOUET-GUILBERT, N., MOREL, F., LE BRIS, M.-J., BASINKO, A. & 

DE BRAEKELEER, M. 2012. ETV6 fusion genes in hematological malignancies: A review. 

Leukemia Research, 36, 945-961. 
DE BRAEKELEER, E., DOUET-GUILBERT, N., MOREL, F., LE BRIS, M. J., FEREC, C. & 

DE BRAEKELEER, M. 2011. RUNX1 translocations and fusion genes in malignant 

hemopathies. Future Oncol, 7, 77-91. 

DE LAURENTIIS, A., HISCOTT, J. & ALCALAY, M. 2015. The TEL-AML1 fusion protein of 

acute lymphoblastic leukemia modulates IRF3 activity during early B-cell differentiation. 

Oncogene, 34, 6018-28. 

DEGLINCERTI, A., CROFT, G. F., PIETILA, L. N., ZERNICKA-GOETZ, M., SIGGIA, E. D. & 

BRIVANLOU, A. H. 2016. Self-organization of the in vitro attached human embryo. Nature, 
533, 251-4. 

DEKOTER, R. P. & SINGH, H. 2000. Regulation of B lymphocyte and macrophage 

development by graded expression of PU.1. Science, 288, 1439-41. 

DELASSUS, S. & CUMANO, A. 1996. Circulation of hematopoietic progenitors in the mouse 

embryo. Immunity, 4, 97-106. 



 200 

DELOGU, A., SCHEBESTA, A., SUN, Q., ASCHENBRENNER, K., PERLOT, T. & 

BUSSLINGER, M. 2006. Gene repression by Pax5 in B cells is essential for blood cell 

homeostasis and is reversed in plasma cells. Immunity, 24, 269-81. 

DIAS, J., GUMENYUK, M., KANG, H., VODYANIK, M., YU, J., THOMSON, J. A. & 
SLUKVIN, II 2011. Generation of red blood cells from human induced pluripotent stem cells. 

Stem Cells Dev, 20, 1639-47. 

DIAS, S., MANSSON, R., GURBUXANI, S., SIGVARDSSON, M. & KEE, B. L. 2008. E2A 

proteins promote development of lymphoid-primed multipotent progenitors. Immunity, 29, 

217-27. 

DOAN, P. L. & CHUTE, J. P. 2012. The vascular niche: home for normal and malignant 

hematopoietic stem cells. Leukemia, 26, 54-62. 

DORSHKIND, K. & MONTECINO-RODRIGUEZ, E. 2007. Fetal B-cell lymphopoiesis and the 
emergence of B-1-cell potential. Nat Rev Immunol, 7, 213-9. 

DOUAGI, I., COLUCCI, F., DI SANTO, J. P. & CUMANO, A. 2002. Identification of the 

earliest prethymic bipotent T/NK progenitor in murine fetal liver. Blood, 99, 463-71. 

DOULATOV, S., NOTTA, F., EPPERT, K., NGUYEN, L. T., OHASHI, P. S. & DICK, J. E. 

2010. Revised map of the human progenitor hierarchy shows the origin of macrophages and 

dendritic cells in early lymphoid development. Nat Immunol, 11, 585-93. 

DUY, C., HURTZ, C., SHOJAEE, S., CERCHIETTI, L., GENG, H., SWAMINATHAN, S., 

KLEMM, L., KWEON, S. M., NAHAR, R., BRAIG, M., PARK, E., KIM, Y. M., HOFMANN, W. 
K., HERZOG, S., JUMAA, H., KOEFFLER, H. P., YU, J. J., HEISTERKAMP, N., GRAEBER, 

T. G., WU, H., YE, B. H., MELNICK, A. & MUSCHEN, M. 2011. BCL6 enables Ph+ acute 

lymphoblastic leukaemia cells to survive BCR-ABL1 kinase inhibition. Nature, 473, 384-8. 

DZIERZAK, E. & SPECK, N. A. 2008. Of lineage and legacy: the development of 

mammalian hematopoietic stem cells. Nat Immunol, 9, 129-36. 

EAVES, C. J. 2015. Hematopoietic stem cells: concepts, definitions, and the new reality. 

Blood, 125, 2605-13. 
EGUCHI-ISHIMAE, M., EGUCHI, M., ISHII, E., MIYAZAKI, S., UEDA, K., KAMADA, N. & 

MIZUTANI, S. 2001. Breakage and fusion of the TEL (ETV6) gene in immature B 

lymphocytes induced by apoptogenic signals. Blood, 97, 737-743. 

EMA, H. & NAKAUCHI, H. 2000. Expansion of hematopoietic stem cells in the developing 

liver of a mouse embryo. Blood, 95, 2284-8. 

ENVER, T. & GREAVES, M. 1998. Loops, lineage, and leukemia. Cell, 94, 9-12. 

ENVER, T., HEYWORTH, C. M. & DEXTER, T. M. 1998. Do Stem Cells Play Dice? Blood, 

92, 348-351. 
EVANS, M. J. & KAUFMAN, M. H. 1981. Establishment in culture of pluripotential cells from 

mouse embryos. Nature, 292, 154-6. 

FAGRAEUS, A. 1948. The plasma cellular reaction and its relation to the formation of 

antibodies in vitro. J Immunol, 58, 1-13. 



 201 

FEARS, S., CHAKRABARTI, S. R., NUCIFORA, G. & ROWLEY, J. D. 2002. Differential 

expression of TCL1 during pre-B-cell acute lymphoblastic leukemia progression. Cancer 

Genet Cytogenet, 135, 110-9. 

FEARS, S., GAVIN, M., ZHANG, D. E., HETHERINGTON, C., BEN-DAVID, Y., ROWLEY, J. 
D. & NUCIFORA, G. 1997. Functional characterization of ETV6 and ETV6/CBFA2 in the 

regulation of the MCSFR proximal promoter. Proc Natl Acad Sci U S A, 94, 1949-54. 

FEARS, S., VIGNON, C., BOHLANDER, S. K., SMITH, S., ROWLEY, J. D. & NUCIFORA, 

G. 1996. Correlation between the ETV6/CBFA2 (TEL/AML1) fusion gene and karyotypic 

abnormalities in children with B-cell precursor acute lymphoblastic leukemia. Genes 

Chromosomes Cancer, 17, 127-35. 

FENRICK, R., WANG, L., NIP, J., AMANN, J. M., ROONEY, R. J., WALKER-DANIELS, J., 

CRAWFORD, H. C., HULBOY, D. L., KINCH, M. S., MATRISIAN, L. M. & HIEBERT, S. W. 
2000. TEL, a putative tumor suppressor, modulates cell growth and cell morphology of ras-

transformed cells while repressing the transcription of stromelysin-1. Molecular and cellular 

biology, 20, 5828-5839. 

FERRANDO, A. A. & LOPEZ-OTIN, C. 2017. Clonal evolution in leukemia. Nat Med, 23, 

1135-1145. 

FIELDING, A. K. 2008. The treatment of adults with acute lymphoblastic leukemia. 

Hematology Am Soc Hematol Educ Program, 381-9. 

FISCHER, M., SCHWIEGER, M., HORN, S., NIEBUHR, B., FORD, A., ROSCHER, S., 
BERGHOLZ, U., GREAVES, M., LOHLER, J. & STOCKING, C. 2005. Defining the 

oncogenic function of the TEL/AML1 (ETV6/RUNX1) fusion protein in a mouse model. 

Oncogene, 24, 7579-91. 

FM, B. 1959. The Clonal Selection Theory of Acquired Immunity. Nashville: Vanderbilt 

University Press. 

FOGARTY, N. M. E., MCCARTHY, A., SNIJDERS, K. E., POWELL, B. E., KUBIKOVA, N., 

BLAKELEY, P., LEA, R., ELDER, K., WAMAITHA, S. E., KIM, D., MACIULYTE, V., 
KLEINJUNG, J., KIM, J. S., WELLS, D., VALLIER, L., BERTERO, A., TURNER, J. M. A. & 

NIAKAN, K. K. 2017. Genome editing reveals a role for OCT4 in human embryogenesis. 

Nature, 550, 67-73. 

FORD, A. M., BENNETT, C. A., PRICE, C. M., BRUIN, M. C. A., VAN WERING, E. R. & 

GREAVES, M. 1998. Fetal origins of the TEL-AML1 fusion gene in identical twins with 

leukemia. Proceedings of the National Academy of Sciences, 95, 4584-4588. 

FORD, A. M., PALMI, C., BUENO, C., HONG, D., CARDUS, P., KNIGHT, D., CAZZANIGA, 

G., ENVER, T. & GREAVES, M. 2009. The TEL-AML1 leukemia fusion gene dysregulates 
the TGF-β pathway in early B lineage progenitor cells. The Journal of Clinical Investigation, 

119, 826-836. 

FORESTIER, E., HEYMAN, M., ANDERSEN, M. K., AUTIO, K., BLENNOW, E., 

BORGSTROM, G., GOLOVLEVA, I., HEIM, S., HEINONEN, K., HOVLAND, R., 

JOHANNSSON, J. H., KERNDRUP, G., NORDGREN, A., ROSENQUIST, R., SWOLIN, B. & 



 202 

JOHANSSON, B. 2008. Outcome of ETV6/RUNX1-positive childhood acute lymphoblastic 

leukaemia in the NOPHO-ALL-1992 protocol: frequent late relapses but good overall 

survival. Br J Haematol, 140, 665-72. 

FORSBERG, E. C., SERWOLD, T., KOGAN, S., WEISSMAN, I. L. & PASSEGUE, E. 2006. 
New evidence supporting megakaryocyte-erythrocyte potential of flk2/flt3+ multipotent 

hematopoietic progenitors. Cell, 126, 415-26. 

FRENCH, A., YANG, C. T., TAYLOR, S., WATT, S. M. & CARPENTER, L. 2015. Human 

induced pluripotent stem cell-derived B lymphocytes express sIgM and can be generated via 

a hemogenic endothelium intermediate. Stem Cells Dev, 24, 1082-95. 

FUKA, G., KANTNER, H. P., GRAUSENBURGER, R., INTHAL, A., BAUER, E., KRAPF, G., 

KAINDL, U., KAUER, M., DWORZAK, M. N., STOIBER, D., HAAS, O. A. & PANZER-

GRUMAYER, R. 2012. Silencing of ETV6/RUNX1 abrogates PI3K/AKT/mTOR signaling and 
impairs reconstitution of leukemia in xenografts. Leukemia, 26, 927-33. 

FUKUDA, T. 1973. Fetal hemopoiesis. I. Electron microscopic studies on human yolk sac 

hemopoiesis. Virchows Arch B Cell Pathol, 14, 197-213. 

GALTON, F. 1875. The history of twins, as a criterion of the relative powers of nature and 

nurture. Fraser’s Mag, 12, 566-76. 

GALTON, F. 1883. INQUIRIES INTO HUMAN FACULTY AND ITS DEVELOPMENT. 

Macmillan. 

GARNEAU, J. E., DUPUIS, M. E., VILLION, M., ROMERO, D. A., BARRANGOU, R., 
BOYAVAL, P., FREMAUX, C., HORVATH, P., MAGADAN, A. H. & MOINEAU, S. 2010. The 

CRISPR/Cas bacterial immune system cleaves bacteriophage and plasmid DNA. Nature, 

468, 67-71. 

GASIUNAS, G., BARRANGOU, R., HORVATH, P. & SIKSNYS, V. 2012. Cas9-crRNA 

ribonucleoprotein complex mediates specific DNA cleavage for adaptive immunity in 

bacteria. Proc Natl Acad Sci U S A, 109, E2579-86. 

GAUTHIER, L., ROSSI, B., ROUX, F., TERMINE, E. & SCHIFF, C. 2002. Galectin-1 is a 
stromal cell ligand of the pre-B cell receptor (BCR) implicated in synapse formation between 

pre-B and stromal cells and in pre-BCR triggering. Proc Natl Acad Sci U S A, 99, 13014-9. 

GEKAS, C., DIETERLEN-LIEVRE, F., ORKIN, S. H. & MIKKOLA, H. K. 2005. The placenta 

is a niche for hematopoietic stem cells. Dev Cell, 8, 365-75. 

GEORGOPOULOS, K., BIGBY, M., WANG, J. H., MOLNAR, A., WU, P., WINANDY, S. & 

SHARPE, A. 1994. The Ikaros gene is required for the development of all lymphoid lineages. 

Cell, 79, 143-56. 

GERR, H., ZIMMERMANN, M., SCHRAPPE, M., DWORZAK, M., LUDWIG, W.-D., 
BRADTKE, J., MOERICKE, A., SCHABATH, R., CREUTZIG, U. & REINHARDT, D. 2010. 

Acute leukaemias of ambiguous lineage in children: characterization, prognosis and therapy 

recommendations. British Journal of Haematology, 149, 84-92. 



 203 

GHOSH, Z., WILSON, K. D., WU, Y., HU, S., QUERTERMOUS, T. & WU, J. C. 2010. 

Persistent donor cell gene expression among human induced pluripotent stem cells 

contributes to differences with human embryonic stem cells. PLoS One, 5, e8975. 

GHOSN, E. E., YAMAMOTO, R., HAMANAKA, S., YANG, Y., HERZENBERG, L. A., 
NAKAUCHI, H. & HERZENBERG, L. A. 2012. Distinct B-cell lineage commitment 

distinguishes adult bone marrow hematopoietic stem cells. Proc Natl Acad Sci U S A, 109, 

5394-8. 

GHOZI, M. C., BERNSTEIN, Y., NEGREANU, V., LEVANON, D. & GRONER, Y. 1996. 

Expression of the human acute myeloid leukemia gene AML1 is regulated by two promoter 

regions. Proc Natl Acad Sci U S A, 93, 1935-40. 

GIACALONE, J. C., SHARMA, T. P., BURNIGHT, E. R., FINGERT, J. F., MULLINS, R. F., 

STONE, E. M. & TUCKER, B. A. 2018. CRISPR-Cas9-Based Genome Editing of Human 
Induced Pluripotent Stem Cells. Curr Protoc Stem Cell Biol, 44, 5b.7.1-5b.7.22. 

GILBERT, L. A., HORLBECK, M. A., ADAMSON, B., VILLALTA, J. E., CHEN, Y., 

WHITEHEAD, E. H., GUIMARAES, C., PANNING, B., PLOEGH, H. L., BASSIK, M. C., QI, L. 

S., KAMPMANN, M. & WEISSMAN, J. S. 2014. Genome-Scale CRISPR-Mediated Control of 

Gene Repression and Activation. Cell, 159, 647-61. 

GILHAM, C., PETO, J., SIMPSON, J., ROMAN, E., EDEN, T. O. B., GREAVES, M. F. & 

ALEXANDER, F. E. 2005. Day care in infancy and risk of childhood acute lymphoblastic 

leukaemia: findings from UK case-control study. BMJ, 330, 1294. 
GINHOUX, F., GRETER, M., LEBOEUF, M., NANDI, S., SEE, P., GOKHAN, S., MEHLER, 

M. F., CONWAY, S. J., NG, L. G., STANLEY, E. R., SAMOKHVALOV, I. M. & MERAD, M. 

2010. Fate mapping analysis reveals that adult microglia derive from primitive macrophages. 

Science, 330, 841-5. 

GOARDON, N., MARCHI, E., ATZBERGER, A., QUEK, L., SCHUH, A., SONEJI, S., WOLL, 

P., MEAD, A., ALFORD, K. A., ROUT, R., CHAUDHURY, S., GILKES, A., KNAPPER, S., 

BELDJORD, K., BEGUM, S., ROSE, S., GEDDES, N., GRIFFITHS, M., STANDEN, G., 
STERNBERG, A., CAVENAGH, J., HUNTER, H., BOWEN, D., KILLICK, S., ROBINSON, L., 

PRICE, A., MACINTYRE, E., VIRGO, P., BURNETT, A., CRADDOCK, C., ENVER, T., 

JACOBSEN, S. E. W., PORCHER, C. & VYAS, P. 2011. Coexistence of LMPP-like and 

GMP-like Leukemia Stem Cells in Acute Myeloid Leukemia. Cancer Cell, 19, 138-152. 

GODIN, I., DIETERLEN-LIEVRE, F. & CUMANO, A. 1995. B-lymphoid potential in pre-liver 

mouse embryo. Semin Immunol, 7, 131-41. 

GOPALAPPA, R., SURESH, B., KIM, H. & RAMAKRISHNA, S. 2018. Paired D10A Cas9 

nickases are sometimes more efficient than individual nucleases for gene disruption. Nucleic 
Acids Research, 46, e71-e71. 

GRAF, T. & ENVER, T. 2009. Forcing cells to change lineages. Nature, 462, 587-94. 

GRAY, J. W., DOLBEARE, F., PALLAVICINI, M. G., BEISKER, W. & WALDMAN, F. 1986. 

Cell cycle analysis using flow cytometry. Int J Radiat Biol Relat Stud Phys Chem Med, 49, 

237-55. 



 204 

GREAVES, M. 2006. Infection, immune responses and the aetiology of childhood leukaemia. 

Nat Rev Cancer, 6, 193-203. 

