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Abstract 

This thesis details a tripartite approach to understanding genetic and epigenetic 

modifications in human leukaemia. First, an in vitro mouse model of precursor B-cell 

leukaemia was established by retroviral transduction of primary B-cell precursors with the 

oncogenes BCR-ABL1 or MYC. The model was used to study DNA damage incurred during 

the initial phase of oncogene activation i.e. oncogenic stress. Analysis of γH2AX (a mark of 

DNA damage) and the H3K27 acetylation histone modification (a mark of active enhancers 

and promoters) by chromatin immunoprecipitation sequencing (ChIP-seq) and mRNA 

expression (RNA-seq) were combined to establish that lineage specific transcription 

predisposes lineage specific genes to DNA damage. This was functionally validated with a 

lineage-switch model and technically validated using FISH. 

 

Second, the same cells were maintained during their recovery from the period of acute 

oncogenic stress until stably transformed. Re-analysis of the transformed populations using 

the same H3K27Ac ChIP-seq and RNA-seq techniques showed that the stable transformation 

of these cells is paralleled by activation of a subset of intergenic enhancers which induce an 

aberrant transcriptome enriched for cell activation and metabolic pathways.  

 

 

Graphical abstract showing tripartite approach to understanding genetic and epigenetic 

modifications in human leukaemia. 

 

Finally, the techniques used in these in vitro experiments and the knowledge of oncogenic 

enhancers gained from them were then applied to the clinical setting.  EVI1, a key 

haematopoietic transcription factor that regulates differentiation, is aberrantly expressed in 
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a subset of myeloid leukaemia where it is universally associated with a poor prognosis. A 

patient sample biobank was established and suitable samples were filtered using a 

combination of RT-qPCR and FISH. Thus, H3K27AC ChIP-seq and newly optimised 

chromosome conformation capture sequencing (3C-seq or 4C) was used to understand the 

epigenetic interactions which result in aberrant expression. This has revealed several 

interactions between the EVI1 promoter with up- and down-stream intergenic regions which 

must be further investigated.   
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1 Introduction 

Haematological cancers such as leukaemia are relatively well studied compared to solid tumours. In the 

decade between  1995 and 2004, publications relating to haematological cancers comprised 12% of basic 

research studies, compared to just 4.1% in the field of solid tumours (Chizuka et al., 2006). The reasons 

for our advanced understanding of leukaemia compared to solid tumours are varied; blood and bone 

marrow are both relatively easy to access for repeated sampling, and the relative simplicity of the 

leukaemia genome compared to that of solid tumours are two contributing factors.  

 

Many fundamental discoveries which were made in the field of leukaemia research are universally 

applicable to cancer in general. For example, the first report of genomic instability in cancer came from 

Theodor Boveri’s observations of leucocytes in his 1914 monograph On the Problem of the Origin of 

Malignant Tumours (Boveri, 1914). The first clinical description of leukaemia is generally attributed to 

John Hughes Bennet (1812-1875), a pathologist at the Royal Infirmary Edinburgh (Bennett, 1845).  In 

1960, Peter Nowell and David Hungerford identified a shortened chromosome 22 in patients with 

chronic myeloid leukaemia (CML); the toponymous Philadelphia chromosome, or Ph. (Nowell and 

Hungerford, 1960a; Nowell and Hungerford, 1960b). This was the first consistent chromosomal 

abnormality to be associated with a cancer. Janet Rowley later established that the Ph was actually a 

derivative chromosome formed via translocation of the long arms of chromosome 9 and 22; this was the 

first chromosomal translocation associated with a leukaemia (Rowley, 1973). 

 

Blood cancer also yielded the first fusion gene: IGH-MYC (despite the identification of the Philadelphia 

translocation, the genes involved were not identified until later (Deklein et al., 1986; Groffen et al., 

1984)). Thus, the discovery of the IGH-MYC fusion gene rearranged via the t(8;14) found in Burkitt 

lymphoma kick started the discovery of oncogenic fusion genes which goes on to this day (Taub et al., 

1982). Burkitt lymphoma was also the first cancer to be linked to an infectious virus, Epstein Barr 

(Epstein et al., 1964). Similarly, leukaemia was the first to be studied by genome wide expression 

analysis (Golub et al., 1999), the first to have copy number analysis (Mullighan et al., 2007) and the first 

to be subjected to whole genome sequencing (Ley et al., 2008).  

 

Most dramatically, perhaps, is the paradigm of leukaemia therapy. Treatment of Ph+ leukaemia was 

revolutionised by the development of imatinib in the late 1990s. Originally known as CGP 57148B, 

trialled as STI571 and eventually marketed by Novartis as Glivec (in the UK) or Gleevec (elsewhere), 

imatinib mesylate was the first rationally designed drug, a tyrosine kinase inhibitor (TKI) designed to 

specifically to inhibit the kinase activity of the BCR-ABL1 fusion protein (Druker et al., 2001; Druker et 

al., 1996) and was hailed as a ‘magic bullet’ for CML (Henderson, 2003).  
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Other therapeutic firsts for leukaemia include the Nobel Prize-winning stem cell transplantation 

developed for leukaemia and now undertaken in a wide variety of cancers (Thomas, 1999), the 

introduction of monoclonal antibodies for targeted elimination of a B-cell lymphoma (Miller et al., 

1982) and the use of rationally designed chimeric antigen receptors to trigger an immunotherapeutic 

response and thus eliminate leukaemia (Maude et al., 2014).  

 

Observations of leukaemia have led researchers to make hypotheses which are applicable to cancer in 

general. This includes models of clonal evolution made by cytogeneticists in the 1970s (Nowell, 1976) 

which are still relevant to next generation sequenced solid tumours in the present day (Gundem et al., 

2015). The concept of cancer as a clonal disease (Fialkow, 1974) arising from a stem cell (Fialkow, 1978) 

was borne in leukaemia, and is still not fully understood in solid tumours. Thus leukaemia remains a 

worthy subject for basic cancer research. 

 

 

 Epidemiology and aetiology of leukaemia 

Leukaemia is a cancer of the blood or bone marrow, characterised by the accumulation of immature or 

abnormal leucocytes. This leads to a progressive suppression of normal blood production, and with it, 

reduced capacity of the blood and bone marrow to undertake its normal functions. This can result in 

anaemia, immune deficiency and clotting problems. 

 

There are various factors which affect the likelihood of developing leukaemia. One is gender: men are 

more likely than women to develop virtually any leukaemia and at any age. The single exception to this a 

slight increase in myeloid leukaemia in females in their early adulthood (Cartwright et al., 2002). As 

shown in Figure 1-1, the incidence of leukaemias also increases with age. One exception to this is acute 

lymphoblastic leukaemia which is predominantly a disease of childhood (Pui and Evans, 1998). 
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Figure 1-1: Bar chart showing age and gender at diagnosis of leukaemia. ¶ Average number of new cases per 

year and age-specific incidence rates per 100,000 population, UK, 2013-2015. Figure reproduced from 

Cancer Research UK with permission. 

 
 

There are some known environmental risk factors for developing leukaemia. A link between exposure to 

ionising radiation was first noted in 1911 – the excess relative risk of leukaemia in monitored radiation 

workers was found to be 2.96 per Gray (Deininger et al., 1998). Leukaemia is the second most prevalent 

cancer (after thyroid cancer) in survivors of the atomic bomb, which has a short latency, and can occur 

just two years after exposure (Moysich et al., 2002). 

 

Although the cause is not understood, there is a well-established association between cigarette smoking 

and adult leukaemia – a meta-analysis conducted in 1993 found that up to 14% of adult leukaemia in the 

United States was attributable to smoking (Brownson et al., 1993). Exposure to benzene and other 

petrochemicals leads to accumulation of toxic metabolites and increases oxidative stress (McHale et al., 

2011); the United States Environmental Protection Agency evaluated the risk of occupational benzene 

exposure and concluded that employees should not be exposed to more than 1 part per million parts of 

air (ppm) over an 8-hour shift (Snyder, 2012). 

 

Whilst rare, there are known associations of leukaemia with transmissible viruses. The human T-cell 

leukaemia virus type 1 (HTLV-1), which is endemic in some areas including Japan, South America and 

Africa, causes aggressive adult leukaemia/lymphoma (ATLL) (Mahieux and Gessain, 2003). Patients 

with human immunodeficiency virus (HIV) have an approximately 2.5x  increase in leukaemia (Patel et 

al., 2008).  
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Genetic predisposition can also underlie the development of leukaemia. These include the bone marrow 

failure syndromes such as Diamond Blackfan Anaemia, Shwachmann-Diamond syndrome and 

dyskeratosis congenita – reviewed in (Godley and Shimamura, 2017). Individuals with constitutional 

trisomy 21 (Down syndrome) have a 150x increased risk of some types of leukaemia, thought to be a 

consequence of acquired mutations in GATA1, which is located on chromosome 21 (Wechsler et al., 

2002). Familial leukaemia is rare but recognised in families with mutations of genes such as CEBPA 

(Sellick et al., 2005), GATA2 (Hahn et al., 2011) and RUNX1 (Walker et al., 2002); some of these 

mutations are recurrent but others may be unique to a pedigree. In addition, inherited mutations of 

DNA damage repair genes can result in a predisposition to leukaemia. This is discussed in more detail in 

section 1.3.3. 

 

 

 Classification and genetics of leukaemia 

In 1976, the first classification system for acute leukaemia was proposed, based on the morphological 

and cytochemical techniques in common use (Bennett et al., 1976). It was termed the FAB system, after 

the group of seven French, American and British authors who authored the paper. The classification 

system incorporated three main categories: lymphoblastic leukaemias (with three sub-categories 

termed L1, L2 and L3), myeloid leukaemias (with six subcategories M1 to M6, which were acknowledged 

to be broadly similar to a prior classification of myeloid disease designed by (Galton and Dacie, 1975)) 

and lastly ‘dysmyelopoietic’ syndromes, comprising Refractory Anaemia with Excess Blasts (RAEB) and 

Chronic Myelomonocytic Leukaemia (CMML).  The same group published various updates and 

additions to the classification, such as the inclusion of myelodysplastic syndromes (Bennett et al., 1982), 

the acute leukaemias of the megakaryocytic lineage (M7) in 1985 (Bennett et al., 1985) and minimally 

differentiated leukaemia (M0) as recently as 1991 (Bennett et al., 1991). 

 

The FAB classification system was surpassed by the World Health Organisation’s Classification of 

Tumours of Haematopoietic and Lymphoid Tissues (Norris and Stone, 2008) that made great strides to 

improve characterisation and standardisation for more accurate diagnosis. It incorporated morphologic 

and heamatologic evaluation, as with FAB, but also added cytogenetic and molecular genetic studies 

(see Table 1-1). 
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Table 1-1: The WHO myeloid neoplasm and acute leukemia classification.¶ Major categories are shown in bold, 

selected sub-categories relevant to this thesis are shown indented. 

Myeloproliferative neoplasms (MPN) 

 Chronic myeloid leukemia (CML), BCR-ABL1+ 

Myeloid/lymphoid neoplasms with eosinophilia and rearrangement of PDGFRA, PDGFRB, or FGFR1, or 

with PCM1-JAK2 

Myelodysplastic/myeloproliferative neoplasms (MDS/MPN) 

Myelodysplastic syndromes (MDS) 

Acute myeloid leukemia (AML) and related neoplasms 

 AML with recurrent genetic abnormalities 

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

 AML with myelodysplasia-related changes 

 Therapy-related myeloid neoplasms 

 AML, NOS 

Blastic plasmacytoid dendritic cell neoplasm 

Acute leukemias of ambiguous lineage 

B-lymphoblastic leukemia/lymphoma 

 B-lymphoblastic leukemia/lymphoma with recurrent genetic abnormalities 

    B-lymphoblastic leukemia/lymphoma with t(9;22)(q34.1;q11.2);BCR-ABL1 

    B-lymphoblastic leukemia/lymphoma with t(v;11q23.3);KMT2A rearranged 

    B-lymphoblastic leukemia/lymphoma with t(12;21)(p13.2;q22.1); ETV6-RUNX1 

    B-lymphoblastic leukemia/lymphoma with hyperdiploidy 

    B-lymphoblastic leukemia/lymphoma with hypodiploidy 

 Provisional entity: B-lymphoblastic leukemia/lymphoma, BCR-ABL1–like 

 Provisional entity: B-lymphoblastic leukemia/lymphoma with iAMP21 

T-lymphoblastic leukemia/lymphoma 
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1.2.1 Precursor lymphoid neoplasms  

The precursor lymphoid neoplasms, more commonly known as acute lymphoblastic leukaemias (ALL), 

are a heterogeneous group of haematological cancers, characterised by the accumulation of poorly 

differentiated blasts in the blood, bone marrow and extramedullary sites. This in turn causes anaemia, 

thrombocytopenia and leukopenia which manifest as fever, weight loss, night sweats, easy bruising and 

infection (Terwilliger and Abdul-Hay, 2017). Around 20% of patients also have lymphadenopathy, 

splenomegaly or hepatomegaly due to the involvement of extramedullary sites (Alvarnas et al., 2015).   

 

ALL affects less than 1 in 100,000 per year (McNally et al., 1999) in the UK, with a bimodal distribution 

– the first peak occurs in childhood, where ALL represents approximately 75% of childhood leukaemia, 

and the second occurs in adulthood, where ALL comprises about 20% of adult leukaemia (Jabbour et 

al., 2005). 

 

The presence of 20% or more lymphoblasts in the bone marrow or peripheral blood is sufficient for a 

diagnosis, but further refinement of prognosis is undertaken by morphological evaluation, flow 

cytometry, immunophenotyping and genetic testing. Immunophenotyping classifies ALL into precursor 

B-cell ALL, mature B-cell ALL and T-cell ALL with various subdivisions conferred by expression of 

different cell surface markers (Bassan and Hoelzer, 2011). The genetic subtypes of B-ALL, which are 

now the basis of the World Health Organisation classification, include hyper- and hypo-diploidy, ETV6-

RUNX1 translocations, MLL translocations, an intrachromosomal amplification of chromosome 21 

(iAMP21), BCR-ABL1  translocations and more recently ‘BCR-ABL1-like’ ALL (Swerdlow et al., 2008). 

This subset shares a similar gene expression profile, and the high risk prognosis, with BCR-ABL1-

positive ALL (Tasian et al., 2017). Notably, each of the categories defined by a recurrent genetic 

abnormality individually comprise less than 10% of the total, which makes cohort size a confounding 

factor in clinical trials (Moorman et al., 2007). 

 

1.2.1.1 Precursor B-cell leukaemia/lymphoma with t(9;22)(q34;q11.2); BCR-ABL1 

With the evolution  of chromosome banding techniques in the 1970s, Janet Rowley established that the 

Ph was a derivative chromosome formed via translocation of the long arms of chromosome 9 and 22 

(Rowley, 1973). The translocation was shown to involve the proto-oncogene v-Abelson murine 

leukaemia viral oncogene homolog 1 (ABL1) at 9q34 (Deklein et al., 1986) and, later, the breakpoint 

cluster region (BCR) at 22q11.2 (Groffen et al., 1984). The BCR-ABL1 fusion gene results in the majority 

of the ABL1 moiety falling under the control of the BCR promoter, and consequently, constitutive 

activation of ABL1. Whilst the presence of the BCR-ABL1 fusion gene is the definitive feature of CML 

(discussed in more detail in section 1.2.3.1) it is also found in patients with precursor B-cell 
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leukaemia/lymphoma and commonly termed Ph+ ALL. 

 

Interestingly, the BCR and ABL1 breakpoints are variable, resulting in fusion proteins comprising 

different exons and of different molecular weights. In CML and approximately 25% of Ph+ ALL, 

translocation of BCR exons 1 to 12 or 13 to ABL1 exon 2 results in a fusion protein of 210kDa. In the 

remaining 75% of Ph+ ALL and very rarely in CML, however, translocation of BCR exon 1 only results in 

a fusion protein of just 190kDa.  

 

Approximately 3% of children and 25-30% of adults with ALL have Ph+ ALL (Moorman et al., 2007). 

The Ph+ subtype is correlated with age, so by the age of 55 years, the proportion has increased to over 

50% (Appelbaum et al., 2006).  Unlike CML, where a patient is likely to present with the BCR-ABL1 

translocation alone, Ph+ ALL will have additional mutations. Whilst ALL is now classified by the 

defining cytogenetic subgroups, translocations like t(9;22) (BCR-ABL1) and t(12;21) (RUNX1-

RUNX1T1) alone are insufficient to cause a full acute leukaemia, thus cooperating lesions are required 

(Greaves and Wiemels, 2003). As described above in section 1.3.2, IKZF1 is deleted in 83.7% of 

paediatric ALL (Mullighan et al., 2008) and around 67% have additional cytogenetic abnormalities at 

diagnosis (Moorman et al., 2007). 

 

Historically, Ph+ ALL  has had a dismal prognosis; a retrospective review of de novo paediatric ALL 

treated between 1986 and 1996 showed that disease free survival at five years was 20% in the worst 

prognostic cohort and only 49% in the most favourable (Arico et al., 2000).  

 

As discussed in section 1.1, whilst imatinib was hailed as a ‘magic bullet’ for CML (Henderson, 2003), 

the equivalent early studies for Ph+ ALL were disappointing. In distinct contrast to CML, where a 

minority of patients with intolerance and/or resistance began to emerge (Druker et al., 2001), the use of 

TKI as a monotherapy for Ph+ ALL was generally agreed to be a failure – patients had complete 

haematological response rates of just 20% which were only sustained for a month in 6% (Ottmann et al., 

2002).  

 

However, the development of TKI combination therapy and the evolution of second generation TKIs 

have improved the outlook for Ph+ ALL significantly. Nilotinib (AMN107; Tasigna, Novartis 

Pharmaceuticals) and Dasatinib (BMS-354825; Sprycel, Bristol-Myers Squibb) are  second generation 

TKIs with more potent BCR-ABL1 inhibition and less vulnerability to resistance-conferring mutations of 

the kinase domain (Lombardo et al., 2004) and were initially approved as a second-line treatment for 

those patients who were resistant or intolerant to imatinib  (Hochhaus et al., 2008; Shah et al., 2008; 

Shah et al., 2010). More recently, the third generation of TKIs, such as Ponatinib (AP24534; Ariad 

Pharmaceuticals) has efficacy against mutated BCR-ABL1 – even the so-called gatekeeper mutation, 
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T315I (Cortes et al., 2012). Higher remission rates meant that more patients could be treated with 

haematopoietic stem cell transplant, which was at the time, the only definitive treatment option (Ribera, 

2013). Notably, mutations conferring resistance to TKI may pre-date treatment and may be linked to 

the increased number of mutations present at diagnosis which is not the case in CML (Ottmann et al., 

2002; Ribera et al., 2010). 

 

It is now recognised that upfront and continuous exposure to TKI with monitoring of residual disease is 

the standard of care for Ph+ ALL (Bassan et al., 2010; Thomas et al., 2004; Wassmann et al., 2006), 

with some early trials achieving a 94% complete remission rate and a predicted two year overall survival 

of 64% (Ravandi et al., 2010). Most recently, the combination of chemotherapy with ponatinib as front 

line therapy, followed by ponatinib-only maintenance resulted in a two-year event free survival rate of 

81% in a cohort of 34 Ph+ adult patients (Jabbour et al., 2015). Summarising these collective 

improvements, a recent paper which compared Ph+ and Ph- ALL in the pre- and post-TKI eras actually 

found that the negative prognostic impact of the BCR-ABL1 fusion gene no longer exists (Igwe et al., 

2017).  

 

An understanding of the pathways which lead to leukaemic transformation is essential to the rational 

design of targeted therapies. As described above, loss of IKZF1 expression is a common phenomenon in 

B-ALL, resulting in a stem cell-like phenotype with increased adhesion. A systematic search for drugs 

that could reverse this phenotype  identified a synthetic retinoid which activated retinoid X receptors; 

this reduced adhesion, restored IKZF1 expression and increased sensitivity to dasatinib in a mouse 

model  (Churchman et al., 2015). 

 

Despite these advances, resistance to treatment and disease relapse remain the two most important 

causes of treatment failure in Ph+ ALL (Soverini et al., 2014). The prognosis for relapsed Ph+ ALL 

remains poor, with an overall survival at five years of just 7% (Fielding et al., 2007). Understanding the 

genetic (in particular, the secondary mutations and how they arise) and the epigenetic co-operating 

aberrations (especially histone modifications other than methylation, such as acetylation) remains an 

important area for research and could hold the key to new therapeutic targets. 

 

1.2.2 Acute myeloid leukaemia 

AML is the most common leukaemia in adults, with an incidence of 3-5 per 100,000 adults, and 

increases with age (Siegel et al., 2015). It is characterised by the clonal expansion of immature myeloid 

progenitors  which accumulate in the bone marrow and eventually spill out in to the blood or other 

tissues. A diagnosis is reliant on 20% or more blasts in the peripheral blood or bone marrow (Arber et 

al., 2016) The hallmark of the disease, and that which differentiates it from chronic myeloid disease, is 

the severity of the block in myeloid differentiation. In the majority of cases it arises de novo, however, it 
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also occurs in patients with previous exposure to alkylating or topoisomerase II therapy, radiation or a 

prior haematological disease, and these tend to have a poorer prognosis (Sill et al., 2011).  

 

Acute myeloid leukaemia is an extremely heterogeneous disease, with some well characterised subtypes 

and others still largely undefined. Subclassification began with the French-American-British system in 

the 1970s, with cellular and morphological examination defining eight subtypes designated M0-M7, and 

more recently with the World Health Organisation’s classification in which attempts have been made to 

employ the underlying genetic cause of disease (White et al., 2010). 

 

The World Health Organisation classification now includes various cytogenetically and genetically 

defined subgroups. The core binding factor leukaemias – those with inv(16), t(16;16) or t(8;21), 

encoding CBFB-MYH11 and RUNX1-RUNX1T1, respectively – have a good prognosis (Burnett et al., 

2010; Dohner et al., 2017). Others, such as those with FLT3 mutations or those with a complex 

karyotype (i.e. those with multiple different cytogenetic abnormalities) have a poor prognosis (Mrózek 

et al., 2012). Acute promyelocytic leukaemia (APML) is defined by RARA translocations, most 

commonly PML-RARA formed via t(15;17) – and this subtype benefits from therapy with arsenic 

trisoxide and retinoic acid and is the only subtype to have seen a significant improvement in outcome in 

AML (Lo-Coco et al., 2013).  

 

Despite the growing number of defined subtypes, most therapy still relies on various combinations of 

chemotherapy and haematopoetic stem cell transplant where it can be tolerated. There are some novel 

therapies in development and trial; for example, sorafenib is a TKI with action against RAF, cKIT and 

the FLT3 internal tandem duplication (Zhang et al., 2008). Chimeric antigen receptor T-cells (CART) 

can be created from host-derived cells to target an antigen of choice; preliminary results suggest they 

can confer anti-tumour activity without the burden of long term myelosupression (Kenderian et al., 

2015). 

1.2.3 Myeloproliferative neoplasms 

Myeloproliferative neoplasms (MPN), sometimes known as myeloproliferative disease (MPD) are a 

diverse group of clonal stem cell disorders which are characterised by the proliferation of one or more of 

the myeloid lineages. Notably, the proliferation is of mature cells. MPNs may present with a subtle 

phenotype but symptoms will progress and up to 20% may continue to bone marrow failure and acute 

transformation (Jamieson et al., 2008). 

 

The latest WHO categorisation includes chronic neutrophilic leukaemia, polycythaemia vera, primary 

myelofibrosis, essential thrombocytopenia, chronic eosinophilic leukaemia not otherwise specified and 

mastocytosis (Jaffe et al., 2008). These diagnoses are reliant on the exclusion of BCR-ABL1; if the BCR-

ABL1 fusion gene is present the MPN is, by definition, a chronic myeloid leukaemia. 
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1.2.3.1 Chronic myeloid leukaemia  

CML was the first leukaemia to be described, almost simultaneously by Craigie, Bennet and Virchow in 

the 1840s (reviewed in (Goldman, 2010)) and the first human malignancy to be associated with a 

consistent chromosomal abnormality: the Philadelphia chromosome or Ph, as described in section 

Error! Reference source not found.. It is a distinct subtype of the more diverse group of MPN, all 

of which are characterised by clonal expansion of mature myeloid cells, but lack the Ph.  

 

CML affects 1-2 per 100,000 adults, and comprises approximately 10-15% of all adult leukaemia (Siegel 

et al., 2012). The disease is characterised by progression through two, or sometimes three, stages with a 

median survival – if left untreated - of around 4 to 5 years. An initial chronic phase (CP) is relatively 

indolent and the patient may even be asymptomatic. Indeed, a proportion of patients are only diagnosed 

having undertaken routine blood tests. Symptomatic patients may present with increased white blood 

cell (WBC) counts of over 100 x 109/litre. Splenomegaly is the most common finding. When present, 

symptoms are mainly the consequence of splenomegaly and anaemias, such as fatigue, weight loss and 

malaise.  Left untreated, patients inevitably progress to blast crisis (BC), akin to an acute leukaemia, 

with worsening symptoms plus bleeding, fevers and infections. Some patients progress to BC with no 

warning signals, while others progress through a transitional accelerated phase (AP) with progressive 

headaches, bone pain, arthralgia or fever (Swerdlow et al., 2008). 

 

ABL1, located on chromosome 9 at band q34 is a proto-oncogene with homology to the Abelson murine 

leukaemia viral oncogene. It is 225Kb and expressed as a 6 or 7Kb mRNA, depending on which of two 

alternative first exons are spliced to the common exons 2 to 11 (Westin et al., 1982).  BCR, found at 

22q11.2, is a protein kinase with both auto- and transphosphorylation activity. Interestingly, both 

functions are encoded by exon 1, the only exon of BCR which features in all known variants of the BCR-

ABL1 translocation (Maru and Witte, 1991). A novel fusion protein, BCR-ABL1, with constitutive kinase 

activity is encoded by regions of both of these genes following chromosomal translocation. 

 

The majority of CML patients have a somatic translocation between the long arms of chromosomes 9 

and 22 - designated t(9;22)(q34;q11.2) (International Standing Committee on Human Cytogenetic et al., 

2009) - while a smaller proportion have variant and/or cryptic rearrangements still leading to the same 

BCR-ABL1 fusion gene (Swerdlow et al., 2008). 

 

CML was almost always fatal until the introduction of stem cell transplantation (SCT) in the 1970s. SCT 

offered the only possible ‘cure’ for CML patients, albeit with considerable risks; one group reported an 

average 5 year survival rate of 57%, rising to 74% in the optimal patients under 50 years old and 

transplanted within a year of diagnosis (Hansen et al., 1998).   
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As introduced in section Error! Reference source not found., the treatment of CML was 

revolutionised by the development of imatinib in the late 1990s. TKI therapy transformed the outlook of 

CML from a median survival of about 5 years to one in which more than 90% of patients are well more 

than 9 years later (Cortes et al., 2013; Giles et al., 2013; Jabbour et al., 2014). With the second 

generation of TKIs, the astonishing success of TKI therapy mean most patients diagnosed with CML in 

2013 or later can expect to have a normal life expectancy (Bower et al., 2016). 

 

Unlike other adult leukaemias, at diagnosis, the majority of CML patients have a single abnormality – 

the BCR-ABL1 fusion gene. In a large study of 1151 German patients, only 6.9% were found to have 

additional cytogenetic abnormalities and half of these were cases with isolated loss of the Y 

chromosome (Fabarius et al., 2011).  

 

1.2.4 Myelodysplastic syndromes 

The myelodysplastic syndromes (MDS) have been summarised by the WHO as simply a ‘clonal disease 

characterized by morphological dysplasia, ineffective haematopoiesis leading to cytopenias and risk of 

transformation to acute myeloid leukaemia’  (Arber et al., 2016). In practice, MDS is a broad term which 

covers a diverse array of myeloid disorders, from Clonal Haematopoiesis of Indeterminate Potential 

(CHIP; (Jaiswal et al., 2014), to those which overlap with MPNs, to the early stages of secondary AML 

(sAML) which has a significantly pooper prognosis than de novo AML. MDS is diagnosed at a median 

age of 71-76 years (Sperling et al., 2016), and has an incidence of 3.4 per 100,000 in the United States 

(Sekeres, 2011). Notably, prior exposure to chemotherapy or radiation results in an increased risk of 

therapy-related MDS (tMDS) and thus cases of tMDS are increasing and will continue to do so, in 

parallel with improved outcomes for cancer treatment in general (Sekeres, 2011).  

 

To date, more than 50 genes have been identified as recurrently mutated in MDS and these have diverse 

roles in splicing, epigenetic regulation and gene transcription (Sperling et al., 2016). This includes some 

rare but recurrent inherited bone marrow failure syndromes which have an inherent risk of 

transformation to MDS, such as GATA2, RUNX1 and ETV6 (Liew and Owen, 2011). 

 

The majority of patients present with anaemia-related fatigue, thrombocytopenia-related bleeding 

and/or neutropenia-related fevers or recurrent infections. MDS is remarkably heterogeneous, however, 

and some asymptomatic patients may be detected by incidental finding of cytopenias. Similarly, some 

patients will live for many years with cytopenia while others will progress rapidly to sAML (Sperling et 

al., 2016). 

 

Various attempts to classify MDS have been made: the International Prognostics Scoring System (IPSS), 

the MD Anderson Comprehensive Scorning System (Kantarjian et al., 2008) and the WHO-based 
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Prognostic Scorning System (Malcovati et al., 2011) have all been surpassed by the most recent revision 

of the IPSS: the IPSS-R (Greenberg et al., 2012). The IPSS-R system assigns a prognostic score between 

0 and 4 for five categories assessed at diagnosis, including cytogenetics subtype, blast percentage, 

haemaoglobin, platelets and neutrophil count.  

 

 

 DNA damage and leukaemia 

1.3.1 Genomic instability 

Genomic instability – resulting in an increased frequency of abnormalities in a genome and including 

mutations, chromosomal rearrangements and aneuploidy - is a hallmark of cancer (Lengauer et al., 

1998), and both a cause and consequence of disease progression (Vogelstein et al., 2013).  