GREAVES, M. 2018. A causal mechanism for childhood acute lymphoblastic leukaemia. Nat 

Rev Cancer. 
GREAVES, M. F., MAIA, A. T., WIEMELS, J. L. & FORD, A. M. 2003. Leukemia in twins: 

lessons in natural history. Blood, 102, 2321-33. 

GREEN, S. M., COYNE, H. J., 3RD, MCINTOSH, L. P. & GRAVES, B. J. 2010. DNA binding 

by the ETS protein TEL (ETV6) is regulated by autoinhibition and self-association. J Biol 

Chem, 285, 18496-504. 

GRIFFIN, D. O., HOLODICK, N. E. & ROTHSTEIN, T. L. 2011. Human B1 cells in umbilical 

cord and adult peripheral blood express the novel phenotype CD20+ CD27+ CD43+ CD70. J 

Exp Med, 208, 67-80. 
GROWNEY, J. D., SHIGEMATSU, H., LI, Z., LEE, B. H., ADELSPERGER, J., ROWAN, R., 

CURLEY, D. P., KUTOK, J. L., AKASHI, K., WILLIAMS, I. R., SPECK, N. A. & GILLILAND, 

D. G. 2005. Loss of Runx1 perturbs adult hematopoiesis and is associated with a 

myeloproliferative phenotype. Blood, 106, 494-504. 

GUIDEZ, F., PETRIE, K., FORD, A. M., LU, H., BENNETT, C. A., MACGREGOR, A., 

HANNEMANN, J., ITO, Y., GHYSDAEL, J., GREAVES, M., WIEDEMANN, L. M. & ZELENT, 

A. 2000. Recruitment of the nuclear receptor corepressor N-CoR by the TEL moiety of the 

childhood leukemia-associated TEL-AML1 oncoprotein. Blood, 96, 2557-61. 
GUNJI, H., WAGA, K., NAKAMURA, F., MAKI, K., SASAKI, K., NAKAMURA, Y. & MITANI, 

K. 2004. TEL/AML1 shows dominant-negative effects over TEL as well as AML1. 

Biochemical and Biophysical Research Communications, 322, 623-630. 

GURDON, J. B. 1962. Adult frogs derived from the nuclei of single somatic cells. Dev Biol, 4, 

256-73. 

HAAS, S., TRUMPP, A. & MILSOM, M. D. 2018. Causes and Consequences of 

Hematopoietic Stem Cell Heterogeneity. Cell Stem Cell, 22, 627-638. 
HAECKEL, E. 1868. Natürliche Schöpfungsgeschichte, Walter de Gruyter. 

HAMMOND, A., GALIZI, R., KYROU, K., SIMONI, A., SINISCALCHI, C., KATSANOS, D., 

GRIBBLE, M., BAKER, D., MAROIS, E., RUSSELL, S., BURT, A., WINDBICHLER, N., 

CRISANTI, A. & NOLAN, T. 2016. A CRISPR-Cas9 gene drive system targeting female 

reproduction in the malaria mosquito vector Anopheles gambiae. Nat Biotechnol, 34, 78-83. 

HAN, W. & SHE, Q. 2017. CRISPR History: Discovery, Characterization, and Prosperity. 

Prog Mol Biol Transl Sci, 152, 1-21. 

HARBOTT, J., VIEHMANN, S., BORKHARDT, A., HENZE, G. & LAMPERT, F. 1997. 
Incidence of TEL/AML1 fusion gene analyzed consecutively in children with acute 

lymphoblastic leukemia in relapse. Blood, 90, 4933-7. 

HARDY, R. R. 1989. B cell ontogeny and B cell subsets. Curr Opin Immunol, 2, 189-98. 



 205 

HARDY, R. R., CARMACK, C. E., SHINTON, S. A., KEMP, J. D. & HAYAKAWA, K. 1991. 

Resolution and characterization of pro-B and pre-pro-B cell stages in normal mouse bone 

marrow. J Exp Med, 173, 1213-25. 

HARDY, R. R. & HAYAKAWA, K. 2001. B cell development pathways. Annu Rev Immunol, 
19, 595-621. 

HARRISON, C. J., MOORMAN, A. V., BROADFIELD, Z. J., CHEUNG, K. L., HARRIS, R. L., 

REZA JALALI, G., ROBINSON, H. M., BARBER, K. E., RICHARDS, S. M., MITCHELL, C. 

D., EDEN, T. O. B., HANN, I. M., HILL, F. G. H., KINSEY, S. E., GIBSON, B. E. S., 

LILLEYMAN, J., VORA, A., GOLDSTONE, A. H., FRANKLIN, I. M., DURRANT, J., 

MARTINEAU, M., CHILDHOOD & PARTIES, A. L. W. 2004. Three distinct subgroups of 

hypodiploidy in acute lymphoblastic leukaemia. British Journal of Haematology, 125, 552-

559. 
HARRISON, D. E., ZHONG, R. K., JORDAN, C. T., LEMISCHKA, I. R. & ASTLE, C. M. 

1997. Relative to adult marrow, fetal liver repopulates nearly five times more effectively long-

term than short-term. Exp Hematol, 25, 293-7. 

HASLE, H., CLEMMENSEN, I. H. & MIKKELSEN, M. 2000. Risks of leukaemia and solid 

tumours in individuals with Down's syndrome. Lancet, 355, 165-9. 

HAYDEN, M. S. & GHOSH, S. 2014. Regulation of NF-κB by TNF family cytokines. 

Seminars in immunology, 26, 253-266. 

HE, S., KIM, I., LIM, M. S. & MORRISON, S. J. 2011. Sox17 expression confers self-renewal 
potential and fetal stem cell characteristics upon adult hematopoietic progenitors. Genes 

Dev, 25, 1613-27. 

HEEREMA, N. A., CARROLL, A. J., DEVIDAS, M., LOH, M. L., BOROWITZ, M. J., 

GASTIER-FOSTER, J. M., LARSEN, E. C., MATTANO, L. A., MALONEY, K. W., WILLMAN, 

C. L., WOOD, B. L., WINICK, N. J., CARROLL, W. L., HUNGER, S. P. & RAETZ, E. A. 2013. 

Intrachromosomal Amplification of Chromosome 21 Is Associated With Inferior Outcomes in 

Children With Acute Lymphoblastic Leukemia Treated in Contemporary Standard-Risk 
Children's Oncology Group Studies: A Report From the Children's Oncology Group. Journal 

of Clinical Oncology, 31, 3397-3402. 

HENDEL, A., KILDEBECK, E. J., FINE, E. J., CLARK, J., PUNJYA, N., SEBASTIANO, V., 

BAO, G. & PORTEUS, M. H. 2014. Quantifying genome-editing outcomes at endogenous 

loci with SMRT sequencing. Cell Rep, 7, 293-305. 

HENDRIKS, W. T., WARREN, C. R. & COWAN, C. A. 2016. Genome Editing in Human 

Pluripotent Stem Cells: Approaches, Pitfalls, and Solutions. Cell stem cell, 18, 53-65. 

HEYER, W. D., EHMSEN, K. T. & LIU, J. 2010. Regulation of homologous recombination in 
eukaryotes. Annu Rev Genet, 44, 113-39. 

HIEBERT, S. W., SUN, W. H., DAVIS, J. N., GOLUB, T., SHURTLEFF, S., BUIJS, A., 

DOWNING, J. R., GROSVELD, G., ROUSSEL, M. F., GILLILAND, D. G., LENNY, N. & 

MEYERS, S. 1996. The t(12;21) translocation converts AML-1B from an activator to a 

repressor of transcription. Molecular and Cellular Biology, 16, 1349-1355. 



 206 

HILTON, I. B., D'IPPOLITO, A. M., VOCKLEY, C. M., THAKORE, P. I., CRAWFORD, G. E., 

REDDY, T. E. & GERSBACH, C. A. 2015. Epigenome editing by a CRISPR-Cas9-based 

acetyltransferase activates genes from promoters and enhancers. Nat Biotechnol, 33, 510-7. 

HIROKAWA, S., SATO, H., KATO, I. & KUDO, A. 2003. EBF-regulating Pax5 transcription is 
enhanced by STAT5 in the early stage of B cells. Eur J Immunol, 33, 1824-9. 

HJALGRIM, L. L., MADSEN, H. O., MELBYE, M., JORGENSEN, P., CHRISTIANSEN, M., 

ANDERSEN, M. T., PALLISGAARD, N., HOKLAND, P., CLAUSEN, N., RYDER, L. P., 

SCHMIEGELOW, K. & HJALGRIM, H. 2002. Presence of clone-specific markers at birth in 

children with acute lymphoblastic leukaemia. Br J Cancer, 87, 994-999. 

HOCK, H., MEADE, E., MEDEIROS, S., SCHINDLER, J. W., VALK, P. J., FUJIWARA, Y. & 

ORKIN, S. H. 2004. Tel/Etv6 is an essential and selective regulator of adult hematopoietic 

stem cell survival. Genes Dev, 18, 2336-41. 
HOCK, H. & SHIMAMURA, A. 2017. ETV6 in hematopoiesis and leukemia predisposition. 

Semin Hematol, 54, 98-104. 

HOFFMAN, W., LAKKIS, F. G. & CHALASANI, G. 2016. B Cells, Antibodies, and More. Clin 

J Am Soc Nephrol, 11, 137-54. 

HOLMFELDT, L., WEI, L., DIAZ-FLORES, E., WALSH, M., ZHANG, J., DING, L., PAYNE-

TURNER, D., CHURCHMAN, M., ANDERSSON, A., CHEN, S. C., MCCASTLAIN, K., 

BECKSFORT, J., MA, J., WU, G., PATEL, S. N., HEATLEY, S. L., PHILLIPS, L. A., SONG, 

G., EASTON, J., PARKER, M., CHEN, X., RUSCH, M., BOGGS, K., VADODARIA, B., 
HEDLUND, E., DRENBERG, C., BAKER, S., PEI, D., CHENG, C., HUETHER, R., LU, C., 

FULTON, R. S., FULTON, L. L., TABIB, Y., DOOLING, D. J., OCHOA, K., MINDEN, M., 

LEWIS, I. D., TO, L. B., MARLTON, P., ROBERTS, A. W., RACA, G., STOCK, W., NEALE, 

G., DREXLER, H. G., DICKINS, R. A., ELLISON, D. W., SHURTLEFF, S. A., PUI, C. H., 

RIBEIRO, R. C., DEVIDAS, M., CARROLL, A. J., HEEREMA, N. A., WOOD, B., 

BOROWITZ, M. J., GASTIER-FOSTER, J. M., RAIMONDI, S. C., MARDIS, E. R., WILSON, 

R. K., DOWNING, J. R., HUNGER, S. P., LOH, M. L. & MULLIGHAN, C. G. 2013. The 
genomic landscape of hypodiploid acute lymphoblastic leukemia. Nat Genet, 45, 242-52. 

HONG, D., GUPTA, R., ANCLIFF, P., ATZBERGER, A., BROWN, J., SONEJI, S., GREEN, 

J., COLMAN, S., PIACIBELLO, W., BUCKLE, V., TSUZUKI, S., GREAVES, M. & ENVER, T. 

2008. Initiating and Cancer-Propagating Cells in TEL-AML1-Associated Childhood 

Leukemia. Science, 319, 336-339. 

HORTON, S. J., JAQUES, J., WOOLTHUIS, C., VAN DIJK, J., MESURACA, M., HULS, G., 

MORRONE, G., VELLENGA, E. & SCHURINGA, J. J. 2013. MLL-AF9-mediated 

immortalization of human hematopoietic cells along different lineages changes during 
ontogeny. Leukemia, 27, 1116-26. 

HU, M., KRAUSE, D., GREAVES, M., SHARKIS, S., DEXTER, M., HEYWORTH, C. & 

ENVER, T. 1997. Multilineage gene expression precedes commitment in the hemopoietic 

system. Genes Dev, 11, 774-85. 



 207 

HUNGER, S. P. & MULLIGHAN, C. G. 2015. Acute Lymphoblastic Leukemia in Children. N 

Engl J Med, 373, 1541-52. 

HWEE, J., TAIT, C., SUNG, L., KWONG, J. C., SUTRADHAR, R. & POLE, J. D. 2018. A 

systematic review and meta-analysis of the association between childhood infections and 
the risk of childhood acute lymphoblastic leukaemia. Br J Cancer, 118, 127-137. 

HYSTAD, M. E., MYKLEBUST, J. H., BO, T. H., SIVERTSEN, E. A., RIAN, E., FORFANG, 

L., MUNTHE, E., ROSENWALD, A., CHIORAZZI, M., JONASSEN, I., STAUDT, L. M. & 

SMELAND, E. B. 2007. Characterization of early stages of human B cell development by 

gene expression profiling. J Immunol, 179, 3662-71. 

ICHIKAWA, M., ASAI, T., SAITO, T., SEO, S., YAMAZAKI, I., YAMAGATA, T., MITANI, K., 

CHIBA, S., OGAWA, S., KUROKAWA, M. & HIRAI, H. 2004. AML-1 is required for 

megakaryocytic maturation and lymphocytic differentiation, but not for maintenance of 
hematopoietic stem cells in adult hematopoiesis. Nat Med, 10, 299-304. 

IIJIMA, K., SUGITA, K., INUKAI, T., GOI, K., TEZUKA, T., UNO, K., SATO, H., KAGAMI, K. 

& NAKAZAWA, S. 2000. Expression of thrombopoietin receptor and its functional role in 

human B-precursor leukemia cells with 11q23 translocation or Philadelphia chromosome. 

Leukemia, 14, 1598-605. 

INABA, H., GREAVES, M. & MULLIGHAN, C. G. 2013. Acute lymphoblastic leukaemia. 

Lancet, 381, 1943-55. 

INTHAL, A., KRAPF, G., BECK, D., JOAS, R., KAUER, M. O., OREL, L., FUKA, G., MANN, 
G. & PANZER-GRUMAYER, E. R. 2008. Role of the erythropoietin receptor in 

ETV6/RUNX1-positive acute lymphoblastic leukemia. Clin Cancer Res, 14, 7196-204. 

IRVIN, B. J., WOOD, L. D., WANG, L., FENRICK, R., SANSAM, C. G., PACKHAM, G., 

KINCH, M., YANG, E. & HIEBERT, S. W. 2003. TEL, a putative tumor suppressor, induces 

apoptosis and represses transcription of Bcl-XL. J Biol Chem, 278, 46378-86. 

ISHINO, Y., SHINAGAWA, H., MAKINO, K., AMEMURA, M. & NAKATA, A. 1987. Nucleotide 

sequence of the iap gene, responsible for alkaline phosphatase isozyme conversion in 
Escherichia coli, and identification of the gene product. J Bacteriol, 169, 5429-33. 

IVANOVS, A., RYBTSOV, S., WELCH, L., ANDERSON, R. A., TURNER, M. L. & 

MEDVINSKY, A. 2011. Highly potent human hematopoietic stem cells first emerge in the 

intraembryonic aorta-gonad-mesonephros region. The Journal of experimental medicine, 

208, 2417-2427. 

IWASAKI, H., SOMOZA, C., SHIGEMATSU, H., DUPREZ, E. A., IWASAKI-ARAI, J., 

MIZUNO, S., ARINOBU, Y., GEARY, K., ZHANG, P., DAYARAM, T., FENYUS, M. L., ELF, 

S., CHAN, S., KASTNER, P., HUETTNER, C. S., MURRAY, R., TENEN, D. G. & AKASHI, K. 
2005. Distinctive and indispensable roles of PU.1 in maintenance of hematopoietic stem 

cells and their differentiation. Blood, 106, 1590-600. 

JACOBSON, L. O., MARKS, E. K., GASTON, E. O., ROBSON, M. & ZIRKLE, R. E. 1949. 

The Role of the Spleen in Radiation Injury. Proceedings of the Society for Experimental 

Biology and Medicine, 70, 740-742. 



 208 

JAFFREDO, T., GAUTIER, R., EICHMANN, A. & DIETERLEN-LIEVRE, F. 1998. Intraaortic 

hemopoietic cells are derived from endothelial cells during ontogeny. Development, 125, 

4575-83. 

JAISSER, F. 2000. Inducible gene expression and gene modification in transgenic mice. J 
Am Soc Nephrol, 11 Suppl 16, S95-s100. 

JANBANDHU, V., MOIK, D. & FÄSSLER, R. 2014. Cre recombinase induces DNA damage 

and tetraploidy in the absence of LoxP sites. Cell Cycle, 13, 462-470. 

JANSEN, R., EMBDEN, J. D., GAASTRA, W. & SCHOULS, L. M. 2002. Identification of 

genes that are associated with DNA repeats in prokaryotes. Mol Microbiol, 43, 1565-75. 

JINEK, M., CHYLINSKI, K., FONFARA, I., HAUER, M., DOUDNA, J. A. & CHARPENTIER, 

E. 2012. A programmable dual-RNA-guided DNA endonuclease in adaptive bacterial 

immunity. Science, 337, 816-21. 
JING, L. & ZON, L. I. 2011. Zebrafish as a model for normal and malignant hematopoiesis. 

Dis Model Mech, 4, 433-8. 

JOHNSON, D. E., O'KEEFE, R. A. & GRANDIS, J. R. 2018. Targeting the IL-6/JAK/STAT3 

signalling axis in cancer. Nature Reviews Clinical Oncology, 15, 234. 