 

Normal cells suffer DNA damage on a daily basis. This is estimated to be in the region of 105 lesions per 

day per genome (Collins, 1999). Every cell therefore has a strict schedule of surveillance, maintenance 

and checkpoints in place to recognise damage, correct damage and/or to prevent a damaged cell from 

multiplying. DNA double strand break repair pathways include homologous recombination (HR), which 

employs the undamaged DNA strand as a template for accurate repair, and non-homologous end 

joining (NHEJ), which can re-join broken ends independently of homologous sequence. If cellular 

checkpoints are triggered by persistent DNA damage (i.e. unrepaired or unrepairable), however, one of 

two protective mechanisms is induced: a complete growth arrest called cellular senescence (Hayflick 

and Moorhead, 1961) or programmed cell death via apoptosis (Kerr et al., 1972). Senescent cells are 

characterised by an active DNA damage response, expression of senescence-associated acidic β-

galactosidase and high levels of p16 (Dimri et al., 1995; Gorgoulis et al., 2005). Apoptosis is a controlled 

dismantling of the cellular contents with minimal damage to neighbouring cells (Kerr et al., 1972).  

 

When a cell is subject to any kind of hyper proliferative stimuli that puts concomitant strain on DSB 

repair mechanisms or the checkpoints, the risk of genomic instability is increased. A cell that receives 

hyper proliferative stimuli and escapes a checkpoint may therefore suffer genomic instability. Many of 

the pathways leading to genomic instability are related or overlap.  

 

The mechanism of genomic instability resulting in hereditary cancers and sporadic cancers is quite 

distinct. Inherited defects in the DNA damage repair pathways is discussed in more detail in section 

1.3.3 but briefly, these result in a dramatically increased risk of developing cancer in a lifetime; cancers 

are often detected earlier than the same cancer in individuals without an inherited defect, and are often 

recurrent (Knudson, 1996). In contrast, sporadic cancers are caused by the propagation of improper 

repairs following DNA damage.  
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There are multiple sources of genomic instability; some are long-recognised and well understood, others 

newly recognised and still controversial. Telomere attrition was one of the first recognised causes of 

genomic instability. Primary cells cultured in vitro can only divide a defined number of times and when 

cells reach this number of divisions, eponymously termed the Hayflick limit (Hayflick and Moorhead, 

1961), they senesce. Telomere attrition leaves the ends of chromosomes uncapped, bearing molecular 

markers of DNA double strand breaks, which induces a DNA damage response. This block can only be 

lifted by subsequent inactivation of the cell cycle checkpoint kinases (d'Adda di Fagagna et al., 2003).  

 

A degree of oxidative stress arises from normal cellular metabolism which releases reactive oxygen 

species (ROS). These molecules have an unpaired electron and are thus highly reactive to DNA (Phillips, 

1956). A sudden increase in the amount of endogenous ROS can be caused by the ‘respiratory burst’ 

from antimicrobial leukocytes following inflammation, ultra violet irradiation or increased apoptosis 

and can damage DNA in the neighbouring cells (Hussain et al., 2003).    

 

Replicative stress results from impediments to DNA replication and includes the stalling or slowing of 

replication forks leading to their collapse (Bartkova et al., 2005; Gorgoulis et al., 2005). Replicative 

stress can be caused by deregulation of licensing and/or firing of origins of replication, which are 

usually tightly controlled with the cell cycle (Nishitani and Lygerou, 2002). Replicative stress has been 

frequently associated with breakage of so-called fragile sites, and genomic lesions associated with fragile 

sites are found in cancer including haematopoietic malignancies.  A recently identified class of fragile 

sites, named early replicating fragile sites (ERFS, identified by Barlow et al. in 2013), has been shown to 

frequently associate with genomic alteration in B-cell lymphoma. ERFS occur at CpG dinucleotides 

within highly transcribed gene clusters, and accumulate spontaneous DNA damage during conditions of 

replicative stress (Barlow et al., 2013). 

 

Akin to replicative stress, transcriptional stress arises from the requisite physical interaction of the 

transcriptional machinery and the DNA. The nascent RNA strand can hybridise to the complementary 

DNA strand, displacing the other DNA strand, and forming a stable three-stranded RNA:DNA hybrid 

called an R-loop (Aguilera and Gomez-Gonzalez, 2008). R-loop Forming Sequences (RLFS) can be 

predicted computationally because they contain three features: a short G-rich cluster for initiation, a 

non-specific linker sequence and a long, downstream G-rich elongation zone (Jenjaroenpun et al., 

2015). Though tolerated transiently, the accumulation of R-loops hinders resolution and DSBs can arise 

as a consequence (Sollier and Cimprich, 2015). 

 

Some endogenous sources of DNA damage are in common to both replicative and transcriptional stress. 

Both require unwinding of the helix, which leads to positive and negative supercoiling and concomitant 



33 

torsional stress. This can be overcome by topoisomerase via the introduction of single or double strand 

breaks. Torsional stress can be exacerbated by simultaneous transcription of overlapping genes or genes 

in close proximity (Barlow et al., 2013). Exposure of single stranded DNA during replication and 

transcription permits the formation of secondary DNA structures such as hairpins (Chou et al., 2003), 

triplexes (Agazie et al., 1996) and G-quadruplexes (Huppert and Balasubramanian, 2005), particularly 

when the single stranded DNA has repetitive sequence. These non-B DNA structures correlate with 

double strand breaks and thus chromosomal rearrangements (Zhao et al., 2010).   

 

1.3.2 Genomic instability in human leukaemia 

It is now clear that solid tumour genomes have a much higher frequency of abnormalities than the 

genomes of leukaemia; Mullighan and colleagues  (Mullighan et al., 2007) found an average of 6.46 

somatic copy number alterations per genome in a cohort of 242 paediatric acute lymphoblastic 

leukaemias (ALLs), in contrast to the data compiled by Vogelstein et al (Vogelstein et al., 2013) which 

showed ~50 abnormalities per genome in common adult solid tumours such as ovarian cancer, ~150 in 

cancers resulting from exposure to mutagens such as lung cancer, and  over 500 in tumours with DNA 

repair defects.  

Leukaemias have historically been the most well studied group of cancers, since it is relatively easy to 

access and culture tumour tissue, and it has thus long been observed that genes that are frequently 

rearranged by chromosomal abnormalities tend to be affected in a lineage-specific fashion. Examples 

include the dic(9;12) in ALL which was first reported in 1987 (Carroll et al., 1987), in which PAX5 was 

implicated in 1992 (Behrendt et al., 1995) and in which involvement of PAX5 was confirmed to define 

the dic(9;12) entity in 2003 (Strehl et al., 2003). Similarly, the eponymously titled Acute Myeloid 

Leukaemia 1 gene (AML1, now known as RUNX1) was cloned from a series of 16 patients with t(8;21) 

AML (Miyoshi et al., 1991). A rare exception to this rule is the gene, Mixed Lineage Leukaemia (MLL,  

now  known as KMT2A), located at 11q23, which earned its name as a consequence of being found to be 

rearranged in a subset of both myeloid and lymphoid leukaemia patients, including those who were 

diagnosed with malignancy in one lineage and relapsed with disease affecting the other (Mirro et al., 

1986a; Mirro et al., 1986b; Mirro et al., 1985).  

Mullighan et al used single nucleotide polymorphism (SNP) arrays to investigate copy number changes 

in the cohort of paediatric ALLs described above to identify the cooperating mutations which induced 

leukaemia in patients with translocations or recognised cytogenetic subtypes such as hyper- and 

hypodiploid karyotypes (Mullighan et al., 2007). The group found infrequent gains and frequent 

deletions, but most notably, they found that 40% of the abnormalities affected the genes involved in the 

regulation of B-cell differentiation. The authors undertook extensive validation to demonstrate that the 

abnormalities were specific to the relevant gene (some deletions were confined to the gene body), 
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pathogenic (for example, by using luciferase-based reported assays of mutant proteins to assess their 

activity) and somatically acquired (by assessing paired copy number and loss of heterozygosity in 

matched remission samples where available). Overall, the mutations identified resulted in demonstrably 

lower overall levels of B-cell transcription factors, or the production of altered forms, many of which 

have since been demonstrated to result in dominant negative activity (Kurahashi et al., 2011). 

Subsequently, the group established that deletions of IKZF were present in 84% of BCR-ABL1 –positive 

ALL but not in chronic myeloid leukaemia (CML; a chronic leukaemia with the same BCR-ABL1 fusion 

gene) (Mullighan et al., 2008) and that they conferred a poor prognosis (Mullighan et al., 2009b) 

further emphasising a lineage specific pattern of lineage aberrations. 

Following its identification in the dic(9;12) the B-cell transcription factor PAX5 (paired box 5) was 

found to be essential  for B-lineage commitment and maintenance (Nutt et al., 1999). Underlining its 

key role in B-cell development, PAX5 was found to be subject to copy number changes (monoallelic loss, 

biallelic loss or internal amplification) and/or mutations in 31.7% of B-progenitor ALLs (Mullighan et 

al., 2007). All of these aberrations were predicted to result in loss of PAX5 function or altered DNA 

binding capacity.  

Similarly, the myeloid transcription factor RUNX1 (runt-related transcription factor 1) is mutated in 9% 

of acute myeloid leukaemia (AML) and is translocated to contribute half of the chimeric fusion protein 

RUNX1-RUNX1T1 (arising from the translocation t(8;21)) in a further 12-15% (Speck and Gilliland, 

2002). The fusion protein retains DNA-binding capabilities and thus acts as a dominant negative 

inhibitor of the wild type protein.  

An association between the specific developmental importance of particular genes and the presence of 

oncogenic mutations within those genes in haematological neoplasms of a related lineage has 

subsequently been reported by other groups. For example, Chan et al used chromatin 

immunoprecipitation and RNA sequencing to identify a novel pathway regulating glucose, and thus the 

energy supply, available to developing lymphoid cells; PAX5 and IKZF normally repress the pathway to 

ensure cellular levels remain insufficient for malignant transformation but dominant negative mutants 

of the same transcription factors and their transcriptional targets (such as TXNIP) bypassed this crucial 

block and resulted in cellular levels of ATP which permit transformation (Chan et al., 2017).  

 

Somewhat counterintuitively, some DNA damage is essential for normal cell maturation: programmed 

double strand breaks, induced by carefully regulated enzymes, are essential for normal B cell 

development following activation. Activation-induced deaminase (AID) is required for both class switch 

recombination (CSR) and somatic hypermutation (SHM) during maturation of B-cells (Muramatsu et 

al., 2000).  AID deaminates cytosine to uracil in single stranded DNA (Bransteitter et al., 2003) which is 

undergoing active transcription (Chaudhuri et al., 2003); the resulting U:G mismatch can be processed 
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by any one of several different pathways all of which frequently cause a mutation. Alternatively, the 

mismatch may remain unrecognised; in which case replication proceeds obliviously resulting in a 

simple CT transition in one daughter strand. If the mismatch is recognised by uracil-DNA glycosylase 

it is excised; the resulting abasic site can be filled by a random nucleotide or cleaved to form a double 

strand break (Di Noia and Neuberger, 2007). Lastly, if the mismatch is recognised by DNA mismatch 

repair machinery it can be repaired, albeit by error-prone polymerases. Generally, AID mismatches in Ig 

switch regions are processed to form double strand breaks and result in recombination and deletion 

which facilitate CSR (Chaudhuri et al., 2003) whilst mismatches in the variable exons undergo error-

prone repair resulting in an accumulation of point mutations which increase antibody affinity by SHM 

(Di Noia and Neuberger, 2007). The activity of AID is generally restricted to these precise regions of the 

immunoglobulin locus in germinal centre B-cells. However, AID activity is recognised in non-Ig genes, 

such as BCL6 and MYC, for example (Ramiro et al., 2004). Here, the U:G mismatches can be repaired 

by base excision or mismatch repair pathways which have a much higher fidelity (Ramiro et al., 2006). 

AID is essential for the formation of some B-cell lymphoma translocations and the activity of this 

enzyme is thus a considerable risk to genomic stability (Ramiro et al., 2004). AID has been further 

associated with leukaemia as oncogenic and inflammatory stimuli can induce aberrant AID expression 

in malignant haematopoietic cells (Feldhahn et al., 2007; Klemm et al., 2009; Swaminathan et al., 

2015). 

 

Likewise, the lymphocyte-specific endonucleases encoded by recombination activation genes (RAG1 and 

RAG2) have been implicated as a potential cause of genomic alterations found in human leukaemia. 

These endonucleases, whose function is to introduce diversity by somatic recombination during the 

tightly controlled development of lymphocytes, target the V(D)J sites via recombination signal sequence 

(RSS) motifs. The RSS motifs comprise one highly conserved heptamer (CACAGTG) separated by 12 or 

23bp from a less conserved nonamer (ACAAAAACC) (Fugmann et al., 2000). The RAG endonucleases 

generate two blunt ends and two hairpin ends by binding to the RSS and cutting between it and the 

flanking sequence. Crucially for the development of a healthy immune system, the resolution of the two 

hairpin ends by terminal deoxynucleotidyl transferase (TdT) is imperfect, and introduces non-template 

base pairs which further increase diversity in the region (Komori et al., 1993). However, RAG can also 

be aberrantly recruited by non-B DNA structures (Raghavan et al., 2005), by the presence of cryptic 

(but functional) heptamers and nonamers outside a conserved RSS motif (Zhang and Swanson, 2008) 

and by deaminated methyl CpGs (Tsai et al., 2008).  

 

So whilst lineage specific abnormalities have been observed at the cytogenetic level for some time, and 

have been refined to lineage-specific molecular lesions in the post-genomic era, significantly, the 

mechanisms underlying the aetiology and pathogenesis of these aberrations was lacking until recently. 

In addition to the work shown here (Boulianne, Robinson and May et al., 2017 Cell Reports), during the 
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course of this PhD thesis a Finnish group used global run on sequencing (GRO-seq) to determine that 

convergent transcription and PolII stalling can be found at breakpoints of genomic alterations in B-ALL 

(Heinaniemi et al., 2016). Notably, however, their models associated DNA damage with potential 

targeting by RAG and AID. The laboratory of Eva Petermann (UK) further established that replicative 

stress upon CYCLIN E or HRAS oncogene expression in fibroblasts (and associated DNA damage) 

requires transcription of the affected loci (Jones et al., 2013; Kotsantis et al., 2016).  

 

1.3.3 Inherited predisposition to DNA damage in leukaemia 

Important insights into types of DNA damage and how they cause leukaemia were first made in 

inherited chromosome breakage syndromes. Fanconi anaemia is an autosomal recessive bone marrow 

failure syndrome caused by an inability to repair DNA crosslinks. Individuals with Fanconi anaemia are 

predisposed to various types of cancer but predominantly suffer from AML (Alter, 1996). Fanconi 

anaemia can be caused by any of at least eight different complementation groups, indicating the 

complexity of the pathways involved in homologous recombination and the vulnerability to mutation 

that a deficiency in any one of them will convey (D'Andrea and Grompe, 2003). 

 

Similarly, Bloom syndrome is an autosomal recessive disorder caused by mutations in the BLM gene, a 

RecQ helicase which facilitates the unwinding of DNA for various forms of DNA repair (German, 1993). 

Patients lacking BLM undertake an excessively high level of sister chromatid exchange to compensate 

for the lack of proper DNA repair mechanisms and as a consequence have a high prevalence of various 

cancers, predominantly leukaemia and lymphoma, at a young age (Cunniff et al., 2017). 

 

Acute lymphoblastic leukaemias lacking subtype defining recurrent translocations have long been 

grouped together based on their ploidy. Hypodiploid ALL (those with less than 46 chromosomes), for 

example, has a poor prognosis in childhood ALL (Pui et al., 1987) Recently, however, genomic profiling 

of 124 hypodiploid ALL cases revealed that one specific subset – namely the low hypodiploid ALL (those 

with 31-39 chromosomes) were characterised by germline, and not somatically acquired, TP53  

mutations. These patients are thus presenting with manifestions of Li-Fraumeni syndrome and not de 

novo leukaemia as in all the other sub-types (Holmfeldt et al., 2013). 

 

1.3.4 DNA damage signatures 

Recent large scale analyses of various cancers (in particular, the work of the Catalogue of Somatic 

Mutations in Cancer (COSMIC) groups) including leukaemia have revealed distinct ‘mutational 

signatures’ which hint at the particular cause of damage, enzymatic modification and/or type of 

deficient DNA repair (Alexandrov and Stratton, 2014). 
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The simplest signature, which is found in all cancers including leukaemia, demonstrates clock-like 

behaviour in that the number of mutations correlates with the age at which cancer is diagnosed, 

suggesting a stepwise accumulation of mutations (Alexandrov et al., 2015). This has been proposed to be 

due to  the spontaneous deamination of 5-methycytosine which triggers transition mutations (Pfeifer, 

2006). 

 

Other signatures are more tightly defined. For example, 25% of paediatric B-ALLs have the ETV6-

RUNX1 fusion gene as a consequence of the t(12;21) chromosomal translocation. It is now recognised 

that the translocation occurs in utero (Greaves and Wiemels, 2003), and can be detected in archived 

neonatal samples of individuals who do not progress to an overt leukaemia, thus a further cooperating 

event is required (Mori et al., 2002). In those cases which progress to overt leukaemia, a characteristic 

mutational profile is consistent with aberrant RAG activity – clustering of breakpoints near the 

recombination signal sequences and enriched in promoter and enhancer regions, together with the 

motifs suggestive of TdT activity (Papaemmanuil et al., 2014). This ongoing RAG activity is due to 

aberrant expression as a consequence of the developmental arrest induced by the ETV6-RUNX1 fusion 

gene (Hübner et al., 2004).  

 

A stepwise accumulation of mutations leading to progressively more aggressive cancer is the generally 

accepted mechanism of cancer development. Contrary to this is a phenomenon termed chromothripsis, 

first detected in chronic lymphocytic leukaemia, and characterised by an isolated ‘chromosome 

shattering’ event in which tens or hundreds of DSBs affect a small number (often just one) of 

chromosome regions or chromosomes (Stephens et al., 2011). Unusually, this damage occurs in an 

isolated event, and to survive such catastrophic damage, the cell must repair the fragmented 

chromosome region quickly. This results in multiple rearrangements (deletions, tandem duplications 

and inversions) that oscillate between two copy numbers reflecting the ploidy of the cell (usually 2n and 

thus rearrangements are heterozygous or show loss of heterozygosity). 

 

 Epigenetics and leukaemia 

Epigenetic modifications shape the genome; chromatin can be heterochromatic or euchromatic. 

Heterochromatin is transcriptionally inert and densely compacted whilst euchromatin is much more 

loosely compacted, accessible and thus transcriptionally active (Jenuwein and Allis, 2001; Luger et al., 

1997b).  

1.4.1 Histones and nucleosomes 

In both humans and mice, compaction of DNA into chromatin  is facilitated by the wrapping of 146bp of 

DNA around a nucleosome (Pruss et al., 1995) formed from eight histone proteins (Luger et al., 1997a). 

There are four core histone families - H2A, H2B, H3 and H4 – contributing two proteins each. The 
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histone families are encoded by several different genes and these genes are usually expressed in 

synchronisation with replication (Heintz, 1991). A second level of compaction is mediated by a linker 

histone H1 between the nucleosomes (Widom, 1989). The nucleosome is present approximately every 

200bp throughout the genome and is the main factor that dictates accessibility of DNA to transcription 

machinery (McGhee and Felsenfeld, 1980). The H2B, H3 and H4 histones differ only slightly from each 

other (Baxevanis and Landsman, 1996) whereas histone H2A has evolved into three distinct subfamilies 

called H2A1-2, H2AZ and H2AX (Thatcher and Gorovsky, 1994; West and Bonner, 1980). Histone 

proteins can be modified during the cell cycle (Bradbury et al., 1974; Gurley et al., 1978). 

 

1.4.2 Posttranslational modifications 

A histone consists of a globular domain and a flexible tail which protrudes from the nucleosome and 

this tail is subject to various post translational modifications. These modifications include acetylation, 

methylation, and phosphorylation (Wang et al., 2007). The combination of modifications dictate the 

conformation of chromatin in the region; an epigenetic code, comparable to the genetic code. This code 

is read, written and erased by enzymatic proteins which triggers transcriptional activity or DNA damage 

repair, for example (Jenuwein and Allis, 2001). Histone modification can be permanent (termed 

imprinting), as is the case for X chromosome inactivation, or transient. 

 

1.4.3 The role of γH2AX in DNA damage response 

Following lethal and sub-lethal doses of ionising radiation to cultured mammalian cells, novel 

compounds (collectively referred to as gamma) were noted in the H2AX region of two-dimensional gels. 

This was identified as specific phosphorylation at serine 139 of the H2AX sub-family of H2A histone 

family [subsequently termed γH2AX] (Rogakou et al., 1998). This serine is present in the C-terminal 

motif of H2AX, and it is the sequence of the C-terminal motif which distinguishes H2AX from the other 

members of the H2A protein family. It is phosphorylated quickly and accurately in response to the DNA 

damage caused by ionising radiation: maximal amounts of γH2AX were noted 10 minutes post-

irradiation and half of this after just 1 minute. A dose of 1Gy induced the phosphorylation of about 1% of 

H2AX, or 2Mb per DSB, indicating there is considerable ‘spread’ of this histone modification in 

response to DNA damage (Rogakou et al., 1998).  

 

It was later established that γH2AX is also induced by controlled V(D)J recombination in maturing 

thymocytes (Chen et al., 2000), by meiotic recombination (Mahadevaiah et al., 2001), by ultraviolet 

irradiation and by inhibition of replication by hydroxyurea (Ward and Chen, 2001) indicating that 

γH2AX plays an important role in a more general DNA damage response. The mechanisms governing 

the removal of γH2AX from the chromatin following repair completion are yet to be understood; it is 

unclear if the trigger is the repair itself or the return to the standard DNA compaction (Mah et al., 
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2010). 

 

Phosphorylation of H2AX has therefore been used experimentally to successfully identify regions of 

DNA damage including early replicating fragile sites (Barlow et al., 2013), DNA damage hotspots (Seo et 

al., 2012) and alternative DNA structures formed by DNA-drug interactions (Rodriguez et al., 2012). 

Petermann et al. (Petermann et al., 2010) reported that γH2AX co-localises with a single stranded DNA 

binding protein called replication protein A (RPA) and this has been confirmed experimentally by 

others; Barlow et al. (Barlow et al., 2013) confirmed that 93% of their γH2AX ChIP-seq regions 

overlapped with RPA ChIP-seq regions. 

 

Epigenetic abnormalities have been targeted by novel therapies. The chromatin reader BRD4 binds to 

acetylated histones and recruits further co-activators. This binding can be inhibited by bromodomain 

inhibitors, such as JQ1 and iBET, which have had some success in various haematological malignancies, 

such as multiple myeloma (Delmore et al., 2011) 

 

1.4.4 Promoters, enhancers and acetylation of H3K27 

The genomic sequence of the core promoter - in the area around the transcription start site - is sufficient 

to recruit and assemble the transcriptional machinery necessary for transcription to begin. However, for 

transcription to occur at the necessary level, additional epigenetic input is required from regulatory 

regions as depicted in (Figure 1-2) (Shlyueva et al., 2014). Chromatin can be either closed or open to 

DNA binding proteins, as dictated by the density of nucleosomes to which it is bound (Figure 1-2a). 

Core promoter sequences (Figure 1-2b) have open chromatin and are flanked by nucleosomes with 

H3K27ac and H3K4Me3 modifications (Heintzman et al., 2007). The modifications of promoters are 

largely invariant across different cell types (Heintzman et al., 2009). 

 

Identification of enhancers is much more complex by comparison - nucleosomes are dynamic and can 

partially disassemble and move (Narlikar et al., 2013; Zhou et al., 2016). Enhancers are frequently 

present in the intergenic regions of the genome which are much less studied; a meta-analysis conducted 

in 2009 of 1,170 single nucleotide polymorphisms that had been reported as highly significant by 

various genome wide association studies showed that in 472 (40.3%) cases, the SNP was not overlapped 

by an exon or an associated haplotype block (Visel et al., 2009). Importantly, however, an enhancer 

cannot be reliably predicted from the sequence or chromatin architecture alone, so a combination of 

approaches is required.  

 

The first reported enhancer – a DNA sequence which could increase the rate of transcription from a 

target gene due to transcription factor binding sites – was a 72bp sequence derived from the SV40 virus 

which was found to increase the transcription of a beta globin reporter gene in HeLa cells by several 
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hundred fold (Banerji et al., 1981). The same group later found the first animal enhancer: a lymphoid 

specific enhancer of the immunoglobulin heavy genes located downstream of the gene (Banerji et al., 

1983). 

 

Active enhancers are typically found in open stretches of DNA which lack nucleosomes (sometimes 

termed a nucleosome-free (NFR) or nucleosome-depleted (NDR) region), and unlike the histone 

modifications affecting promoters, are affected by cell-type-specific modifications which correlate with 

cell-type-specific gene expression (Heintzman et al., 2009). The neighbouring nucleosomes (see Figure 

1-2b) are likely to have histone modifications such as mono-methylation of histone H3 lysine 4 

(H3K4me1) and acetylation of histone H3 lysine 29 (H3K27ac) at their N-terminus (Creyghton et al., 

2010). Active enhancers can also function at great distance from their target promoter by looping out of 

the DNA – a process mediated by cohesin. They function independent of context (hence the 

experimental reporter gene constructs are functional) and the effect of an enhancer is additive.  

  



41 

 

 

 

Figure 1-2: Histone marks affect chromatin architecture.¶ (A) Closed chromatin with regular 

nucleosomes is inaccessible to DNA binding proteins whereas open chromatin has no nucleosomes and 

can thus be bound by transcription factors, repressors, polymerases and CCCCTC-binding factor. (B) An 

active enhancer is bound by transcription factors and adjacent nucleosomes show H3K4me1 and 

H3K27ac. (C) Nucleosomes flanking an active promoter are bound by H3K27ac and H3k4me3 modified 

nucleosomes. (D) A closed/poised enhancer shows a mix of activating H3K4me1 and repressing 

H3K4me3 modified nucleosomes. (E) Enhancers that need to be ready to respond to a developmental 

stage or external stimuli are ‘primed’ with H3K4me1, and similarly, latent enhancers (F) have closed 

chromatin wrapped round unmodified nucleosomes which can be easily modified with activating marks 

as required (reproduced with permission from Nature Reviews Genetics (Shlyueva et al., 2014)). 
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Enhancers identified in human embryonic stem cells have also been found in alternative inactive states. 

These are termed poised enhancers (Figure 1-2d) and have open chromatin and both H3K4me1 and 

H3K27me3 modifications, but lack H3K27ac. Poised enhancers acquire the full range of active enhancer 

modifications during the appropriate developmental stage of embryogenesis (Rada-Iglesias et al., 2011). 

Similarly, primed enhancers (Figure 1-2e) can be distinguished from their active equivalents due to a 

lack of H3K27ac, even though they may have open and accessible chromatin (Creyghton et al., 2010). 

Both of these inactive enhancer states allow rapid and flexible response of enhancer elements 

(Creyghton et al., 2010). It also suggests that the number of functional enhancers is much lower than 

was predicted by analysis of H3Kme1 modifications; conversely, it is recognised that transcription can 

occur in the absence of H3Kme1, which would increase the number of enhancers (Hödl and Basler, 

2012). 

 

Latent enhancers (Figure 1-2f) were described for the first time in 2013 and, unusually, lack the classic 

enhancer histone modifications in terminally differentiated cells but acquire them following 

stimulation. When stimulation subsides, the enhancer does not return to the inactive state but rather 

persists and is thus able to respond to the same stimulation even faster subsequently (Ostuni et al., 

2013). 

 

Most active mammalian enhancers are transcribed bidirectionally to produce enhancer RNAs (eRNAs), 

a novel category of non-coding transcription. Recognised as early as 1979 (Boseley et al., 1979) but not 

really understood until the post-genomic era (Natoli and Andrau, 2012), eRNA transcription is now 

understood to be a regulated process and not simply transcriptional noise.  Remarkably, some 

enhancers can recruit PolII when inserted on to a plasmid in the absence of a promoter (Moreau et al., 

1981). A minority of eRNAs have a defined function: one example is the eRNA capable of recruiting (or 

‘trapping’) the Yin-Yang transcription factor (Sigova et al., 2015). Others are presumed to have cis 

acting effect by opening chromatin caused by the action of transcription itself. The study of eRNAs is 

complicated by their rapid turnover (Pefanis et al., 2014). 

 

 

1.4.5 Super enhancers 

It was established in Drosophila that housekeeping genes (whose function is required across lineages 

and throughout development) have simple promoters that require minimal enhancement to be 

transcribed. Genes that must be transcribed in a more reflexive way, such as those involved in 

development or in response to a signal, have promoters with inactive resting states, but which are 

responsive to multiple enhancer elements (Zabidi et al., 2015). This mechanism has redundancy which 

therefore offers flexibility – each enhancer can respond to different transcription factors with the same 

end result (Goto et al., 1989).  
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In certain cell types, enhancers can also function in concert – known collectively as a ‘super-enhancer’ – 

to drive very high expression of a gene necessary for lineage differentiation, and are responsible for the 

lineage plasticity necessary for stem cells to retain their ‘stemness’ (Adam et al., 2015).  

 

1.4.6 Cancer-specific enhancers 

Typical cancer mutations often deregulate enhancers controlling growth-related genes, freeing them 

from the constraints of signal dependency. This can happen in one of two ways; first, trans-acting 

factors such as global epigenetic changes affecting accessibility of chromatin or the aberrant activation 

of transcription factors can lead to increased enhancer activity – for example, the KLF5 transcription 

factor is frequently found to be amplified in lung cancer and promotes tumorigenesis. In a small 

number of lung cancers without focal amplification of the gene, point mutations in the KLF5 DNA 

binding domain increase the DNA binding specificity allowing it to bind to novel binding sites and 

activate new genes (Zhang et al., 2018). Secondly are cis-acting factors which affect an insulator or an 

enhancer itself, such as the recurrent mutations which introduce transcription factor binding sites in the 

intronic region of LMO in T-ALL (Rahman et al., 2017). 

 

Enhancers, just like the gene expression they control, are frequently lineage specific. Transcriptional 

deregulation underlies malignancy and enhancers are therefore vulnerable to ‘hijacking’ (Northcott et 

al., 2014). The various MYC enhancers found in cancers of different lineages illustrate this point well – 

an enhancer 1.47Mb downstream of MYC is found only in T-ALL (Herranz et al., 2014); another 90Kb 

upstream is specific to medulloblastoma (Lin et al., 2016); another 1.7Mb downstream is specific to B-

ALL (Katerndahl et al., 2017); another 450Kb downstream is specific to lung adenocarcinoma and 

finally, 800Kb downstream is another specific to uterine corpus endometrial carcinoma (Zhang et al., 

2016).  Many of these are subject to focal amplification in the corresponding malignancies.  

 

A recent study used H3K27Ac and PolII ChIP-seq to undertake enhancer profiling of primary adult T-

cell leukaemia/lymphoma (ATLL) samples. They found enrichment of super enhancers responsible for 

T-cell activation, and at several recognised cancer genes in the ATLL samples (but not mature T-cells). 

Most interestingly, however, they found an enhancer associated with TIAM2, which has not previously 

been reported in ATLL, and promotes growth and survival of ATLL cells. Knockdown of the gene has an 

inhibitory effect on growth primarily due to apoptosis (Wong et al., 2017). This example illustrates that 

there are still genes involved in leukemogenesis which have not yet been identified by traditional genetic 

or genomic methods. 

 

1.4.7 Technical approaches to identifying enhancers 

The varying properties of an enhancer described above also means there are various different 
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techniques which can be used to locate enhancers but unfortunately no single technique is capable of 

identifying all.  

 

The simplest is in vivo identification of transcription factor binding sites using ChIP-seq (Hallikas et al., 

2006). Another, as described in section 2.4.4, is ChIP-seq using antibodies to modified histones. 

Bisulphite sequencing (which exploits the methylation of cytosine to protect against conversion to 

uracil) can be used to investigate the methylation status of regulatory sequences (Fraga and Esteller, 

2002). 

 

A more general approach is to identify the accessibility of chromatin. This can be undertaken using 

DNase-seq – exposed chromatin is hypersensitive to digestion whereas nucleosome compaction is 

protective – or variants such as FAIRE-seq (Song et al., 2011) and ATAC-seq. These techniques rely on 

the preferential extraction of exposed DNA and transposase-accessibility, respectively. It is also possible 

to predict enhancer sequences using computational methods relying on conservation of non-coding 

sequences (Pennacchio et al., 2006). 

 

Evidence to date, compiled using all of the above methods would suggest that active enhancers have 

loose, accessible chromatin which is free from nucleosomes, and has hypomethylated CpG dinucleotides 

(Stadler et al., 2011). The enhancer regions are flanked by histones which have H3K27 acetylation and 

H3K4 monomethylation but not H3K4 trimethylation (Yukawa et al., 2014). 

 

Understanding the distribution and composition of enhancers does not end with their identification, 

however. Not all enhancers regulate neighbouring gene promoters; some mammalian promoter-

enhancer interactions are known to span over a megabase, such as the MYC super enhancer which is 

1.7Mb away from its promoter. To define these interactions, it may be necessary to use chromatin 

interaction analysis by paired-end tag sequencing (ChIA-PET; (Fullwood et al., 2009)) or chromatin 

conformation capture sequencing (3C; (Dekker et al., 2002)) and variants. Establishing a model by 

which novel enhancers are formed during transformation is therefore of crucial importance in our 

understanding of leukemogenesis.
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1.4.8 DNA methylation 

Methylation of the C5 cytosine in CpG dincucleotides is established and maintained by DNA 

methyltransferases (Bird, 2002), and once in place, read by the methyl CpG binding proteins 

(Robertson, 2005). The transcription of methylated DNA is generally repressed, due to 

inhibition of transcription factor binding and due to the binding of the methyl CPG binding 

proteins, hence promoter regions are often unmethylated. Methylated DNA is frequently 

found in repetitive regions of satellite DNA and interspersed repeats (Song et al., 2005). 

 

In 1983, it was discovered that cancer genomes are hypomethylated compared to their non-

malignant counterparts (Feinberg and Vogelstein, 1983a). This hypomethylation can lead to 

activation of gene expression (Feinberg and Vogelstein, 1983b), to a mutator phenotype due 

to deficient mismatch repair, and to chromosomal instability as a consequence of unstable 

heterochromatin, particularly of the pericentromeric regions (Qu et al., 1999). 

In CML, for example, there is a progressive methylation of the non-translocated ABL1 allele 

from undetectable at diagnosis to almost inevitable at progression to blast crisis (Zion et al., 

1994), and this phenomenon is unique to the p210 form and not the p190 (Shteper et al., 

2001).  

 

The study of epigenetic abnormalities in ALL has so far been mostly limited to DNA 

methylation; early studies were limited to a handful of genes already known to be of interest, 

such as MDR1, ABL1, p15, p16, p73 and CD10 and were mostly undertaken by one group 

(Garcia-Manero et al., 2002; Garcia-Manero et al., 2003). Later studies used genome wide 

techniques which uncovered aberrant methylation of multiple CpG was associated with a 

poorer overall survival (Kuang et al., 2008).  

 Novel oncogenic super enhancers 

1.5.1 The TAL Super Enhancer in T-cell acute lymphoblastic lymphoma 

In 2014, Mansour and colleagues discovered a TAL1 super enhancer in T-cell acute 

lymphoblastic leukaemia (Mansour et al., 2014); this was the first time the genetic 

mechanism responsible for the generation of oncogenic super enhancers had been identified. 

In around one quarter of patients with T-cell acute lymphoblastic leukaemia (T-ALL) a STIL-

TAL1 fusion gene is formed by a cryptic deletion of approximately 80Kb from the intervening 

sequence between the ubiquitously expressed STIL gene (SCL/TAL1 Interrupting Locus) and 

the TAL1 transcription factor (T-cell Acute Lymphocytic leukaemia 1) genes. The fusion 

results in overexpression of the latter gene’s coding sequence due to proximity of the 

former’s regulatory sequences (Aplan et al., 1990; Breit et al., 1993; Brown et al., 1990).  
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Interestingly, however, further subgroups of patients have no detectable STIL-TAL1 fusion 

but do have monoallelic overexpression of TAL1 (Ferrando et al., 2004; Leroyviard et al., 

1994). The authors used H3K27Ac ChIP-seq to analyse the Jurkat T-ALL cell line and 

uncovered a broad and strong H3K27Ac mark 7.5kb upstream of the TAL1 gene, which was 

not present in various other cell types and lines, including other T-ALL lines which had no 

TAL1 expression (Sanda et al., 2012). This followed the finding of  a chromatin interaction by 

chromosome conformation capture (3C) sequencing which was reported by a second group 

(Zhou et al., 2013b). Sequencing of the region in the Jurkat cell line and subsequently in T-

ALL patients revealed a variable, heterozygous insertion which introduced a de novo binding 

motif for the MYB transcription factor. To confirm the de novo binding site was responsible 

for the TAL1 overexpression, the authors then cloned 400bp fragments from both the 

mutant and wild type alleles and tested them in a reporter assay (Mansour et al., 2014). The 

findings of this group showed that de novo acquisition of mutations in intergenic sequence 

can result in overexpression of oncogenes in cytogenetically normal leukaemias.  

 A candidate for novel oncogenic enhancement 

EVI1 is a nuclear transcription factor located at 3q26.2. Its aberrant expression in myeloid 

leukaemias and an emerging number of solid tumours confers a universally poor prognosis 

but – akin to expression of TAL1 in the example above - the mechanism by which this 

aggressive oncogene is aberrantly expressed is only understood in a small proportion of 

cases. 

 

The first reported cytogenetic abnormality of 3q (i.e. the long arm of chromosome 3) in a 

human leukaemia was published  in 1976 (Rowley and Potter, 1976), however, the affected 

genes were not known at this time. In 1988, Mucenski et al. found a common site of provirus 

integration in AKXD-23 mice developing exclusively myeloid tumours and the locus was thus 

termed the Ecotropic Viral Integration site 1 or EVI1 (Mucenski et al., 1988). In 1992 it was 

discovered that EVI1 expression blocks differentiation (Morishita et al., 1992a) and that the 

previously observed 3q rearrangements in human leukaemia also resulted in activation of 

EVI1 (Morishita et al., 1992b). Later, in 1996, it was established that the locus actually 

produced three distinct transcripts in normal tissues: the EVI1 transcript, the 

Myelodysplastic Syndrome 1 (MDS1) transcript, and a normal fusion transcript termed the 

MDS1 and EVI1 COMplex (MECOM) (Fears et al., 1996; Soderholm et al., 1997). The whole 

locus, encoding all of the variants above, was hence renamed MECOM. 

 

Translation of EVI1 starts in exon 3 but interestingly exon 2 is highly conserved (>90% 

between human and mouse) whilst exon 1 is variable. Exon 2 is only translated when part of 
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the longer MECOM transcript. Excluding exon 1, there is 91% nucleotide and 94% amino 

acid conservation between human and mouse (Morishita et al., 1990b).   

 

As shown in Figure 1-3, the EVI1 protein contains two zinc finger binding domains; the first 

(domains 1-7) binds to TGACAAGATAA and the second (domains 8-10) to GAAGATGAG 

(Funabiki et al., 1994; Perkins et al., 1991a). Interestingly, the first of these consensus 

sequences is also bound by the GATA1 transcription factor (Kreider et al., 1993) which plays 

a crucial role in the normal development of haematopoiesis. It was initially thought that 

aberrantly expressed EVI1 outcompeted GATA1 for these binding sites, resulting in 

repression of GATA1 targets and blocking of differentiation; however, more recent studies 

showed that EVI1 actually interacts with the GATA1 protein directly (Laricchia-Robbio et al., 

2006). The locus codes for three different proteins – the standard EVI1  protein (145kDa), a 

truncated version with deletion of zinc fingers 6 and 7 from the first zinc finger domain 

(EVI1-Δ324) and the full length MDS1-EVI1 protein with an additional positive regulatory 

domain (Maicas et al., 2012). Intriguingly, a Spanish group showed that EVI1 binds to its 

own promoter, and that the EVI1 isoform activates transcription but the Δ324 and MECOM 

isoforms repress it (Maicas et al., 2017). 

 

 
 
Figure 1-3: The MECOM protein has an additional PR domain that is not present in the EVI1 

protein. ¶ Summary of the protein domains present in MECOM and EVI1. The MDS1 exons (shown 

in red) contribute a positive regulatory (PR) domain to the MECOM protein only; EVI1 exons 

(shown in blue) contribute 10 zinc finger domains (numbered; zinc fingers 6 and 7 are not 

present in the Δ324 isoform), a repressor domain (RD) and an acidic domain (AD). Adapted 

from (Maicas et al., 2012). 

 
 

There is currently insufficient evidence from mouse models to confirm whether expression of 

EVI1 alone is capable of inducing leukaemia, since the data is contradictory. Multiple groups 

have forced expression via retroviral transduction and transplanted the transduced cells back 

into irradiated mice, but the results are inconsistent, with mice in some studies developing  

MDS alone (Buonamici et al., 2004), some developing AML (Yoshimi et al., 2011), and some 

requiring co-expression of other genes such as Hox9/Meis1 (Jin et al., 2007) or RUNX1 

(Cuenco and Ren, 2004) for frank AML. 

 

Interestingly, a polymorphism downstream of MECOM, rs2201862, has been associated with 

a predisposition to myeloproliferative disorders in two recent genome wide association 
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studies (Tapper et al., 2015; Trifa et al., 2018). The T/C polymorphism is 153Kb downstream 

of MECOM and overlaps with two long intergenic non-coding RNAs and resulted in an 

overall risk of 1.4 (CI 1.1-1.8; p=0.0005) in the latter study. 

 

1.6.1 EVI1 is a developmental regulator and its expression is tightly controlled 

during development 

Notably, EVI1 is only expressed at very low levels in most normal adult tissues. Studies of 

murine development using in situ hybridisation and Northern blotting have shown that EVI1 

expression is at its highest between 9.5 and 12.5 days (Perkins et al., 1991b).  

 

Knock out studies in mice have yielded results in agreement with this, with homozygous 

knockouts having largely normal development until 8.5 days post coitum, but soon after 

various malformations became apparent. Death occurred by 11.5 days post coitum (Hoyt et 

al., 1997). There are just two reports of monoallelic deletions of EVI1 found in humans; both 

patients had congenital thrombocytopenia and dysmorphism (Bouman et al., 2016; Nielsen 

et al., 2012). Inappropriate expression in the bone marrow inhibits correct differentiation of 

the erythroid lineage (Kreider et al., 1993) and causes anaemia, dyserythropoiesis and 

dysmegakaryopoieses (Laricchia-Robbio et al., 2006). 

 

Gerhardt et al established that EVI1 expression is detectable in both CD34- and CD34+ cells 

in samples from patients with juvenile myelomonocytic leukaemia and in healthy donors, but 

is primarily expressed in the CD34+ cells (Gerhardt et al., 1997).  

 

There is some evidence that EVI1 and the full length MECOM have an antagonistic 

relationship and that MECOM expression is repressed by that of EVI1 (Soderholm et al., 

1997).  However, not at all studies have agreed with this finding. Haas et al found that 

expression of any of the transcripts – including MECOM – conferred a poor prognosis (Haas 

et al., 2008). 

 

1.6.2 EVI1 is overexpressed in myeloid leukaemia due to cytogenetic 

rearrangement of chromosome 3 

It has long been recognised that cytogenetic rearrangements can cause haematological 

malignancy (Mitelman et al., 2007). Cytogenetic rearrangements can result in two types of 

activated oncogene. The first of these are fusion genes brought about by translocations 

occurring within gene bodies that generate novel fusion proteins. These are chimeric, with 

both translocation partners making a contribution to the composition and function of the 

protein. The classic example of a fusion gene is that of BCR-ABL1 in CML and ALL, as 
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described above. In the second scenario, translocations can occur that bring a proto-

oncogene under the control of an ectopic promoter or regulatory sequence, without altering 

the coding sequence of the gene, such as the various IGH translocations in B-cell 

malignancy. 

 

 
 

Figure 1-4: Cytogenetic rearrangements can result in overexpression of EVI1.¶ The t(3;3) and 

inv(3) both result in EVI1 overexpression and GATA2 haploinsufficiency as a consequence of 

ectopic enhancement by the distal GATA2 haematopoietic enhancer. The t(3;21) results in a 

RUNX1-EVI1 fusion protein. However, some leukaemia patients have high EVI1 expression in 

the absence of any cytogenetic rearrangements (far right). 

 

MECOM, and its component genes, are unusual because they participate in both types of 

translocation and these can be found in AML, MDS and CML. It was recognised as early as 

1992 that cytogenetically visible rearrangements (examples are shown in Figure 1-4) of 

chromosome 3 were responsible for the overexpression of EVI1 (Morishita et al., 1992b), and 

the fusion protein resulting from the t(3;21) was identified in 1994 (Mitani et al., 1994). 

Mitani et al (Mitani et al., 1994) screened a cDNA library of a cell line with a t(3;21) and 

found a 180kDa fusion protein comprising the N-terminus of the RUNX1 gene and the C-

terminus of the MECOM gene. It was later shown that the RUNX1-EVI1 fusion protein 

represses the growth-inhibitive effects of TGFβ (Kurokawa et al., 1998). 

 

However, the mechanism of overexpression in inv(3) and t(3;3) leukaemias had not been 

uncovered until relatively recently. In 2014, two papers were published almost 

simultaneously which established that,  contrary to the prevailing hypothesis, a single 

oncogenic enhancer was responsible for EVI1 overexpression in leukaemias with both the 

inv(3) and t(3;3) (Groeschel et al., 2014; Yamazaki et al., 2014). Using targeted sequencing of 

the long arm of chromosome 3, the Delwel group established that the 3q21 breakpoints 

clustered in a 130kb region between GATA2 and RPN1. The prevailing hypothesis at the time 

– which had been incorporated into the World Health Organisation guidelines (Swerdlow et 

al., 2008) - stated that EVI1 overexpression was a consequence of ectopic enhancement by 

RPN1. However, the group used chromosome conformation capture sequencing to establish 
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an interaction that was actually between the EVI1 promoter and the 18kb region 3’ of RPN1 

which was commonly translocated. Translocation and inversion of the region separates the 

GATA2 gene body from its enhancer – the GATA2 distal haematopoietic enhancer or 

G2DHE which was present in the 18kb region – and the enhancer instead exerted its effect 

on the EVI1 promoter. Remarkably, the effect of the enhancer was unrelated to the 

orientation of the EVI1 gene which differs depending on whether the region is translocated 

or inverted. The juxtaposition of the G2DHE to EVI1 also has a concomitant effect on the 

expression of GATA2 gene, from which it was separated, and it was established that 

haploinsufficiency of GATA2 also contributed to the disease (Katayama et al., 2017). The 

interaction was unique to cell lines with a cytogenetic rearrangement of 3q and was then 

refined to the enhancer element using H3K27Ac, H3K4me3 and H3Kme1 ChIP-seq to two 

p300 binding regions. Finally, a genome editing approach to silence the enhancer and 

confirm that targeting the enhancer efficiently attenuated EVI1 expression (Groeschel et al., 

2014).  

 

Other, rarer rearrangements resulting in EVI1 expression have been reported. For example 

the t(3;12)(q26;p13) results in a fusion gene comprising the first two exons of ETV6 

(previously known as TEL) to the second exon of EVI1 (Peeters et al., 1997).  Overexpression 

of EVI1 has also been reported following cryptic amplification of the EVI1 locus via double 

minutes (Volkert et al., 2014). 

 

1.6.3 EVI1 is overexpressed in solid tumours 

Expression of EVI1 is reported in a growing number of solid tumours, such as breast (Wang 

et al., 2017), prostate (Wang et al., 2016), colon (Gao et al., 2011) and ovarian cancer (Brooks 

et al., 1996) where it is invariably associated with a poor prognosis.  

 

In glioblastoma multiforme, EVI1 expression was detected by immunohistochemistry (IHC) 

in all 86 of their cohort, and classified as highly expressed in 41.9%. High expression was 

associated with a significantly poorer prognosis (p=0.033) with a 1-year survival rate of 

20.6% compared to 64.7% in low expression (Hou et al., 2016). 

1.6.4 EVI1 is also overexpressed in patients with no detectable cytogenetic 

rearrangement of 3q 

In addition to the rearrangements described in section 1.6.2, EVI1 expression can occur in 

the absence of cytogenetic rearrangements of 3q (Russell et al., 1994). Despite the advances 

in our understanding of EVI1 expression in the 3q-rearranged leukaemia, there is still very 

little progress in understanding what causes EVI1 expression in leukaemia with no 3q 

rearrangements. 
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Gröschel et al. tested a cohort 0f 1,382 newly diagnosed AML patients below the age of 60 

and found EVI1 expression in 10.7% based on expression of 0.1x compared to the SKOV3 cell 

line (which has amplification of the MECOM locus and thus high expression; (Nanjundan et 

al., 2007)) and normalised to PBGD. They found that EVI1 expression was an independent 

predictor of poor prognosis as measured by complete remission rates (odds ratio 0.54, 

p=0.002) and event free survival (hazard ration 1.46, p<0.001). Notably, they recommend 

bone marrow transplantation for patients who achieve complete remission (Groeschel et al., 

2010). 

 

One group found that EVI1 overexpression is particularly prevalent in AML patients with 

MLL translocations – 43% of their cohort expressed EVI1. They showed that knockdown of 

EVI1 in EVI1-expressing MLL rearranged cells inhibited leukemic growth, both in vivo and 

in vitro, and thus concluded that EVI1 represents a critical factor in the pathogenesis of 

leukaemia (Bindels et al., 2012). EVI1 is also overexpressed in 10-15% of myelodysplastic 

syndrome (MDS) where it is again associated with a poor prognosis (Nimer, 2008). 

 

Chromosomal abnormalities of 3q are rare in paediatric leukaemia (Raimondi et al., 1999), 

however, EVI1 expression is detected. A Dutch group studied a cohort of 228 paediatric AML 

patients and found EVI1 expression in 9% of de novo cases and 50% (albeit in a small 

number – just 4 of 8 patients) in secondary AML. Notably, the group detected no 3q 

abnormalities, and even excluded the presence of cryptic abnormalities using a FISH 

strategy. Echoing that of adults, they found EVI1 expression coincided with MLL 

translocations and monosomy 7, both of which confer a poor prognosis (Balgobind et al., 

2010). 

 

Given the proposed antagonistic relationship between EVI1 and MECOM, one group studied 

in detail the different transcripts expressed from the EVI1 locus and classified their cohort of 

319 AML patients by the combination of EVI1 versus MDS1-EVI1 (i.e. MECOM) yielding four 

groups: EVI1+MECOM- , EVI1+MECOM+, EVI1-MECOM+ and EVI1-MECOM-. They found 

that only those patients expressing EVI1 transcripts had a poor prognosis and this held true 

regardless of their MECOM expression level (Barjesteh van Waalwijk van Doorn-Khosrovani 

et al., 2003).  

 

EVI1 expression in CML has been well established in BC but less well studied in CP. One 

small study of 14 CML-BC patients detected EVI1 expression in 10 (71%), none of whom had 

a cytogenetic rearrangement (Ogawa et al., 1996a). Expression is found in CML patients with 

and without 3q rearrangements (Morishita et al., 1990a; Ogawa et al., 1996b). Crucially, 
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EVI1 expression is detectable in CD34+ myeloid precursor cells of CML patients and of 

healthy individuals. In BCR-ABL1 positive CD34+ cells EVI1 expression is repressed by 

imatinib treatment but imatinib treatment in BCR-ABL1 negative CD34- cells had no effect 

on EVI1 expression, suggesting that the regulation of EVI1 is linked to the activity of the 

BCR-ABL1 protein (Roy et al., 2012). A Japanese group found that the high EVI1 expression 

in CML-CP stem cells conveyed superior LSC survival, contributing to the leukaemia 

initiating potential and resistance to tyrosine kinase inhibition (Sato et al., 2014).  

 

Daghistani et al found EVI1 expression at the time of imatinib failure correlated with a lack 

of response to the second generation TKIs and thus predicted patients who may benefit from 

early transplant (Daghistani et al., 2010). Manachai et al recently reported that patients in 

CML-BC with high EVI1 expression also had activated nuclear β-catenin. The authors 

showed that increased BCR-ABL1 expression in myeloid leukaemia cell lines enhanced the 

expression of EVI1 but that this did not occur in lymphoid cell lines (Manachai et al., 2017). 

 

Maicas and colleagues used ChIP and site directed mutagenesis to characterise the EVI1 

promoter and found that both RUNX1 and ELK bind to the 318bp region identified (Maicas 

et al., 2013). A Spanish group identified a direct interaction between EVI1 protein and the 

promoters of two miRNA, miR-1-2 and miR-133-a-1, although only the former was found to 

be involved in the aberrant expression in cell lines (Gomez-Benito et al., 2010). This group 

and others also showed that the presence of EVI1 protein was associated with promoter 

methylation and down regulation of the hsa-miR-124 (Dickstein et al., 2010; Vázquez et al., 

2010).  

 

 Aims 

The aim of this thesis is to investigate the genetics and epigenetics of leukaemia by asking 

three questions: 

1. Does oncogenic stress promote genetic instability associated with leukaemia 

progression? 

2. Does stable transformation of B cell precursors depend on the adaptation of 

epigenetic changes? 

3. Are epigenetic changes responsible for the expression of MECOM in poor prognosis 

myeloid leukaemia? 
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2 Transcription sensitizes lineage-specific genes to DNA 

damage in leukaemia cells 

 Contribution of others to this chapter  

All bioinformatic analysis was undertaken by Dr Mark Robinson. All mouse handling and the 

majority of cell culture and ChIP-seq was undertaken by Dr Bryant Boulianne. Dr Jenny 

Thomas performed the DsRed experiment. I performed all DNA-FISH, all RNA-seq, all 

ChIP-qPCR and some of the cell culture and ChIP-seq processing. This chapter was 

published in Cell Reports (see Appendix) and thus figures were prepared by Dr Niklas 

Feldhahn, Dr Mark Robinson, Dr Bryant Boulianne and by me (Boulianne et al., 2017). 

 Hypothesis 

Cellular stress in leukaemia cells resulting from oncogene expression (i.e. oncogenic stress) 

promotes genetic instability associated with leukaemia progression. 

 Background 

It has long been established that B-lineage genes are frequently mutated in B-lineage 

leukaemia, however, the mechanistic basis of this observation is not understood. One 

possibility is that mutations arise randomly in genes of all lineages but those in B-lineage 

genes are selected for in B-lineage leukaemia. A second possibility is that the B-lineage genes 

are natural targets for mutation in B-lineage cells, and thus are present in B-lineage 

leukaemia. In order to investigate these possibilities, we used γH2AX and H3K27Ac 

chromatin immunoprecipitation sequencing (ChIP-seq), RNA-seq and DNA-FISH to 

investigate the relationship between DNA damage and active promoters in B-cells 

undergoing oncogenic crisis. 

 

 Results 

2.4.1 Oncogene expressing B-cell precursors suffer genome-wide DNA damage 

In order to investigate potential DNA damage resulting from oncogene expression during the 

onset of leukaemia (analogous to BCR-ABL1-positive B-ALL) we aimed to replicate the in 

vivo leukaemia-initiating events in vitro by forced oncogene expression in primary B-cell 

precursors derived from murine bone marrow.  In brief, bone marrow cells were cultured ex 

vivo with murine IL7, which promotes the selective survival and proliferation of B-cell 

precursors, and transduced on day two and day three with retroviral MIGR1 vectors 

expressing the BCR-ABL1, MYC or the empty vector (EV) as control as outlined in  

Figure 2-1. Flow cytometric analysis on day 10 (see Figure 2-2) confirmed selective survival 

of normal or oncogene expressing B-cell precursors. In order to increase the sensitivity of the 
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DNA damage detection by ChIP-seq in consecutive experiments, bone marrow from P53-

binding protein 1 (53BP1)-deficient mice (53BP1-/-) was used. 53BP1 is a DNA damage 

response (DDR) protein, which localises to damaged DNA in order to recruit additional DDR 

proteins. Absence of 53BP1 results in increased persistence of induced DNA damage and has 

been used by others to facilitate DNA damage detection by ChIP-Seq (Barlow et al., 2013; 

Hakim et al., 2012; Yamane et al., 2011; Yamane et al., 2013). 

 

 
 

Figure 2-1: Outline of the oncogene induction experimental approach. ¶ Whole murine bone marrow 

was cultured with IL7 and transduced with retroviral vectors expressing an oncogene. On day seven 

post infection when they were suffering from oncogenic stress, cells were harvested for γH2AX 

ChIP-seq (n=2 for both oncogenes), H3K27Ac ChIP-seq (n=1 for both oncogenes), FISH (n=5 for all 

conditions), RNA-seq (n=2 for all conditions), Western blot (n=1 for all conditions) and RT-qPCR 

(n=3). The sample size (n) refers to independent transduction and library preparation. 
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Figure 2-2: Whole murine bone marrow cultured with IL7 for ten days enriched for B-cell 

precursors. ¶ Flow cytometric analysis a representative experiment (n=1) of non-infected and cells 

infected with the empty vector, BCR-ABL1 and MYC using antibodies for B-cell antigens. Staining 

of splenocytes with IgM is included as a positive control. Analysis and figure by Dr Bryant 

Boulianne. 

 

Acute, unscheduled oncogene induction is known to induce apoptosis or senescence in 

primary cells, and apoptotic responses to BCR-ABL1 and NRAS have been reported by others 

(Dengler et al., 2011; Shojaee et al., 2015). In agreement, following the induction of BCR-

ABL1 or MYC oncogene, oncogene-expressing cells entered a phase of increased proliferation 

but suffered an extended period of decreased viability, as depicted in Figure 2-3.  
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Figure 2-3: Oncogene induced cells had decreased viability and increased proliferation.¶ Plots show 

the proliferation and viability of the B-cell precursors in the 21 days following their transduction 

with BCR-ABL1, MYC or empty vector – a representative experiment (n=1) of five is shown. Analysis 

and figure by Dr Bryant Boulianne. 

 

Oncogene-expressing cells showed increased levels of the DNA damage associated protein 

biomarkers, i.e. phosphorylated p53 and γH2AX, compared to the empty vector or 

uninfected cells by Western blot analysis (Figure 2-4).  

 

 

Figure 2-4: Oncogene-induction triggered a DNA damage response. ¶Western blots 

showing DNA-damage response proteins (phosphorylated P53 and γH2AX) at D7 

post-infection in two representative experiments. Lamin B1 was used as a loading 

control. Blot and figure by Dr Bryant Boulianne. 

 

 

Of note, oncogene expressing cells exhibit reduced viability. DNA damage pathway activation 

has been associated with apoptosis, so in order to distinguish oncogenic stress-related DNA 

damage from apoptosis-induced DDR activation it was necessary to ensure the population of 

cells studied contained live cells only. Column-based magnetic activated cell sorting (MACS) 

was therefore used to positively select for apoptotic and dead cells using magnetic beads 

which recognise an antigen in the plasma membrane of dead and apoptotic cells only. 

Following positive selection for the apoptotic/dead cell antigen, the flow-through from the 

column contained live cells only. Depletion of dead cells from this flow through was 
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confirmed by Trypan blue (which is excluded from live cells) staining and by flow cytometry 

(Figure 2-5).  

 

 

Figure 2-5: Flow cytometry 

confirmed that the 

apoptotic population was 

removed by dead cell 

depletion¶. 7 

aminoactinomycin D (7-

AAD) is excluded from live 

cells and Annexin V is a 

biomarker of apoptosis. 

One representative 

experiment is shown. 

Analysis and figure by Dr 

Bryant Boulianne. 