JOHNSON, K., HASHIMSHONY, T., SAWAI, C. M., PONGUBALA, J. M., SKOK, J. A., 

AIFANTIS, I. & SINGH, H. 2008. Regulation of immunoglobulin light-chain recombination by 

the transcription factor IRF-4 and the attenuation of interleukin-7 signaling. Immunity, 28, 

335-45. 
JOHNSON, S. E., SHAH, N., PANOSKALTSIS-MORTARI, A. & LEBIEN, T. W. 2005. Murine 

and human IL-7 activate STAT5 and induce proliferation of normal human pro-B cells. J 

Immunol, 175, 7325-31. 

JONES, C. L., KIRKPATRICK, G., FLEENOR, C., SETH, W., NOETZLI, L. J., FOSMIRE, S., 

BATURIN, D., LIANG, X., HERNANDEZ, G., PIETRAS, E. M., JORDAN, C. T., ROWLEY, J. 

W., DI PAOLA, J., HAGMAN, J. R. & PORTER, C. C. 2016. ETV6 Regulates<em> 

Pax5</em> Expression in Early B Cell Development. Blood, 128, 2655-2655. 
JONES, L. K. & SAHA, V. 2005. Philadelphia positive acute lymphoblastic leukaemia of 

childhood. British Journal of Haematology, 130, 489-500. 

JOY, M. T., BEN ASSAYAG, E., SHABASHOV-STONE, D., LIRAZ-ZALTSMAN, S., 

MAZZITELLI, J., ARENAS, M., ABDULJAWAD, N., KLIPER, E., KORCZYN, A. D., 

THAREJA, N. S., KESNER, E. L., ZHOU, M., HUANG, S., SILVA, T. K., KATZ, N., 

BORNSTEIN, N. M., SILVA, A. J., SHOHAMI, E. & CARMICHAEL, S. T. 2019. CCR5 Is a 

Therapeutic Target for Recovery after Stroke and Traumatic Brain Injury. Cell, 176, 1143-

1157.e13. 
KAINDL, U., MORAK, M., PORTSMOUTH, C., MECKLENBRAUKER, A., KAUER, M., 

ZEGINIGG, M., ATTARBASCHI, A., HAAS, O. A. & PANZER-GRUMAYER, R. 2014. 

Blocking ETV6/RUNX1-induced MDM2 overexpression by Nutlin-3 reactivates p53 signaling 

in childhood leukemia. Leukemia, 28, 600-8. 



 209 

KANTNER, H.-P., WARSCH, W., DELOGU, A., BAUER, E., ESTERBAUER, H., 

CASANOVA, E., SEXL, V. & STOIBER, D. 2013. ETV6/RUNX1 induces reactive oxygen 

species and drives the accumulation of DNA damage in B cells. Neoplasia (New York, N.Y.), 

15, 1292-1300. 
KANTOR, A. B., STALL, A. M., ADAMS, S., HERZENBERG, L. A. & HERZENBERG, L. A. 

1992. Differential development of progenitor activity for three B-cell lineages. Proc Natl Acad 

Sci U S A, 89, 3320-4. 

KARAMITROS, D., STOILOVA, B., ABOUKHALIL, Z., HAMEY, F., REINISCH, A., 

SAMITSCH, M., QUEK, L., OTTO, G., REPAPI, E., DOONDEEA, J., USUKHBAYAR, B., 

CALVO, J., TAYLOR, S., GOARDON, N., SIX, E., PFLUMIO, F., PORCHER, C., MAJETI, 

R., GOTTGENS, B. & VYAS, P. 2018. Single-cell analysis reveals the continuum of human 

lympho-myeloid progenitor cells. Nat Immunol, 19, 85-97. 
KATAYAMA, Y., BATTISTA, M., KAO, W. M., HIDALGO, A., PEIRED, A. J., THOMAS, S. A. 

& FRENETTE, P. S. 2006. Signals from the sympathetic nervous system regulate 

hematopoietic stem cell egress from bone marrow. Cell, 124, 407-21. 

KAUFMAN, D. S., HANSON, E. T., LEWIS, R. L., AUERBACH, R. & THOMSON, J. A. 2001. 

Hematopoietic colony-forming cells derived from human embryonic stem cells. Proc Natl 

Acad Sci U S A, 98, 10716-21. 

KAWAMOTO, H., IKAWA, T., OHMURA, K., FUJIMOTO, S. & KATSURA, Y. 2000. T cell 

progenitors emerge earlier than B cell progenitors in the murine fetal liver. Immunity, 12, 
441-50. 

KENNEDY, M., AWONG, G., STURGEON, C. M., DITADI, A., LAMOTTE-MOHS, R., 

ZUNIGA-PFLUCKER, J. C. & KELLER, G. 2012. T lymphocyte potential marks the 

emergence of definitive hematopoietic progenitors in human pluripotent stem cell 

differentiation cultures. Cell Rep, 2, 1722-35. 

KENNEDY, M., D'SOUZA, S. L., LYNCH-KATTMAN, M., SCHWANTZ, S. & KELLER, G. 

2007. Development of the hemangioblast defines the onset of hematopoiesis in human ES 
cell differentiation cultures. Blood, 109, 2679-2687. 

KIEL, M. J., YILMAZ, O. H., IWASHITA, T., YILMAZ, O. H., TERHORST, C. & MORRISON, 

S. J. 2005. SLAM family receptors distinguish hematopoietic stem and progenitor cells and 

reveal endothelial niches for stem cells. Cell, 121, 1109-21. 

KIEUSSEIAN, A., BRUNET DE LA GRANGE, P., BURLEN-DEFRANOUX, O., GODIN, I. & 

CUMANO, A. 2012. Immature hematopoietic stem cells undergo maturation in the fetal liver. 

Development, 139, 3521-30. 

KIM, D. H., MOLDWIN, R. L., VIGNON, C., BOHLANDER, S. K., SUTO, Y., GIORDANO, L., 
GUPTA, R., FEARS, S., NUCIFORA, G. & ROWLEY, J. D. 1996. TEL-AML1 translocations 

with TEL and CDKN2 inactivation in acute lymphoblastic leukemia cell lines. Blood, 88, 785-

94. 



 210 

KIM, H. K., SONG, M., LEE, J., MENON, A. V., JUNG, S., KANG, Y. M., CHOI, J. W., WOO, 

E., KOH, H. C., NAM, J. W. & KIM, H. 2017. In vivo high-throughput profiling of CRISPR-

Cpf1 activity. Nat Methods, 14, 153-159. 

KIM, I., SAUNDERS, T. L. & MORRISON, S. J. 2007. Sox17 dependence distinguishes the 
transcriptional regulation of fetal from adult hematopoietic stem cells. Cell, 130, 470-83. 

KIM, Y. G., CHA, J. & CHANDRASEGARAN, S. 1996. Hybrid restriction enzymes: zinc 

finger fusions to Fok I cleavage domain. Proc Natl Acad Sci U S A, 93, 1156-60. 

KINDER, S. J., TSANG, T. E., QUINLAN, G. A., HADJANTONAKIS, A. K., NAGY, A. & TAM, 

P. P. 1999. The orderly allocation of mesodermal cells to the extraembryonic structures and 

the anteroposterior axis during gastrulation of the mouse embryo. Development, 126, 4691-

701. 

KINLEN, L. 1988. Evidence for an infective cause of childhood leukaemia: comparison of a 
Scottish new town with nuclear reprocessing sites in Britain. Lancet, 2, 1323-7. 

KINLEN, L. 2011. Childhood leukaemia, nuclear sites, and population mixing. Br J Cancer, 

104, 12-8. 

KIRSTETTER, P., THOMAS, M., DIERICH, A., KASTNER, P. & CHAN, S. 2002. Ikaros is 

critical for B cell differentiation and function. Eur J Immunol, 32, 720-30. 

KLINKEN, S. P., ALEXANDER, W. S. & ADAMS, J. M. 1988. Hemopoietic lineage switch: v-

raf oncogene converts Emu-myc transgenic B cells into macrophages. Cell, 53, 857-67. 

KNUDSON, A. G., JR. 1971. Mutation and cancer: statistical study of retinoblastoma. Proc 
Natl Acad Sci U S A, 68, 820-3. 

KOHNKEN, R., PORCU, P. & MISHRA, A. 2017. Overview of the Use of Murine Models in 

Leukemia and Lymphoma Research. Front Oncol, 7, 22. 

KOMOR, A. C., KIM, Y. B., PACKER, M. S., ZURIS, J. A. & LIU, D. R. 2016. Programmable 

editing of a target base in genomic DNA without double-stranded DNA cleavage. Nature, 

533, 420-4. 

KRISHAN, A. 1975. Rapid flow cytofluorometric analysis of mammalian cell cycle by 
propidium iodide staining. J Cell Biol, 66, 188-93. 

KRISTIANSEN, T. A., JAENSSON GYLLENBACK, E., ZRIWIL, A., BJORKLUND, T., 

DANIEL, J. A., SITNICKA, E., SONEJI, S., BRYDER, D. & YUAN, J. 2016. Cellular 

Barcoding Links B-1a B Cell Potential to a Fetal Hematopoietic Stem Cell State at the 

Single-Cell Level. Immunity, 45, 346-57. 

KUMARAVELU, P., HOOK, L., MORRISON, A. M., URE, J., ZHAO, S., ZUYEV, S., 

ANSELL, J. & MEDVINSKY, A. 2002. Quantitative developmental anatomy of definitive 

haematopoietic stem cells/long-term repopulating units (HSC/RUs): role of the aorta-gonad-
mesonephros (AGM) region and the yolk sac in colonisation of the mouse embryonic liver. 

Development, 129, 4891-9. 

KUWATA, N., IGARASHI, H., OHMURA, T., AIZAWA, S. & SAKAGUCHI, N. 1999. Cutting 

edge: absence of expression of RAG1 in peritoneal B-1 cells detected by knocking into 

RAG1 locus with green fluorescent protein gene. J Immunol, 163, 6355-9. 



 211 

KWON, K., HUTTER, C., SUN, Q., BILIC, I., COBALEDA, C., MALIN, S. & BUSSLINGER, 

M. 2008. Instructive role of the transcription factor E2A in early B lymphopoiesis and 

germinal center B cell development. Immunity, 28, 751-62. 

LANCRIN, C., SROCZYNSKA, P., STEPHENSON, C., ALLEN, T., KOUSKOFF, V. & 
LACAUD, G. 2009. The haemangioblast generates haematopoietic cells through a 

haemogenic endothelium stage. Nature, 457, 892-5. 

LANDSKRON, G., DE LA FUENTE, M., THUWAJIT, P., THUWAJIT, C. & HERMOSO, M. A. 

2014. Chronic inflammation and cytokines in the tumor microenvironment. Journal of 

immunology research, 2014, 149185-149185. 

LAURENTI, E. & GOTTGENS, B. 2018. From haematopoietic stem cells to complex 

differentiation landscapes. Nature, 553, 418-426. 

LAUSTEN-THOMSEN, U., MADSEN, H. O., VESTERGAARD, T. R., HJALGRIM, H., 
NERSTING, J. & SCHMIEGELOW, K. 2011. Prevalence of t(12;21)[ETV6-RUNX1]–positive 

cells in healthy neonates. Blood, 117, 186-189. 

LEE, G. & SAITO, I. 1998. Role of nucleotide sequences of loxP spacer region in Cre-

mediated recombination. Gene, 216, 55-65. 

LEE, K., MACKLEY, V. A., RAO, A., CHONG, A. T., DEWITT, M. A., CORN, J. E. & 

MURTHY, N. 2017. Synthetically modified guide RNA and donor DNA are a versatile 

platform for CRISPR-Cas9 engineering. Elife, 6. 

LEE, P., BHANSALI, R., IZRAELI, S., HIJIYA, N. & CRISPINO, J. D. 2016. The biology, 
pathogenesis and clinical aspects of acute lymphoblastic leukemia in children with Down 

syndrome. Leukemia, 30, 1816-23. 

LEE-SIX, H., ØBRO, N. F., SHEPHERD, M. S., GROSSMANN, S., DAWSON, K., 

BELMONTE, M., OSBORNE, R. J., HUNTLY, B. J. P., MARTINCORENA, I., ANDERSON, 

E., O’NEILL, L., STRATTON, M. R., LAURENTI, E., GREEN, A. R., KENT, D. G. & 

CAMPBELL, P. J. 2018. Population dynamics of normal human blood inferred from somatic 

mutations. Nature, 561, 473-478. 
LEITCH, H. G., MCEWEN, K. R., TURP, A., ENCHEVA, V., CARROLL, T., GRABOLE, N., 

MANSFIELD, W., NASHUN, B., KNEZOVICH, J. G., SMITH, A., SURANI, M. A. & 

HAJKOVA, P. 2013. Naive pluripotency is associated with global DNA hypomethylation. Nat 

Struct Mol Biol, 20, 311-6. 

LENGERKE, C., GRAUER, M., NIEBUHR, N. I., RIEDT, T., KANZ, L., PARK, I. H. & DALEY, 

G. Q. 2009. Hematopoietic development from human induced pluripotent stem cells. Ann N 

Y Acad Sci, 1176, 219-27. 

LI, C., GUAN, X., DU, T., JIN, W., WU, B., LIU, Y., WANG, P., HU, B., GRIFFIN, G. E., 
SHATTOCK, R. J. & HU, Q. 2015. Inhibition of HIV-1 infection of primary CD4+ T-cells by 

gene editing of CCR5 using adenovirus-delivered CRISPR/Cas9. J Gen Virol, 96, 2381-93. 

LI, Y. S., WASSERMAN, R., HAYAKAWA, K. & HARDY, R. R. 1996. Identification of the 

earliest B lineage stage in mouse bone marrow. Immunity, 5, 527-35. 



 212 

LIBERZON, A., BIRGER, C., THORVALDSDÓTTIR, H., GHANDI, M., MESIROV, JILL P. & 

TAMAYO, P. 2015. The Molecular Signatures Database Hallmark Gene Set Collection. Cell 

Systems, 1, 417-425. 

LILLJEBJÖRN, H., ÅGERSTAM, H., ORSMARK-PIETRAS, C., RISSLER, M., 
EHRENCRONA, H., NILSSON, L., RICHTER, J. & FIORETOS, T. 2013. RNA-seq identifies 

clinically relevant fusion genes in leukemia including a novel MEF2D/CSF1R fusion 

responsive to imatinib. Leukemia, 28, 977. 

LILLJEBJORN, H., HENNINGSSON, R., HYRENIUS-WITTSTEN, A., OLSSON, L., 

ORSMARK-PIETRAS, C., VON PALFFY, S., ASKMYR, M., RISSLER, M., SCHRAPPE, M., 

CARIO, G., CASTOR, A., PRONK, C. J., BEHRENDTZ, M., MITELMAN, F., JOHANSSON, 

B., PAULSSON, K., ANDERSSON, A. K., FONTES, M. & FIORETOS, T. 2016. Identification 

of ETV6-RUNX1-like and DUX4-rearranged subtypes in paediatric B-cell precursor acute 
lymphoblastic leukaemia. Nat Commun, 7, 11790. 

LILLJEBJORN, H., SONESON, C., ANDERSSON, A., HELDRUP, J., BEHRENDTZ, M., 

KAWAMATA, N., OGAWA, S., KOEFFLER, H. P., MITELMAN, F., JOHANSSON, B., 

FONTES, M. & FIORETOS, T. 2010. The correlation pattern of acquired copy number 

changes in 164 ETV6/RUNX1-positive childhood acute lymphoblastic leukemias. Hum Mol 

Genet, 19, 3150-8. 

LIN, H. & GROSSCHEDL, R. 1995. Failure of B-cell differentiation in mice lacking the 

transcription factor EBF. Nature, 376, 263-7. 
LOONSTRA, A., VOOIJS, M., BEVERLOO, H. B., ALLAK, B. A., VAN DRUNEN, E., 

KANAAR, R., BERNS, A. & JONKERS, J. 2001. Growth inhibition and DNA damage induced 

by Cre recombinase in mammalian cells. Proceedings of the National Academy of Sciences, 

98, 9209-9214. 

LORENZ, E., UPHOFF, D., REID, T. R. & SHELTON, E. 1951. Modification of irradiation 

injury in mice and guinea pigs by bone marrow injections. J Natl Cancer Inst, 12, 197-201. 

LORSBACH, R. B., MOORE, J., ANG, S. O., SUN, W., LENNY, N. & DOWNING, J. R. 2004. 
Role of RUNX1 in adult hematopoiesis: analysis of RUNX1-IRES-GFP knock-in mice reveals 

differential lineage expression. Blood, 103, 2522-9. 

LUCKETT, W. P. 1978. Origin and differentiation of the yolk sac and extraembryonic 

mesoderm in presomite human and rhesus monkey embryos. Am J Anat, 152, 59-97. 