 

 

¶ 

 

Western blot analysis of dead/apoptotic cells depleted cells confirmed that the observed 

DNA damage pathway activation in oncogene expressing cells was unrelated to apoptosis 

(Figure 2-6). 
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Figure 2-6: DNA damage 

response was not caused by 

apoptosis.¶ Western blot showing 

DNA-damage response proteins 

are expressed in the dead-cell 

depleted population. One 

representative experiment is 

shown. Blot and figure by Dr 

Bryant Boulianne. 

 

 

 

As mentioned in section 1.3.2, genomic alterations in leukaemia have been repeatedly 

associated with AID and/or RAG1 activity. To investigate to what extent the observed DNA 

damage in oncogene expressing cells relates to AID or RAG1 function, AID and RAG1 

expression was quantified by RT-qPCR (Figure 2-7) and Western blot analysis (Figure 2-8).  

In the experimental model (oncogene expression in 53BP1-/- B-cell precursors) oncogene 

expressing cells were not characterized by elevated AID or RAG1 expression Hence, RAG and 

AID are unlikely to represent the source of the endogenous DNA damage observed. 

 

 

 

Figure 2-7: DNA damage was not linked to RAG1 or AID expression.¶ RT-qPCR analysis (n=3) of 

RAG1 and AID expression in the untransformed and transformed B-cell precursors at D7 post 

infection relative to total splenic B-cells, normalised to HPRT expression. Total thymus was used 

as a positive control for RAG1 and lipopolysaccharide/IL4 stimulated mature B-cells as a positive 

control for AID. RT-qPCR and figure by Dr Bryant Boulianne. 
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Figure 2-8: DNA damage was not linked to AID protein.¶ Western blot analysis of AID protein in 

the transformed and untransformed B-cell precursors at D7 and >D50 post infection. Lamin B1 

was used as a loading control. One representative experiment is shown. Blot and figure by Dr 

Bryant Boulianne. 

 

In order to identify the exact location of DNA damage induced by the oncogene activation, 

γH2AX ChIP-seq (n=2 for each oncogene) was undertaken in duplicate on the B-cell 

precursor populations following dead-cell depletion.  Bioinformatic analysis of the DNA 

pulled down was undertaken as reported by others (Barlow et al., 2013; Rodriguez et al., 

2012; Seo et al., 2012) – for more detail, see section  6.11. The number of uniquely aligned 

reads and the quality scores for these libraries are shown in Figure 2-10 and Figure 2-11. 

Note, all experiments were conducted using varying proportions of male and female mice 

therefore the sex chromosomes were excluded for all bioinformatic analysis. 
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Figure 2-9: Picard alignments show that each of the four γH2AX ChIP-seq library yielded a minimum of 31 million uniquely mapped reads.¶ Two 

corresponding input libraries had a minimum of 22 million uniquely mapped reads. Figure generated using (Ewels et al., 2016) 
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Figure 2-10: Each of the four γH2AX ChIP-seq libraries and both input libraries were all of very good quality with Phred scores >30.¶ Figure generated 

using (Ewels et al., 2016). 
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The signals were highly reproducible between the two biological repeats (as summarised in 

Figure 2-11 and depicted in Figure 2-12). Of the peaks with a signal above background, 99% 

and 93% were in common between the first and second replicate for BCR-ABL1 and MYC 

expressing populations, respectively, and the signal intensity was highly correlated (r=0.90 

and 0.86; p=<1x10-15 for both). 

 

 
Figure 2-11: Overall γH2AX-signals were highly reproducible between experiments ¶ Scatterplot 

showing Reads Per Million normalised to input/isotype control (nRPM) of the γH2AX regions 

for BCR-ABL1 and MYC expressing B-cell precursors are shown for two biological repeats. The 

red line indicates linear regression; p=<1x10-15). For more information see section 6.11.6. 

Bioinformatic analysis and figure by Dr Mark Robinson. 

 

 

 

 

Figure 2-12: Individual γH2AX peaks were 

highly reproducible between experiments.¶ 

Custom track showing a representative γH2AX 

peak at actin beta from two biological repeats. 

The isotype control library shows the 

background signal. Gene bodies and their 

orientation are indicated below in black. 

Figure by Dr Niklas Feldhahn.  

 

 

The analysis revealed 889 γH2AX regions that were induced by BCR-ABL1 and 960 that 

were induced by MYC. As shown in Figure 2-13, the signal intensity of the γH2AX-enriched 

regions was also remarkably consistent for both BCR-ABL1 and MYC-induced experiments; 

of the peaks with a signal above background, 99% were detected in both oncogene expressing 
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populations with a correlation of 0.89 (p=<2.2x10-16). Expression of BCR-ABL1 is known to 

increase expression of MYC so the observed overlap may be due to the common effect of 

MYC activation, or more simply, may be the common result of oncogene expression, such as 

replicative stress (Cleveland et al., 1989; Sawyers, 1993).  

 

 

Figure 2-13: γH2AX signal intensity was 

comparable for both BCR-ABL1 and MYC 

oncogene induction.¶ Scatterplot showing the 

reads per million normalised to input/isotype 

control (nRPM) of the γH2AX regions (i.e. 

signal intensity) is comparable for both BCR-

ABL1 (blue) and MYC (red) expressing B-cell 

precursors (n=2 for each oncogene). The red 

line indicates linear regression. Bioinformatic 

analysis and figure by Dr Mark Robinson. 

 

The identified γH2AX regions were therefore merged for further analysis, resulting in a total 

of 1289 regions for further analysis. These were distributed over all the murine 

chromosomes (Figure 2-14). Further, the total coverage across all the chromosomes was 

highly correlated (r=0.87) with the exon coverage per chromosome (i.e the percentage of all 

exons in the murine genome present on each chromosome; shown in Figure 2-15), which 

varies from 2.1% on chromosome 11 to just 1.0% on chromosome 12, indicating the 

distribution was not simply at random across the chromosomes.  

 

 

Figure 2-14: γH2AX regions were distributed across all chromosomes.¶ Karyogram showing the 

γH2AX region distribution from two biological repeats over the mouse genome in blue. Length 

of bars indicates the intensity of the γH2AX signal (RPM of the BCR-ABL1 library; range 0-

100RPM) for each. See section 6.11.5 for details. Bioinformatic analysis and figure by Dr Mark 

Robinson. 
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Figure 2-15: γH2AX coverage across 

chromosomes was highly correlated with exon 

coverage.¶ Linear regression fit is indicated by 

the red line; data shown is for combined BCR-

ABL1 and MYC regions from two biological 

repeats. Bioinformatic analysis and figure by 

Dr Mark Robinson. 

 

2.4.2 γH2AX-marked genomic regions occur at B-cell precursor-specific genes 

and relate to endogenous DNA damage 

Genes that overlapped with γH2AX regions were then examined in more depth. Of the 1,289 

γH2AX regions identified, 788 overlapped with more than one gene, resulting in a total of 

2,300 genes marked by γH2AX. Notably, many of the most prominent γH2AX regions 

located to genes associated with B-cell precursor function (Figure 2-16 ) including those 

genes involved in the pre-B cell receptor complex (Figure 2-17, left), pre-B cell receptor 

signalling (middle), and B-cell identity related transcriptional pathways (right).
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Figure 2-16: Prominent γH2AX regions affected lineage-specific genes¶ . Bar chart of the top ranking γH2AX regions identified in BCR-ABL1 transformed B-

cell precursors from two biological repeats and their average fold change values. Genes that overlap with the γH2AX regions are indicated on the X-axis; 

those involved in B-cell precursor related pathways are highlighted in yellow, and those which are the target of deletions and/or translocations in B-cell 

leukaemias are indicated with an asterisk. Regions were combined if the cover the same gene. 
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Figure 2-17:  Pre-B-cell receptor complex, signalling and identity genes are enriched in γH2AX regions.¶ 

Example custom ChIP-seq track showing the γH2AX-enriched genes from two biological repeats. The 

indicated gene body is underscored by a dark grey box. Below, tables detailing the γH2AX signal fold 

change (FC) and reads per kilobase per million (RPKM) of BCR/ABL (B/A) and MYC ChIP-seq libraries 

for each of the three gene ontology categories. Values highlighted in grey did not pass the stringent 

selection of the Statistical model for Identification of ChIP-Enriched Regions (SICER). Figure by Dr 

Niklas Feldhahn. 

 

  

   

.
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Figure 2-18: Gene ontology pathway analysis showed γH2AX regions frequently affected 

immune-system related processes.¶ (Top) Pie charts show all pathways identified by gene 

ontology enrichment analysis for BCR-ABL1 and MYC expressing B-cell precursors. (Bottom) 

Bar chart with further detail of the gene ontology pathways highlighted in the same colours. For 

more information, see section 6.11.7. Bioinformatic analysis and figure by Dr Mark Robinson. 

 

In order to analyse all γH2AX-regions for associated genes, gene ontology (GO) analysis was 

performed on the complete set of regions.  GO analysis confirmed the analysis of the top-

ranked γH2AX-regions as it revealed that the major pathway affected in each transformed B-

cell precursor population related to immune system processes (Figure 2-18) including 

lymphocyte and leukocyte differentiation. 
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In order to confirm DNA damage at identified γH2AX regions with an independent method, 

interphase fluorescence in situ hybridisation (FISH) was undertaken using dual colour break 

apart probes. Each assay comprised a pair of fluorescently labelled probes which hybridised 

to the target gene and its flanking regions – an intact gene with both probe components in 

close proximity therefore yielded a yellow fusion signal, whilst any damage which affected 

the target gene and resulted in physical disruption of the chromatin resulted in separation of 

one of the labelled probes. Cells were harvested for FISH at the same time points (day 7) as 

used for the previous experiments (e.g. ChIP-Seq analysis). PAX5 and BLNK, two prominent 

γH2AX hotspots identified by ChIP-seq were selected for analysis. In addition, a γH2AX-

negative gene (FOXP2) was used as a control probe (herein referred to as the ‘coldspot’).  

 

As shown in Error! Reference source not found., the automated analysis detected 

physical separation of the two probe halves significantly more frequently for the hotspot 

probes  in transformed B-cells (BCR-ABL1 [B/A] or MYC) than in the control (empty vector; 

EV) cells (BLNK empty vector versus BCR-ABL1 p=0.0011, empty vector versus MYC 

p=0.0039; PAX5 empty vector versus BCR-ABL1 p=0.0040, empty vector versus MYC 

p=0.0086) and in neither population for the cold spot control  (FOXP2 empty vector versus 

BCR-ABL1 or MYC not significant). 
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Figure 2-19:  γH2AX hotspots correlate with sites of active DNA damage.¶ (L) An overview of the 

FISH signal patterns. (R) Bar chart showing results from dual colour break apart FISH probe 

hybridisations undertaken on day seven (n=5 hybridisation experiments, with a minimum of 

1000 interphases analysed per hybridisation) verifying significantly increased DNA damage in 

the oncogene induced populations for using at the γH2AX hotspots (PAX5 and BLNK) with no 

significant increase for the cold spot control (FOXP2) or the empty vector populations. Bars 

indicate mean with error bars showing ± standard error of the mean (SEM). 

 

In a separate pilot experiment, γH2AX signals in early (day 7 post infection) transduced cells 

were compared to those from long term (more than 50 days post infection) transformed cells 

by ChIP-Seq. While almost all γH2AX regions could be detected at both stages, we observed 

that the most prominent γH2AX region identified in early transformed cells (at IGH) 

disappeared in the >D50 cells (Figure 2-20, left). Targeted investigation of this locus in a 

larger panel of >D50 cells derived from independent experiments by endpoint PCR revealed 

a biallelic internal deletion in two of the seven oncogene-expressing populations (Figure 

2-20, right). Notably, IGH deletions were only found in BCR-ABL1-transformed cells, though 

the limited number of samples analysed may further limit the interpretation of this finding.  

 

Collectively, these results show that oncogene activation in B-cell precursors results in DNA 

damage affecting B-lineage genes, and that this damage could predispose to genomic 

deletion during successful transformation. 
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Figure 2-20:  DNA damage resulted in loss of the IGH locus.¶ (L) Custom ChIP-seq track showing 

complete loss of the D7 IGH signal in the BCR-ABL1 transformed B-cell precursors by D50+. (R) 

Agarose gel image showing PCR amplification of genomic DNA from selected D50+ transformed 

B-cell precursors. Loss of the JH4 and Eµ regions compared to control CD74 region can be seen 

in two of the three BCR-ABL1 experiments shown. This was not detected in three MYC 

experiments. PCR and figure by Dr Niklas Feldhahn. 

 

2.4.3 Genes known to be mutated in B-ALL frequently overlap with γH2AX 

regions 

In order to evaluate the potential relevance of oncogenic stress associated DNA damage 

identified for genomic alterations reported for B-ALL patients, the combined γH2AX region 

list was compared to three publicly available datasets detailing gene mutations found in 

human leukaemia. Genes were excluded from the comparison if they were not present in B 

cell leukaemia, if they related to abnormalities other than deletions or translocations, or if 

there was no murine equivalent.  Genes that overlapped with γH2AX regions in the analysis 

were significantly enriched for genes identified by these datasets as recurrently mutated in 

human B-ALL – 41% with B-ALL (Mullighan et al., 2007), 26% with high risk B-ALL 

(Mullighan et al., 2009b) and 19% with Philadelphia positive-like ALL (Roberts et al., 2012) 

– see Table 2-1.  

 

Table 2-1: γH2AX enriched murine genes overlap with genes found to be abnormal in human B-

ALL.¶ Genes were included if they were present in B-ALL, present in the mouse genome and were 

annotated. Two-by-two contingency table analysis confirmed significant enrichment of γH2AX 

regions (Swaminathan et al., 2015) 

 

Data for 

comparison 
Type 

Overlapping 

loci 
Genes Significance 

(Mullighan et 

al., 2007) 

GSE5511 

B-ALL 16/39 (41%) 

BLNK, BTG1, C19ORF7, 

DLEU2, FKB2, EBF1, 

ERG, FAM65A/RLTPR, 

HIST1, IKZF1. IKZF3, 

P<0.0001 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE5511
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LEF1, PAX5, RUNX1, 

TCF3, THADA 

(Mullighan et 

al., 2009a; 

Mullighan et 

al., 2009b) 

GSE11877 

GSE12995 

High-risk B-

ALL 
11/42 (26%) 

ADAR, ARID1B, BTG, 

DLEU2, EBF1, ERG, 

HIST1, IKZF1, PAX5, 

TCF3, VPREB1 

P<0.002 

(Roberts et al., 

2012) 

GSE11877 

 

Philadelphia-

like B-ALL 
8/42 (19%) 

BCR, EBF1, IGH, KLF2, 

PAX5, RCSD1, SH2B3, 

UHRF1 

P<0.034 

 

A total of 27 genes were identified in the combined region list, including IGH, IKZF1 and 

TCF3 – see Figure 2-21 for custom ChIP-seq tracks of all 27 genes.  A further 8 genes (shown 

in Figure 2-22) which have been reported to be mutated in B-ALL showed γH2AX signals 

were also present but the γH2AX signal was insufficiently strong when normalised to input 

to meet the region-calling criteria. 

 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11877
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE12995
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE11877
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Figure 2-21:  γH2AX enriched murine genes overlap with genes found to be abnormal in human 

B-ALL. ¶ Custom ChIP-seq track images for the 27 genes listed in Table 2-1, showing reads from 

two biological repeats for each oncogene. The scale between genes varies but is constant for the 

MYC, BCR-ABL1 and isotype control tracks within each gene. Figure by Dr Niklas Feldhahn. 
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Figure 2-22: Further γH2AX marked murine genes overlap with genes found to be abnormal in 

human B-ALL.¶ Custom ChIP-seq track showing an additional 8 genes reported to become 

defective in human B-ALL and which have γH2AX signals in B-cell precursors transformed by 

BCR-ABl1 and MYC but which did not pass the threshold for significance. The scale between 

genes varies but is constant for the MYC, BCR-ABL1 and isotype control tracks within each gene. 

Figure by Dr Niklas Feldhahn. 

2.4.4 γH2AX-marked regions coincide with expressed genes 

Whilst analysing the function of the genes that overlapped with γH2AX, it became apparent 

that they were typically highly expressed in B-cell precursors (shown in Figure 2-16). In 

order to determine if DNA damage generally coincided with expressed genes, the exact 

location of the γH2AX signals was thus analysed by meta-gene analysis.  This analysis 

showed that the γH2AX signal was infrequently detected in intergenic regions but frequently 

detected over gene bodies (as illustrated in Figure 2-23). 

 

 

 

 

Figure 2-23: γH2AX regions often specifically covered the gene body.¶ Meta-gene analysis of the 

distribution of γH2AX reads over the gene body; signals are normalised to the isotype control. 

(L) Overlap of the γH2AX regions with specified gene features. (R) Distribution of γH2AX reads 

in the gene bodies versus upstream or downstream regions. Bioinformatic analysis and figure 

by Dr Mark Robinson. 

 

The gene body specific pattern observed suggested transcription as a potential cause for 

γH2AX region formation. We hence investigated the conjunction of γH2AX region formation 
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and transcription. In order to do so, H3K27Ac signals in transformed cells were analysed by 

ChIP-seq (n=1 for each oncogene). The number of uniquely aligned reads and the quality 

scores for these libraries are shown in Figure 2-24 and Figure 2-25. H3K27Ac is a histone 

modification that is primarily used for the identification of active enhancers but is also 

present at promoters. Akin to γH2AX signals, the H3K27Ac-ChIP-seq signals in transformed 

B-cell precursors located to transcriptional start sites in both of the transformed B-cell 

precursor populations, as shown in Figure 2-26. 



75 

 
Figure 2-24: Picard alignments show that each of the day 7 H3K27Ac ChIP-seq libraries yielded a minimum of 29 million uniquely mapped reads.¶ Two 

corresponding input libraries had a minimum of 22 million uniquely mapped reads. Figure generated using (Ewels et al., 2016) 
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Figure 2-25: Both of the H3K27Ac ChIP-seq libraries and both of the input libraries were of very good quality with Phred scores >30.¶ Figure 

generated using (Ewels et al., 2016). 
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Figure 2-26: H3K27Ac reads frequently 

occur at the promoter.¶ Meta-gene 

analysis of the distribution of H3K27Ac 

reads over the gene body. Bioinformatic 

analysis and figure by Dr Mark 

Robinson. 

 

 

 

 

Figure 2-27:  H3K27Ac and γH2AX regions frequently 

overlap.¶ Custom ChIP-seq track showing the 

comparative density of γH2AX, H3K27Ac and isotype 

control reads for PAX5 in BCR-ABL1 and MYC 

expressing B-cell precursors. Figure by Dr Niklas 

Feldhahn. 

 

As depicted in Figure 2-27, visual analysis showed that γH2AX-enriched genes displayed a 

distinctive H3K27Ac peak at the promoter region. In order to better quantify the overlap of 

the two signals the association was analysed using bioinformatics. In order to do so, 

normalised γH2AX signals were further processed to yield 10kb γH2AX regions which either 

overlapped, or did not overlap, H3K27Ac signals; 85% of BCR-ABL1 regions and 86% of 

MYC reads were found to overlap.  
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Figure 2-28: Overlapping H3K27Ac and γH2AX regions have comparable signal intensity. ¶ Each 

black dot indicates a 10Kb γH2AX region which overlaps an H3K27Ac signal; yellow dots indicate 

a 10Kb γH2AX region which does not overlap with an H3K27Ac signal. The scatterplots show 

γH2AX signal intensity on the x-axis and H3K27Ac signal intensity for γH2AX regions on the y-

axis, for BCR-ABL1 (left plot, Pearson’s correlation r=0.62) and MYC (right plot, r=0.60) 

expressing populations. The red line indicates linear regression.  (The dots within the grey are 

those above background, 85% and 86%, respectively).  Bioinformatic analysis and figure by Dr 

Mark Robinson. 

 
There was a significant correlation (r=0.62 and 0.60; p<02.2x10-16 for both) between the 

intensity of the normalised signals from γH2AX signals compared to H3K27Ac signals for 

the γH2AX regions in BCR-ABL1 and MYC expressing populations, respectively, as shown in  

Figure 2-28.   

 

 

Figure 2-29: γH2AX-enriched genes were highly 

expressed. ¶ The correlation between gene 

expression level (ranked by increasing 

fragments per kilobase of transcript per million 

reads, FPKM). Genes enriched by γH2AX are 

indicated in blue (BCR-ABL1, n=2) and red 

(MYC, n=2). Bioinformatic analysis and figure 

by Dr Mark Robinson. 

 

 

In an independent approach, γH2AX region formation and transcription was compared 

using RNA-Seq (n=2 for EV and for each oncogene).  The number of uniquely mapped reads 

and the quality scores for these libraries are shown in  

Figure 2-30 and Figure 2-31. 
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Figure 2-30: Spliced Transcripts Alignment to a Reference (STAR) alignment scores show that each RNA-seq library yielded a minimum of 24 million uniquely mapped 

reads. ¶ Figure generated using (Ewels et al., 2016) 
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Figure 2-31: RNA-seq libraries were all of very good quality with Phred scores >30. ¶ Figure generated using (Ewels et al., 2016) 
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As in all other experiments, messenger RNA (mRNA) used for RNA-seq analysis was taken from 

apoptotic/dead cell depleted BCR-ABL1- or MYC-expressing B-cell precursors on day 7 post oncogene 

induction. RNA-Seq analysis confirmed that γH2AX regions were enriched amongst the highly 

expressed genes (Figure 2-29). 

 

A 
 
 

B C 

 

   

 
 

Figure 2-32: Highly expressed genes are enriched for γH2AX.¶ (A) Kernel density plot of FPKM 

values showing high and low expression categories split based on median expression. (B) Bar 

chart showing the relative distribution of γH2AX enriched genes in these low and high expression 

categories. (C) Violin plot showing the majority of the highly expressed genes had a high γH2AX 

signal whereas the γH2AX signal in the lowly expressed genes showed a wider distribution 

(p<1x10-15 using the Mann-Whitney U test). Bioinformatic analysis and figure by Dr Mark 

Robinson. 

 

Genes were then categorised as high or low expression based on their median expression (Figure 

2-32A). The bar chart in Figure 2-32B shows that the 73% of γH2AX enriched genes were highly 

expressed and similarly in Figure 2-32C, the γH2AX signal intensity was increased with higher 

expression. 

 

Interestingly, the small proportion of genes that showed differential expression in the separate BCR-

ABL1 (signals highlighted in blue) and MYC (signals highlighted in red) transformed populations also 

showed a corresponding difference in signal intensity (shown in Figure 2-33). 
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Figure 2-33: Genes which were 

expressed differentially in BCR-ABL1 

and MYC also had an associated change 

in γH2AX signal intensity.¶ Scatterplot 

showing the difference in nRPM γH2AX 

signal across the extended gene regions 

between MYC and BCR-ABL1 

populations. Genes upregulated in MYC 

are shown in red, those upregulated in 

BCR-ABL1 are shown in blue and the 

remainder in grey. The red line indicates 

linear regression. Bioinformatic analysis 

and figure by Dr Mark Robinson. 

 

In order to functionally validate these findings, expression of a DsRed transgene was induced using 

doxycycline in MYC transformed cells (see Figure 2-34 for experimental overview). The expression of 

the transgenic red fluorescence protein (see Figure 2-36) triggered an accumulation (normalised to a 

rabbit IgG isotype control) of γH2AX at the expression cassette of doxycycline-treated cells that was 2.1 

times greater than that of untreated control cells, which was detectable by γH2AX ChIP-qPCR (Figure 

2-35).  

 

 

 

Figure 2-34: Outline of the induced DsRed 

expression experiment 

 

 

 

 

Figure 2-35: Induced expression of a gene 

results in increased DNA damage. ¶ Bar chart 

showing the increase of DsRed sequence in 

doxycycline treated (labelled in red) and 

untreated (labelled in black) cells as 

determined by γH2AX ChIP-qPCR and 

normalised to corresponding input DNA. 

PCR and figure by Dr Jenny Thomas. 
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Figure 2-36: Doxycycline treatment resulted in expression of DsRed. ¶ Flow cytometric 

confirmation of doxycycline-induced expression of DsRed in MYC-transformed B-cell precursors. 

Analysis and figure by Dr Jenny Thomas. 

2.4.5 Transcription-related fragility contributes to the DNA damage 

As described in section 1.3, there are several established causes of transcription-related fragility; the 

γH2AX regions were therefore analysed to determine the effect of transcription-related fragility on the 

lineage-specific damage. 

 

First, in light of recent evidence which shows that the torsional stress of transcription varies according 

to the proximity and direction of transcription neighbouring genes, an analysis of orientation and 

proximity was undertaken (Hamperl et al., 2017). Genes which occurred within 10kb were considered to 

be gene pairs and each gene pair was then categorised as transcribed in tandem, convergently or 

divergently; those with no additional gene within 10kb were categorised as isolated, as depicted in 

Figure 2-37. The number of γH2AX signals was indeed increased in paired genes compared to those in 

isolation consistent with published reports (Meng et al., 2014; Pannunzio and Lieber, 2016). However, 

the orientation of the gene pairs did not further increase the γH2AX signals.  

 

Consistent with the recognised increased fragility of gene pairs, however, the intensity of the γH2AX 

signals was increased at the convergent or divergent gene pairs compared to the tandemly arranged 

pairs (see Figure 2-38 ; p=<1 x10-6 for convergent versus tandem and divergent vs tandem using the 

Mann-Whitney test). 
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Figure 2-37: γH2AX regions were 

enriched for genes transcribed in 

close proximity.¶ Gene pairs were 

considered to be within 10kb. 

Bioinformatic analysis and figure by 

Dr Mark Robinson. 

 

 

 

Figure 2-38: The intensity of γH2AX signals was increased 

for convergent and divergent orientated genes compared 

to tandem orientated.¶ The mean fold change in BCR-ABL1 

versus isotype control is shown, normalised for gene 

length. Bioinformatic analysis and figure by Dr Mark 

Robinson. 

 

Second, given that the formation of R-loops aggravates the conflict between transcription and 

replication and can increase the risk of DNA damage, the propensity of the sequence within the γH2AX 

regions to form R-loops was assessed in silico. R-loop forming sequences (RLFSs) were predicted 

bioinformatically as previously described  and γH2AX regions were analysed for enrichment of these 

RLFS. As shown in Figure 2-39 there was a significant enrichment of RLFSs in the γH2AX regions 

compared to all genes and compared to the highly expressed genes alone (both p=0.0001). 
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Figure 2-39: R-loop forming sequences were significantly enriched at γH2AX regions¶ compared to 

all genes (left) and compared to the top 1,000 highly expressed genes only (right). The distribution 

of all predicted RLFSs is shown by the grey histogram by random sampling of 10,000 permutations. 

The vertical lines indicate the number of RLFS which overlap with a γH2AX region – the black line 

indicates the mean number of overlapping RLFS, the red line indicates the significance threshold 

(α=0.05) and the green line indicates the actual number of RLFSs overlapping with γH2AX -

associated genes (p=0.0001).  Bioinformatic analysis and figure by Dr Mark Robinson. 

 

Since R-loops primarily cause DNA damage by promoting transcription-replication conflicts, the 

identified γH2AX regions were further analysed for overlap with early replicating fragile sites (ERFS). 

Breakage of ERFS has been linked with transcription-replication conflicts upon induction of replicative 

stress (Barlow et al., 2013). There was a significant overlap - with 55% of the ERFSs overlapping with 

26% of γH2AX regions, as shown in Figure 2-40.  

 

Hydroxyurea, which inhibits the production of deoxyribonucleotides and thus induces a form of 

replicative stress caused by stalled replication forks, was used by Barlow et al to identify ERFS. 

Interestingly, when comparing the actual γH2AX signal distribution on individual gene loci between the 

Barlow dataset and the current dataset, substantial differences were observed between hydroxyurea 

(HU)-treated and oncogene-expressing cells, potentially indicating a different mechanism of DNA 

damage, shown in Figure 2-41.  However, as the γH2AX-ChIP-Seq data on HU-treated cells used for 

comparison was retrieved from proliferating mature B-cells, the comparison of the two datasets and its 

meaningful interpretation was limited. 
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Figure 2-40:  γH2AX regions 

overlapped with early replicating 

fragile sites.¶ Bar diagram showing the 

ERFS hotspots (green) against the 

number which overlap with γH2AX 

regions (black). Significance derived 

from the permuted number from 

random re-sampling (grey). 

Bioinformatic analysis and figure by 

Dr Mark Robinson. 

 

Figure 2-41:  Hydroxyurea-induced γH2AX signals were 

different from overlapping oncogene-induced γH2AX 

signals.¶ Custom ChIP-seq γH2AX track showing the 

overlap  between γH2AX reads from hydroxyurea (green) 

and BCR-ABL1 (red) induced early replicating fragile 

sites (ERFS) at two representative loci (IKZF1 and PAX5). 

Figure by Dr Niklas Feldhahn. 

2.4.6  Active transcription predisposes a gene to sustaining DNA damage 

Results so far suggested that oncogene expressing B-cell precursors experience transcription-associated 

DNA damage.  As a logical consequence, B-lineage specific genes that are induced by B-cell specific 

differentiation programs in B-cell precursors become prone to DNA damage. This raised the question as 

to whether a change in lineage identity, for example towards the myeloid lineage, would cause a change 

in H2AX hotspot formation.  A BCR-ABL1-transformed murine B-cell precursor cell line generated by 

the Müschen Laboratory (Chen et al., 2015) that carried a doxycycline-inducible CEBPA transgene was 

used to functionally investigate the proposed link between lineage-specific transcription and DNA 

damage (see Figure 2-42 for an overview of the experiment). CEBPA is a myeloid transcription factor, 

the expression of which has been shown to efficiently convert B-lymphoid precursors towards the 

myeloid lineage (Cammenga et al., 2003; Di Tullio et al., 2011; Zhang et al., 2004). Treatment with 

doxycycline induced the expression of CEBPA and thus triggered a switch from CD11B- lymphoid 

phenotype to a CD11B+ myeloid phenotype. Doxycycline treated cells were further enriched using anti-

CD11B magnetic bead cell sorting to reach a purity of >90% CD11B+ cells. Sorted myeloid and lymphoid 

fractions of BCR-ABL1-expressing cells were further depleted of dead/apoptotic cells and used for 

γH2AX-ChIP-seq analysis as before (see Figure 2-43).  
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Figure 2-42: Outline of the 

myeloid lineage induction 

experimental approach. 