MA, X., EDMONSON, M., YERGEAU, D., MUZNY, D. M., HAMPTON, O. A., RUSCH, M., 

SONG, G., EASTON, J., HARVEY, R. C., WHEELER, D. A., MA, J., DODDAPANENI, H., 

VADODARIA, B., WU, G., NAGAHAWATTE, P., CARROLL, W. L., CHEN, I. M., GASTIER-

FOSTER, J. M., RELLING, M. V., SMITH, M. A., DEVIDAS, M., GUIDRY AUVIL, J. M., 
DOWNING, J. R., LOH, M. L., WILLMAN, C. L., GERHARD, D. S., MULLIGHAN, C. G., 

HUNGER, S. P. & ZHANG, J. 2015. Rise and fall of subclones from diagnosis to relapse in 

pediatric B-acute lymphoblastic leukaemia. Nat Commun, 6, 6604. 



 213 

MACAULAY, I. C., SVENSSON, V., LABALETTE, C., FERREIRA, L., HAMEY, F., VOET, T., 

TEICHMANN, S. A. & CVEJIC, A. 2016. Single-Cell RNA-Sequencing Reveals a Continuous 

Spectrum of Differentiation in Hematopoietic Cells. Cell Rep, 14, 966-977. 

MACMAHON , B. & LEVY , M. A. 1964. Prenatal Origin of Childhood Leukemia. New 
England Journal of Medicine, 270, 1082-1085. 

MAIN, J. M. & PREHN, R. T. 1955. Successful skin homografts after the administration of 

high dosage X radiation and homologous bone marrow. J Natl Cancer Inst, 15, 1023-9. 

MALI, P., YANG, L., ESVELT, K. M., AACH, J., GUELL, M., DICARLO, J. E., NORVILLE, J. 

E. & CHURCH, G. M. 2013. RNA-guided human genome engineering via Cas9. Science 

(New York, N.Y.), 339, 823-826. 

MALOUF, C. & OTTERSBACH, K. 2017. Molecular processes involved in B cell acute 

lymphoblastic leukaemia. Cellular and Molecular Life Sciences. 
MALOUF C, L. K., DRULLION C, LANGLOIS S, LAROSE J, KRITIKOU EA, SIRARD C, 

DROUIN S, SINNETT D. 2016. Novel transcriptional targets of ETV6, a transcription factor 

frequently altered in childhood pre-B acute lymphoblastic leukemia. Cancer Sci Open Res 

Access, 3, 1–11. 

MAN, N., SUN, X. J., TAN, Y., GARCIA-CAO, M., LIU, F., CHENG, G., HATLEN, M., XU, H., 

SHAH, R., CHASTAIN, N., LIU, N., HUANG, G., ZHOU, Y., SHENG, M., SONG, J., YANG, 

F. C., BENEZRA, R., NIMER, S. D. & WANG, L. 2016. Differential role of Id1 in MLL-AF9-

driven leukemia based on cell of origin. Blood, 127, 2322-6. 
MANGOLINI, M., DE BOER, J., WALF-VORDERWULBECKE, V., PIETERS, R., DEN 

BOER, M. L. & WILLIAMS, O. 2013. STAT3 mediates oncogenic addiction to TEL-AML1 in 

t(12;21) acute lymphoblastic leukemia. Blood, 122, 542-9. 

MANSSON, R., HULTQUIST, A., LUC, S., YANG, L., ANDERSON, K., KHARAZI, S., AL-

HASHMI, S., LIUBA, K., THOREN, L., ADOLFSSON, J., BUZA-VIDAS, N., QIAN, H., 

SONEJI, S., ENVER, T., SIGVARDSSON, M. & JACOBSEN, S. E. 2007. Molecular 

evidence for hierarchical transcriptional lineage priming in fetal and adult stem cells and 
multipotent progenitors. Immunity, 26, 407-19. 

MANZ, M. G., MIYAMOTO, T., AKASHI, K. & WEISSMAN, I. L. 2002. Prospective isolation 

of human clonogenic common myeloid progenitors. Proc Natl Acad Sci U S A, 99, 11872-7. 

MARKS, H., KALKAN, T., MENAFRA, R., DENISSOV, S., JONES, K., HOFEMEISTER, H., 

NICHOLS, J., KRANZ, A., STEWART, A. F., SMITH, A. & STUNNENBERG, H. G. 2012. The 

transcriptional and epigenomic foundations of ground state pluripotency. Cell, 149, 590-604. 

MARSHALL, G. M., CARTER, D. R., CHEUNG, B. B., LIU, T., MATEOS, M. K., 

MEYEROWITZ, J. G. & WEISS, W. A. 2014. The prenatal origins of cancer. Nature Reviews 
Cancer, 14, 277. 

MARTIN, C. H., WOLL, P. S., NI, Z., ZUNIGA-PFLUCKER, J. C. & KAUFMAN, D. S. 2008. 

Differences in lymphocyte developmental potential between human embryonic stem cell and 

umbilical cord blood-derived hematopoietic progenitor cells. Blood, 112, 2730-7. 



 214 

MARTIN, F., OLIVER, A. M. & KEARNEY, J. F. 2001. Marginal zone and B1 B cells unite in 

the early response against T-independent blood-borne particulate antigens. Immunity, 14, 

617-29. 

MARTIN, G. R. 1981. Isolation of a pluripotent cell line from early mouse embryos cultured in 
medium conditioned by teratocarcinoma stem cells. Proc Natl Acad Sci U S A, 78, 7634-8. 

MARTYN, I., KANNO, T. Y., RUZO, A., SIGGIA, E. D. & BRIVANLOU, A. H. 2018. Self-

organization of a human organizer by combined Wnt and Nodal signalling. Nature, 558, 132-

135. 

MATSUDA, T. & CEPKO, C. L. 2007. Controlled expression of transgenes introduced by in 

vivo electroporation. Proceedings of the National Academy of Sciences, 104, 1027-1032. 

MATSUO, Y. & DREXLER, H. G. 1998. Establishment and characterization of human B cell 

precursor-leukemia cell lines. Leuk Res, 22, 567-79. 
MAXIMOW, A. 1908. . Anatomischer Anzeiger, 32 (Suppl.) 65-72. 

MAXIMOW, A. 1909. Der Lymphozyt als gemeinsame Stammzelle der verschiedenen 

Blutelemente in der embryonalen Entwicklung und im postfetalen Leben der Säugetiere. 

Folia Haematol, 8, 125-141. 

MCGRATH, K. E., FRAME, J. M., FEGAN, K. H., BOWEN, J. R., CONWAY, S. J., 

CATHERMAN, S. C., KINGSLEY, P. D., KONISKI, A. D. & PALIS, J. 2015. Distinct Sources 

of Hematopoietic Progenitors Emerge before HSCs and Provide Functional Blood Cells in 

the Mammalian Embryo. Cell Rep, 11, 1892-904. 
MCGRATH, K. E., FRAME, J. M., FROMM, G. J., KONISKI, A. D., KINGSLEY, P. D., 

LITTLE, J., BULGER, M. & PALIS, J. 2011. A transient definitive erythroid lineage with 

unique regulation of the beta-globin locus in the mammalian embryo. Blood, 117, 4600-8. 

MCGRATH, K. E., FRAME, J. M. & PALIS, J. 2015. Early hematopoiesis and macrophage 

development. Semin Immunol, 27, 379-87. 

MCKERCHER, S. R., TORBETT, B. E., ANDERSON, K. L., HENKEL, G. W., VESTAL, D. J., 

BARIBAULT, H., KLEMSZ, M., FEENEY, A. J., WU, G. E., PAIGE, C. J. & MAKI, R. A. 1996. 
Targeted disruption of the PU.1 gene results in multiple hematopoietic abnormalities. Embo 

j, 15, 5647-58. 

MEDVINSKY, A. & DZIERZAK, E. 1996. Definitive hematopoiesis is autonomously initiated 

by the AGM region. Cell, 86, 897-906. 

MEDVINSKY, A., RYBTSOV, S. & TAOUDI, S. 2011. Embryonic origin of the adult 

hematopoietic system: advances and questions. Development, 138, 1017-31. 

MEDVINSKY, A. L., SAMOYLINA, N. L., MULLER, A. M. & DZIERZAK, E. A. 1993. An early 

pre-liver intraembryonic source of CFU-S in the developing mouse. Nature, 364, 64-7. 
MENDEZ-FERRER, S., LUCAS, D., BATTISTA, M. & FRENETTE, P. S. 2008. 

Haematopoietic stem cell release is regulated by circadian oscillations. Nature, 452, 442-7. 

MERKLE, F. T., NEUHAUSSER, W. M., SANTOS, D., VALEN, E., GAGNON, J. A., MAAS, 

K., SANDOE, J., SCHIER, A. F. & EGGAN, K. 2015. Efficient CRISPR-Cas9-mediated 



 215 

generation of knockin human pluripotent stem cells lacking undesired mutations at the 

targeted locus. Cell Rep, 11, 875-883. 

MESTAS, J. & HUGHES, C. C. 2004. Of mice and not men: differences between mouse and 

human immunology. J Immunol, 172, 2731-8. 
METCALF, D. 1998. The molecular control of hematopoiesis: progress and problems with 

gene manipulation. Stem Cells, 16, 314-21. 

MICHAUD, J., SCOTT, H. S. & ESCHER, R. 2003. AML1 Interconnected Pathways of 

Leukemogenesis. Cancer Investigation, 21, 105-136. 

MIKKOLA, H. K. & ORKIN, S. H. 2006. The journey of developing hematopoietic stem cells. 

Development, 133, 3733-44. 

MILLER, J., MCLACHLAN, A. D. & KLUG, A. 1985. Repetitive zinc-binding domains in the 

protein transcription factor IIIA from Xenopus oocytes. Embo j, 4, 1609-14. 
MIYAMOTO, T., IWASAKI, H., REIZIS, B., YE, M., GRAF, T., WEISSMAN, I. L. & AKASHI, 

K. 2002. Myeloid or lymphoid promiscuity as a critical step in hematopoietic lineage 

commitment. Dev Cell, 3, 137-47. 

MOJICA, F. J., DIEZ-VILLASENOR, C., GARCIA-MARTINEZ, J. & SORIA, E. 2005. 

Intervening sequences of regularly spaced prokaryotic repeats derive from foreign genetic 

elements. J Mol Evol, 60, 174-82. 

MOORE, J. K. & HABER, J. E. 1996. Cell cycle and genetic requirements of two pathways of 

nonhomologous end-joining repair of double-strand breaks in Saccharomyces cerevisiae. 
Mol Cell Biol, 16, 2164-73. 

MOORE, M. A. & METCALF, D. 1970. Ontogeny of the haemopoietic system: yolk sac origin 

of in vivo and in vitro colony forming cells in the developing mouse embryo. Br J Haematol, 

18, 279-96. 

MOORMAN, A. V., RICHARDS, S. M., ROBINSON, H. M., STREFFORD, J. C., GIBSON, B. 

E., KINSEY, S. E., EDEN, T. O., VORA, A. J., MITCHELL, C. D. & HARRISON, C. J. 2007. 

Prognosis of children with acute lymphoblastic leukemia (ALL) and intrachromosomal 
amplification of chromosome 21 (iAMP21). Blood, 109, 2327-30. 

MOOTHA, V. K., LINDGREN, C. M., ERIKSSON, K.-F., SUBRAMANIAN, A., SIHAG, S., 

LEHAR, J., PUIGSERVER, P., CARLSSON, E., RIDDERSTRÅLE, M., LAURILA, E., 

HOUSTIS, N., DALY, M. J., PATTERSON, N., MESIROV, J. P., GOLUB, T. R., TAMAYO, 

P., SPIEGELMAN, B., LANDER, E. S., HIRSCHHORN, J. N., ALTSHULER, D. & GROOP, 

L. C. 2003. PGC-1α-responsive genes involved in oxidative phosphorylation are coordinately 

downregulated in human diabetes. Nature Genetics, 34, 267-273. 

MORI, H., COLMAN, S. M., XIAO, Z., FORD, A. M., HEALY, L. E., DONALDSON, C., 
HOWS, J. M., NAVARRETE, C. & GREAVES, M. 2002. Chromosome translocations and 

covert leukemic clones are generated during normal fetal development. Proceedings of the 

National Academy of Sciences, 99, 8242-8247. 

MORIYAMA, T., RELLING, M. V. & YANG, J. J. 2015. Inherited genetic variation in 

childhood acute lymphoblastic leukemia. Blood, 125, 3988-95. 



 216 

MORRISON, S. J., HEMMATI, H. D., WANDYCZ, A. M. & WEISSMAN, I. L. 1995. The 

purification and characterization of fetal liver hematopoietic stem cells. Proc Natl Acad Sci U 

S A, 92, 10302-6. 

MORRISON, S. J. & SCADDEN, D. T. 2014. The bone marrow niche for haematopoietic 
stem cells. Nature, 505, 327-34. 

MORRISON, S. J., UCHIDA, N. & WEISSMAN, I. L. 1995. The biology of hematopoietic 

stem cells. Annu Rev Cell Dev Biol, 11, 35-71. 

MORRISON, S. J., WANDYCZ, A. M., HEMMATI, H. D., WRIGHT, D. E. & WEISSMAN, I. L. 

1997. Identification of a lineage of multipotent hematopoietic progenitors. Development, 124, 

1929-39. 

MORRISON, S. J. & WEISSMAN, I. L. 1994. The long-term repopulating subset of 

hematopoietic stem cells is deterministic and isolatable by phenotype. Immunity, 1, 661-73. 
MORROW, M., HORTON, S., KIOUSSIS, D., BRADY, H. J. & WILLIAMS, O. 2004. TEL-

AML1 promotes development of specific hematopoietic lineages consistent with preleukemic 

activity. Blood, 103, 3890-6. 

MORROW, M., SAMANTA, A., KIOUSSIS, D., BRADY, H. J. & WILLIAMS, O. 2007. TEL-

AML1 preleukemic activity requires the DNA binding domain of AML1 and the dimerization 

and corepressor binding domains of TEL. Oncogene, 26, 4404-14. 

MULLER, A. M., MEDVINSKY, A., STROUBOULIS, J., GROSVELD, F. & DZIERZAK, E. 

1994. Development of hematopoietic stem cell activity in the mouse embryo. Immunity, 1, 
291-301. 

MULLER, H. J. 1927. ARTIFICIAL TRANSMUTATION OF THE GENE. Science, 66, 84-7. 

MULLIGHAN, C. G. 2012. Molecular genetics of B-precursor acute lymphoblastic leukemia. 

The Journal of clinical investigation, 122, 3407-3415. 

MULLIGHAN, C. G. 2014. The genomic landscape of acute lymphoblastic leukemia in 

children and young adults. Hematology Am Soc Hematol Educ Program, 2014, 174-80. 

MULLIGHAN, C. G., GOORHA, S., RADTKE, I., MILLER, C. B., COUSTAN-SMITH, E., 
DALTON, J. D., GIRTMAN, K., MATHEW, S., MA, J., POUNDS, S. B., SU, X., PUI, C. H., 

RELLING, M. V., EVANS, W. E., SHURTLEFF, S. A. & DOWNING, J. R. 2007. Genome-

wide analysis of genetic alterations in acute lymphoblastic leukaemia. Nature, 446, 758-64. 

MURPHY, K. W., C 2008. Janeway's immunobiology. 9th edition. New York, NY : Garland 

Science/Taylor & Francis Group, LLC. 

NAKAMURA, Y., YAMAGATA, T., MAKI, K., SASAKI, K., KITABAYASHI, I. & MITANI, K. 

2006. TEL/ETV6 binds to corepressor KAP1 via the HLH domain. Int J Hematol, 84, 377-80. 

NAROD, S. A., STILLER, C. & LENOIR, G. M. 1991. An estimate of the heritable fraction of 
childhood cancer. Br J Cancer, 63, 993-9. 

NESS, K. K., ARMENIAN, S. H., KADAN-LOTTICK, N. & GURNEY, J. G. 2011. Adverse 

effects of treatment in childhood acute lymphoblastic leukemia: general overview and 

implications for long-term cardiac health. Expert review of hematology, 4, 185-197. 



 217 

NESTOROWA, S., HAMEY, F. K., PIJUAN SALA, B., DIAMANTI, E., SHEPHERD, M., 

LAURENTI, E., WILSON, N. K., KENT, D. G. & GOTTGENS, B. 2016. A single-cell 

resolution map of mouse hematopoietic stem and progenitor cell differentiation. Blood, 128, 

e20-31. 
NEUMANN, E. 1912. Hämatologische Studien III, Leukozyten und Leukämie. Arch Mikrosk 

Anat Entwicklungsgesch, 207, 480-520. 

NEVEU, B., SPINELLA, J. F., RICHER, C., LAGACE, K., CASSART, P., LAJOIE, M., 

JANANJI, S., DROUIN, S., HEALY, J., HICKSON, G. R. & SINNETT, D. 2016. CLIC5: a 

novel ETV6 target gene in childhood acute lymphoblastic leukemia. Haematologica, 101, 

1534-1543. 

NG, A. P. & ALEXANDER, W. S. 2017. Haematopoietic stem cells: past, present and future. 

Cell Death Discov, 3, 17002. 
NG, E. S., DAVIS, R. P., AZZOLA, L., STANLEY, E. G. & ELEFANTY, A. G. 2005. Forced 

aggregation of defined numbers of human embryonic stem cells into embryoid bodies fosters 

robust, reproducible hematopoietic differentiation. Blood, 106, 1601-3. 

NICHOGIANNOPOULOU, A., TREVISAN, M., NEBEN, S., FRIEDRICH, C. & 

GEORGOPOULOS, K. 1999. Defects in hemopoietic stem cell activity in Ikaros mutant mice. 