 

 

 

Figure 2-43: Flow cytometric analysis of the untreated and 

treated populations¶ , verifying that doxycycline treatment of B-

cell precursors with the CEBPA transgene induces a myeloid 

phenotype. Treated cells were purified (>90%) with anti-CD11B 

magnetic beads prior to ChIP-seq. Figure by Dr Niklas Feldhahn. 

 

It was therefore possible to examine the de novo DNA-damage sites, again using γH2AX-ChIP-seq and 

DNA-FISH, which potentially arose as a consequence of the induced lineage switch. The number of 

uniquely aligned reads and the quality scores for these libraries are shown in Figure 2-44 and Figure 

2-45. 
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Figure 2-44: Picard alignments show that each of the three γH2AX ChIP-seq libraries yielded a minimum of 32 million uniquely mapped reads.¶ Two 

corresponding input libraries had a minimum of 36 million uniquely mapped reads. Figure generated using (Ewels et al., 2016) 
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Figure 2-45: All three γH2AX ChIP-seq libraries and both input libraries were all of very good quality with Phred scores >30.¶ Figure generated using 

(Ewels et al., 2016). 

 



90 

As predicted, the myeloid-converted fraction of BCR-ABL1+ cells (CD11B+, CEBPA+DOX) 

contained de novo γH2AX-ChIP-seq hotspots at myeloid-specific genes (a representative 

ChIP-seq track for LYZ2 is shown on the right of Figure 2-46) that were not present in the 

lymphoid fractions analysed as controls. In contrast, γH2AX hotspots at non-lineage specific 

genes were present in all fractions (the HIST1 cluster is shown on the left), γH2AX hotspots 

at lymphoid lineage specific genes showed only minor reductions of γH2AX signal in the 

myeloid-converted cells (IGH is shown in the middle) which is likely to be due to retention of 

some lymphoid phenotype (cells analysed are CD11B+ but CD19low). 

 

 

 

 
 

Figure 2-46: Induction of a myeloid phenotype caused DNA damage at myeloid-specific genes.¶ 

Custom ChIP-seq track showing γH2AX reads for the HIST1 cluster (non-lineage specific, left), 

IGH (lymphoid specific, middle) and LYZ2 (myeloid specific) in populations with lymphoid and 

induced myeloid (highlighted in blue, bottom track) phenotypes. The gene bodies are highlighted 

in grey. Figure by Dr Niklas Feldhahn. 

 

DNA-FISH was performed, as described in section 2.4.1, to confirm the γH2AX signals seen 

by ChIP-seq represented DNA damage but instead using two myeloid hot spots (LYZ2 and 

THBS1) and the same coldspot (FOXP2). Again, a significantly increased number of split 

signals were scored in the two myeloid hotspots in the myeloid-switched populations 

compared to the lymphoid populations. No significant increase was detected in the coldspot 

(shown in Figure 2-47).  
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Figure 2-47: Myeloid hotspots correlate with sites of active DNA damage in myeloid switched 

cells.¶ Bar chart showing results of FISH experiments (n=5) using  dual colour break apart probes 

for one cold spot (FOXP2) and two hotspots (LYZ2 and THBS1) on untreated lymphoid (white) 

and induced myeloid (blue)  populations.  

Analysis of the ten genes with the highest de novo γH2AX signals in myeloid-converted cells 

showed that all of these genes associated with functions in myeloid cells (Table 2-2).  
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Table 2-2: The highest ranked H2AX regions in switched myeloid populations were enriched for 

myeloid specific function 

Gene 
Fold 

change 
Function Reference 

THBS1 27.7 
Crucial for IL10 production; expressed by 

macrophages 

(Zhao et al., 

2014) 

LYZ2 11.6 
Phagocytosis; LYSM promoter used for myeloid 

transgenes 

(Clausen et al., 

1999) 

PSAP 6.0 
Lysosomal trafficking; expressed by myeloid 

cells 

(Zhou et al., 

2015) 

TXNIP 5.8 
Inflammasome; ROS production; expressed by 

macrophages 

(Park et al., 

2013) 

SIRPA 5.8 Inhibitory receptor; expressed on macrophages 
(Veillette et al., 

1998) 

PLIN2 5.5 Expressed by macrophages 
(Feingold et al., 

2010) 

CD33 5.3 Highly expressed on myeloid progenitor cells 
(Paul et al., 

2000) 

SLFN2 5.1 
Mutation of SLFN2 caused myeloid 

immunodeficiency 

(Berger et al., 

2010) 

TRIB1 5.1 
Overexpressed in AML; causally linked to 

leukemogenesis 

(Yokoyama et 

al., 2010) 

MMP8 5.0 Macrophage differentiation; mutated in AML 
(Kim et al., 

2014) 

 

Gene ontology pathway analysis of the complete set of de novo γH2AX hotspots in myeloid-

converted cells further confirmed that genes overlapping with de novo γH2AX regions were 

strongly enriched for myeloid-specific pathways. 
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3 Epigenetic reprogramming during leukemic 

transformation of B-cell precursors 

 Contribution of others to this chapter  

All bioinformatics analysis (including all figures except ChIP-seq tracks) was undertaken by 

Dr Mark Robinson. I performed all cell culture, ChIP-seq and RNA-seq experiments. 

 Hypothesis 

BCR-ABL1 expression in murine B-cell precursors induces histone modification and novel or 

aberrant enhancers during stable transformation, via activity of the kinase and/or due to the 

selection pressure during clonal outgrowth of the successfully transformed cells; these 

enhancers are conserved in human Philadelphia-positive lymphoid leukaemia. 

 Background 

There is increasing evidence that changes in epigenetic regulation play an important role in 

leukaemia development. H3K27Ac ChIP-seq and RNA-seq were therefore used to explore the 

contribution of epigenetic alterations to the stable transformation of the B-cell precursors, 

with special interest on the activation of novel enhancers following stable transformation. 

 

 Results 

3.4.1 Oncogene expressing populations had similar H3K27Ac peaks during 

oncogenic crisis but remarkably different peaks once stably transformed 

 

In order to screen for novel epigenetic alterations that contribute to successful 

transformation separate populations of the oncogene-expressing cells analysed in Chapter 2 

were maintained in culture until they were stably transformed to a cell line (referred to from 

now on as day 60+) – this is summarised in Figure 3-1.  
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Figure 3-1: Outline of the stable transformation experimental approach. ¶ Whole murine 

bone marrow was cultured with IL7 and transduced with retroviral vectors expressing an 

oncogene. On day seven post infection when they were suffering from oncogenic stress, in 

order to increase the datasets from Chapter 2, cells were harvested for: H3K27Ac ChIP-seq 

(n=1 for EV) and RNA-seq (total n=4 for EV and n=5 for both oncogenes). On day 60+ when 

cells had outgrown from the period of oncogenic crisis and were successfully transformed, 

cells were harvested for: H3K27Ac ChIP-seq (n=2 for both oncogenes) and RNA-seq (n=3 

for both oncogenes). 

 
 

At this point, H3K27Ac ChIP-seq was undertaken, as before. This enabled a comparison 

between empty vector infected B-cell precursors (cells infected with empty vector as control 

and harvested 7 days after transduction; n=1), oncogene-expressing cells which were in a 

period of acute oncogenic stress (BCR-ABL1 or MYC transduced cells harvested 7 days after 

transduction and experiencing a temporary phase of stress described in chapter 2; n=1 for 

each oncogene), and oncogene-expressing cells which had survived the oncogenic stress to 

reach stable transformation (BCR-ABL1 or MYC transduced cells harvested ~60 days after 

transduction and exhibiting >90% viability; n=2 for each oncogene). The number of uniquely 

aligned reads and quality scores for the new ChIP-seq libraries and input libraries is shown 

in  

Figure 3-2 and Figure 3-3.
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Figure 3-2: Picard alignments show that each of the five H3K27Ac ChIP-seq library yielded a minimum of 34 million uniquely mapped reads.¶ Two corresponding 

input libraries had a minimum of 36 million uniquely mapped reads. Figure generated using (Ewels et al., 2016) 
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Figure 3-3: All five H3K27Ac ChIP-seq libraries and both input libraries were all of very good quality with Phred scores >30.¶ Figure generated using (Ewels et al., 

2016) 
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Figure 3-4: Stably transformed cells expressing BCR-ABL1 or MYC were more dissimilar to each 

other than to the empty vector. ¶Heatmap representation of the log10 Pearson’s correlation 

values of H3K27Ac peak intensity in all seven conditions. Peaks are ordered by similarity (peak 

intensity) as shown by the dendrogram. The day 7 empty vector population had more H3K27Ac 

peaks in common with the day 60+ stably transformed cells than the day 7 cells in oncogenic 

crisis. Bioinformatic analysis and figure by Dr Mark Robinson. 

 

For a general overview of the different conditions, a heatmap of all H3K27Ac peaks was 

constructed – shown in Figure 3-4. Each of the five conditions (including two biological 

replicates of the day 60+ stably transformed populations) was ordered by the similarity of 

the peak intensity as shown in the dendogram on the axes. As expected, the two biological 

replicates of the day 60+ stably transformed cells with BCR-ABL1 or MYC were highly 

correlated (0.73 and 0.82, respectively) with each other. Unexpectedly, the H3K27Ac peaks 

in the day 60+ stably transformed cells expressing BCR-ABL1 were more dissimilar to the 

day 60+ stably transformed cells expressing MYC (0.54 and 0.58) than they were to the day 7 

empty vector cells (0.62 and 0.70). This is particularly interesting given that the two day 7 

oncogenic crisis populations expressing BCR-ABL1 or MYC were the most highly correlated 

of all seven conditions (0.93). This would indicate that oncogenic crisis induced by either 

oncogene results in a reproducibly similar pattern of H3K27Ac but that the same two 

oncogenes induced reproducibly different routes to stable transformation. This may be 
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because MYC, a transcription factor, induces more dramatic changes to the epigenome than 

BCR-ABL1, a tyrosine kinase. 

3.4.2 Stable transformation induced broad, intense H3K27Ac peaks outside of 

promoter regions consistent with novel enhancers 

In order to examine the differences between the conditions, an analysis of only those peaks 

which were different between the early and late conditions was undertaken. A total of 1,452 

peaks differed significantly in the day 7 conditions versus the day 60 conditions (p<0.05). As 

shown in Figure 3-5, analysis of the H3K27Ac peaks showed that the overall distribution of 

H3K27Ac throughout the different functional locations of the genome shifted depending on 

the time point in the experiment.  In general, oncogene–expressing cells at crisis stage (day 

7) had peaks present at promoters or overlapping with a gene (highlighted with a black 

frame) that resembled narrow and intense signals. The remaining peak locations showed low 

signal intensity. 

 

Notably, in the day 60 stably transformed populations, all categories of peak location except 

the promoter peaks showed a notable increase in broad, intense peaks (these are highlighted 

with a blue frame). The non-promoter peaks are consistent with the profile of newly 

activated enhancers. In addition, the intensity of the remaining peaks has returned to at least 

that of the day 7 empty vector, consistent with resumption of routine (albeit malignant) 

cellular function as opposed to a response to oncogenic crisis.   
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Figure 3-5: H3K27Ac ChIP-seq revealed peaks of different intensity in stably transformed 

populations.¶ Heatmap image showing H3K27Ac ChIP-seq peaks for differential signals in day 7 

cells infected with empty vector (EV; n=1)) only versus day 7 cells expressing BCR-ABL1 (BCR) 

or MYC during a period of oncogenic stress (n=1 each) versus two biological replicates of the 

stably transformed cells which grew out of each oncogene-expressing population at day 60+ (n=2 

per oncogene).  The first column indicates the location of the differential peaks – promoter only, 

genic, exonic, intronic, overlapping (genic and intergenic), multiple (overlapping two or more 

genes) and lastly intergenic only.  The last column indicates the H3K27Ac normalised read 

counts per million (signal intensity). Peaks shown (n=1,452) were significantly (p<0.05) 

different in day 7 (both conditions) versus day 60+ stably transformed. Bioinformatic analysis 

and figure by Dr Mark Robinson. 
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3.4.3 Stable transformation induced H3K27Ac changes in cell activation and 

proliferation pathways  

As shown in Figure 3-6, semantic comparison of the gene ontology annotation was 

undertaken to detect similarities between the genes associated with H3K27Ac signals that 

were significantly different in the day 60+ stably transformed populations compared to the 

day 7 empty vector and oncogenic crisis populations (Yu et al., 2010). 

 

 

 
 

Figure 3-6: Enriched gene signatures related to cell activation and proliferation. ¶ Heatmap 

showing gene ontology semantic similarity analysis (GOSemSim) of genes associated with 

significantly different H3K27Ac ChIP-seq peaks in day 60+ BCR-ABL1 or MYC stably 

transformed populations versus day 7 empty vector or oncogenic crisis populations. The day 60+ 

populations showed enrichment for various gene ontology signatures relating to cell activation 

and proliferation. Heatmap colours represent similarity index (blue) and enrichment (brown). 

Bioinformatic analysis and figure by Dr Mark Robinson. 

 
This shows that, whilst the H3K27Ac peaks that were significantly different between BCR-

ABL1 and MYC stably transformed day 60+ populations correlated less well with each other 

than with the empty vector, the enriched gene signatures representing the overall cellular 

outcome, such as cell activation and proliferation, were similar. 
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3.4.4 RNA-seq analysis of gene expression showed stable transformation was 

associated with activation of pathways necessary for increased 

proliferation.  

 

In order to understand the pathways inhibited and/or activated during oncogenic stress and 

stable transformation, further RNA-seq analysis was undertaken on the day 7 empty vector 

populations (n=2+2), the day 7 BCR-ABL1-expressing populations in oncogenic crisis 

(n=2+3 for each oncogene) and the day 60+ stably transformed populations (n=3 for each 

oncogene). The number of uniquely mapped reads and the quality scores for these libraries 

are shown in Figure 3-7 and Figure 3-9. 
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Figure 3-7: STAR alignment scores show that each RNA-seq library yielded a minimum of 22 million uniquely mapped reads. ¶ Figure generated using 

(Ewels et al., 2016). 
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Figure 3-8: Each of the RNA-seq libraries libraries were of very good quality with Phred scores >30.¶ Figure generated using (Ewels et al., 2016). 
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As shown in Figure 3-9, each comparison revealed significantly inhibited and activated 

pathways (as defined by the Kyoto Encyclopedia of Genes and Genomes (KEGG)). 

 

 

 
 

Figure 3-9: Oncogenic crisis and stable transformation resulted in significant activation and 

inhibition of KEGG pathways. ¶ Differentially expressed pathways were identified in day 7 empty 

vector, day 7 BCR-ABL1-expressing oncogenic crisis and day 60+ BCR-ABL1-expressing stably 

transformed populations. Volcano plots showing KEGG pathway enrichment using normalised 

expression scores (NES). The dashed line in each indicates significance (p=0.05) - note the scale 

differs in each. Those genes above the dashed line are significantly inhibited (purple) or 

significantly activated (green). Bioinformatic analysis and figure by Dr Mark Robinson. 

 

The top 20 KEGG pathways in Figure 3-9 that were inhibited and activated in each 

comparison are listed in Figure 3-10. Those which were significantly (p<0.05) inhibited are 

coloured in purple and those significantly activated in green whilst those which remain in 

grey did not reach significance. This shows that oncogenic crisis and stable transformation 

induced by BCR-ABL1 results in activation of pathways necessary for increased proliferation. 

This includes DNA replication, transcription, translation, replication and repair, for 

example.  
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Figure 3-10: Oncogenic crisis and stable transformation resulted in activation of transcription, 

replication and repair pathways and inhibition of immune pathways. ¶ The top 20 activated 

(green) and inhibited (purple) KEGG pathways for each comparison made in Figure 3-9 are 

shown.  Bioinformatic analysis and figure by Dr Mark Robinson. 
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3.4.5 Combined H3K27Ac ChIP-seq and RNA-seq of stably transformed BCR-

ABL1-expressing populations revealed epigenetic and genetic differences 

relevant to human Ph+ leukaemia 

In light of the reproducible differences between the day 60+ stably transformed populations 

expressing either BCR-ABL1 or MYC, subsequent analyses focused on the co-operating 

events that result in stable transformation of BCR-ABL1-expressing cells only. The 

differential peaks in the day 7 empty vector and BCR-ABL1-expressing oncogenic crisis 

populations versus day 60+ stably transformed populations were compared; this time only 

those which were highly significantly different (p=1x10-4) were included, reducing the 

number of peaks from 1,452 to just 84, as shown above the red line in in Figure 3-11.  

 

 
 

Figure 3-11:  Volcano plot showing all 11,308 H3K27Ac BCR-ABL1 peaks. ¶ The log2 fold change in 

the day 7 empty vector and oncogenic crisis populations versus the day 60+ stably transformed 

populations is indicated on the Y-axis and the –log10 significance of the change on the X-axis. The 

dashed red line indicates highly significant (p=0.0001) differences (n=84). Intergenic and 

intronic signals are highlighted with yellow circles; grey circles represent all other genic locations. 

Bioinformatic analysis and figure by Dr Mark Robinson. 

 

 

Next, an investigation of the correlation between the 84 highly significantly different 

H3K27Ac ChIP-seq signals and gene expression (as quantified by RNA-seq) was undertaken. 

For this analysis, the expression of the most proximal gene identified by RNA-Seq was 
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assigned to the respective intergenic peaks. The scatter plots in Figure 3-12 show that there 

is indeed a strong correlation between the expression of each gene and the intensity of the 

H3K27Ac signal in day 60+ stably transformed populations versus the day 7 empty vector 

control population (r=0.71; left) or the day 7 oncogenic crisis populations (r=0.69; right); 

both correlations are highly significant (p<1x10-9 and p<1x10-8, respectively). Intergenic and 

intronic peaks are highlighted with a yellow dot to distinguish them from all other peak 

locations (shown with black dots). Selected genes are indicated. 

 

 
 

Figure 3-12: Differential H3K27Ac signals correlated with differential expression in BCR-ABL1 

stably transformed populations. ¶ ¶Scatterplots showing the H3K27Ac signal intensity in day 60+ 

stably transformed cells (transformed) compared to day 7 empty vector (EV; left) or day 7 BCR-

ABL1-expressing cells in oncogenic crisis (oncogenic crisis; right). The expression of the most 

proximal gene was associated with all intergenic signals. Intergenic and intronic signals are 

highlighted with yellow circles; black circles represent all other genic locations. The blue line 

represents linear regression fit. The r value and the p-value of the Pearson’s correlation is 

indicated. Genes shown (n=84) associated with highly significantly (p=1x10-4) differential peaks 

in day 7 (both conditions) versus day 60+ stably transformed. Bioinformatic analysis and figure 

by Dr Mark Robinson. 
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The day 60+ stably transformed putative enhancer-associated genes were then analysed in 

more detail. One interesting example from this list is Ctla4, which featured amongst the 

highly significantly different genes twice: once because of an intergenic peak and once 

because of a different overlapping peak – this is shown in Figure 3-13.  Ctla4 is a negative 

regulator of T-cell activation and there is evidence that its activation contributes to 

avoidance of tumour immune surveillance (Laurent et al., 2007). The empty vector and the 

day 7 BCR-ABL1 expressing cells show a shallow signal which is most intense at the Ctla4 

gene promoter but which extends to cover the entire length of the gene body. This has 

increased significantly in the day 60+ stably transformed BCR-ABL1 expressing cells that 

show strong peaks in the location of the previously shallow ones, and in addition the 

emergence of intergenic peaks both upstream and downstream in one of the two replicates. 

These stronger peaks in day 60+ stably transformed populations corresponded with an 

increase in Ctla4 expression of 6.94 fold compared to the empty vector (p=8.07x10-7). 

 

 

 
 

Figure 3-13: Increased 

expression of Ctla4 was 

associated with an 

increased H3K27Ac 

peak in day 60+ BCR-

ABL1–expressing stably 

transformed cells. ¶ 

Custom ChIP-seq track 

showing H3K27Ac 

ChIP-seq peaks at Ctla4 

at day 7 and day 60 for 

BCR-ABL1-expressing 

cells. The gene body is 

indicated in red and the 

significantly different 

peaks are indicated in 

green  

 
 

Another interesting example of a putative enhancer regulated gene in stably transformed 

D60 cells is Galnt14. Galnt14 is an peptidyl-O-gylcosyltransferase whose expression is 

necessary for sensitivity to apoptosis-inducing therapy (Wagner et al., 2007). As shown in 

Figure 3-14, an H3K27Ac ChIP-seq peak overlapping Galnt14 was significantly increased in 

both day 60+ stably transformed replicates, along with the emergence of an intronic peak. 
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This alteration was associated with a 10.86x increase in expression compared to day 7 empty 

vector (p=1.18x10-55) and with a 9.13x increase in expression compared to the day 7 BCR-

ABL1 expressing cells in oncogenic crisis (p=5.49x10-54).  

 

Figure 3-14: Increased 

expression of Galnt14 

was associated with an 

increased H3K27Ac peak 

in day 60+ stably 

transformed cells. ¶ 

Custom ChIP-seq track 

showing H3K27Ac ChIP-

seq peaks at Galnt14 at 

day 7 and day 60 for 

BCR-ABL1-expressing 

cells. The gene body is 

indicated in red and the 

significantly different 

peaks are indicated in 

green. 

 

 

 

Whilst this approach to analysing the differential peaks has clearly identified some 

interesting interactions the nature of enhancers and their ability to interact over long 

distances mean this approach is not without its flaws. The well characterised MYC super 

enhancer, approximately 1.7Mb upstream (Shi et al., 2013), was correctly identified as having 

a highly significantly differential peak intensity in the day 7 empty vector and day 7 

oncogenic crisis versus day 60+ stably transformed BCR-ABL1-expressing populations – this 

is shown in Figure 3-15. However, the differential peak intensity was incorrectly assigned to 

the most proximal gene. This example is not likely to be isolated so it will be important to 

clarify the enhancer-promoter interactions for a meaningful analysis, and not just rely on 

identification of putative enhancers by proximity. 
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Figure 3-15: The well characterised MYC super enhancer was detected in the BCR-ABL1-

expressing stably transformed day 60+ model but was wrongly assigned to a more proximal gene 

in this analysis.¶ Custom ChIP-seq track showing H3K27Ac ChIP-seq peaks at day 7 and day 60 

for BCR-ABL1-expressing cells. The gene body is indicated in red and the significantly different 

peak (which coincides with the MYC super enhancer) is indicated in green. 

 
Putative enhancers were then compared to three Ph+ (TOM1, SD1 and BV173) and three Ph- 

(Reh, SMS-SB and Kasumi-2) human B-ALL cell lines, in order to verify that enhancers 

identified in the murine model were also present in human leukaemia. Several established 

enhancers, such as the MYC super enhancer (described above) and the PAX5 super enhancer 

were indeed present in a proportion of the B-ALL cell lines, confirming the validity of this 

model to identify relevant human enhancers. One novel H3k27Ac peak called in BCR-ABL1 

oncogenic crisis and stably transformed populations was located within the intron of BCL2.  

Interestingly, this was also present in human B-ALL cell lines but was restricted to the Ph+ 

B-ALL cell lines only suggesting this modification may be BCR-ABL1 dependent (shown in 

Figure 3-16). 
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Figure 3-16: An intronic putative enhancer identified in the mouse model was present only in the 

Ph+ human B-ALL cell lines.¶ Custom H3K27Ac ChIP-seq track showing the BCL2 region in six 

different human B-ALL cell lines; Reh, SMS-SB and Kasumi-2 (top) are Ph- whilst BV173, TOM1 

and SD1 (bottom) are Ph+. The location of the differential murine H3K27Ac peak is indicated 

with a green bar above the tracks and highlighted with a grey dashed box. The sequence 

conservation track at the bottom shows alignment with mouse. 
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4 Genomic drivers of EVI1 expression in myeloid leukaemia 

 Contribution of others to this chapter  

All bioinformatics analysis (including Figure 4-24) was undertaken by Dr Mark Robinson. 

Immunohistochemistry was performed by the Imperial College Healthcare Molecular 

Pathology service and sequencing was performed by the Medical Research Centre’s 

Genomics Facility. I performed all sample processing, tissue biobanking and all other 

experiments. 

 Hypothesis 

EVI1 expression in poor prognosis leukaemia with no cytogenetic rearrangement of EVI1 is 

caused by aberrant activation of a novel oncogenic enhancer. 

 Background 

As detailed in section 1.6, EVI1 is a tightly controlled transcription factor which is essential 

for normal haematopoietic development and whose overexpression causes differentiation 

arrest. It is aberrantly expressed in a proportion of myeloid leukaemia. This aberrant 

expression is understood in some cases - cytogenetic rearrangements result in fusion 

proteins transcribed from ectopic promoters, or in the normal protein transcribed from 

ectopic enhancers – but remains idiopathic in others. The similarity between the aetiology of 

EVI1 expression in myeloid leukaemia and that of TAL1 expression in T-cell leukaemia – and 

the recent discovery of a novel oncogenic super enhancer in the latter – triggered the 

investigation of the non-coding genome in CML to explore whether a similar mechanism 

may underpin aberrant EVI1 expression as described in the following investigation. 

 Results 

4.4.1 EVI1 expression was detected in chronic and blast phase samples 

EVI1 overexpression is detectable in various myeloid leukaemias including myelodysplastic 

syndrome, chronic myeloid leukaemia and acute myeloid leukaemia. As discussed above, 

however, CML is defined by a single gene fusion, BCR-ABL1, and even in the later stages of 

disease has a relatively simple genome compared to the heterogeneous nature of MDS and 

AML. For this reason, CML was initially chosen as a model disease for this investigation. In 

order to investigate the possibility of a novel oncogenic enhancer of EVI1, a sub collection of 

the Imperial College Healthcare Tissue Bank was initiated (reference number 

MEC_AR_16_030) and access to this sub collection for this project was granted in October 

2016 and extended in November 2017 (R16065). See appendix for the Imperial College 

Healthcare Tissue Bank Approval. 
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When samples of a sufficient size were received, RNA and genomic DNA were extracted and 

cells were harvested for FISH, cryopreserved and cross-linked. Over 18 months, 31 suitable 

patient samples were received for the study.  

 

First, RT-qPCR of cDNA derived from the samples was undertaken to establish the fold 

change of EVI1 expression compared to the BCR-ABL1 positive myeloid cell line, LAMA84, 

normalised to a stably expressed control gene, GUSB (Wang et al., 2006) using the delta 

delta CT (cycle threshold) method, as shown in Figure 4-1. A primer pair targeting exon 14, 

which is common to all EVI1 transcripts, including the MECOM transcript, was used.  

 

Samples from healthy volunteers (n=5) were negative for EVI1 expression. The CML-BC 

(n=7) samples showed a wide variation in expression levels, with negative, low and high 

expression. The cell lines tested (n=3) were also variable, with KCL22 classified as low 

expression and K562 and LAMA84 (to which the expression of all samples was compared) as 

high. 

Figure 4-1: EVI1 

expression was highest 

in the CML-BC 

samples.¶ Scatter plot 

showing the log10 

expression of total 

EVI1 transcripts 

expressed relative to 

that of LAMA84 

normalised to GUSB 

using ΔΔCt method. 

 

 

 
 

Samples were categorised as high expression (EVI1high if 0.2x or above), low expression 

(EVI1low if 0.02-0.2x) and negative (EVI1- if less than 0.02x).  As shown in Figure 4-2, there 

was little variation in the range of expression for the CML-CP samples with most expressing 

between 0.02x and 0.2x the EVI1 of LAMA84. The majority of CML-CP samples were thus 

categorised as EVI1low, with two samples categorised (MEC122 and MEC124) as EVI1- and a 

single sample (MEC140) as EVI1high. 
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Figure 4-2: The majority of CML-CP samples had low expression of EVI1.¶ Bar chart showing the 

expression classifications of EVI1 for all 24 CML-CP samples (total EVI1 transcripts expressed 

relative to that of LAMA84 normalised to GUSB using ΔΔCt method). A single sample (MEC140) 

was classified as having high expression, and two (MEC122 and MEC124) as being negative for 

expression. 

 
Samples with EVI1high from any disease category (n=7) plus all three cell lines were then 

tested by fluorescence in situ hybridisation (FISH) using a triple colour break apart probe 

(Kreatech Diagnostics, schematic shown in Figure 4-3) for the EVI1 locus, to determine the 

presence or absence of a cytogenetic rearrangement. A minimum of 100 interphases were 

examined for each sample, with up to five metaphases when available. 
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Figure 4-3: The triple colour break apart 

FISH probe detects rearrangements of the 

MECOM locus.¶ The three sections of the 

probe co-localise in a single fusion to the 

MECOM locus on a normal homologue for 

chromosome 3; if translocated or inverted, 

the fusion splits. Figure taken from 

Kreatech Diagnostics. 

 

One CML-BC sample (with the highest expression shown in Figure 4-1) was excluded as the 

patient had a t(3;3) as shown in Figure 4-4; the fusion signal on the larger derivative 

chromosome 3 has split, leaving the green component in the original 3q26.2 locus and 

translocating the red and aqua components to 3q21 on other homologue. The remaining 

intact fusion signal moves with the reciprocally translocated segment. All other patient 

samples and cell lines showed two intact fusion signals only, consistent with no 

rearrangement of the EVI1 locus, and indicating an unexplained mechanism for EVI1 

expression.  
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Figure 4-4: One CML-BC 

sample was excluded from the 

study following detection of a 

t(3;3) translocation. ¶ 

Metaphase image showing the 

results of the same triple 

colour break apart FISH assay. 

The MECOM locus which 

originated on the larger der(3) 

has split leaving a green signal 

only [green arrow]. The red 

and aqua signals have 

translocated to the smaller 

der(3) [blue arrow]. One intact 

MECOM locus and fusion 

signal remains, distal to the 

breakpoint on the larger der(3) 

[white arrow].    