J Exp Med, 190, 1201-14. 

NICHOLS, J. & SMITH, A. 2009. Naive and Primed Pluripotent States. Cell Stem Cell, 4, 

487-492. 
NIEBUHR, B., KRIEBITZSCH, N., FISCHER, M., BEHRENS, K., GUNTHER, T., ALAWI, M., 

BERGHOLZ, U., MULLER, U., ROSCHER, S., ZIEGLER, M., BUCHHOLZ, F., 

GRUNDHOFF, A. & STOCKING, C. 2013. Runx1 is essential at two stages of early murine 

B-cell development. Blood, 122, 413-23. 

NIMMO, R. A., MAY, G. E. & ENVER, T. 2015. Primed and ready: understanding lineage 

commitment through single cell analysis. Trends in Cell Biology, 25, 459-467. 

JERNE, NK. 1955. The natural-selection theory of antibody formation. Proc Natl Sci Acad 
USA, 41. 

NODLAND, S. E., BERKOWSKA, M. A., BAJER, A. A., SHAH, N., DE RIDDER, D., VAN 

DONGEN, J. J., LEBIEN, T. W. & VAN ZELM, M. C. 2011. IL-7R expression and IL-7 

signaling confer a distinct phenotype on developing human B-lineage cells. Blood, 118, 

2116-27. 

NOETZLI, L., LO, R. W., LEE-SHERICK, A. B., CALLAGHAN, M., NORIS, P., SAVOIA, A., 

RAJPURKAR, M., JONES, K., GOWAN, K., BALDUINI, C., PECCI, A., GNAN, C., DE 

ROCCO, D., DOUBEK, M., LI, L., LU, L., LEUNG, R., LANDOLT-MARTICORENA, C., 
HUNGER, S., HELLER, P., GUTIERREZ-HARTMANN, A., XIAYUAN, L., PLUTHERO, F. G., 

ROWLEY, J. W., WEYRICH, A. S., KAHR, W. H. A., PORTER, C. C. & DI PAOLA, J. 2015. 

Germline mutations in ETV6 are associated with thrombocytopenia, red cell macrocytosis 

and predisposition to lymphoblastic leukemia. Nat Genet, 47, 535-538. 



 218 

NOMBELA-ARRIETA, C., PIVARNIK, G., WINKEL, B., CANTY, K. J., HARLEY, B., 

MAHONEY, J. E., PARK, S. Y., LU, J., PROTOPOPOV, A. & SILBERSTEIN, L. E. 2013. 

Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic 

status in the bone marrow microenvironment. Nat Cell Biol, 15, 533-43. 
NOMBELA-ARRIETA, C., PIVARNIK, G., WINKEL, B., CANTY, K. J., HARLEY, B., 

MAHONEY, J. E., PARK, S. Y., LU, J., PROTOPOPOV, A. & SILBERSTEIN, L. E. 2013. 

Quantitative imaging of haematopoietic stem and progenitor cell localization and hypoxic 

status in the bone marrow microenvironment. Nat Cell Biol, 15, 533-43. 

NORTH, T., GU, T. L., STACY, T., WANG, Q., HOWARD, L., BINDER, M., MARIN-

PADILLA, M. & SPECK, N. A. 1999. Cbfa2 is required for the formation of intra-aortic 

hematopoietic clusters. Development, 126, 2563-75. 

NORTH, T. E., DE BRUIJN, M. F., STACY, T., TALEBIAN, L., LIND, E., ROBIN, C., 
BINDER, M., DZIERZAK, E. & SPECK, N. A. 2002. Runx1 expression marks long-term 

repopulating hematopoietic stem cells in the midgestation mouse embryo. Immunity, 16, 

661-72. 

NORTH, T. E., STACY, T., MATHENY, C. J., SPECK, N. A. & DE BRUIJN, M. F. 2004. 

Runx1 is expressed in adult mouse hematopoietic stem cells and differentiating myeloid and 

lymphoid cells, but not in maturing erythroid cells. Stem Cells, 22, 158-68. 

NOSSAL, G. J. & LEDERBERG, J. 1958. Antibody production by single cells. Nature, 181, 

1419-20. 
NOTTA, F., DOULATOV, S., LAURENTI, E., POEPPL, A., JURISICA, I. & DICK, J. E. 2011. 

Isolation of single human hematopoietic stem cells capable of long-term multilineage 

engraftment. Science, 333, 218-21. 

NOTTA, F., ZANDI, S., TAKAYAMA, N., DOBSON, S., GAN, O. I., WILSON, G., 

KAUFMANN, K. B., MCLEOD, J., LAURENTI, E., DUNANT, C. F., MCPHERSON, J. D., 

STEIN, L. D., DROR, Y. & DICK, J. E. 2016. Distinct routes of lineage development reshape 

the human blood hierarchy across ontogeny. Science, 351, aab2116. 
NOWELL, P. C. 1976. The clonal evolution of tumor cell populations. Science, 194, 23-8. 

NUTT, S. L., HEAVEY, B., ROLINK, A. G. & BUSSLINGER, M. 1999. Commitment to the B-

lymphoid lineage depends on the transcription factor Pax5. Nature, 401, 556-62. 

NUTT, S. L. & KEE, B. L. 2007. The transcriptional regulation of B cell lineage commitment. 

Immunity, 26, 715-25. 

NUTT, S. L., METCALF, D., D'AMICO, A., POLLI, M. & WU, L. 2005. Dynamic regulation of 

PU.1 expression in multipotent hematopoietic progenitors. J Exp Med, 201, 221-31. 

NUTT, S. L., URBANEK, P., ROLINK, A. & BUSSLINGER, M. 1997. Essential functions of 
Pax5 (BSAP) in pro-B cell development: difference between fetal and adult B lymphopoiesis 

and reduced V-to-DJ recombination at the IgH locus. Genes Dev, 11, 476-91. 

OGURO, H., DING, L. & MORRISON, S. J. 2013. SLAM family markers resolve functionally 

distinct subpopulations of hematopoietic stem cells and multipotent progenitors. Cell Stem 

Cell, 13, 102-16. 



 219 

OKUDA, T., VAN DEURSEN, J., HIEBERT, S. W., GROSVELD, G. & DOWNING, J. R. 

1996. AML1, the target of multiple chromosomal translocations in human leukemia, is 

essential for normal fetal liver hematopoiesis. Cell, 84, 321-30. 

OKUDA, T., VAN DEURSEN, J., HIEBERT, S. W., GROSVELD, G. & DOWNING, J. R. 
1996. AML1, the target of multiple chromosomal translocations in human leukemia, is 

essential for normal fetal liver hematopoiesis. Cell, 84, 321-30. 

ORKIN, S. H. & ZON, L. I. 2008. Hematopoiesis: an evolving paradigm for stem cell biology. 

Cell, 132, 631-44. 

OSAFUNE, K., CARON, L., BOROWIAK, M., MARTINEZ, R. J., FITZ-GERALD, C. S., 

SATO, Y., COWAN, C. A., CHIEN, K. R. & MELTON, D. A. 2008. Marked differences in 

differentiation propensity among human embryonic stem cell lines. Nat Biotechnol, 26, 313-

5. 
OSATO, M. 2004. Point mutations in the RUNX1//AML1 gene: another actor in RUNX 

leukemia. Oncogene, 23, 4284-4296. 

OSAWA, M., HANADA, K., HAMADA, H. & NAKAUCHI, H. 1996. Long-term 

lymphohematopoietic reconstitution by a single CD34-low/negative hematopoietic stem cell. 

Science, 273, 242-5. 

OWEN, F. L. & FANGER, M. W. 1974. Studies on the human T-lymphocyte population. I. 

The development and characterization of a specific anti-human T-cell antibody. J Immunol, 

113, 1128-37. 
PAASHUIS-LEW, Y. R. & HEDDLE, J. A. 1998. Spontaneous mutation during fetal 

development and post-natal growth. Mutagenesis, 13, 613-7. 

PALIS, J., ROBERTSON, S., KENNEDY, M., WALL, C. & KELLER, G. 1999. Development 

of erythroid and myeloid progenitors in the yolk sac and embryo proper of the mouse. 

Development, 126, 5073-84. 

PAPAEMMANUIL, E., RAPADO, I., LI, Y., POTTER, N. E., WEDGE, D. C., TUBIO, J., 

ALEXANDROV, L. B., VAN LOO, P., COOKE, S. L., MARSHALL, J., MARTINCORENA, I., 
HINTON, J., GUNDEM, G., VAN DELFT, F. W., NIK-ZAINAL, S., JONES, D. R., 

RAMAKRISHNA, M., TITLEY, I., STEBBINGS, L., LEROY, C., MENZIES, A., GAMBLE, J., 

ROBINSON, B., MUDIE, L., RAINE, K., O'MEARA, S., TEAGUE, J. W., BUTLER, A. P., 

CAZZANIGA, G., BIONDI, A., ZUNA, J., KEMPSKI, H., MUSCHEN, M., FORD, A. M., 

STRATTON, M. R., GREAVES, M. & CAMPBELL, P. J. 2014. RAG-mediated recombination 

is the predominant driver of oncogenic rearrangement in ETV6-RUNX1 acute lymphoblastic 

leukemia. Nat Genet, 46, 116-25. 

PAPAPETROU, E. P. 2016. Induced pluripotent stem cells, past and future. Science, 353, 
991-992. 

PAPPENHEIM, A. 1896. Ueber Entwickelung und Ausbildung der Erythroblasten. Archiv für 

pathologische Anatomie und Physiologie und für klinische Medicin, 145, 587-643. 

PAREKH, C. & CROOKS, G. M. 2013. Critical differences in hematopoiesis and lymphoid 

development between humans and mice. J Clin Immunol, 33, 711-5. 



 220 

PARK, H., SEO, Y., KIM, J. I., KIM, W. J. & CHOE, S. Y. 2006. Identification of the nuclear 

localization motif in the ETV6 (TEL) protein. Cancer Genet Cytogenet, 167, 117-21. 

PARKER, H., AN, Q., BARBER, K., CASE, M., DAVIES, T., KONN, Z., STEWART, A., 

WRIGHT, S., GRIFFITHS, M., ROSS, F. M., MOORMAN, A. V., HALL, A. G., IRVING, J. A., 
HARRISON, C. J. & STREFFORD, J. C. 2008. The complex genomic profile of ETV6-

RUNX1 positive acute lymphoblastic leukemia highlights a recurrent deletion of TBL1XR1. 

Genes Chromosomes Cancer, 47, 1118-25. 

PARKIN, D. M., STILLER, C. A., DRAPER, G. J. & BIEBER, C. A. 1988. The international 

incidence of childhood cancer. Int J Cancer, 42, 511-20. 

PAULING, L. & DELBRUCK, M. 1940. The nature of the intermolecular forces operative in 

biological processes. Science, 92, 77–79. 

PAULSSON, K. & JOHANSSON, B. 2009. High hyperdiploid childhood acute lymphoblastic 
leukemia. Genes Chromosomes Cancer, 48, 637-60. 

PAVLETICH, N. P. & PABO, C. O. 1991. Zinc finger-DNA recognition: crystal structure of a 

Zif268-DNA complex at 2.1 A. Science, 252, 809-17. 

PET. BioNews 967, 2018 [Online]. Available: https://www.bionews.org.uk/page_138455 

[Accessed 2019]. 

PET. BioNews 988, 2019 [Online]. Available: https://www.bionews.org.uk/page_141598 

[Accessed 2019]. 

PETER, A., HEIDEN, T., TAUBE, T., KORNER, G. & SEEGER, K. 2009. Interphase FISH on 
TEL/AML1 positive acute lymphoblastic leukemia relapses--analysis of clinical relevance of 

additional TEL and AML1 copy number changes. Eur J Haematol, 83, 420-32. 

PIETRAS, E. M., REYNAUD, D., KANG, Y. A., CARLIN, D., CALERO-NIETO, F. J., 

LEAVITT, A. D., STUART, J. M., GOTTGENS, B. & PASSEGUE, E. 2015. Functionally 

Distinct Subsets of Lineage-Biased Multipotent Progenitors Control Blood Production in 

Normal and Regenerative Conditions. Cell Stem Cell, 17, 35-46. 

POLLI, M., DAKIC, A., LIGHT, A., WU, L., TARLINTON, D. M. & NUTT, S. L. 2005. The 
development of functional B lymphocytes in conditional PU.1 knock-out mice. Blood, 106, 

2083-90. 

POLO, J. M., ANDERSSEN, E., WALSH, R. M., SCHWARZ, B. A., NEFZGER, C. M., LIM, 

S. M., BORKENT, M., APOSTOLOU, E., ALAEI, S., CLOUTIER, J., BAR-NUR, O., 

CHELOUFI, S., STADTFELD, M., FIGUEROA, M. E., ROBINTON, D., NATESAN, S., 

MELNICK, A., ZHU, J., RAMASWAMY, S. & HOCHEDLINGER, K. 2012. A molecular 

roadmap of reprogramming somatic cells into iPS cells. Cell, 151, 1617-32. 

PORCHER, C., CHAGRAOUI, H. & KRISTIANSEN, M. S. 2017. SCL/TAL1: a multifaceted 
regulator from blood development to disease. Blood, 129, 2051-2060. 

PORTER, S. N., CLUSTER, A. S., YANG, W., BUSKEN, K. A., PATEL, R. M., RYOO, J. & 

MAGEE, J. A. 2016. Fetal and neonatal hematopoietic progenitors are functionally and 

transcriptionally resistant to Flt3-ITD mutations. Elife, 5. 



 221 

POTTER, N. E., ERMINI, L., PAPAEMMANUIL, E., CAZZANIGA, G., VIJAYARAGHAVAN, 

G., TITLEY, I., FORD, A., CAMPBELL, P., KEARNEY, L. & GREAVES, M. 2013. Single-cell 

mutational profiling and clonal phylogeny in cancer. Genome Res, 23, 2115-25. 

POURCEL, C., SALVIGNOL, G. & VERGNAUD, G. 2005. CRISPR elements in Yersinia 
pestis acquire new repeats by preferential uptake of bacteriophage DNA, and provide 

additional tools for evolutionary studies. Microbiology, 151, 653-63. 

PRESTON, D. L., KUSUMI, S., TOMONAGA, M., IZUMI, S., RON, E., KURAMOTO, A., 

KAMADA, N., DOHY, H., MATSUO, T., MATSUI, T. & ET AL. 1994. Cancer incidence in 

atomic bomb survivors. Part III. Leukemia, lymphoma and multiple myeloma, 1950-1987. 

Radiat Res, 137, S68-97. 

PRULL, C. 2003. Paul Erlich and the origins of his receptor concept. Medical History, 47, 

332-356. 
PUEL, A., ZIEGLER, S. F., BUCKLEY, R. H. & LEONARD, W. J. 1998. Defective IL7R 

expression in T(-)B(+)NK(+) severe combined immunodeficiency. Nat Genet, 20, 394-7. 

PUI , C.-H. & EVANS , W. E. 2006. Treatment of Acute Lymphoblastic Leukemia. New 

England Journal of Medicine, 354, 166-178. 

PUI, C. H., BEHM, F. G., DOWNING, J. R., HANCOCK, M. L., SHURTLEFF, S. A., 

RIBEIRO, R. C., HEAD, D. R., MAHMOUD, H. H., SANDLUND, J. T., FURMAN, W. L. & ET 

AL. 1994. 11q23/MLL rearrangement confers a poor prognosis in infants with acute 

lymphoblastic leukemia. J Clin Oncol, 12, 909-15. 
RACKHAM, O. J., FIRAS, J., FANG, H., OATES, M. E., HOLMES, M. L., KNAUPP, A. S., 

SUZUKI, H., NEFZGER, C. M., DAUB, C. O., SHIN, J. W., PETRETTO, E., FORREST, A. 

R., HAYASHIZAKI, Y., POLO, J. M. & GOUGH, J. 2016. A predictive computational 

framework for direct reprogramming between human cell types. Nat Genet, 48, 331-5. 

RADECKE, S., RADECKE, F., CATHOMEN, T. & SCHWARZ, K. 2010. Zinc-finger nuclease-

induced gene repair with oligodeoxynucleotides: wanted and unwanted target locus 

modifications. Mol Ther, 18, 743-53. 
RAFF, M. C., MEGSON, M., OWEN, J. J. & COOPER, M. D. 1976. Early production of 

intracellular IgM by B-lymphocyte precursors in mouse. Nature, 259, 224-6. 

RAIS, Y., ZVIRAN, A., GEULA, S., GAFNI, O., CHOMSKY, E., VIUKOV, S., MANSOUR, A. 

A., CASPI, I., KRUPALNIK, V., ZERBIB, M., MAZA, I., MOR, N., BARAN, D., 

WEINBERGER, L., JAITIN, D. A., LARA-ASTIASO, D., BLECHER-GONEN, R., SHIPONY, 

Z., MUKAMEL, Z., HAGAI, T., GILAD, S., AMANN-ZALCENSTEIN, D., TANAY, A., AMIT, I., 

NOVERSHTERN, N. & HANNA, J. H. 2013. Deterministic direct reprogramming of somatic 

cells to pluripotency. Nature, 502, 65-70. 
RAMIREZ, O., ARISTIZABAL, P., ZAIDI, A., RIBEIRO, R. C. & BRAVO, L. E. 2018. 

Implementing a Childhood Cancer Outcomes Surveillance System Within a Population-

Based Cancer Registry. J Glob Oncol, 1-11. 

RAN, F. A., CONG, L., YAN, W. X., SCOTT, D. A., GOOTENBERG, J. S., KRIZ, A. J., 

ZETSCHE, B., SHALEM, O., WU, X., MAKAROVA, K. S., KOONIN, E. V., SHARP, P. A. & 



 222 

ZHANG, F. 2015. In vivo genome editing using Staphylococcus aureus Cas9. Nature, 520, 

186-91. 

RAN, F. A., HSU, P. D., LIN, C. Y., GOOTENBERG, J. S., KONERMANN, S., TREVINO, A. 

E., SCOTT, D. A., INOUE, A., MATOBA, S., ZHANG, Y. & ZHANG, F. 2013. Double nicking 
by RNA-guided CRISPR Cas9 for enhanced genome editing specificity. Cell, 154, 1380-9. 

RASIGHAEMI, P., ONNEBO, S. M. N., LIONGUE, C. & WARD, A. C. 2015. ETV6 (TEL1) 

regulates embryonic hematopoiesis in zebrafish. Haematologica, 100, 23-31. 

RAYESS, H., WANG, M. B. & SRIVATSAN, E. S. 2012. Cellular senescence and tumor 

suppressor gene p16. International journal of cancer, 130, 1715-1725. 

REYNAUD, D., DEMARCO, I. A., REDDY, K. L., SCHJERVEN, H., BERTOLINO, E., CHEN, 

Z., SMALE, S. T., WINANDY, S. & SINGH, H. 2008. Regulation of B cell fate commitment 

and immunoglobulin heavy-chain gene rearrangements by Ikaros. Nat Immunol, 9, 927-36. 
RICHARDSON, C. D., RAY, G. J., DEWITT, M. A., CURIE, G. L. & CORN, J. E. 2016. 

Enhancing homology-directed genome editing by catalytically active and inactive CRISPR-

Cas9 using asymmetric donor DNA. Nat Biotechnol, 34, 339-44. 

RIEGER, M. A., HOPPE, P. S., SMEJKAL, B. M., EITELHUBER, A. C. & SCHROEDER, T. 

2009. Hematopoietic cytokines can instruct lineage choice. Science, 325, 217-8. 

RIEGER, M. A. & SCHROEDER, T. 2009. Analyzing cell fate control by cytokines through 

continuous single cell biochemistry. J Cell Biochem, 108, 343-52. 

RIEGER, M. A. & SCHROEDER, T. 2012. Hematopoiesis. Cold Spring Harb Perspect Biol, 
4. 

ROBERTS, K. G., LI, Y., PAYNE-TURNER, D., HARVEY, R. C., YANG, Y. L., PEI, D., 

MCCASTLAIN, K., DING, L., LU, C., SONG, G., MA, J., BECKSFORT, J., RUSCH, M., 

CHEN, S. C., EASTON, J., CHENG, J., BOGGS, K., SANTIAGO-MORALES, N., 

IACOBUCCI, I., FULTON, R. S., WEN, J., VALENTINE, M., CHENG, C., PAUGH, S. W., 

DEVIDAS, M., CHEN, I. M., RESHMI, S., SMITH, A., HEDLUND, E., GUPTA, P., 

NAGAHAWATTE, P., WU, G., CHEN, X., YERGEAU, D., VADODARIA, B., MULDER, H., 
WINICK, N. J., LARSEN, E. C., CARROLL, W. L., HEEREMA, N. A., CARROLL, A. J., 

GRAYSON, G., TASIAN, S. K., MOORE, A. S., KELLER, F., FREI-JONES, M., WHITLOCK, 

J. A., RAETZ, E. A., WHITE, D. L., HUGHES, T. P., GUIDRY AUVIL, J. M., SMITH, M. A., 

MARCUCCI, G., BLOOMFIELD, C. D., MROZEK, K., KOHLSCHMIDT, J., STOCK, W., 

KORNBLAU, S. M., KONOPLEVA, M., PAIETTA, E., PUI, C. H., JEHA, S., RELLING, M. V., 

EVANS, W. E., GERHARD, D. S., GASTIER-FOSTER, J. M., MARDIS, E., WILSON, R. K., 

LOH, M. L., DOWNING, J. R., HUNGER, S. P., WILLMAN, C. L., ZHANG, J. & MULLIGHAN, 

C. G. 2014. Targetable kinase-activating lesions in Ph-like acute lymphoblastic leukemia. N 
Engl J Med, 371, 1005-15. 

RODRÍGUEZ-HERNÁNDEZ, G., HAUER, J., MARTÍN-LORENZO, A., SCHÄFER, D., 

BARTENHAGEN, C., GARCÍA-RAMÍREZ, I., AUER, F., GONZÁLEZ-HERRERO, I., RUIZ-

ROCA, L., GOMBERT, M., OKPANYI, V., FISCHER, U., CHEN, C., DUGAS, M., BHATIA, 

S., LINKA, R. M., GARCIA-SUQUIA, M., RASCÓN-TRINCADO, M. V., GARCIA-SANCHEZ, 



 223 

A., BLANCO, O., GARCÍA-CENADOR, M. B., GARCÍA-CRIADO, F. J., COBALEDA, C., 

ALONSO-LÓPEZ, D., DE LAS RIVAS, J., MÜSCHEN, M., VICENTE-DUEÑAS, C., 

SÁNCHEZ-GARCÍA, I. & BORKHARDT, A. 2017. Infection Exposure Promotes ETV6-

RUNX1 Precursor B-cell Leukemia via Impaired H3K4 Demethylases. Cancer Research, 77, 
4365-4377. 

RODRIGUEZ-HERNANDEZ, G., SCHAFER, D., GAVILAN, A., VICENTE-DUENAS, C., 

HAUER, J., BORKHARDT, A. & SANCHEZ-GARCIA, I. 2017. Modeling the process of 

childhood ETV6-RUNX1 B-cell leukemias. Oncotarget, 8, 102674-102680. 

ROLDAN, E., FUXA, M., CHONG, W., MARTINEZ, D., NOVATCHKOVA, M., BUSSLINGER, 

M. & SKOK, J. A. 2005. Locus 'decontraction' and centromeric recruitment contribute to 

allelic exclusion of the immunoglobulin heavy-chain gene. Nat Immunol, 6, 31-41. 

ROMANA, S., MAUCHAUFFE, M., LE CONIAT, M., CHUMAKOV, I., LE PASLIER, D., 
BERGER, R. & BERNARD, O. 1995. The t(12;21) of acute lymphoblastic leukemia results in 

a tel-AML1 gene fusion. Blood, 85, 3662-3670. 

ROMANA, S., POIREL, H., LECONIAT, M., FLEXOR, M., MAUCHAUFFE, M., JONVEAUX, 

P., MACINTYRE, E., BERGER, R. & BERNARD, O. 1995. High frequency of t(12;21) in 

childhood B-lineage acute lymphoblastic leukemia. Blood, 86, 4263-4269. 

ROSENFELD, C., GOUTNER, A., VENUAT, A. M., CHOQUET, C., PICO, J. L., DORE, J. F., 

LIABEUF, A., DURANDY, A., DESGRANGE, C. & DE THE, G. 1977. An effective human 

leukaemic cell line: Reh. European Journal of Cancer (1965), 13, 377-379. 
ROSS, J. A., DAVIES, S. M., POTTER, J. D. & ROBISON, L. L. 1994. Epidemiology of 

childhood leukemia, with a focus on infants. Epidemiol Rev, 16, 243-72. 

ROUET, P., SMIH, F. & JASIN, M. 1994. Introduction of double-strand breaks into the 

genome of mouse cells by expression of a rare-cutting endonuclease. Mol Cell Biol, 14, 

8096-106. 

ROUET, P., SMIH, F. & JASIN, M. 1994. Expression of a site-specific endonuclease 

stimulates homologous recombination in mammalian cells. Proc Natl Acad Sci U S A, 91, 
6064-8. 

RUSSELL WMS, B. R. 1959 (as reprinted 1992). The principles of humane experimental 

technique. Wheathampstead (UK): Universities Federation for Animal Welfare. 

RYBTSOV, S., SOBIESIAK, M., TAOUDI, S., SOUILHOL, C., SENSERRICH, J., 

LIAKHOVITSKAIA, A., IVANOVS, A., FRAMPTON, J., ZHAO, S. & MEDVINSKY, A. 2011. 

Hierarchical organization and early hematopoietic specification of the developing HSC 

lineage in the AGM region. J Exp Med, 208, 1305-15. 

RYSER, J. E. & VASSALLI, P. 1974. Mouse bone marrow lymphocytes and their 
differentiation. J Immunol, 113, 719-28. 

SABAAWY, H. E., AZUMA, M., EMBREE, L. J., TSAI, H. J., STAROST, M. F. & HICKSTEIN, 

D. D. 2006. TEL-AML1 transgenic zebrafish model of precursor B cell acute lymphoblastic 

leukemia. Proc Natl Acad Sci U S A, 103, 15166-71. 



 224 

SANZ, E., MUNOZ, A. N., MONSERRAT, J., VAN-DEN-RYM, A., ESCOLL, P., RANZ, I., 

ALVAREZ-MON, M. & DE-LA-HERA, A. 2010. Ordering human CD34+CD10-CD19+ 

pre/pro-B-cell and CD19- common lymphoid progenitor stages in two pro-B-cell development 

pathways. Proc Natl Acad Sci U S A, 107, 5925-30. 
SATGE, D., SOMMELET, D., GENEIX, A., NISHI, M., MALET, P. & VEKEMANS, M. 1998. A 

tumor profile in Down syndrome. Am J Med Genet, 78, 207-16. 

SAWAI, C. M., BABOVIC, S., UPADHAYA, S., KNAPP, D., LAVIN, Y., LAU, C. M., 

GOLOBORODKO, A., FENG, J., FUJISAKI, J., DING, L., MIRNY, L. A., MERAD, M., 

EAVES, C. J. & REIZIS, B. 2016. Hematopoietic Stem Cells Are the Major Source of 

Multilineage Hematopoiesis in Adult Animals. Immunity, 45, 597-609. 

SAYED, N., LIU, C. & WU, J. C. 2016. Translation of Human-Induced Pluripotent Stem 

Cells: From Clinical Trial in a Dish to Precision Medicine. J Am Coll Cardiol, 67, 2161-2176. 
SCHÄFER, D., OLSEN, M., LÄHNEMANN, D., STANULLA, M., SLANY, R., 

SCHMIEGELOW, K., BORKHARDT, A. & FISCHER, U. 2018. Five percent of healthy 

newborns have an ETV6-RUNX1 fusion as revealed by DNA-based GIPFEL screening. 

Blood, 131, 821-826. 

SCHEEREN, F. A., VAN LENT, A. U., NAGASAWA, M., WEIJER, K., SPITS, H., LEGRAND, 

N. & BLOM, B. 2010. Thymic stromal lymphopoietin induces early human B-cell proliferation 

and differentiation. Eur J Immunol, 40, 955-65. 

SCHERER, S. & DAVIS, R. W. 1979. Replacement of chromosome segments with altered 
DNA sequences constructed in vitro. Proceedings of the National Academy of Sciences of 

the United States of America, 76, 4951-4955. 

SCHINDLER, J. W., VAN BUREN, D., FOUDI, A., KREJCI, O., QIN, J., ORKIN, S. H. & 

HOCK, H. 2009. TEL-AML1 Corrupts Hematopoietic Stem Cells to Persist in the Bone 

Marrow and Initiate Leukemia. Cell Stem Cell, 5, 43-53. 

SCHLENNER, S. M., MADAN, V., BUSCH, K., TIETZ, A., LAUFLE, C., COSTA, C., BLUM, 

C., FEHLING, H. J. & RODEWALD, H. R. 2010. Fate mapping reveals separate origins of T 
cells and myeloid lineages in the thymus. Immunity, 32, 426-36. 

SCHMITT, T. M. & ZUNIGA-PFLUCKER, J. C. 2002. Induction of T cell development from 

hematopoietic progenitor cells by delta-like-1 in vitro. Immunity, 17, 749-56. 

SCHNUTGEN, F., DOERFLINGER, N., CALLEJA, C., WENDLING, O., CHAMBON, P. & 

GHYSELINCK, N. B. 2003. A directional strategy for monitoring Cre-mediated recombination 

at the cellular level in the mouse. Nat Biotechnol, 21, 562-5. 

SCHOEDEL, K. B., MORCOS, M. N. F., ZERJATKE, T., ROEDER, I., GRINENKO, T., 

VOEHRINGER, D., GOTHERT, J. R., WASKOW, C., ROERS, A. & GERBAULET, A. 2016. 
The bulk of the hematopoietic stem cell population is dispensable for murine steady-state 

and stress hematopoiesis. Blood, 128, 2285-2296. 

SCHOFIELD, R. 1978. The relationship between the spleen colony-forming cell and the 

haemopoietic stem cell. Blood Cells, 4, 7-25. 



 225 

SEET, C. S., BRUMBAUGH, R. L. & KEE, B. L. 2004. Early B cell factor promotes B 

lymphopoiesis with reduced interleukin 7 responsiveness in the absence of E2A. J Exp Med, 

199, 1689-700. 

SELLARS, M., KASTNER, P. & CHAN, S. 2011. Ikaros in B cell development and function. 
World J Biol Chem, 2, 132-9. 

SELMAN, K. & KAFATOS, F. C. 1974. Transdifferentiation in the labial gland of silk moths: is 

DNA required for cellular metamorphosis? Cell Differ, 3, 81-94. 

SENATOR, H. 1882. Zur Kenntniss der Leukamie und Pseudoleukamie im Kindesalter. 

Berliner Klinische Wochenschrift, 35, 533-536. 

SHAH, S., SCHRADER, K. A., WAANDERS, E., TIMMS, A. E., VIJAI, J., MIETHING, C., 

WECHSLER, J., YANG, J., HAYES, J., KLEIN, R. J., ZHANG, J., WEI, L., WU, G., RUSCH, 

M., NAGAHAWATTE, P., MA, J., CHEN, S. C., SONG, G., CHENG, J., MEYERS, P., 
BHOJWANI, D., JHANWAR, S., MASLAK, P., FLEISHER, M., LITTMAN, J., OFFIT, L., RAU-

MURTHY, R., FLEISCHUT, M. H., CORINES, M., MURALI, R., GAO, X., MANSCHRECK, 

C., KITZING, T., MURTY, V. V., RAIMONDI, S., KUIPER, R. P., SIMONS, A., SCHIFFMAN, 

J. D., ONEL, K., PLON, S. E., WHEELER, D., RITTER, D., ZIEGLER, D. S., TUCKER, K., 

SUTTON, R., CHENEVIX-TRENCH, G., LI, J., HUNTSMAN, D. G., HANSFORD, S., SENZ, 

J., WALSH, T., LEE, M., HAHN, C. N., ROBERTS, K., KING, M. C., LO, S. M., LEVINE, R. 

L., VIALE, A., SOCCI, N. D., NATHANSON, K. L., SCOTT, H. S., DALY, M., LIPKIN, S. M., 

LOWE, S. W., DOWNING, J. R., ALTSHULER, D., SANDLUND, J. T., HORWITZ, M. S., 
MULLIGHAN, C. G. & OFFIT, K. 2013. A recurrent germline PAX5 mutation confers 

susceptibility to pre-B cell acute lymphoblastic leukemia. Nat Genet, 45, 1226-1231. 

SHAHBAZI, M. N., JEDRUSIK, A., VUORISTO, S., RECHER, G., HUPALOWSKA, A., 

BOLTON, V., FOGARTY, N. N. M., CAMPBELL, A., DEVITO, L., ILIC, D., KHALAF, Y., 

NIAKAN, K. K., FISHEL, S. & ZERNICKA-GOETZ, M. 2016. Self-organization of the human 

embryo in the absence of maternal tissues. Nat Cell Biol, 18, 700-708. 

SHALEM, O., SANJANA, N. E., HARTENIAN, E., SHI, X., SCOTT, D. A., MIKKELSON, T., 
HECKL, D., EBERT, B. L., ROOT, D. E., DOENCH, J. G. & ZHANG, F. 2014. Genome-scale 

CRISPR-Cas9 knockout screening in human cells. Science, 343, 84-87. 

SHIMSHEK, D. R., KIM, J., HÜBNER, M. R., SPERGEL, D. J., BUCHHOLZ, F., 

CASANOVA, E., STEWART, A. F., SEEBURG, P. H. & SPRENGEL, R. 2002. Codon-

improved Cre recombinase (iCre) expression in the mouse. genesis, 32, 19-26. 

SHOCHAT, C., TAL, N., BANDAPALLI, O. R., PALMI, C., GANMORE, I., TE KRONNIE, G., 

CARIO, G., CAZZANIGA, G., KULOZIK, A. E., STANULLA, M., SCHRAPPE, M., BIONDI, 

A., BASSO, G., BERCOVICH, D., MUCKENTHALER, M. U. & IZRAELI, S. 2011. Gain-of-
function mutations in interleukin-7 receptor-alpha (IL7R) in childhood acute lymphoblastic 

leukemias. J Exp Med, 208, 901-8. 