 
 

 

A representative metaphase from a patient sample with no cytogenetic rearrangement of 

chromosome 3 is shown in Figure 4-5. A summary of the patients from which the remaining 

samples (n=30) was taken in shown in Table 4-1. 

 

Figure 4-5: All other samples 

with EVI1high expression had 

no detectable rearrangement 

of the MECOM locus. ¶ 

Metaphase image showing 

the results of the triple colour 

break part assay. Intact 

fusion signals, comprising 

green, red and aqua probe 

components, have hybridised 

to the long arm of both 

homologues of chromosome 

3 [indicated by a white 

arrow]. This sample has no 

cytogenetic rearrangement of 

the MECOM locus.¶ 
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Table 4-1: Patient characteristics for suitable samples received and bio banked. 

 No. of 
EVI1- 

patients 

No. of 
EVI1low 

patients 

No. of 
EVI1high 

patients 

Total 

Sex     

Male 1 13 2 16 (53.3%) 

Female 2 10 2 14 (46.6%) 

Age group     

<35 yrs. 1 6 1 8 (26.6%) 

35-60 yrs. 1 13 2 16 (53.3%) 

>60 yrs. 1 4 1 6 (20.0%) 

Disease      

CML-CP 2 21 1 24 (80.0%) 

CML-BC 1 2 3 6 (20.0%) 

Total 3 
 (10.0%) 

23 
 (76.6%) 

4 
 (13.3%) 

30 

 

 

4.4.2 In chronic phase MECOM expression is derived from the CD34+ 

compartment 

Consistent with other reports (Gerhardt et al., 1997), low level expression (less than 0.2 

times that of LAMA84) was detected in the majority of CML-CP patients which was likely 

due to the proportion of CD34+ cells present in the sample. CML-CP samples have, by 

definition, fewer than 10% blasts in the peripheral blood or bone marrow whereas CML-BC 

samples have blasts comprising 20% or more of the peripheral blood white blood cells or 

nucleated bone marrow cells (Swerdlow et al., 2008).  Where available, the CD34 content of 

the samples (as measured by flow cytometry undertaken by the Imperial Molecular 

Pathology department as part of routine diagnostic testing) was compared to the EVI1 

expression.  
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Figure 4-6: In CML-CP, CD34+ content correlates with EVI1 expression. ¶ Scatter plot (left) 

showing CD34+ content and EVI1 expression for all samples for which this information was 

available. CML-BC are indicated in dark blue and CML-CP in light blue; the horizontal dotted lines 

indicate the thresholds for EVI-, EVI1low and EVI1high expression. Linear regression is shown with 

a black line. The residuals of the log linear regression (right) shows the CML-BC with 22% CD34+ 

but negative EVI1 expression is an outlier. 

 

Notably, the relationship between CD34+ content and EVI1 expression differs in the CML-

CP from the CML-BC samples. As shown in Figure 4-6 (left), the CD34+ content in CML-CP 

ranges from 0.6% to 9%. In CML-BC the CD34+ content is, as expected, far higher than that 

of CML-CP ranging from 20% to 97%. The EVI1 expression in the latter samples, however, 

ranges from 0.007x to over 5x for CML-BC.  

 

Whilst the pattern of expression in CML-CP samples suggests that the overall expression is 

simply reflective of the proportion of CD34+ haematopoietic progenitor cells, the varying 

level of expression in the CML-BC samples –notably, MEC125, which has 22% CD34+ but 

EVI1 expression of just 0.007x and classified as negative – would indicate that a different 

mechanism is responsible. Residuals of the log linear regression (right) shows that this 

sample is indeed the outlier. It is therefore likely that the interactions which may be detected 

in CML-CP reflect the normal interactions of a haematopoietic progenitor cell whereas those 

detected in CML-BC reflect an abnormal, malignant process. 

 



119 

 

 
 

Figure 4-7: EVI1 is expressed in the 

CD34+ compartment only during 

chronic phase. ¶ Bar chart showing 

the EVI1 expression (as a fold 

change relative to the LAMA84 cell 

line and normalised to GUSB) of a 

mononuclear cells from a CML-CP 

(MEC143): the whole 

leukophoresis sample (left), the 

positively selected CD34+ fraction 

(right) and the depleted CD34- 

fraction (middle). 

 

 

In order to further investigate this correlation, it was necessary to examine the EVI1 

expression derived from the CD34+ and CD34- fractions separately. First, mononuclear cells 

were isolated by density centrifugation from a leukophoresis sample taken at diagnosis of 

CML-CP. CD34+ cells were then positively selected by magnetic activated cell sorting and the 

CD34- flow through was also retained. Analysis of EVI1 expression was then undertaken 

using RT-qPCR, as before, of all three fractions (whole, CD34+ and CD34-). As shown in 

Figure 4-7, the low level of EVI1 expressed by the total sample derived almost entirely from 

the CD34+ compartment (residual EVI1low expression in the CD34- fraction is likely due to 

CD34+ contamination – this fraction is depleted of CD34+ rather than negatively selected). 

This is in agreement with various murine studies (Goyama et al., 2008; Kataoka et al., 2011; 

Laricchia-Robbio and Nucifora, 2008; Yuasa et al., 2005) and a human study (Steinleitner et 

al., 2012) which have shown that EVI1 is expressed in normal adult CD34+ haematopoietic 

progenitor cells. It is important to note that CD34 expression alone does not define a CML 

stem cell, but rather, an early progenitor (Graham et al., 2007). It is likely that the 

expression of EVI1 could be further refined to a cell of origin with further selection for stem 

cell defining surface markers (Helgason et al., 2010).   

 

In the above experiments it is shown that there was a correlation between CD34 content and 

EVI1 expression in CP and that, in a single patient, the EVI1 expression was derived from the 

CD34+ fraction. The majority of leukaemic cells in CP – which all carry the Philadelphia 

translocation and are thus clonally derived from a leukaemic progenitor – do not therefore 
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express EVI1. In BC, however, all patient samples showed a much higher CD34+ fraction (by 

definition over 20% and up to 97%) and yet one showed lower EVI1 expression (down to just 

0.007x), therefore, there must be a different mechanism responsible for the EVI1 expression 

in CML-BC.  

4.4.3 The full length MECOM transcript contributes little to the overall EVI1 

expression  

Multiple RT-qPCR assays of the EVI high cell lines and the one available EVI high CML-BC 

patient sample were therefore undertaken using primer pairs designed to identify all 

described EVI1 transcripts from the MECOM locus, including that of MECOM, as shown in 

Figure 4-8 (Lugthart et al., 2008).  

 

 

 
 

Figure 4-8: Location of primers used to detect all EVI1 transcripts¶.¶ EVI1 exons are indicated in 

blue, MDS1 in pink. The purple arrows indicate the different amplicons – not to scale. Adapted 

from (Lugthart et al., 2008). 

 

The expression profile of the different transcripts expressed by each sample is shown in 

Figure 4-9; whilst K562 and LAMA84 have a broadly similar profile (albeit with a lower 

overall expression in the latter) with a majority of EVI1-1A transcripts. All three samples 
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expressed a small proportion of EVI1-1D and -1B transcripts, but none had detectable EVI1-

1C. The significance of the alternative first exons is unclear, as all transcripts have the same 

translational start sites in exon 3 (Lugthart et al., 2008). 

 

 

Figure 4-9: The CML-BC 

sample expressed a higher 

proportion of EVI1-3L 

transcripts than the CML 

cell lines.¶ Bar chart showing 

expression of the six 

alternative transcripts 

expressed from the MDS1-

EVI1 locus in two high 

expressing cell lines and one 

CML-BC patient sample. 

Data shown is ΔCt of each 

transcript to GUSB. 

 

 

The CML-BC patient sample (MEC128) has a noticeably larger proportion of EVI1-3L. This 

transcript has the usual exons 1 and 2 replaced by genomic sequence upstream of exon 3.  

Importantly, the MECOM transcript – which has a different MDS1 promoter, approximately 

500Kb upstream – had negligible (in LAMA84 and MEC128) or very low expression (in 

K562). This indicates that the relevant promoter for investigating promoter/enhancer 

interactions is the EVI1 promoter which overlaps with exons 1A-1D. 

 

4.4.4 Primary human blood and bone marrow samples from CML patients 

appear to lack H3K27Ac  

 

Selected samples with EVI1high, EVI1low and EVI1- were then processed for H3K27Ac ChIP-

seq. As used by Mansour et al. during their discovery of the TAL1 super enhancer, this 

technique is widely used to identify enhancers. The first quality control step of the chromatin 

immunoprecipitation experiment, DNA quantification, showed protein-bound DNA was 

immunoprecipitated by the H3K27Ac antibody in all the samples (both cell line and primary 

CML samples) but not in the isotype control. The lack of DNA in the isotype control 

indicated that the ChIP experiment had not pulled down DNA indiscriminately and was thus 

successful (shown in Figure 4-10). 
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Figure 4-10: H3K27Ac 

ChIP yielded DNA from a 

human cell line and, to a 

lesser extent, primary 

CML cells ¶ (all n=1) 

 

 
 

The second quality control step, a Western blot to confirm that H3K27Ac was enriched in the 

immunoprecipitated lysate, unexpectedly showed a complete absence of H3K27Ac in the 

primary cells (see Figure 4-11). 

 

 
 
Figure 4-11: Western blot of H3K27Ac ChIP pull-down showed a complete lack of H3K27Ac 

primary CML.¶ The human CML cell line (LAMA84) showed enrichment, indicating that this 

phenomenon was limited to primary cells – the same four as shown in Figure 4-10. Isotype and 

positive controls indicated the ChIP experiment and the Western blot were successful.  

 
It has previously been reported that lysing of primary CML samples triggers a degradative 

activity – which cannot be inhibited by conventional protease inhibitors – which results in 

complete loss of the BCR-ABL1 protein (Patel et al., 2006). A surrogate marker, such as the 

BCR-ABL1 substrate phospho-Crkl, is therefore required to assay for the kinase activity.  
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A further Western blot was therefore undertaken of primary cell lysate from a patient with 

CML-BC and a control patient (with chronic lymphocytic leukaemia) using antibodies for 

H3K27Ac and for total histone H3 (see Figure 4-12). The lysate was processed with and 

without histone deacetylase inhibitor (HDACi) according to the manufacturer’s protocols. 

This showed both patients had histone H3 but confirmed that the CML patient had no 

detectable H3K27Ac as before. H3K27Ac was not increased in the presence of the histone 

deacetylase inhibitor indicating that the H3K27Ac was not present in vivo or that the 

deacetylation had occurred prior to the lysing of the cells. 

 
 

 
 

Figure 4-12 Western blot showed H3 - but not H3K27Ac - is present in primary CML lysate.¶ Both 

H3 and H3K27Ac were present in a control non-CML protein lysate but only H3 was present in 

the protein lysate from the CML patient. Use of histone deacetylase made no detectable 

difference to the lack of H3K27Ac in the primary CML lysate.  

 
In order to exclude the possibility that H3K27Ac was being degraded following lysis, 

immunohistochemical (IHC) staining for H3K27Ac was also undertaken using a bone 

marrow trephine biopsy taken from the same CML-BC patient. Bone marrow trephine 

biopsies are fixed directly in neutral buffered formalin and the cells are therefore not lysed.  



124 

 

 
 

Figure 4-13: Immunohistochemical analysis showed no detectable H3K27Ac of a bone marrow 

trephine from a CML patient¶ (middle). . Staining was comparable to the no-antibody control 

(top); a bone marrow trephine from a non-CML patient showed positive staining (bottom). 

 
The IHC results (shown in Figure 4-13) showed strong H3K27Ac in the bone marrow 

trephine from the non-CML patient but no detectable H3K27Ac in the equivalent sample 

from the CML patient, again confirming the results from the Western blot. This result 

indicated that the deacetylation pre-existed in vivo and not as a consequence of sample 

handling or cell lysis. 

 

This result is also in agreement with the work of Zhang et al, who demonstrated that CD34+ 

cells from newly diagnosed CML patients lacked acetylation of histones H3 and H4 and that 

these quiescent stem cells could be effectively targeted by TKI in combination with histone 

deacetylase inhibitors (Zhang et al., 2010).  
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4.4.5 H3K27Ac ChIP-seq is more sensitive than immunohistochemistry and 

Western blot 

Despite the apparent absence of H3K27Ac by both IHC and Western blot, the 

immunoprecipitated DNA from all CML patients yielded sufficient ChIP-DNA for the 

successful preparation of ChIP-seq libraries. Therefore, H3K27Ac ChIP-seq analysis of CML-

CP, CML-BC and CML cell lines was undertaken as planned (n=1 per patient or cell line) 

yielding successful alignments. A Venn diagram showing the peaks called in each category is 

shown in Figure 4-14. 

 

 

 
 

 
Figure 4-14: Venn 

diagram showing the 

number of peaks called in 

each category of MECOM 

expression. 
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Figure 4-15: H3K27Ac ChIP-seq track showing the EVI1 gene body ¶ (highlighted in red). CML-CP 

samples are shown in grey and CML-BC samples are shown in black. A representative input track 

is shown at the bottom. EVI1 expression classification is shown in blue on the right. 

 

As shown in Figure 4-15 analysis of the H3K27Ac ChIP-seq showed a single shallow peak at 

the promoter in the CML-CP patient samples including the EVI1-negative CML-CP sample 

(MEC124).  In contrast, a strong signal marked the promoter of both K562 and the CML-BC 

patient sample (MEC128). Notably, the CML-BC patient sample showed a series of H3K27Ac 

peaks throughout the gene body including a series of broad peaks which spanned a primarily 

intronic region of approximately 20Kb in the middle of the gene body. The strongest of these 

peaks were echoed in LAMA84 albeit at a lower intensity. H3K is not usually acetylated 

throughout gene bodies but is restricted to histones either side of the promoters/enhancers; 

this broad mark could therefore represent a novel oncogenic enhancer. Approximately half of 

all annotated enhancers are intergenic but they are less well studied (Shen et al., 2012). 

There is some evidence that intergenic enhancers attenuate the expression of the gene in 

which they are situated (Cinghu et al., 2017), however, this would be counterintuitive given 

the scenario above of activation of the EVI1 oncogene. 
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Figure 4-16: H3K27Ac ChIP-seq track showing the full MECOM gene body ¶ (highlighted in 

orange) and the EVI1 gene body (highlighted in red) and approximately 500Kb upstream. CML-

CP samples are shown in grey and CML-BC samples are shown in black. EVI1 expression 

classification shown in blue on the right. 

 

As shown in Figure 4-16 the MECOM gene body and the region upstream of both, and indeed 

throughout the rest of the genome (data not shown), showed a huge amount of variation 

between the EVI1low and EVI1- samples compared to the EVIhigh; this was likely to be due to 

the effects of the EVI1 protein, which, as discussed in section 1.6 has a fundamental role in 

haematopoietic differentiation. Unfortunately, however, this made the identification of a 

candidate enhancer impossible. Hence, the H3K27Ac ChIP-seq could be used to validate a 

potential EVI1 enhancer-promoter interaction but is insufficient to identify it. 
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4.4.6 Introduction of chromosome conformation capture to detect promoter-

enhancer interactions 

Chromatin conformation capture (3C) is a technique used to detect interactions within the 

genome which relies upon the likelihood of two interacting fragments being crosslinked and 

ligated together based on their proximity (Dekker et al., 2002). Whilst the original technique 

could only probe a suspected interaction between two known regions (one versus one), there 

have been various variant 3C techniques which have offered improvements on this, such as 

3C-seq or 4C (one versus many (Stadhouders et al., 2013)) and Hi-C (all versus all (Belton et 

al., 2012). Of note, 3C was used to detect the interaction between the auto regulatory site of 

the TAL1 complex and an intergenic site 8Kb upstream from the TAL1 transcriptional start 

site (Zhou et al., 2013c)., which facilitated the finding of the super enhancer at a later date 

(Mansour et al., 2014). 

 

The circularised chromatin conformation capture (4C) approach was therefore employed to 

directly interrogate chromatin-chromatin interactions involving the EVI1 promoter region in 

the EVI1high cell lines and CML-BC patient EVI1high samples compared to EVI1low and EVI1- 

patient samples. Chromosome conformation capture uses a region of interest to capture 

(hence, it is termed the ‘bait’) chromatin which physically interacts with it. It utilises 

restriction enzyme digest and a proximal ligation to capture the fragments of DNA that are 

bound by proteins in common – an overview of the technique is shown in Figure 4-17.  



129 

 
 

Figure 4-17: Overview of the 4C procedure.¶ Cross-linked nuclei are digested with a primary 

restriction enzyme; the protein/DNA complexes are diluted to such an extent that when ligated, 

DNA fragments which were crosslinked into the same protein/DNA complex are likely to ligate 

to each other. DNA is then reverse-crosslinked to remove the protein and digested with a 

secondary restriction enzyme. A second ligation results in circularisation and finally, a 4C 

library is constructed by inverse PCR using primers specific to the region of interest (i.e. the EVI1 

promoter, or ‘bait’) with 3’ overhang incorporating the sequences necessary for Illumina 

clustering, sequencing and multiplexing. Reproduced with permission from (Stadhouders et al., 

2013).  

 

Two baits – both entirely within the 3,200bp promoter region - were designed using EcoRI 

and DpnII as the primary and secondary restriction enzyme, respectively, as shown in Figure 

4-18 (van de Werken et al., 2012). 
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Figure 4-18: Bait A and Bait B are located within the promoter region of EVI1.¶ The translational 

start site is indicated with a black arrow, and the positions of exons 1 and 2 are indicated with 

filled grey arrows. 

 
 

 

Various published protocols were adapted in order to use frozen, cross-linked pellets from 

the patient samples which had already been collected and stored according to the existing 

ChIP-seq protocol (see section 6.8.2) (Gondor et al., 2008; Stadhouders et al., 2013; van de 

Werken et al., 2012). Notably, these had been cross-linked with a final concentration of 1% 

formaldehyde (which was optimal for the ChIP-seq) rather than 2% most commonly used in 

the 3C protocols. Briefly, the frozen, cross-linked pellet was resuspended in water and 

homogenised on ice with a pellet pestle. This step – not required in ChIP because of the 

sonication – was necessary to allow access of the restriction enzyme to the chromatin. The 

sample was centrifuged and the supernatant removed; the pellet was resuspended in water 

and split into three separate digestion reactions. At this point, an aliquot was removed for 

Control 1 (the undigested sample). All reactions were digested with 500U of the primary 

restriction enzyme, EcoRI (except the Control 1) added at intervals over an 18-hour period to 

maximise the digestion efficiency. A second aliquot was removed from the digests for Control 

2 (the digested sample). Controls 1 and 2 were reverse crosslinked and DNA was extracted 

using the phenol chloroform method and the digestion efficiency of the primary restriction 

enzyme was then checked using an RT-qPCR assay specific to the EcoRI restriction sites. 

 

 

Figure 4-19: The qPCR assay accurately determines the digestion efficiency of the primary 

restriction enzyme¶. The real time amplification of two amplicons – one spanning an EcoRI 

restriction site (right) and one entirely within two EcoRI restriction site (left) – from control 1 

(undigested) and control 2 (digested) were compared using the ΔΔCt method. See also 6.8.8¶. 
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Two sets of ABL1 primers were used; one amplicon spanned an EcoRI digestion site and one 

amplicon sat entirely between two EcoRI digestion sites as shown in Figure 4-19. The 

difference between the amplification of these controls indicates the digestion efficiency. 

Consistent with published observations, it was found that the cell lines showed a lower 

digestion efficiency (63.9-67.6%) than the primary cells (85.8 to 93.8%) as shown in Figure 

4-20 (Stadhouders et al., 2013). This is likely due to nuclei clumping which inhibits access of 

the primary digestion enzyme to the chromatin.  

 

 

  
Figure 4-20: Digestion 

efficiency was lower in CML 

cell lines than primary CML 

cells¶ , as reported in the 

literarture. Bar chart showing 

the percentage of EcoRI sites 

digested for primary CML 

samples in CP (light blue), BC 

(mid-blue) and cell lines (dark 

blue). 

 

 

Meanwhile, the restriction enzyme in the remaining digests was inactivated and then a 

proximal ligation was carried out overnight. The libraries were again extracted using the 

phenol-chloroform method and quantified. At this point, the 3C libraries could be used to 

interrogate a suspected chromatin-chromatin interaction if both partners are known.  

 

An aliquot of the extracted DNA was removed following primary digestion, proximal ligation, 

and secondary digestion and run on an agarose gel to allow for a visual check of the success 

of each of these steps (see Figure 4-21). The gel showed that the majority of the libraries were 

within the target range of 4-12Kb (for EcoRI, a six-cutter) following the first digestion, in 

agreement with the results of the RT-qPCR assay. This step is crucial, since inefficient 

digestion will result in over-representation of the uncut neighbouring fragment in the final 

sequencing. The proximal ligation returned the smear to a size close to genomic DNA 

following ligation and the second digestion resulted in the majority of the libraries within the 

target range of 0.1-2Kb (for DpnII, a four-cutter). 
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Figure 4-21: Agarose 

gel of a 4C library 

showed successful 

primary digestion ¶ 

(yielding a smear of 

DNA with the 

majority of 

fragments in the 

target range of 4-

12Kb), ligation and 

secondary digestion 

(yielding a smear of 

DNA with the 

majority of 

fragments in the 

target range of 0.1-

2Kb). 

 

 
 

A 25µg aliquot of the 3C library was used to make a 4C (3C-seq) library – it was digested 

overnight with 50U of the secondary restriction enzyme, DpnII, at 37˚C and DNA was again 

extracted using the phenol-chloroform method. The libraries were circularised by dilution to 

a large volume and ligation at 16˚C overnight. A final phenol-chloroform DNA extraction 

yielded the template for 4C library construction by inverse PCR. 
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Figure 4-22: Inverse PCR of the 3C libraries yielded 4C libraries with additional bands and 

smears indicating potential interactions.¶ Bait A (top) has a prominent band of 501bp and bait B 

(bottom) has a prominent band of 107bp; these are consistent with the neighbouring uncut 

fragment. The additional bands and smears indicate potential interactions with the promoter 

region. Note: both uncut bands are higher molecular weight than predicted because the library 

incorporates the 5’ overhang necessary for Illumina sequencing. 
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As shown in Figure 4-22, primers for both Bait A and B yielded bands and smears in addition 

to the predicted neighbouring fragment from uncut restriction digest sites. These additional 

bands and smears indicate potential interactions which would be revealed by sequencing. 

The bait primers were therefore re-designed to incorporate a 5’ overhang with the Illumina 

adapter sequence (for clustering of the library in the flow cell), the Illumina sequencing 

primer (from which the unknown sequence and the index sequence is read) and an index 

sequence (to allow for de-multiplexing, but which also introduces diversity necessary for 

clustering in the Illumina flow cell) as shown in Figure 4-23.  

 

 
Figure 4-23: Primer design for 4C library construction. ¶ The 6bp index immediately adjacent to 

the Illumina sequencing primer introduces sequence diversity (necessary for clustering) which 

the bait read and non0read primers lack. The P7 reads are not mapped.¶ 
 

Analysis was undertaken using the 4CSeq R package as described in (Klein et al., 2015). 

Reads from each patient sample were de-multiplexed from each other using the unique 6 bp 

index sequence. The bait primer sequence, which becomes incorporated in to the read, was 

trimmed away. The remaining reads were aligned to human genome (build GRCh38/hg38) 

and the reads aligning at each in silico restriction fragment were counted. Variance 

stabilising transformation was used to normalise the reads with DESeq2 R package (Love et 

al., 2014). It is assumed that the count of background reads will decline symmetrically from 

the bait until it reaches a constant. Reads therefore underwent trend fitting based on this 

signal decay using the 4CSeq R Package.  

 

To identify significant interactions, the three EVI1high samples were compared to the same 

number of EVI1low patient samples (the three with the most similar libraries). Fragments 

with a median of less than 40 read counts across all samples were removed to minimise the 

background noise. Fragments with read counts higher than expected at a given distance from 

the bait were given a z-score based on the residuals of the fit. Those fragments with z-scores 

larger above 3 in all three replicates and with an adjusted p-value of less than 0.01 in at least 

one replicate were called as significant.  

 

As shown in Figure 4-24, analysis of normalised counts from Bait A revealed multiple 

interactions (black dot) with the bait (location of the bait is indicated with a dark red arrow). 

Two clusters of significant interactions (each interaction is shown as a red dot and the two 
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clusters are highlighted with dashed boxes) were identified at approximately 500kb and 

600kb upstream of the bait in the EVI1high patient samples. Only one interaction (shown as a 

green dot) of this proximal cluster (highlighted with a green dashed box) was detected in the 

EVI1low samples. Interactions that did not reach the threshold of significance but that were 

differential between the EVI1high and EVI1low patient samples are shown with a blue diamond.  
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Figure 4-24: Analysis of normalised counts from Bait A revealed significant interactions in the 

EVI1high samples which were not present in the EVI1low samples.¶ Custom FourCSeq plot showing 

the variance stabilised (normalised) counts (black dots) from 4C libraries of three¶ EVI1high samples 

(top) and three EVI1low patient samples (middle). The fit of the distance dependence is shown with 

a green line and the dashed blue lines indicate +/-3SD. Significant interactions (those with a z-score 

above 3 in all replicates and a p-adjusted <0.01 in at least one replicate) are shown as a red dots 

(EVI1high only) or green dots (common to both EVI1high and EVI1low) and highlighted with a dashed 

box. Differential changes in the contact profile that are not called as significant (those present in 

EVI1high but not EVI1low or vice versa) are indicated with a blue diamond. The green bars below the 

profile indicate where the EVI1high has the higher signal for the differential change. The calculated 

log2 fold change of the differential testing per fragment and the gene maps of the region are shown 

at the bottom. The location of the bait is indicated with a dark red arrow. Bioinformatic analysis 

and figure by Dr Mark Robinson. 
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A second approach was taken to identify differential interactions between the EVI1high and 

EVI1low patient samples. Reads were processed as before, up to the variance stabilisation 

(normalisation) step. Differential region calling was then undertaken to identify fragments 

which were significantly over- or under-represented in the EVI1high and EVI1low patient 

samples. These interactions are shown in the WashU circlet plot in Figure 4-25 and span 

most of the long arm of chromosome 3, reaching 53Mb centromerically and 24Mb 

telomerically (Zhou et al., 2013a). 

 

 
 

Figure 4-25: Long-range 

differential interactions were 

found but were restricted to 

the long arm of chromosome 

3.¶ Custom WashU circlet plot 

showing positive (blue) and 

negative (pink) differential 

interactions.  

 

 

 

The positive (enriched in EVI1high samples compared to EVI1low samples) and negative 

(enriched in EVI1low samples compared to EVI1high samples) interactions are displayed 

alongside 4c tracks showing three merged results from EVI1high samples and three from 

EVI1low samples in Figure 4-26. A cluster of positive interactions surrounds the GOLIM4 

region downstream and a cluster of negative interactions surrounds the PLD1 region 

upstream – these two regions are shown in more detail in Figure 4-27 and Figure 4-28 

respectively. 

 

The restricted size of patient samples meant that not all samples were available for all 

experiments – a summary is shown in Table 4-2.



138 

 
 

 
 

 

Figure 4-26: Analysis of the 4C reads revealed multiple significant differential interactions¶ both up and downstream of MECOM.¶ Custom WashU track showing H3K27Ac 

ChIP-seq peaks and the differential regions detected – positive interactions (those present in EVI1high and not in EVI1low) are indicated with blue arcs, negative interactions 

(those present in EVI1low and not in EVI1high)  are shown in purple. The EVI1 region of MECOM is indicated in red. Two genes in areas of interest are also highlighted in 

red. A cluster of positive interactions in and around GOLIM4 (downstream) are shown in more detail in Figure 4-27, and a cluster of negative interactions in and around 

PLD1 (upstream) are shown in more details in Figure 4-28. 

 



139 
 

 
 
Figure 4-27: 4C revealed multiple interactions in the region of GOLIM4 approximately 1.1Mb downstream of the baits. ¶ Custom WashU track showing merged 4C reads 

from baits A and B in EVI1high samples and EVI1low samples. The positive interactions – those which were detected in the EVI1high significantly more often than in EVI1low - 

are shown with purple bars (width indicates restriction fragment size only and is not an indication of interaction significance). ¶ 
 

 

 
Figure 4-28: 4C revealed multiple interactions in the region of PDL1 approximately 2.4Mb upstream of the baits. ¶ Custom WashU track showing merged 4C reads from 

baits A and B in EVI1high samples and EVI1low samples. The negative interactions – those which were detected in the EVI1low significantly more often than in EVI1high - are 

shown with turquoise bars (width indicates restriction fragment size only and is not an indication of interaction significance). ¶ 
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Table 4-2: Summary of patient samples used in ChIP-seq and 4C experiments. ¶ The limited size of 
the patient samples meant that not all samples could be used for both H3K27Ac ChIP-seq and 4C 
experiments. 

Sample Disease EVI1 expression 4C ChIP-seq 
MEC101 CML-CP Low   
MEC102 CML-CP Low   
MEC105 CML-CP Low   
MEC110 CML-CP Low   
MEC121 CML-CP Low   
MEC124 CML-CP Negative   
MEC125 CML-CP Low   
MEC126 CML-BC Negative   
MEC128 CML-BC High   
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5 Discussion 

 

Aim 1: Does oncogenic stress promote genetic instability associated 

with leukaemia progression? 

 

It is now well recognised that oncogenic lesions in leukaemia affect lineage-specific genes 

(Mullighan et al., 2007; Mullighan et al., 2009b; Zhang et al., 2011). It has not been 

understood, however, whether these lesions arise because lineage specific genes are actively 

targeted by DNA damage or whether they arise through a process akin to natural selection 

following random DNA damage. Early indications that random abnormalities are not simply 

selected for came from mouse experiments where chromosomal translocations were induced 

in different cell lineages; successful transformation to leukaemia would occur in one lineage 

but not the other, such as MLL-MLLT1 [t(11;19)] in a myeloid but not lymphoid lineage 

(Cano et al., 2008). 