SHULTZ, L. D., BREHM, M. A., GARCIA-MARTINEZ, J. V. & GREINER, D. L. 2012. 

Humanized mice for immune system investigation: progress, promise and challenges. Nat 

Rev Immunol, 12, 786-98. 



 226 

SHURTLEFF, S. A., BUIJS, A., BEHM, F. G., RUBNITZ, J. E., RAIMONDI, S. C., 

HANCOCK, M. L., CHAN, G. C. F., PUI, C. H., GROSVELD, G. & DOWNING, J. R. 1995. 

TEL/AML1 fusion resulting from a cryptic t(12;21) is the most common genetic lesion in 

pediatric ALL and defines a subgroup of patients with an excellent prognosis. Leukemia, 9, 
1985-1989. 

SIEBER, S., WIRTH, L., CAVAK, N., KOENIGSMARK, M., MARX, U., LAUSTER, R. & 

ROSOWSKI, M. 2018. Bone marrow-on-a-chip: Long-term culture of human haematopoietic 

stem cells in a three-dimensional microfluidic environment. J Tissue Eng Regen Med, 12, 

479-489. 

SILVER, L. & PALIS, J. 1997. Initiation of murine embryonic erythropoiesis: a spatial 

analysis. Blood, 89, 1154-64. 

SIMINOVITCH, L., MCCULLOCH, E. A. & TILL, J. E. 1963. The distribution of colony-
forming cells among spleen colonies. J Cell Comp Physiol, 62, 327-36. 

SIMON, R., CHEN, T. & SMITH, M. A. 1997. Age-Specific Incidence of Acute Lymphoblastic 

Leukemia in U.S. Children: In Utero Initiation Model. JNCI: Journal of the National Cancer 

Institute, 89, 1542-1544. 

SITNICKA, E., BRAKEBUSCH, C., MARTENSSON, I. L., SVENSSON, M., AGACE, W. W., 

SIGVARDSSON, M., BUZA-VIDAS, N., BRYDER, D., CILIO, C. M., AHLENIUS, H., 

MARASKOVSKY, E., PESCHON, J. J. & JACOBSEN, S. E. 2003. Complementary signaling 

through flt3 and interleukin-7 receptor alpha is indispensable for fetal and adult B cell 
genesis. J Exp Med, 198, 1495-506. 

SITNICKA, E., BUZA-VIDAS, N., AHLENIUS, H., CILIO, C. M., GEKAS, C., NYGREN, J. M., 

MANSSON, R., CHENG, M., JENSEN, C. T., SVENSSON, M., LEANDERSSON, K., 

AGACE, W. W., SIGVARDSSON, M. & JACOBSEN, S. E. 2007. Critical role of FLT3 ligand 

in IL-7 receptor independent T lymphopoiesis and regulation of lymphoid-primed multipotent 

progenitors. Blood, 110, 2955-64. 

ŠKORVAGA, M., NIKITINA, E., KUBEŠ, M., KOŠÍK, P., GAJDOŠECHOVÁ, B., 
LEITNEROVÁ, M., COPÁKOVÁ, L. & BELYAEV, I. 2014. Incidence of Common Preleukemic 

Gene Fusions in Umbilical Cord Blood in Slovak Population. PLOS ONE, 9, e91116. 

SLUKVIN, I. I. 2013. Hematopoietic specification from human pluripotent stem cells: current 

advances and challenges toward de novo generation of hematopoietic stem cells. Blood, 

122, 4035-4046. 

SMITHIES, O., GREGG, R. G., BOGGS, S. S., KORALEWSKI, M. A. & KUCHERLAPATI, R. 

S. 1985. Insertion of DNA sequences into the human chromosomal beta-globin locus by 

homologous recombination. Nature, 317, 230-4. 
SOMASUNDARAM, R., PRASAD, M. A., UNGERBACK, J. & SIGVARDSSON, M. 2015. 

Transcription factor networks in B-cell differentiation link development to acute lymphoid 

leukemia. Blood, 126, 144-52. 



 227 

SROCZYNSKA, P., LANCRIN, C., KOUSKOFF, V. & LACAUD, G. 2009. The differential 

activities of Runx1 promoters define milestones during embryonic hematopoiesis. Blood, 

114, 5279-89. 

STAMS, W. A., BEVERLOO, H. B., DEN BOER, M. L., DE MENEZES, R. X., STIGTER, R. 
L., VAN DRUNEN, E., RAMAKERS-VAN-WOERDEN, N. L., LOONEN, A. H., VAN 

WERING, E. R., JANKA-SCHAUB, G. E. & PIETERS, R. 2006. Incidence of additional 

genetic changes in the TEL and AML1 genes in DCOG and COALL-treated t(12;21)-positive 

pediatric ALL, and their relation with drug sensitivity and clinical outcome. Leukemia, 20, 

410-6. 

STARKOVA, J., MADZO, J., CARIO, G., KALINA, T., FORD, A., ZALIOVA, M., HRUSAK, O. 

& TRKA, J. 2007. The identification of (ETV6)/RUNX1-regulated genes in lymphopoiesis 

using histone deacetylase inhibitors in ETV6/RUNX1-positive lymphoid leukemic cells. Clin 
Cancer Res, 13, 1726-35. 

STRATHDEE, D., IBBOTSON, H. & GRANT, S. G. N. 2006. Expression of transgenes 

targeted to the Gt(ROSA)26Sor locus is orientation dependent. PloS one, 1, e4-e4. 

SUBRAMANIAN, A., TAMAYO, P., MOOTHA, V. K., MUKHERJEE, S., EBERT, B. L., 

GILLETTE, M. A., PAULOVICH, A., POMEROY, S. L., GOLUB, T. R., LANDER, E. S. & 

MESIROV, J. P. 2005. Gene set enrichment analysis: A knowledge-based approach for 

interpreting genome-wide expression profiles. Proceedings of the National Academy of 

Sciences, 102, 15545-15550. 
SUGGS, J. L., CRUSE, J. M. & LEWIS, R. E. 2007. Aberrant myeloid marker expression in 

precursor B-cell and T-cell leukemias. Exp Mol Pathol, 83, 471-3. 

SUN, C., CHANG, L. & ZHU, X. 2017. Pathogenesis of ETV6/RUNX1-positive childhood 

acute lymphoblastic leukemia and mechanisms underlying its relapse. Oncotarget, 8, 35445-

59. 

SUN, J., RAMOS, A., CHAPMAN, B., JOHNNIDIS, J. B., LE, L., HO, Y. J., KLEIN, A., 

HOFMANN, O. & CAMARGO, F. D. 2014. Clonal dynamics of native haematopoiesis. 
Nature, 514, 322-7. 

SUN, W. & DOWNING, J. R. 2004. Haploinsufficiency of <em>AML1</em> results in a 

decrease in the number of LTR-HSCs while simultaneously inducing an increase in more 

mature progenitors. Blood, 104, 3565-3572. 

SWAMINATHAN, S., DUY, C. & MUSCHEN, M. 2014. BACH2-BCL6 balance regulates 

selection at the pre-B cell receptor checkpoint. Trends Immunol, 35, 131-7. 

SWAMINATHAN, S., KLEMM, L., PARK, E., PAPAEMMANUIL, E., FORD, A., KWEON, S. 

M., TRAGESER, D., HASSELFELD, B., HENKE, N., MOOSTER, J., GENG, H., SCHWARZ, 
K., KOGAN, S. C., CASELLAS, R., SCHATZ, D. G., LIEBER, M. R., GREAVES, M. F. & 

MUSCHEN, M. 2015. Mechanisms of clonal evolution in childhood acute lymphoblastic 

leukemia. Nat Immunol, 16, 766-774. 



 228 

TAKAHASHI, K., TANABE, K., OHNUKI, M., NARITA, M., ICHISAKA, T., TOMODA, K. & 

YAMANAKA, S. 2007. Induction of pluripotent stem cells from adult human fibroblasts by 

defined factors. Cell, 131, 861-72. 

TAKAHASHI, K. & YAMANAKA, S. 2006. Induction of pluripotent stem cells from mouse 
embryonic and adult fibroblast cultures by defined factors. Cell, 126, 663-76. 

TAKASHIMA, Y., GUO, G., LOOS, R., NICHOLS, J., FICZ, G., KRUEGER, F., OXLEY, D., 

SANTOS, F., CLARKE, J., MANSFIELD, W., REIK, W., BERTONE, P. & SMITH, A. 2014. 

Resetting transcription factor control circuitry toward ground-state pluripotency in human. 

Cell, 158, 1254-1269. 

TAKAYAMA, K., IGAI, K., HAGIHARA, Y., HASHIMOTO, R., HANAWA, M., SAKUMA, T., 

TACHIBANA, M., SAKURAI, F., YAMAMOTO, T. & MIZUGUCHI, H. 2017. Highly efficient 

biallelic genome editing of human ES/iPS cells using a CRISPR/Cas9 or TALEN system. 
Nucleic Acids Res, 45, 5198-5207. 

TAVIAN, M., HALLAIS, M. F. & PEAULT, B. 1999. Emergence of intraembryonic 

hematopoietic precursors in the pre-liver human embryo. Development, 126, 793-803. 

TAVIAN, M. & PEAULT, B. 2005. Embryonic development of the human hematopoietic 

system. Int J Dev Biol, 49, 243-50. 

TESI, B., DAVIDSSON, J., VOSS, M., RAHIKKALA, E., HOLMES, T. D., CHIANG, S. C. C., 

KOMULAINEN-EBRAHIM, J., GORCENCO, S., RUNDBERG NILSSON, A., RIPPERGER, 

T., KOKKONEN, H., BRYDER, D., FIORETOS, T., HENTER, J.-I., MÖTTÖNEN, M., 
NIINIMÄKI, R., NILSSON, L., PRONK, C. J., PUSCHMANN, A., QIAN, H., UUSIMAA, J., 

MOILANEN, J., TEDGÅRD, U., CAMMENGA, J. & BRYCESON, Y. T. 2017. Gain-of-function 

SAMD9L mutations cause a syndrome of cytopenia, immunodeficiency, MDS, and 

neurological symptoms. Blood, 129, 2266-2279. 

TEUFFEL, O., BETTS, D. R., DETTLING, M., SCHAUB, R., SCHAFER, B. W. & NIGGLI, F. 

K. 2004. Prenatal origin of separate evolution of leukemia in identical twins. Leukemia, 18, 

1624-9. 
THOMAS, K. R. & CAPECCHI, M. R. 1986. Introduction of homologous DNA sequences into 

mammalian cells induces mutations in the cognate gene. Nature, 324, 34-8. 

THOMSON, J. A., ITSKOVITZ-ELDOR, J., SHAPIRO, S. S., WAKNITZ, M. A., SWIERGIEL, 

J. J., MARSHALL, V. S. & JONES, J. M. 1998. Embryonic stem cell lines derived from 

human blastocysts. Science, 282, 1145-7. 

THOMSON, J. A., KALISHMAN, J., GOLOS, T. G., DURNING, M., HARRIS, C. P., 

BECKER, R. A. & HEARN, J. P. 1995. Isolation of a primate embryonic stem cell line. Proc 

Natl Acad Sci U S A, 92, 7844-8. 
THURLINGS, I. & DE BRUIN, A. 2016. E2F Transcription Factors Control the Roller Coaster 

Ride of Cell Cycle Gene Expression. Methods Mol Biol, 1342, 71-88. 

TIJCHON, E., HAVINGA, J., VAN LEEUWEN, F. N. & SCHEIJEN, B. 2013. B-lineage 

transcription factors and cooperating gene lesions required for leukemia development. 

Leukemia, 27, 541-52. 



 229 

TILL, J. E. & MC, C. E. 1961. A direct measurement of the radiation sensitivity of normal 

mouse bone marrow cells. Radiat Res, 14, 213-22. 

TOBER, J., MAIJENBURG, M. W. & SPECK, N. A. 2016. Taking the Leap: Runx1 in the 

Formation of Blood from Endothelium. Curr Top Dev Biol, 118, 113-62. 
TORRANO, V., PROCTER, J., CARDUS, P., GREAVES, M. & FORD, A. M. 2011. ETV6-

RUNX1 promotes survival of early B lineage progenitor cells via a dysregulated 

erythropoietin receptor. Blood, 118, 4910-4918. 

TREIBER, T., MANDEL, E. M., POTT, S., GYORY, I., FIRNER, S., LIU, E. T. & 

GROSSCHEDL, R. 2010. Early B cell factor 1 regulates B cell gene networks by activation, 

repression, and transcription- independent poising of chromatin. Immunity, 32, 714-25. 

TSAI, A. G., LU, H., RAGHAVAN, S. C., MUSCHEN, M., HSIEH, C. L. & LIEBER, M. R. 

2008. Human chromosomal translocations at CpG sites and a theoretical basis for their 
lineage and stage specificity. Cell, 135, 1130-42. 

TSAI, F. Y., KELLER, G., KUO, F. C., WEISS, M., CHEN, J., ROSENBLATT, M., ALT, F. W. 

& ORKIN, S. H. 1994. An early haematopoietic defect in mice lacking the transcription factor 

GATA-2. Nature, 371, 221-6. 

TSUZUKI, S. & SETO, M. 2013. TEL (ETV6)-AML1 (RUNX1) initiates self-renewing fetal 

pro-B cells in association with a transcriptional program shared with embryonic stem cells in 

mice. Stem Cells, 31, 236-47. 

TSUZUKI, S., SETO, M., GREAVES, M. & ENVER, T. 2004. Modeling first-hit functions of 
the t(12;21) TEL-AML1 translocation in mice. Proc Natl Acad Sci U S A, 101, 8443-8. 

UBELHART, R., BACH, M. P., ESCHBACH, C., WOSSNING, T., RETH, M. & JUMAA, H. 

2010. N-linked glycosylation selectively regulates autonomous precursor BCR function. Nat 

Immunol, 11, 759-65. 

UCHIDA, H., DOWNING, J. R., MIYAZAKI, Y., FRANK, R., ZHANG, J. & NIMER, S. D. 

1999. Three distinct domains in TEL-AML1 are required for transcriptional repression of the 

IL-3 promoter. Oncogene, 18, 1015-22. 
UPHOFF, C. C., MACLEOD, R. A., DENKMANN, S. A., GOLUB, T. R., BORKHARDT, A., 

JANSSEN, J. W. & DREXLER, H. G. 1997. Occurrence of TEL-AML1 fusion resulting from 

(12;21) translocation in human early B-lineage leukemia cell lines. Leukemia, 11, 441-7. 

URBANEK, P., WANG, Z. Q., FETKA, I., WAGNER, E. F. & BUSSLINGER, M. 1994. 

Complete block of early B cell differentiation and altered patterning of the posterior midbrain 

in mice lacking Pax5/BSAP. Cell, 79, 901-12. 

VAN DER WEYDEN, L., GIOTOPOULOS, G., RUST, A. G., MATHESON, L. S., VAN 

DELFT, F. W., KONG, J., CORCORAN, A. E., GREAVES, M. F., MULLIGHAN, C. G., 
HUNTLY, B. J. & ADAMS, D. J. 2011. Modeling the evolution of ETV6-RUNX1-induced B-

cell precursor acute lymphoblastic leukemia in mice. Blood, 118, 1041-51. 

VAN DER WEYDEN, L., GIOTOPOULOS, G., WONG, K., RUST, A. G., ROBLES-

ESPINOZA, C. D., OSAKI, H., HUNTLY, B. J. & ADAMS, D. J. 2015. Somatic drivers of B-

ALL in a model of ETV6-RUNX1; Pax5(+/-) leukemia. BMC Cancer, 15, 585. 



 230 

VAN DILLA, M. A., TRUJILLO, T. T., MULLANEY, P. F. & COULTER, J. R. 1969. Cell 

microfluorometry: a method for rapid fluorescence measurement. Science, 163, 1213-4. 

VAN DONGEN, J. J., LANGERAK, A. W., BRUGGEMANN, M., EVANS, P. A., HUMMEL, 

M., LAVENDER, F. L., DELABESSE, E., DAVI, F., SCHUURING, E., GARCIA-SANZ, R., 
VAN KRIEKEN, J. H., DROESE, J., GONZALEZ, D., BASTARD, C., WHITE, H. E., 

SPAARGAREN, M., GONZALEZ, M., PARREIRA, A., SMITH, J. L., MORGAN, G. J., 

KNEBA, M. & MACINTYRE, E. A. 2003. Design and standardization of PCR primers and 

protocols for detection of clonal immunoglobulin and T-cell receptor gene recombinations in 

suspect lymphoproliferations: report of the BIOMED-2 Concerted Action BMH4-CT98-3936. 

Leukemia, 17, 2257-317. 

VEIBY, O. P., JACOBSEN, F. W., CUI, L., LYMAN, S. D. & JACOBSEN, S. E. 1996. The flt3 

ligand promotes the survival of primitive hemopoietic progenitor cells with myeloid as well as 
B lymphoid potential. Suppression of apoptosis and counteraction by TNF-alpha and TGF-

beta. J Immunol, 157, 2953-60. 