 

The data presented here collectively indicate that lineage specific genes are natural targets of 

oncogenic stress-related DNA damage occurring during oncogene-induced malignant 

transformation of B-cell precursors, and potentially throughout disease progression towards 

leukaemia. While genomic alterations in B-lineage leukaemia have been associated with off-

target activity of the DNA-damage inducing enzymes AID and RAG1 (Teng et al., 2015), the 

data presented here adds oncogenic stress as a third factor to the list of potential threats to 

the leukaemia genome. Notably, while it was shown that oncogenic stress increases the 

fragility of transcribed DNA, others showed that AID (Chaudhuri et al., 2003; Meng et al., 

2014; Ramiro et al., 2003) and RAG1 (Papaemmanuil et al., 2014)  preferentially target 

transcribed loci. Lineage-specific transcriptional programs hence expose highly transcribed, 

lineage-specific genes to all three threats, thereby facilitating genetic alterations at these loci. 

 

First, it was shown that healthy B-cell precursors induced to express the oncogenes BCR-

ABL1 or MYC experience DNA damage as evidenced by increased DNA-damage associated 

phosphorylation of P53 (Ser15) and H2AX (Ser139, H2AX) compared to control cells. While 

oncogene expression has been shown in many cellular models related to solid tumours to 

promote DNA damage (Perera et al., 2016; Supek et al., 2017) its relevance for genetic 

instability related to leukaemia was less clear. Importantly, however, it was shown in this 

experiment that the DNA damage detected did not relate to the activity of AID or RAG1 

(2.4.1), thereby distinguishing this work from others who have investigated the mutational 

activity these enzymes.  By excluding the effects of these sources of significant endogenous 
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damage, it is ensured that the damage detected experimentally derived directly from the 

expression of the oncogene.  

 

Consecutive analysis by H2AX-ChIP-seq allowed further definition and analysis of the 

genomic regions/loci affected by DNA damage in oncogene expressing cells. It is recognised 

that γH2AX histone modification can spread over extended distances around a DNA DSB 

(Bothmer et al., 2011), however the results of the γH2AX experiments were highly 

reproducible indicating the potential spread of γH2AX spreading did not confound the 

results.  

 

It was interesting to note that BCR-ABL1 and MYC induced DNA damage resulted in 

comparable γH2AX signal intensities: 99% of the peaks with a signal above background were 

in common between the two oncogene-induced populations with a correlation of 0.89. It was 

shown as early as 1986 that ectopic expression of v-abl eliminates interleukin-3 dependence 

(Mathey-Prevot et al., 1986) and later , using  a temperature sensitive murine expression 

construct that this independence was due to constitutive activation of myc by v-abl 

(Cleveland et al., 1989). Later, it was shown that transformation by BCR-ABL1 is dependent 

on MYC, since certain dominant negative forms of MYC prevented malignant transformation 

(Dang et al., 1989; Sawyers, 1993). Hence, the similarity between the range of genes 

damaged by the activity of the two different oncogenes may be attributable to the common 

MYC pathway. Alternatively, this may simply be caused by an overlapping mechanism – such 

as replicative stress triggered by the increase in proliferation – which affects both models to 

a similar extent. 

 

The main conclusion from this experimental work was that the detected DNA damage was 

enriched at lineage specific genes. This is of importance as driver (and subsequent 

passenger) mutations found in the genomes of leukaemia patients frequently arise in lineage 

specific genes causing maturation and/or proliferative defects, which are fundamental in 

human leukemogenesis (Rosenbauer and Tenen, 2007).  In agreement, many of the 

identified γH2AX regions locate to genes frequently mutated in human leukaemia (2.4.3). 

The predisposition to DNA damage observed in lineage specific genes thus may explain the 

frequent occurrence of lineage specific secondary abnormalities as a consequence of positive 

selection during clonal evolution as is seen in human B-ALL. 

 

In order to confirm the ChIP-seq results, a set of γH2AX positive and γH2AX negative loci 

were validated by DNA FISH using dual colour break apart probes, more precisely targeting 

the γH2AX hotspots PAX5 and BLNK, and a cold spot, FOXP2. Since this is a relatively small 
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number of loci, further genome-wide assays could be employed to corroborate this finding. 

This might include double strand break end capture (Lensing et al., 2016), double strand 

break capture sequencing (END-seq) (Canela et al., 2016) or translocation-capture 

sequencing (TC-seq) (Klein et al., 2011) which would have the added benefit of refining the 

breakpoints compared to γH2AX signals. However, in addition to the loci analysed by DNA 

FISH in oncogene expressing B-cell precursors, additional de novo γH2AX hotspots in 

lymphoid-to-myeloid converted BCR-ABL1 expressing B-cell precursors (Figure 2-47) were 

verified, thereby increasing the overall number of loci confirmed by DNA FISH.  

 

While this work mostly focused on the acute response to oncogenic stress, one of the 

experimental models was performed at a different time point: in most experiments oncogene 

expression was induced in B-cell precursors and assessed at day seven post infection when 

cells were suffering from a period of acute oncogenic stress, but in the lymphoid-to-myeloid 

lineage switch experiments were conducted at day 30+ when cells were successfully 

transformed. Both experiments revealed transcription-associated fragility indicating the 

DNA damage is not restricted to the period of acute stress following oncogene activation. 

 

Functionally, it was demonstrated that the γH2AX region formation coincided with active 

transcription, as determined by the H3K27Ac histone modifications at promoters of genes 

that overlapped with γH2AX regions, and by the association of γH2AX+ genes with RNA 

expression (2.4.4). Whilst transcription-associated DNA damage is not a newly recognised 

phenomenon – it was first noted in E. coli  in 1971  (Herman and Dworkin, 1971)– several 

recent key studies have dramatically increased our understanding of the mechanism.  

 

The orientation and proximity of transcribed genes has been the subject of intense study 

recently. In agreement with several of these publications, convergent and divergent genes in 

close proximity - which lead to exposure of single stranded DNA - were enriched in the 

γH2AX marked genes (Heinaniemi et al., 2016; Pannunzio and Lieber, 2016). In 

bacteriophage, there is evidence that two advancing elongation complexes can sidestep each 

other in the approaching ‘transcription bubble’ resulting from head to head orientation (Ma 

and McAllister, 2009). However, in higher eukaryotes the size, stability and/or how tightly 

the non-transcribed strand is held in the complex conspire to make this impossible:  Hobson 

et al. established that two RNA PolII elongation complexes cannot pass each other in vivo, 

and that this was due to collision of the front edges detected in vitro (Hobson et al., 2012). It 

has also been proposed that the loci where transcribed regions converge are vulnerable to the 

reproducible ‘off-target’ effects of AID, and thus DNA damage (Meng et al., 2014). 
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In addition, we observed an overlap with γH2AX regions and established causes of 

transcription-associated fragility such as the presence of R-loop forming sequences and 

early-replicating fragile sites (2.4.5). R-loop formation – which occurs both during normal 

and malignant transcription – is an essential step in RNA processing that can cause damage 

if not resolved. Notably, when they occur in G-rich RNA, the DNA:RNA hybrid molecule is 

actually more stable than its DNA double helix counterpart (Lesnik and Freier, 1995) so the 

persistence of R-loops must be actively regulated to prevent permanent damage. RNA:DNA 

hybrids within R-loops can be unwound by helicases to overcome transcriptional pauses 

(Skourti-Stathaki et al., 2011) and conversely, topoisomerases can prevent the formation of 

R-loops by exposing single stranded DNA (Drolet, 2006). The suppression of either will 

result in accumulation of DNA damage. FIP1L1 mutants found in chronic eosinophilic 

leukaemia have mRNA cleavage and polyadenylation defects; cells with defective FIP1l1 have 

increased DNA-RNA hybrids and concomitant DNA damage, both of which could be 

reversed using RNAseH, an enzyme which degrades R-loops (Stirling et al., 2012).The 

preponderance of  GC-rich regions at CpG islands means R-loops are omnipresent at 

transcription start sites and termination sequences (Ginno et al., 2012). R-loops can be 

accurately detected using DNA-RNA immunoprecipitation (DRIP-seq; (Chan et al., 2014)) 

but also predicted computationally, as described in 2.4.5. Evidence would suggest that timely 

formation and timely resolution are both important to minimise DNA damage.  

 

Reports of lineage specific DNA damage are not restricted to haematopoiesis. The Cancer 

Genome Atlas network has recently provided a wealth of knowledge into the mutational 

landscape and even mutational signatures of various solid tumours. A striking example was 

found in whole genome sequencing of 79 lung adenocarcinomas (with matched non-tumour 

tissue). The top three loci found to have indel mutations were found to overlap with genes 

SFTPB, SFTPA1 and SFTPC/BMP1 (Imielinski et al., 2017). These are all genes encoding 

surfactant proteins which lower the surface tension to allow lungs to fill with air and 

participate in the innate immune response to lung infection (Haagsman and Diemel, 2001) 

and are thus highly expressed in a tissue-specific manner. The authors went on to extend 

their analysis to other solid tumours and discovered non-coding albumin mutations in 

gastric cancer, thyroglobulin in thyroid cancer and gastric lipase in liver cancer (Imielinski et 

al.; Imielinski et al., 2017) 

 

In addition to the mechanisms discussed here, there are several other mechanisms that 

could potentially contribute to the DNA damage accumulation but which have not been 

studied. This includes the link between replication and transcription; because both processes 

occur on the same template, there is an inevitable collision of the transcription and the 
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replication machinery. This can happen as a ‘head-on collision’ when the lagging strand is 

being transcribed, or co-directional, when the leading strand is being transcribed  (Kim and 

Jinks-Robertson, 2012). Unsurprisingly, head-on collisions are considered to be more 

damaging and the increase of co-directionally transcribed genes in the regions surrounding 

human replication origins would suggest there is a selection pressure against head-on 

collisions (Huvet et al., 2007). Similarly, the access of both transcription and replication 

machinery results in torsional stress which has to be relieved intermittently to allow fork 

progression. This torsional relief is achieved enzymatically by topoisomerases – type I, which 

breaks each strand in turn, and type II, which breaks both in concert (Wang, 2002). 

---- 

The findings described above suggested that lineage-specific transcriptional programs might 

sensitize lineage specific genes to DNA damage in oncogene expressing cells. In order to 

functionally validate this hypothesis, a lymphoid-to-myeloid lineage switched cell model 

established by and frequently used by the Müschen laboratory (Shojaee et al., 2015) was 

employed. Using this model it was shown that DNA damage was increased in myeloid genes 

following myeloid lineage induction and concomitant transcription of myeloid genes (2.4.6). 

Whilst the data presented before referred primarily to B-cell precursors, the data from the 

lymphoid-to-myeloid switch experiment would suggest that the findings would be replicable 

in oncogene expressing cells of other lineages. The reciprocal experiment is technically 

difficult, however, due to the requirement for enforced expression of more than a single 

transcription factor for myeloid-to-lymphoid lineage switch (Laiosa et al., 2006). 

 

Of note, not all highly expressed genes were subject to γH2AX-marked DNA damage. This 

may be because a particular gene is not G-rich and is thus not predisposed to forming an R-

loop. It may be transcribed in isolation (i.e. no other transcription in close proximity), which 

avoids collision and/or stalling of the transcriptional machinery. Alternatively it may be due 

to mechanisms not discussed here, such as a poor recognition of the damage resulting in a 

lack of γH2AX signal or an immediate repair.  

 

A significant question remains unanswered: how is the DNA damage detected in these 

experiments finally resolved, and will genomic alterations arising from this DNA damage 

contribute to the eventual stable transformation of the oncogene-expressing cells and hence 

be detectable in established monoclonal populations established in long term cultures of 

these cells? 
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Aim 2: Does stable transformation of B cell precursors depend on 

the adaptation of epigenetic changes? 

 

Despite the limitations of the restricted number of biological repeats, H3K27Ac ChIP-seq did 

identify peaks that were highly significantly different between the day 7 conditions and the 

day 60+ conditions, and which were associated with a concomitant significant change in 

expression. As shown above, one gene featured twice: Ctla4. Initial studies found that 

soluble forms of cytotoxic T-lymphocyte  antigen 4 (Ctla4; also known as CD152) were 

costimulatory with CD28 and thus resulted in T-cell activation (Linsley et al., 1992), but it is 

now understood that Ctla4 is a negative regulator of T-cell activation (Krummel and Allison, 

1995; Walunas et al., 1994).  Ctla4 is overexpressed in various cancers and leukaemias, such 

as chronic lymphocytic leukaemia (Motta et al., 2005), and it is constitutively expressed in 

about 80% of AML (Laurent et al., 2007) adding to the body of evidence which suggests that 

its activation may contribute to escape of tumour immune surveillance (Laurent et al., 2007). 

However, it is not well studied in ALL - this may be because, unlike most other 

haematological malignancies, flow cytometric analysis of expression of Ctla4 in adult B-ALL 

showed that it was mainly restricted to the cytoplasm (Pistillo et al., 2003). Ctla4-blocking 

antibodies have been investigated as potential therapeutic strategies with some success 

(reviewed in (Grosso and Jure-Kunkel, 2013); engagement of the Ctla4 receptor induced 

apoptosis in AML (Laurent et al., 2007). In addition, blocking of Ctla4 was proposed as a 

strategy to  increase graft-versus-leukaemia effect without increasing the graft-versus-host-

disease;  Ipilimumab (a human monoclonal antibody that block Ctla4 binding) has been 

tested in a Phase I trial of various recurrent or progressive haematological malignancies 

which showed increased levels of T-cell activation but no corresponding increase in 

regulatory T-cells (Bashey et al., 2009; Zhou et al., 2011). Despite this interest, the 

mechanism causing constitutive activation of Ctla4 has not been studied; the detection of 

novel upstream and downstream peaks in the day 60+ stably transformed cells is the first 

suggestion that this may be an epigenetic phenomenon. It is interesting to note that this 

overexpression arose in vitro, in the absence of T-cells. Hence, the role of Ctla4 may not be 

restricted to just T-cell activation. 

 

Not all the identified enhancers were associated with biomarkers of aggressive disease. As 

discussed above, stable transformation resulted in increased expression of Galnt14 at BCR-

ABL1 induced oncogenic crisis at day 7 and at stable transformation at day 60+. The tumour 

necrosis factor related apoptosis inducing ligand (TRAIL), which can induce apoptosis of 

cancer cells, has been intensely studied recently and biomarkers which predict sensitivity to 

TRAIL-based therapies are highly prized. Galnt14 is a peptidyl-O-gylcosyltransferase: these 
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enzymes have diverse roles including the regulation of trafficking and turnover, 

multimerisation and conformation of various cell surface proteins (Wagner et al., 2007). 

Galnt14 expression correlates with sensitivity to TRAIL therapy; assays to measure its 

expression are already deployed in clinical trials of proapoptotic receptor antagonists against 

solid tumours such as non-small cell lung cancer and colorectal cancer  (Stern et al., 2010). 

Up to 30% of human malignancies overexpress Galnt14 and its overexpression can induce 

sensitivity to TRAIL-therapy (Wagner et al., 2007); it has not been well studied in leukaemia. 

Its appearance in the mouse model during oncogenic crisis at day 7 and persistence during 

stable transformation at day 60+ suggests its expression, perhaps in its role as regulator of 

cell surface markers, is required but may also indicate a vulnerability to proapoptotic 

therapy.  

 

Aim 3: Are epigenetic changes responsible for the expression of 

MECOM in poor prognosis myeloid leukaemia? 

The analysis of primary samples from CML patients in the search for genomic drivers of 

EVI1 expression has raised several interesting findings so far. First, the single CML-BC 

sample tested showed a much higher expression of the EVI1-3L transcript than the two CML 

cell lines. The expression of the alternative first exons of EVI1 is not well studied or 

understood, with a very limited number of publications on the subject (Aytekin et al., 2005; 

Lugthart et al., 2008), and some of these are restricted to EVI1 expression in AML only. 

Unfortunately, most publications quantify total EVI1 expression (with primers most 

commonly located in the common exon 14) and fail to make a distinction even from 

MECOM, which, according to some reports may have an antagonistic role (Maicas et al., 

2017). Other reports state that this is not the case, and that expression of both EVI1 and 

MECOM  is associated with a short remission and overall poor prognosis (Haas et al., 2008). 

An expansion of the transcript profiling to more primary samples would therefore be useful 

to understand these relationships.  

 

Second, the initial quality control steps of the H3K27Ac unexpectedly revealed what 

appeared to be a complete absence of H3K27Ac in all primary samples. Subsequent ChIP-seq 

proved that H3K27Ac was present, but at levels undetectable by immunohistochemical 

staining or Western blot.  A lack of histone H3 and H4 acetylation has been previously 

reported in CD34+ fractions (Zhang et al., 2010) and results so far indicate that histone 

deacetylation inhibitor therapy for leukaemia (Fiskus et al., 2006; George et al., 2005; 

Nimmanapalli et al., 2003; Ustun et al., 2008), alone or in combination with a TKI, and for 

cancer more generally (Johnstone, 2002) have much clinical potential. Histone deacetylases 
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are frequently found to be overexpressed in cancer, leading to a global histone 

hypoacetylation; this is often associated with compact chromatin and aberrantly silenced 

genes (Ellis et al., 2009).  

 

Finally, the H3K27Ac ChIP-seq showed that the CML-BC patient sample with EVI1high 

expression had a remarkably different H3K27Ac profile throughout the EVI1 gene body, 

which would indicate that the whole of this region would be open, loose chromatin that 

would be readily accessible to transcriptional machinery.  Whilst global changes induced by 

the effect of the EVI1 protein hindered the identification of candidate enhancer peaks, the 

hyperacetylation of the entire EVI1 gene body in the EVI1high patient suggested that further 

investigation of this area for chromatin interactions using chromosome conformation 

capture sequencing (4C) was worthwhile. 

 

Despite these limitations significant interactions, and in particular, interactions which differ 

between the EVI1high and EVI1low patient samples have already been identified using two 

different computational methods. The proximal region coincides with the MECOM 

promoter. A more distal region coincides with the region in and around two upstream genes, 

LRRC34 and MYNN. Both of these interactions will need to be confirmed in further samples 

and functionally verified. 

 

Despite our growing understanding of the aetiology of EVI1 overexpression and the poor 

prognosis it confers, remarkably few advances in treatment have been made. One such 

advance is the development of pyrrole-imidazole polyamides (PIPs) which can be designed to 

target any desired DNA sequence, and was used with some success to target the REL/ELK1 

binding site in the EVI1 promoter region  (Syed et al., 2014). If a novel oncogenic enhancer 

inducing aberrant expression of EVI1 in leukaemia were identified, it would represent a 

novel therapeutic target. The reversal of the universally poor prognosis that is conferred by 

EVI1 expression would offer a dramatic improvement to outcome.    

Limitations 

At the time of publishing in Cell Reports, the H3K27Ac ChIP-seq analysis supporting chapter 

2 was based on just one day 7 biological repeat for each oncogene. Similarly, the ChIP-seq 

analysis supporting chapter 3 was based on just two day 60 biological repeats for the BCR-

ABL1 transformed populations at the time of writing. It is acknowledged that a minimum of 

three repeats would increase the significance of these results, and as a consequence, the 

number of biological repeats for these experiments has subsequently been increased to n=3 
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or more. In addition, a single input library was used for comparison to multiple ChIP-seq 

libraries and this may not accurately reflect the genome accessibility across all samples. 

 

Differential peak calling requires a minimum of two datasets forcing all D7 datasets 

(oncogene and empty vector day 7 conditions) to be merged for the comparison to the day 

60+ stably transformed cells. However, the described unexpected similarity between the 

‘normal B-cell precursors’ (empty vector day 7 cells) and either of the oncogene expressing, 

stably transformed populations at day 60+ as well as the broad difference between oncogene 

versus empty vector control cells in crisis stage (day 7) meant that this combination has 

reduced the potential to detect significant interactions specific for D60+ cells. It further 

limited the analysis of H3K27ac peaks specific for day 7 oncogenic crisis populations. 

Further ChIP-Seq repeat experiments of all conditions to achieve a minimum of n=3 have 

already been performed, though sequencing could not be completed before submission of 

this thesis.  

 

For chapter 4, the most obvious limitation of the current 4C analysis is the limited number of 

samples – summarised in Table 4-2. The number of biological repeats was dependent on the 

receipt of suitable CML patient samples which is obviously outside the control of the 

laboratory. The 4C experiment investigated four CML-CP patients (three EVI1low and one 

EVI1-) but crucially only two CML-BC samples (one EVI1high and one EVI1-; all that were 

available when the experiment was started). Two EVI1high cell lines were also included in both 

experiments but extrapolation from cell lines to primary samples is not always 

straightforward (Goodspeed et al., 2016). However, Imperial College Healthcare Trust is a 

specialist referral centre for CML patients and further suitable samples have already been 

received; the ethical approval for the MECOM BioBank has been extended and further 

analysis can be undertaken in the future. 

 

In addition, 53BP1-/- mice were used for the experiments, as described by others, in order to 

increase the sensitivity of DNA damage detection.  As described, TP53-binding protein 1, 

53BP1, is an important regulator of the DNA double strand break signalling. It forms nuclear 

foci in response to the detection of DNA double strand breaks (Bothmer et al., 2011), where it 

plays a key role in checkpoint signalling, the recruitment of further double strand break 

response proteins, the choice of repair pathway, and also the synapsis of the broken ends in 

the event of NHEJ (reviewed in (Panier and Boulton, 2014)). Mice deficient in 53BP1 are 

slow to resolve the γH2AX mark of DNA damage (Chapman et al., 2013); the use of 53BP1  

knockout in the experiments described above was therefore intended to maximise the 

detection of the γH2AX -marked chromatin. However, it is not clear if the 53BP1 deficient 
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mice simply have persistent γH2AX marks, or if thie marks spread, or if the marks may be 

aberrantly placed; rather than boost the detectable signal, it is possible that the use of 53BP1 

has a confounding effect. It would therefore be necessary to undertake a pilot experiment 

using wild type 53BP1 mice to investigate this possibility by comparing γH2AX signal in 

53BP1 wildtype and knockout mice. 

 

Mice of both sexes were used for the experiments and thus it was necessary to exclude the 

genes on the sex chromosomes from bioinformatic analysis. However, a significant sex bias 

is present in human leukaemia so it is possible that the use of mixed populations has 

overlooked some relevant abnormalities. The use of single sex populations would be 

beneficial for future experiments. 

 

Importantly, however, the genes identified in this analysis have all relied upon the 

presumption that an enhancer is responsible for the over expression or down regulation of 

the closest gene. While it is shown that gene expression of the most proximal genes is 

increased for the identified D60 specific enhancers, the identified enhancers might further 

regulate far more distant genes as enhancers can frequently exert their effect over long 

distances, as exemplified by the MYC super enhancer: the cluster of peaks was detected as 

highly significantly differential between the day 7 empty vector and oncogenic crisis versus 

the day 60+ stably transformed populations but this difference was incorrectly attributed to 

the most proximal gene. It is therefore important to further characterise enhancer-promoter 

interactions for the enhancers of interest. This could be achieved by performing for example 

chromatin interaction analysis by paired-end tag sequencing (ChIA-PET; (Fullwood et al., 

2009)) or chromatin conformation capture sequencing (3C; (Dekker et al., 2002)) and 

variants.  

Another interesting approach will be to combine epigenetic, genetic and phenotypic analyses 

to further characterise enhancers by computational and experimental methods. An elegant 

illustration of this point was published recently: it was revealed that a SNP within the third 

intron of the PHACTR1 gene at 6p24 - which had long been significantly associated with five 

different vascular diseases including coronary arterial disease (Anttila et al., 2013; Deloukas 

et al., 2013; O'Donnell et al., 2011) - was actually within an intergenic regulator of the 

endothelin 1 gene (EDN1) located 600Kb upstream from PHACTR1. Deletion of the 

regulatory region resulted in increased expression of EDN1 (Gupta et al., 2017). 

 

Directions for future research 

As described above, the lack of a biological repeat is a major limitation of the current 
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differential H3K27Ac peak analysis. This experiment has been subsequently repeated and 

will be sequenced shortly allowing a more informative three-way analysis of day 7 empty 

vector versus day 7 oncogenic crisis versus day 60+ stably transformed populations to be 

undertaken. This will allow identification of altered H3K27Ac peaks in acute BCR-ABL1-

expressing oncogenic crisis, and separately, those which are altered to result in stable BCR-

ABL1-expressing transformation. The definitive list of the most promising putative 

enhancers identified in the mouse model will then be confirmed to be relevant in Ph+ B-ALL 

human cell lines. ChIP-seq of various Ph+ve and Ph-ve B-cell lines has already been 

prepared for this next step. 

 

ChIP-seq provides detailed information about binding sites but no information about 

specific interactions between the binding sites and other regulatory sequences (Kuo and 

Allis, 1999) and can have high background noise (related to, amongst other things, the 

efficiency of the antibody and the degree of cross-linking). The chromosome confirmation 

capture (3C; and variant) approaches can detect long range interactions but can also have 

high background noise making the analysis more complicated. 

 

Chromatin interaction analysis using paired end tag (ChIA-PET) sequencing was developed 

by the Ruan group (Zhang et al., 2012) and was used initially to uncover the interaction 

network of the oestrogen receptor alpha transcription factor (Fullwood et al., 2009). ChIA-

PET overcomes several of the above disadvantages with an additional step; the ChIA-PET 

reaction is split in half and each is blunt end-ligated to a different half linker (AT and CG) 

before being recombined for the remaining steps. Subsequently, the ATCG complexes – 

which obviously represent the artefactual interactions formed by ligation of DNA from two 

different complexes - can be discarded. This leaves ATAT and CGCG reads which are either 

self-ligated (i.e. ligated back to their original conformation in the correct orientation) or 

interligated. Interligated PETs – which may derive from the same chromosome or a different 

chromosome – can be mapped back and will reveal interactions over a very long range, over 

10Mb and to different chromosomes (Zhang et al., 2012). The same group also released the 

ChIA-PET tool for visualising the interactions (Li et al., 2010), and most recently, a long-

read variant. This has the significant advantage of 250bp reads which allow for more 

accurate mapping; this increases the chances of reading through a phased SNP  and could 

thus allow detection of a haplotype specific interaction (Li et al., 2017). In the event that 

expression is caused a cis-method – a base pair mutation inducing an aberrant transcription 

factor binding site or focal amplification of a pre-existing enhancer, for example – acquiring 

haplotype specific information would be extremely useful. 
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Once confirmed, the enhancer-promoter interactions must be functionally validated.  In 

2012, the field of genetic editing was revolutionised by Charpentier and Doudna’s discovery 

of clustered regularly interspaced short palindromic repeats, or CRISPR, a family of bacterial 

DNA sequences necessary for adaptive immunity from viral infection (Jinek et al., 2012). In 

2013, a variant CRISPR technology was developed which used a catalytically inactive cas9 

protein, which thus sterically blocked the sequence targeted by the guide RNA to prevent 

transcription (Larson et al., 2013). The catalytically inactive (‘dead Cas9’) had two point 

mutations introduced which ablated its nucleolytic activity in vitro (Jinek et al., 2012). The 

group used this technique – which they called CRISPR interference or CRISPRi - to knock 

down various genes in E. coli with up to 1000x fold reduction in expression, and which was 

both inducible and reversible (Larson et al., 2013). CRISPRi is already used by colleagues in 

Feldhahn group for other projects and will therefore be used to silence the putative 

enhancers to confirm the reduction in expression. 

 

As discussed, the small number of primary CML samples tested with ChIP-seq and 4C is the 

main limitation of the search for genomic drivers of EVI1 expression; a priority for this 

section is therefore the expansion to further primary CML samples.  

 

Prior to the initiation of this project and the systematic bio banking of cross-linked cell 

pellets from fresh CML patient samples, multiple CML-CP and CML-BC patient samples 

were cryopreserved in liquid nitrogen. It may be possible to significantly expand the number 

of samples tested by ChIP-seq and/or 4C by thawing these samples and generating cross-

linked pellets as before. However, both the freezing and the thawing of cryopreserved cells 

are acutely stressful and a proportion of cells will not survive the procedure  (Berz et al., 

2007). It will be necessary to perform a pilot experiment using crosslinked pellets from a 

fresh sample and a corresponding cryopreserved sample. Correlation of the ChIP-seq marks 

will be necessary to exclude the possibility that cryopreservation and/or thawing of cells 

induces histone modifications which confound the EVI1 analysis. Dead cell depletion using 

magnetic activated cell sorting following thawing and before crosslinking could also be 

piloted if a confounding effect was observed. 
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Figure 5-1: Map showing the design of six further baits¶ up to 20kb upstream of the promoter 

region in which the existing baits A and B sit 

 

In addition to expanding the number of patient samples analysed, the number of baits can 

also be increased. Six further baits in the region up to 20Kb upstream from the promoter 

have been designed, as shown in Figure 5-1. The primer pairs for the six new baits have been 

tested on the 3C library generated on CML-CP patient MEC101 (shown in Figure 5-2) and all 

have shown potential interactions worthy of investigation. 

 

 

 
 

Figure 5-2: Six further baits designed to amplify the existing 3C library¶ . The gel shows a test 

amplification of a CML-CP patient sample (MEC101) and shows additional bands and smearing 

indicative of potential interactions with the EVI1 promoter region.¶ These baits are all in the 

~20Kb upstream of the promoter. 

 
Likewise, alternative combinations of primary and secondary restriction enzyme can be used 

to make the 4C libraries – the use of a six cutter followed by a four cutter is recommended as 
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a starting point since this combination yields the best reproducibility. Use of a primary four 

cutter results in many more restriction fragments over the same genomic distance, which can 

lead to an interaction being spread over several restriction fragments, and thus make 

interpretation more difficult because of background noise (Stadhouders et al., 2013). 

However, the use of a four cutter primary restriction enzyme is recommended when a 

potential interaction is being refined.  

 

As discussed for the potential enhancers identified in chapter 1, if candidate EVI1 enhancers 

can be confidently identified CRISPRi could be used to functionally validate the interaction 

in cell line and/or cryopreserved primary cells. 