VELARDI, A. & COOPER, M. D. 1984. An immunofluorescence analysis of the ontogeny of 

myeloid, T, and B lineage cells in mouse hemopoietic tissues. J Immunol, 133, 672-7. 

VODYANIK, M. A., BORK, J. A., THOMSON, J. A. & SLUKVIN, II 2005. Human embryonic 

stem cell-derived CD34+ cells: efficient production in the coculture with OP9 stromal cells 

and analysis of lymphohematopoietic potential. Blood, 105, 617-26. 

VODYANIK, M. A., THOMSON, J. A. & SLUKVIN, I. I. 2006. Leukosialin (CD43) defines 
hematopoietic progenitors in human embryonic stem cell differentiation cultures. Blood, 108, 

2095-2105. 

VODYANIK, M. A., YU, J., ZHANG, X., TIAN, S., STEWART, R., THOMSON, J. A. & 

SLUKVIN, II 2010. A mesoderm-derived precursor for mesenchymal stem and endothelial 

cells. Cell Stem Cell, 7, 718-29. 

VON BEHRING, E. K., S 1890. Ueber das Zustandekommen der Diphtherie-Immunitat and 

der Tetanus-Immunität bei Thieren. Dtsch Med Wochenschr, 16, 1113-1114. 
VON FREEDEN-JEFFRY, U., VIEIRA, P., LUCIAN, L. A., MCNEIL, T., BURDACH, S. E. & 

MURRAY, R. 1995. Lymphopenia in interleukin (IL)-7 gene-deleted mice identifies IL-7 as a 

nonredundant cytokine. J Exp Med, 181, 1519-26. 

WANG, H., YANG, H., SHIVALILA, C. S., DAWLATY, M. M., CHENG, A. W., ZHANG, F. & 

JAENISCH, R. 2013. One-step generation of mice carrying mutations in multiple genes by 

CRISPR/Cas-mediated genome engineering. Cell, 153, 910-8. 

WANG, J. H., NICHOGIANNOPOULOU, A., WU, L., SUN, L., SHARPE, A. H., BIGBY, M. & 

GEORGOPOULOS, K. 1996. Selective defects in the development of the fetal and adult 
lymphoid system in mice with an Ikaros null mutation. Immunity, 5, 537-49. 

WANG, L. C., KUO, F., FUJIWARA, Y., GILLILAND, D. G., GOLUB, T. R. & ORKIN, S. H. 

1997. Yolk sac angiogenic defect and intra-embryonic apoptosis in mice lacking the Ets-

related factor TEL. Embo j, 16, 4374-83. 



 231 

WANG, L. C., SWAT, W., FUJIWARA, Y., DAVIDSON, L., VISVADER, J., KUO, F., ALT, F. 

W., GILLILAND, D. G., GOLUB, T. R. & ORKIN, S. H. 1998. The TEL/ETV6 gene is required 

specifically for hematopoiesis in the bone marrow. Genes Dev, 12, 2392-402. 

WARD, G. 1917. The infective theory of acute leukaemia. Br J Child Dis, 14, 10-20. 
WARDEMANN, H., YURASOV, S., SCHAEFER, A., YOUNG, J. W., MEFFRE, E. & 

NUSSENZWEIG, M. C. 2003. Predominant autoantibody production by early human B cell 

precursors. Science, 301, 1374-7. 

WARMFLASH, A., SORRE, B., ETOC, F., SIGGIA, E. D. & BRIVANLOU, A. H. 2014. A 

method to recapitulate early embryonic spatial patterning in human embryonic stem cells. 

Nat Methods, 11, 847-54. 

WHITWORTH, K. M., ROWLAND, R. R., EWEN, C. L., TRIBLE, B. R., KERRIGAN, M. A., 

CINO-OZUNA, A. G., SAMUEL, M. S., LIGHTNER, J. E., MCLAREN, D. G., MILEHAM, A. 
J., WELLS, K. D. & PRATHER, R. S. 2016. Gene-edited pigs are protected from porcine 

reproductive and respiratory syndrome virus. Nat Biotechnol, 34, 20-2. 

WIEMELS, J. L., CAZZANIGA, G., DANIOTTI, M., EDEN, O. B., ADDISON, G. M., 

MASERA, G., SAHA, V., BIONDI, A. & GREAVES, M. F. 1999. Prenatal origin of acute 

lymphoblastic leukaemia in children. The Lancet, 354, 1499-1503. 

WIEMELS, J. L., FORD, A. M., VAN WERING, E. R., POSTMA, A. & GREAVES, M. 1999. 

Protracted and variable latency of acute lymphoblastic leukemia after TEL-AML1 gene fusion 

in utero. Blood, 94, 1057-62. 
WIEMELS, J. L. & GREAVES, M. 1999. Structure and possible mechanisms of TEL-AML1 

gene fusions in childhood acute lymphoblastic leukemia. Cancer Res, 59, 4075-82. 

WILKINSON, D. G., BHATT, S. & HERRMANN, B. G. 1990. Expression pattern of the 

mouse T gene and its role in mesoderm formation. Nature, 343, 657-9. 

WILSON, A., LAURENTI, E., OSER, G., VAN DER WATH, R. C., BLANCO-BOSE, W., 

JAWORSKI, M., OFFNER, S., DUNANT, C. F., ESHKIND, L., BOCKAMP, E., LIO, P., 

MACDONALD, H. R. & TRUMPP, A. 2008. Hematopoietic stem cells reversibly switch from 
dormancy to self-renewal during homeostasis and repair. Cell, 135, 1118-29. 

WOLMAN, I. J. 1962. Parallel responses to chemotherapy in identical twin infants with 

concordant leukemia. The Journal of Pediatrics, 60, 91-95. 

WRAY, J., KALKAN, T., GOMEZ-LOPEZ, S., ECKARDT, D., COOK, A., KEMLER, R. & 

SMITH, A. 2011. Inhibition of glycogen synthase kinase-3 alleviates Tcf3 repression of the 

pluripotency network and increases embryonic stem cell resistance to differentiation. Nature 

cell biology, 13, 838-845. 

WRAY, J., KALKAN, T. & SMITH, AUSTIN G. 2010. The ground state of pluripotency. 
Biochemical Society Transactions, 38, 1027-1032. 

XIA, A. L., HE, Q. F., WANG, J. C., ZHU, J., SHA, Y. Q., SUN, B. & LU, X. J. 2019. 

Applications and advances of CRISPR-Cas9 in cancer immunotherapy. J Med Genet, 56, 4-

9. 



 232 

XIE, H., YE, M., FENG, R. & GRAF, T. 2004. Stepwise Reprogramming of B Cells into 

Macrophages. Cell, 117, 663-676. 

XU, H., ZHANG, H., YANG, W., YADAV, R., MORRISON, A. C., QIAN, M., DEVIDAS, M., 

LIU, Y., PEREZ-ANDREU, V., ZHAO, X., GASTIER-FOSTER, J. M., LUPO, P. J., NEALE, 
G., RAETZ, E., LARSEN, E., BOWMAN, W. P., CARROLL, W. L., WINICK, N., WILLIAMS, 

R., HANSEN, T., HOLM, J. C., MARDIS, E., FULTON, R., PUI, C. H., ZHANG, J., 

MULLIGHAN, C. G., EVANS, W. E., HUNGER, S. P., GUPTA, R., SCHMIEGELOW, K., 

LOH, M. L., RELLING, M. V. & YANG, J. J. 2015. Inherited coding variants at the CDKN2A 

locus influence susceptibility to acute lymphoblastic leukaemia in children. Nat Commun, 6, 

7553. 

XU, M. J., MATSUOKA, S., YANG, F. C., EBIHARA, Y., MANABE, A., TANAKA, R., 

EGUCHI, M., ASANO, S., NAKAHATA, T. & TSUJI, K. 2001. Evidence for the presence of 
murine primitive megakaryocytopoiesis in the early yolk sac. Blood, 97, 2016-22. 

YAMAGUCHI, T. P., DUMONT, D. J., CONLON, R. A., BREITMAN, M. L. & ROSSANT, J. 

1993. flk-1, an flt-related receptor tyrosine kinase is an early marker for endothelial cell 

precursors. Development, 118, 489-98. 

YAMAMOTO, R., MORITA, Y., OOEHARA, J., HAMANAKA, S., ONODERA, M., RUDOLPH, 

K. L., EMA, H. & NAKAUCHI, H. 2013. Clonal analysis unveils self-renewing lineage-

restricted progenitors generated directly from hematopoietic stem cells. Cell, 154, 1112-

1126. 
YANAGIMACHI, M. D., NIWA, A., TANAKA, T., HONDA-OZAKI, F., NISHIMOTO, S., 

MURATA, Y., YASUMI, T., ITO, J., TOMIDA, S., OSHIMA, K., ASAKA, I., GOTO, H., HEIKE, 

T., NAKAHATA, T. & SAITO, M. K. 2013. Robust and Highly-Efficient Differentiation of 

Functional Monocytic Cells from Human Pluripotent Stem Cells under Serum- and Feeder 

Cell-Free Conditions. PLOS ONE, 8, e59243. 

YANG, L., BRYDER, D., ADOLFSSON, J., NYGREN, J., MANSSON, R., SIGVARDSSON, 

M. & JACOBSEN, S. E. 2005. Identification of Lin(-)Sca1(+)kit(+)CD34(+)Flt3- short-term 
hematopoietic stem cells capable of rapidly reconstituting and rescuing myeloablated 

transplant recipients. Blood, 105, 2717-23. 

YANG, W., TU, Z., SUN, Q. & LI, X.-J. 2016. CRISPR/Cas9: Implications for Modeling and 

Therapy of Neurodegenerative Diseases. Frontiers in molecular neuroscience, 9, 30-30. 

YANGER, K., ZONG, Y., MAGGS, L. R., SHAPIRA, S. N., MADDIPATI, R., AIELLO, N. M., 

THUNG, S. N., WELLS, R. G., GREENBAUM, L. E. & STANGER, B. Z. 2013. Robust 

cellular reprogramming occurs spontaneously during liver regeneration. Genes Dev, 27, 719-

24. 
YEE, J. 2010. Turning Somatic Cells into Pluripotent Stem Cells. Nature Education, 3, 25. 

YOKOTA, T., HUANG, J., TAVIAN, M., NAGAI, Y., HIROSE, J., ZUNIGA-PFLUCKER, J. C., 

PEAULT, B. & KINCADE, P. W. 2006. Tracing the first waves of lymphopoiesis in mice. 

Development, 133, 2041-51. 



 233 

YOSHIDA, T., NG, S. Y., ZUNIGA-PFLUCKER, J. C. & GEORGOPOULOS, K. 2006. Early 

hematopoietic lineage restrictions directed by Ikaros. Nat Immunol, 7, 382-91. 

YOSHIHARA, H., ARAI, F., HOSOKAWA, K., HAGIWARA, T., TAKUBO, K., NAKAMURA, 

Y., GOMEI, Y., IWASAKI, H., MATSUOKA, S., MIYAMOTO, K., MIYAZAKI, H., TAKAHASHI, 
T. & SUDA, T. 2007. Thrombopoietin/MPL signaling regulates hematopoietic stem cell 

quiescence and interaction with the osteoblastic niche. Cell Stem Cell, 1, 685-97. 

YOSHIMOTO, M., MONTECINO-RODRIGUEZ, E., FERKOWICZ, M. J., PORAYETTE, P., 

SHELLEY, W. C., CONWAY, S. J., DORSHKIND, K. & YODER, M. C. 2011. Embryonic day 

9 yolk sac and intra-embryonic hemogenic endothelium independently generate a B-1 and 

marginal zone progenitor lacking B-2 potential. Proc Natl Acad Sci U S A, 108, 1468-73. 

YOSHIMOTO, M., PORAYETTE, P., GLOSSON, N. L., CONWAY, S. J., CARLESSO, N., 

CARDOSO, A. A., KAPLAN, M. H. & YODER, M. C. 2012. Autonomous murine T-cell 
progenitor production in the extra-embryonic yolk sac before HSC emergence. Blood, 119, 

5706-14. 

YU, C., LIU, Y., MA, T., LIU, K., XU, S., ZHANG, Y., LIU, H., LA RUSSA, M., XIE, M., DING, 

S. & QI, L. S. 2015. Small molecules enhance CRISPR genome editing in pluripotent stem 

cells. Cell Stem Cell, 16, 142-7. 

YU, Q. C., HIRST, C. E., COSTA, M., NG, E. S., SCHIESSER, J. V., GERTOW, K., 

STANLEY, E. G. & ELEFANTY, A. G. 2012. APELIN promotes hematopoiesis from human 

embryonic stem cells. Blood, 119, 6243-54. 
YUAN, J., NGUYEN, C. K., LIU, X., KANELLOPOULOU, C. & MULJO, S. A. 2012. Lin28b 

reprograms adult bone marrow hematopoietic progenitors to mediate fetal-like 

lymphopoiesis. Science, 335, 1195-200. 

ZAMBIDIS, E. T., PEAULT, B., PARK, T. S., BUNZ, F. & CIVIN, C. I. 2005. Hematopoietic 

differentiation of human embryonic stem cells progresses through sequential 

hematoendothelial, primitive, and definitive stages resembling human yolk sac development. 

Blood, 106, 860-870. 
ZELENT, A., GREAVES, M. & ENVER, T. 2004. Role of the TEL-AML1 fusion gene in the 

molecular pathogenesis of childhood acute lymphoblastic leukaemia. Oncogene, 23, 4275-

4283. 

ZHANG, J., MCCASTLAIN, K., YOSHIHARA, H., XU, B., CHANG, Y., CHURCHMAN, M. L., 

WU, G., LI, Y., WEI, L., IACOBUCCI, I., LIU, Y., QU, C., WEN, J., EDMONSON, M., PAYNE-

TURNER, D., KAUFMANN, K. B., TAKAYANAGI, S. I., WIENHOLDS, E., WAANDERS, E., 

NTZIACHRISTOS, P., BAKOGIANNI, S., WANG, J., AIFANTIS, I., ROBERTS, K. G., MA, J., 

SONG, G., EASTON, J., MULDER, H. L., CHEN, X., NEWMAN, S., MA, X., RUSCH, M., 
GUPTA, P., BOGGS, K., VADODARIA, B., DALTON, J., LIU, Y., VALENTINE, M. L., DING, 

L., LU, C., FULTON, R. S., FULTON, L., TABIB, Y., OCHOA, K., DEVIDAS, M., PEI, D., 

CHENG, C., YANG, J., EVANS, W. E., RELLING, M. V., PUI, C. H., JEHA, S., HARVEY, R. 

C., CHEN, I. L., WILLMAN, C. L., MARCUCCI, G., BLOOMFIELD, C. D., KOHLSCHMIDT, 

J., MROZEK, K., PAIETTA, E., TALLMAN, M. S., STOCK, W., FOSTER, M. C., 



 234 

RACEVSKIS, J., ROWE, J. M., LUGER, S., KORNBLAU, S. M., SHURTLEFF, S. A., 

RAIMONDI, S. C., MARDIS, E. R., WILSON, R. K., DICK, J. E., HUNGER, S. P., LOH, M. L., 

DOWNING, J. R. & MULLIGHAN, C. G. 2016. Deregulation of DUX4 and ERG in acute 

lymphoblastic leukemia. Nat Genet, 48, 1481-1489. 
ZHANG, M., SRIVASTAVA, G. & LU, L. 2004. The pre-B cell receptor and its function during 

B cell development. Cell Mol Immunol, 1, 89-94. 

ZHANG, Y., GAO, S., XIA, J. & LIU, F. 2018. Hematopoietic Hierarchy – An Updated 

Roadmap. Trends in Cell Biology, 28, 976-986. 

ZHOU, M., GREENHILL, S., HUANG, S., SILVA, T. K., SANO, Y., WU, S., CAI, Y., 

NAGAOKA, Y., SEHGAL, M., CAI, D. J., LEE, Y.-S., FOX, K. & SILVA, A. J. 2016. CCR5 is 

a suppressor for cortical plasticity and hippocampal learning and memory. eLife, 5, e20985. 

ZHOU, M. H., GAO, L., JING, Y., XU, Y. Y., DING, Y., WANG, N., WANG, W., LI, M. Y., 
HAN, X. P., SUN, J. Z., WANG, L. L. & YU, L. 2012. Detection of ETV6 gene 

rearrangements in adult acute lymphoblastic leukemia. Ann Hematol, 91, 1235-43. 

ZHU, W., GIANGRANDE, P. H. & NEVINS, J. R. 2005. Temporal control of cell cycle gene 

expression mediated by E2F transcription factors. Cell Cycle, 4, 633-6. 

ZHU, Z., VERMA, N., GONZÁLEZ, F., SHI, Z.-D. & HUANGFU, D. 2015. A CRISPR/Cas-

Mediated Selection-free Knockin Strategy in Human Embryonic Stem Cells. Stem cell 

reports, 4, 1103-1111. 

ZUNA, J., MADZO, J., KREJCI, O., ZEMANOVA, Z., KALINOVA, M., MUZIKOVA, K., 
ZAPOTOCKY, M., STARKOVA, J., HRUSAK, O., HORAK, J. & TRKA, J. 2011. 

ETV6/RUNX1 (TEL/AML1) is a frequent prenatal first hit in childhood leukemia. Blood, 117, 

368-369. 