 

Finally, it would be relevant to expand the search to AML patient samples that are already 

being biobanked; enhancers are frequently lineage specific (as exemplified by the many 

different lineage specific MYC enhancers discussed in section Error! Reference source 

not found.) so it would be very interesting to see if interactions occurring in chronic 

myeloid conditions also occurred in acute myeloid conditions. 

 

The investigations above have focused on cis interactions but it is of course likely that at least 

some overexpression arises from trans interactions. Returning to the TAL1 overexpression in 

T-ALL, in 42% of cases with TAL1 overexpression the expression arises biallelically 

(Ferrando et al., 2004). This would suggest that the interaction is trans  not cis which would 

require an entirely different approach such as chromatin proteomics (ChroP) which uses 

mass spectrometry to establish what proteins are bound to a region of interest (Soldi and 

Bonaldi, 2014). 
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6 Materials and Methods 

 Primary tissue collection and processing 

6.1.1 Sample collection 

 

Human primary samples 

Leukophoresis, peripheral blood and/or bone marrow that was surplus to requirements 

following routine diagnostic tests or monitoring was used for all experiments requiring 

primary human cells.  

 

Human cell lines 

All myeloid cell lines (K562, KCL22 and LAMA84) were a kind gift from Dr Jamshid Sorouri 

Khorashad. All lymphoid cell lines (Kasumi-2, SMS-SB, BV173, SEM, TOM1 and SD1) were 

obtained from our collaborator Markus Müschen and initially purchased from the German 

Collection of Microorganisms and Cell Cultures GmbH; identity of cell lines was confirmed 

by karyotyping and/or FISH when revived, and multiple back up vials were cryopreserved 

once identity was confirmed. Cell lines were maintained for the minimum time required for 

extraction of sufficient cells for RNA, gDNA, FCS and cross-linked cell pellets and when 

cultured for longer than 3 months (when needed by other members of the Feldhahn Group 

for experiments outside the remit of this thesis) were subject to six monthly 

karyotyping/FISH testing (examples shown in Figure 6-1 and Figure 6-2) and six monthly 

Mycoplasma testing (see Figure 6-3) using the LookOut Mycoplasma PCR Detection kit 

(Sigma Aldrich) according to manufacturer’s instructions. 
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Figure 6-1: Cell line 

identity was 

confirmed by FISH 

where possible. ¶ 

Metaphase FISH 

analysis showing 

BCR-ABL1 fusion 

signal amplification 

(indicated with a 

white arrow) which 

is characteristic of 

the K562 cell line 

(Gribble et al., 

2000). Red and 

green arrows 

indicate the non-

translocated copies 

of ABL1 and BCR, 

respectively. 

 



157 

 

 
 

Figure 6-2: Cell line identity was 

confirmed by G-banded chromosome 

analysis as required. ¶ Karyotype of 

the KCL-22 cell line showing two 

copies of the Ph chromosome 

(indicated by red arrows) and an 

additional copy of 1q (indicated with 

a blue arrow) as reported by  

(Kubonishi and Miyoshi, 1983). 

 Karyotype of the KCL-22 cell line 

showing two copies of the Ph 

chromosome (indicated by red 

arrows) and an additional copy of 1q 

(indicated with a blue arrow) as 

reported by  (Kubonishi and Miyoshi, 

1983). 
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Figure 6-3: All cell lines used in this thesis were Mycoplasma negative throughout. ¶ Example 2% 

agarose gel showing amplicons from the supernatant of murine cell lines tested using the 

LookOut Mycoplasma PCR Detection kit (Sigma Aldrich); all cell lines showed amplification of 

the internal control DNA (~480bp, confirming the PCR reaction was not inhibited) but no 

amplification of Mycoplasma 16S rRNA coding region (~260bp, only present in the positive 

control reaction). The day 60+ cell lines shown were established from the day 7 oncogenic crisis 

populations in Chapter 2 and used for RNA-seq and ChIP-seq in Chapter 1. 

 

  

Murine primary samples 

For the majority of experiments, 53BP1-/- mice (Ward et al., 2003) were used. For the 

functional experiments related to forced CEBPA expression in BCR-ABL1-transformed B-cell 

precursors wild type mice were used. 53BP1-/- mice were provided by Dr. Simon Boulton 

(The Francis Crick Institute, London, UK) and are those available from The Jackson 

Laboratory. All experiments were performed in agreement with Animals (Scientific 

Procedures) Act 1986 guidelines and regulations and protocols approved by Home Office 

(UK).  

6.1.2 Ethics and consent 

Human samples used in this research project were deposited into, stored in and 

subsequently retrieved from the Imperial College Healthcare Tissue Bank (ICHTB).  ICHTB 

is supported by the National Institute for Health Research Biomedical Research Centre 

based at Imperial College Healthcare NHS Trust and Imperial College London.  ICHTB wass 
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approved by NRES to release human material for research in 2012 (12/WA/0196 ) and the 

approval was renewed in 2017 (17/WA/0161) – see Appendix 2 for the REC approval letters. 

The samples for this project were collected prospectively from surplus material following 

routine diagnostic investigations. A sub collection dedicated to this project was initiated 

(reference number MEC_AR_16_030) and access to this sub collection for this project was 

granted in October 2016 and renewed in November 2017 (R16065). All patients gave specific 

informed consent for the use of surplus tissue. All samples were linked-anonymised on 

receipt and given a study number. 

6.1.3 Sample processing 

Whole blood, bone marrow or leukophoresis was diluted 1:1 in PBS (Sigma Aldrich) and 

layered over Lymphoprep (Stemcell Technologies) for separation by density gradient using 

centrifugation according to the manufacturer’s protocol. The mononuclear cells were 

removed and washed twice in PBS. Cells were then processed for ChIP-seq, cryopreservation 

and RNA extraction immediately; cell pellets were frozen at -80 for gDNA and/or protein 

lysate at a later date if required. 

6.1.4 Cryopreservation of cells 

Where necessary, cells were cryopreserved in freezing medium (90% fetal bovine serum 

(FBS)) supplemented with 10% dimethyl sulfoxide (DMSO; Sigma-Aldrich, Dorset, UK) at a 

maximum concentration of 107 cells/ml of freezing medium. Immediately after suspension in 

freezing medium, cells were gradually frozen to -80°C using an isopropanol Nalgene Cell 

Freezing Container (Sigma-Aldrich, Dorset, UK) for up to three days before transfer to liquid 

nitrogen for long term storage. When required, cryopreserved cells were incubated for 1 

minute in a 37°C water bath then resuspended and washed once in warmed medium. 

 Cell culture 

All myeloid cells were cultured in RPMI 1640 supplemented with 1% 

penicillin/streptomycin, 1% L-glutamine and 10% FBS (all from Sigma Aldrich). Cells were 

incubated at 37°C in 5% CO2 and maintained at approximately between 0.5-3 x106/ml. 

 

All lymphoid cells were cultured in Iscove’s Modified Dulbecco’s Medium supplemented with 

1% penicillin/streptomycin, 1% L-glutamine and 20% FBS (all from Sigma Aldrich). Primary 

murine cells were also supplemented with 10ng/ml of murine Il7 (Peprotech). Cells were 

incubated at 37°C in 5% CO2 and maintained between 0.5-3 x106/ml. 

 

All BOSC cells were cultured in Dulbecco’s Modified Eagle Medium supplemented with 1% 

penicillin/streptomycin, 1% L-glutamine and 10% FBS (all from Sigma Aldrich). 
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 Flow cytometry  

All flow cytometry was undertaken on the FACSCalibur or the LSRFortessa (BD Biosciences). 

Survival was indicated by forward scatter/side scatter and expression of green fluorescence 

protein (GFP) or DsRed. The Annexin V-PE apoptosis detection kit and 7-AAd (both BD 

Biosciences) was used for detailed analysis of viability and apoptosis induction. For cell 

surface staining of cell suspensions see Table 6-1 for the antibodies used. 

 

Antibodies Clone Conjugate Reference Source 
CD45R (B220) RA3-6B2 PerCPCy5.5 #45-0452-82 eBioscience 

CD19 eBio1D3 APC #17-0193-82 eBioscience 
IgM II/41 APC # 17-5790-82 eBioscience 
CD43 eBioR2/60 PE #12-0431-81 eBioscience 
CD24 30-F1 FITC #11-0241-82 eBioscience 
CD11b 
 

M1/70 PE-Cyanine7 #25-0112-81 eBioscience 

Table 6-1: Antibodies used for flow cytometry 

 Western blot 

For ChIP experiments, the whole 10µl aliquot (representing 1% of the pulled down protein) 

was used for Western blot. Cell pellets were lysed in 1X NuPAGE LDS sample buffer 

(ThermoFisher Scientific) and stored at -80˚C until required.  

6.4.1 Protein quantification 

Cell pellets were re-suspended in cold cell lysis buffer (see section 6.12.1) and mixed by 

pipetting. Following incubation on ice for 20 minutes, the samples were centrifuged at 4˚C 

for 15 minutes at 12,000g. 

 

A dilution series of 0, 1, 2, 4, 6, 8, or 10µg of bovine serum albumin (Sigma Aldrich) with 5µl 

of cell lysis buffer or 5µl of the test cell lysate was added to 795µl distilled water and 200µl 

5X Bio-Rad Protein Assay Dye Reagent Concentrate and transferred to a cuvette. After 5 

minutes incubation at RT whilst protected from light the optical density of each sample was 

measured using a spectrometer (Eppendorf). Protein concentration was calculated from the 

dilution series, and 10-20µg protein was used per lane with 1X NuPAGE LDS sample buffer 

(ThermoFisher Scientific).  

 

Samples were heated at 70˚C for 10 minutes then cooled on ice.  

6.4.2 Protein separation 

Proteins were separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis 

(SDS-PAGE) using precast Tris-Glycine eXtended (TGX) stain-free gels were and the Mini-

PROTEAN blotting module (all from Bio-Rad). The gels were unwrapped and the plastic 
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comb was removed. The gel and the wells were rinsed with 1X running buffer (see section 

6.12.3). The gels were inserted to the gel module and the internal and external chambers 

were filled with 1X running buffer.  

 

Protein samples were loaded and the gels were run at 200V until the loading buffer front 

reached the bottom of the gel (approximately 40 minutes). 

 

6.4.3 Protein transfer 

PVDF membranes were cut to size and activated for 15 seconds in methanol, two minutes in 

distilled water and equilibrated for 5 minutes in 1X transfer buffer (see section 6.12.4). The 

gel cases were opened, the gel foot was trimmed away and the gel was transferred to 1X 

transfer buffer for 5 minutes. Sponges and Whatman papers cut to size were also pre-soaked. 

The blotting sandwich (top to bottom) was set up: sponge, Whatman paper, PVDF 

membrane, protein gel, Whatman paper, sponge. Air bubbles were removed by gently rolling 

the sandwich with a clean pipette.  

 

The sandwich was transferred to the blotting module, surrounded by ice, and blotted for 1.5 

hours at 120V constant. 

 

6.4.4 Antibody staining 

Protein membranes were cut, if necessary, and slices were placed into plastic sheets. The 

membranes were incubated with the appropriate volume (10ml for a full membrane) of the 

primary antibody (listed in Table 6-2diluted 1:1000 in blocking solution (see section 6.12.7) 

and the plastic sheets were heat sealed. Membranes were incubated at 4˚C overnight on a 

rotary shaker. 

 

Antibody Supplier Reference 

Anti-phospho-histone H2A.X (serine 
139) mouse 

Millipore 
05-636 

Anti-phospho-P53 (Ser15) 16G8 mouse 
Cell Signalling 
Technology 

#9286S 

Anti- Lamin B1 (D4Q4Z) Rabbit  
Cell Signalling 
Technology  

#12586 

AID (l7E7) Mouse 
Cell Signalling 
Technology 

#4975S 

Anti-H3 (acetyl K27) rabbit Abcam Ab4729 

Anti-histone H3 rabbit Abcam Ab1791 

 
Table 6-2: Antibodies used for ChIP experiments 
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The membranes were removed from the sealed plastic and washed for a minimum of 4 x 5 

minutes in fresh PBS-T. The membranes were then re-sealed with a 1:20,000 dilution of the 

Horse radish peroxidase (HRP)-conjugated anti-mouse IgG (#115-035-062; from Jackson 

Immuno Research) or anti-rabbit IgG (HAF008; from RD&D Systems) within fresh plastic 

sheets and incubated at RT on a rotary shaker for 1 hour. The membrane were again 

removed from the sealed plastic and washed for a minimum of 4x 5 minutes in PBS-T. 

6.4.5 Visualisation 

HRP activity was detected chemiluminescently using the Pierce ECL Western Blotting 

Substrate (ThermoFisher Scientific): equal volumes of component A and B were combined 

and sealed with the membrane inside fresh plastic sheets. Membranes were incubated for 1 

minute then detected using the ChemiDoc Imaging System (Bio-Rad). 

 Gene expression analysis  

6.5.1 RNA extraction 

RNA was extracted from 5x106 cells per column using the RNeasy mini kit (Qiagen) as per 

manufacturer’s protocol. ‘RLT buffer’ was supplemented with 1% β-mercaptoethanol (Sigma 

Aldrich) and QIAshredder (Qiagen) columns were used for cell homogenisation.  The 

additional RNAse-free DNase (Qiagen) step to remove residual DNA contamination was 

included for RNA extraction destined for sequencing only. Spectrophotometric 

quantification of RNA yield in a 1µl aliquot was undertaken using the Nanodrop (Thermo 

Scientific) according to the manufacturer’s protocol and RNA was stored at -80°C until 

required. 

6.5.2 Complimentary DNA (cDNA) synthesis 

Complimentary DNA was synthesised using the RevertAid First Strand cDNA synthesis kit 

(Thermo Scientific) according to manufacturer’s protocol and stored at -20°C or -80°C until 

required. 

6.5.3 Genomic DNA extraction 

Extraction of genomic DNA was undertaken using the GeneJET genomic DNA purification 

kit (Thermo Scientific) according to manufacturer’s protocol. Spectrophotometric 

quantification of DNA yield in a 1µl aliquot was undertaken using the Nanodrop (Thermo 

Scientific) according to the manufacturer’s protocol and DNA was stored at -20°C or -80°C 

until required. 

6.5.4 Primer design  

All primers were designed using Primer 3 (Koressaar and Remm, 2007; Untergasser et al., 

2012) or, where available, taken from Primer Bank (Spandidos et al., 2008; Spandidos et al., 
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2010). All primers were from Sigma Aldrich and sequences are shown in Table 6-3. A stock 

solution in TE buffer (100µM) was stored at -20˚C; working solution in TE buffer (20µM) 

was made as required. 

6.5.5 Endpoint PCR 

 

Primer 
name 

Description Sequence 5' to 3' 
Related 
section 

NF-p84 JH4 AGAATGGCCTCTCCAGGTCT 

2.4.2 

NF-p85 JH4 TGCAATGTTCAGAAAACTCCATA 

NF-p86 Eμ ACCTGGGAATGTATGGTTGTGGCT 

NF-p87 Eμ TTACCATTTGCGGTGCCTGGTTTC 

NF-p88 CD74 TGACCAACGCGACCTCATCTCTAA 

NF-p89 CD74 AAGGGCTCTCTGCTGGTATTCACA 
Table 6-3: Primers used for endpoint PCR 

 

6.5.6 Real-Time quantitative Polymerase Chain Reaction 

All RT-qPCR was undertaken in triplicate (chapter ) or duplicate (chapter 4) using SYBR 

Jumpstart mastermix (Sigma Aldrich) according to the manufacturer’s protocols. All assays 

were quantified using the StepOne Plus thermocycler (Applied Biosystems) at the 

concentrations shown in Table 6-4 in standard mode (ramp rate 60%) with the following 

steps: initial hotstart (2 minutes at 94°C), followed by 40 cycles of 15 seconds denaturation 

at 94°C and 1 minute annealing/extension at 60°C.  

 

 Stock Final Volume 

SYBR jumpstart mastermix 2x 1x 12.5 

Forward primer 20uM 400nM 0.5 

Reverse primer 20uM 400nM 0.5 

ROX 100X 1x 0.25 

Nuclease-free water   9.25 

cDNA template   2 

  TOTAL 25 

Table 6-4: Reagent concentrations for RT-qPCR 

 

All primers (see Table 6-5 and Table 6-6Error! Reference source not found.) were 

validated to ensure that they primed efficiently before use.  
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Primer 
name 

Description Sequence 5' to 3' 
Reference 

NF-712 Murine actin beta F GGCTGTATTCCCCTCCATCG 

N/A 

NF-713 Murine actin beta R CCAGTTGGTAACAATGCCATGT 

NF-491 Murine MYC F GCCGATCAGCTGGAGATGA 

NF-492 Murine MYC R GTCGTCAGGATCGCAGATGAAG 

NF-514 Human BCR-ABL1 F TCCGCTGACCATCAAYAAGGA 

NF-515 Human BCR-ABL1 R CACTCAGACCCTGAGGCTCAA 

NF-407 Murine RAG1 F AGGCCTGTGGAGCAAGGTAG 

NF-408 Murine RAG1 R TTTCATCGGGTGCAGAACTGA 

NF-411 Murine AID F CCCTTGTACGAAGTCGATGAC 

NF-412 Murine AID R ATCACGTGTGACATTCCAGGAG 
 
Table 6-5: Primers used for RT-qPCR in chapters 2 and 3 

 

Primer 
name 

Description Sequence 5' to 3' 
Reference 

NF-645 EVI1 1A F TATTGCTGAGTTGAGGCCATAG 

(Lugthart et 
al., 2008) 

NF-646 EVI1 1B F TGCGGTCTGGACACGTCTC 

NF-647 EVI1 1A/B R CTTCCAACATCTGGTTGACTGG 

NF-648 EVI1 1C F ACCCTTTGGCTAGATTATCTTAGACGA 

NF-649 EVI1 1C R CCAGCGAATCTAATGTACTTGAGC 

NF-650 EVI1 1D F CTTCTTGACTAAAGCCCTTGGA 

NF-651 EVI1 1D R GTACTTGAGCCAGCTTCCAACA 

NF-652 EVI1 GGTATCTTAGTGTATATCTTGCCCTTTGT 

NF-653 EVI 3L R GCGCAATGTCTGCAACTACTCT 

NF-654 MEC F GAAAGACCCCAGTTATGGATGG 

NF-655 GUSB F GAAAATATGTGGTTGGAGAGCTCATT 

NF-656a GUSB R CCGAGTGAAGATCCCCTTTTTA 

NF-656b EVI all F AGTGCCCTGGAGATGAGTTG 

NF-657 EVI all R TTTGAGGCTATCTGTGAAGTGC 
 
Table 6-6: Primers used for RT-qPCR in chapter Error! Reference source not found. 

 

 

A dilution series comprising five 1:10 dilutions of a suitable control cDNA was used to create 

a standard curve; primers were rejected if the R2 value was not above 0.99, if the PCR 

efficiency was not between 90 and 105%, and if the slope was not 3.3±10% as shown in 

Figure 6-4. 
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Figure 6-4: RT-qPCR primer pairs amplified efficiently.¶ A standard curve showing linear amplification of five 1:10 

dilutions of LAMA84 cDNA by primer pair p656b-657 (all EVI1). The reaction has an R2 value over 0.99, has an 

efficiency of between 90 and 105%, and a slope between 3.1 and 3.6.  

 

 

In addition, a melt curve analysis was undertaken of the PCR product (shown in Figure 6-5), 

to ensure that there was a single PCR product with no off-target binding of the primers. 
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Figure 6-5:  RT-qPCR primer pairs yielded a product with a uniform melt temperature, indicative of a single amplicon. 

 ¶ Melt curve analysis of the amplicon from five 1:10 dilutions of LAMA84 cDNA using primer pair p656b-657 (EVI1 

all). All amplicons melted at ~80.7˚C. ¶ 
 

6.5.7 Messenger RNA (mRNA) purification 

A 1µl aliquot of total RNA was analysed using an RNA 6000 pico chip and the total eukaryote 

RNA assay on the Bioanalyzer (Agilent Technologies) according to the manufacturer’s 

protocol to check for degradation prior to mRNA purification. Messenger RNA was isolated 

from 5µg of total RNA using the NEBNext Oligo d(T)25 Magnetic Beads (New England 

Biolabs) according to the manufacturer’s protocols. Beads were separated using a 0.2ml 

magnetic rack (Diagenode).  A 1µl aliquot of the eluted mRNA was analysed using an RNA 

6000 pico chip and the mRNA pico assay on the Bioanalyzer (Agilent Technologies) 

according to the manufacturer’s protocol to confirm purity. 

 Retroviral transduction 

6.6.1 Production of retroviral supernatant 

 

BOSC 23 cells (a highly transfectable derivative of the  human embryonic kidney 293 cell 

line) were cultured to 60-70% confluency in 10cm plates with 10ml media. Plasmids were 

thawed at RT, diluted to 1µg/µl and heated to 55˚C for 5 minutes. For each plate, 2.5µg of the 

retrovirus packaging vector pCL-Eco (Naviaux et al., 1996) and the appropriate empty 0r 

oncogene-expressing MIGR1 vector (MIGR1 expressing murine MYC is shown in was added 

to 500µl Opti-MEM (ThermoFisher Scientific) and vortexed with 15µl XtremeGENE 9 
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(Roche) pre-warmed to RT. The tube was incubated at RT for 15 minutes. The plasmid map 

of pCL-Eco is shown in Figure 6-6 and of murine MYC-expressing MYC in Figure 6-7. 

 
 
Figure 6-6: Sequence map showing the pCL-Eco plasmid  
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Figure 6-7: Sequence map showing the MIGR1 plasmid¶ expressing murine MYC, cloned by Dr 

Niklas Feldhahn using XhoI. The same plasmid, expressing human BCR-ABL1, was a gift from 

Dr Danillo Perotti. 

 
Meanwhile, 3ml of media was removed from each plate and reserved. The 

XtremeGENE/plasmid mix was added dropwise to each plate and swirled gently for 30 

seconds. After 24 hours, the reserved media was replaced. Viral supernatant was harvested 

after 48, 72 and 96 hours, sterile filtered and stored at -80˚C until required. 

6.6.2 Retroviral transduction 

Cells from red-cell depleted murine bone marrow were cultured in six well plates, 10x106 

cells per well with 4ml lymphoid media (see section 6.2). Two rounds of retroviral infection 

were undertaken after 48 and 72 hours. 

 

Sufficient retroviral supernatant was thawed to allow 1-2ml for each well of a six well plate. 

Polybrene (Merck Millipore; to a final concentration of 2.5µg/ml) and Hepes pH7.2 

(ThermoFisher Scientific; to a final concentration of 20mM) was added. The mix was 

vortexed and equilibrated to RT. 
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Surplus media (approximately 3.5ml) was removed from the plate with care to ensure 

minimal disturbance to the cells and reserved. The retroviral supernatant mix was added to 

each plate, and the plates were centrifuged for 90 minutes at 30˚C at 800g with no brake 

and then incubated at 37˚C. After four hours, the retroviral supernatant was removed and 

the reserved media was replaced.  

6.6.3 Confirmation of transduced gene expression 

Transduced expression of murine MYC and human BCR-ABL1 was confirmed using RT-

qPCR (as described in section 6.5 using the primers listed in Table 6-5) and shown in Figure 

6-8.  

 

 
 
Figure 6-8: Transduction of murine MYC and human BCR-ABL1 was confirmed by RT-qPCR¶ . 

Scatter plot showing the expression of murine MYC (left) relative to the mean of the EV and 

human BCR-ABL1.  

 
 

 

 Cytogenetic studies 

6.7.1 Fixed cell suspension (FCS) 

Cells were incubated with 0.1mg/ml KaryoMAX colcemid solution (Thermo Scientific) for 

four hours to arrest cells at metaphase prior to harvest. Cells were then centrifuged (300g for 

5 minutes). The supernatant was removed and replaced with 0.75M potassium chloride 

(Sigma Aldrich) hypotonic solution for 15 minutes at 37°C to swell the cell membrane. Cells 

were again centrifuged and the supernatant removed. Carnoy’s fixative (methanol 3:1 glacial 

acetic acid) was added drop wise to the cell pellet with vigorous agitation. Fixation was 
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repeated up to three times until the suspension was clear and the cell pellet clean. FCS was 

stored at -20°C until required. 

6.7.2 Fluorescence in situ hybridisation (FISH) 

FCS was dropped on to a slide and air dried. The chromosome preparation was then 

dehydrated by passing the slide through an ethanol series (70%, 90% and 100%; 1 minute 

each).  0.5µl probe (Agilent Technologies or Kreatech Diagnostics) was diluted in 4.5µl pre-

warmed Ambion ULTRAHyb (Thermo Scientific) and applied to the slide under a 22mm2 

coverslip, sealed with Parafilm (Bemis). Chromosome preparation and probe were co-

denatured at 72°C for 2 minutes and then hybridised overnight at 37°C on a Hybrite (Abbott 

Molecular). 

 

The next morning, coverslips were soaked off in 2xSSC (see section6.12.17) and chromosome 

preparations were washed in 0.4xSSC (see section 6.12.16) at 72°C for 2 minutes. 

Chromosome preparations were then rinsed in 2xSSC/0.3% Igepal (see section 6.12.18) and 

again dehydrated through an ethanol series (70%, 90% and 100%; 1 minute each). 

Chromosome preparations were air dried, mounted with Vectashield antifade mounting 

medium with 4',6-diamidino-2-phenylindole (DAPI; Vector Labs) and sealed with clear nail 

polish. 

 

Interphase and metaphase images were captured by the GSL-120 (Leica Biosystems) and 

analysed using the CytoVision software, incorporating a Zeiss Imager M2 microscope. 

Probes were visualised using Spectrum Green and Spectrum Red single and dual pass filters. 

Slides were protected from the light and stored at 4°C until required. 

6.7.3 G-banded chromosome analysis 

FCS was dropped on to a slide and air dried. Slides were aged overnight at 60°C then 

exposed to trypsin, stained with Giemsa and mounted. Metaphase images were captured by 

the GSL-120 (Leica Biosystems) incorporating a Zeiss Imager M2 microscope. Karyograms 

were produced using the CytoVision software. 

 Chromatin interaction studies 

The protocol for cross-linking, sonication and ChIP of murine lymphoid cells using γH2AX 

and H3K27Ac was optimised by Dr Bryant Boulianne. The protocols performed well for the 

same processed using human myeloid cells aside from sonication, which needed to be 

optimised. 

6.8.1 Cell purification. 

Cells for γH2AX ChIP-seq were depleted of the dead and/or apoptotic cellular fraction using 
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the Dead Cell Removal kit and column-based magnetic-activated cell sorting (Miltenyi 

Biotech) according to the manufacturer’s protocols. 

 

Cells with myeloid switched phenotype were enriched for CD11B expression using the CD11B 

microbeads and column-based magnetic-activated cell sorting (Miltenyi Biotech) according 

to the manufacturer’s protocols. 

 

Cells for the EVI1 expression experiment were sorted for CD34 expression using the CD34 

microbead kit and column-based magnetic-activated cell sorting (Miltenyi Biotech) 

according to the manufacturer’s protocols. 

 

6.8.2 Cross-linking 

15x106 cells were incubated in 12ml warm complete media; 750µl of 16% formaldehyde (Alfa 

Aesar) was added while swirling and the sample was incubated at 37˚C or precisely 10 

minutes. The cross-linking reaction was stopped with 600µl of 2.5M glycine (6.12.8) and 

samples were placed immediately on ice. The cells were centrifuged at 400g for 6 minutes at 

4°C, washed in 10ml of cold PBS (Thermo Scientific), centrifuged, and washed again in 1.5ml 

cold PBS. The cells were centrifuged at 800g for 5 minutes at 4°C; all supernatant was 

removed and the clean cell pellet was snap-frozen on dry ice and stored at -80°C until 

required. 

6.8.3 Sonication 

The frozen cell pellet was resuspended in 130µl of cold Tris/SDS sonication buffer (6.12.10) 

supplemented with protease inhibitors (and phosphatase inhibitors for γH2AX ChIP only) 

and incubated for 20 minutes on ice. 120µl was transferred to a microTUBE AFA Fiber pre-

slit snap cap tube (Covaris) and sonicated using the Covaris S220 set to 4°C. Sonication 

times (lymphoid 5 minutes) and settings (Peak power 105; Duty Factor 5; Cycles Burst 200) 

were yielded fragments of 300-400bp.   

 

Sonication of myeloid cell pellets using the same time and settings yielded DNA which was 

insufficiently sonicated. Four identical cell pellets from a single CML patient were therefore 

used to optimised the myeloid sonication times. As shown in Figure 6-9, a ten minute 

sonication yielded DNA fragments of the optimal length. 
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Figure 6-9: Optimisation of sonication times 

for myeloid cell pellets¶ . 1.5% agarose gel run 

for 3 hours at 50V showing DNA extracted 

from four identical cell pellets from a single 

CML patient which was sonicated for (shown 

left to right) 4, 6, 8 and 10 minutes. The 10 

minute sonication yielded fragments of the 

optimal 300-400bp length (indicated by a red 

box). 

 

 

Sonicated chromatin was diluted with 880µl of cold concentrated RIPA buffer (6.12.9). A 

10µl aliquot was reserved to check the efficiency of the sonication step. The samples were 

centrifuged at 17,000g for 10 minutes at 4°C. The supernatant was transferred to a new tube 

and the pellet discarded. Again, a 10µl aliquot of the sample was reserved as an input control 

for the reverse cross-linking step. 

6.8.4 Immunoprecipitation 

Protein A Dynabeads (Thermo Scientific) were used for immunoprecipitation; 40µl of 

Dynabeads were added to a 1.5ml Eppendorf and washed with 600µl of PBS (Thermo 

Scientific). The beads were removed using a DynaMag magnetic rack (Thermo Scientific) and 

resuspended with the sonicated cell lysate. Samples were rotated for 30 minutes at 4°C to 

pre-clear the chromatin.  

 

A second aliquot of washed beads was resuspended in 100µl of PBS containing 5µg of 

antibody (see Table 6-7) and incubated at RT for 20 minutes. 

 

Table 6-7: Antibodies used for ChIP experiments 

 Supplier Item Description  
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code 

Anti-gamma 

(phospho S139) 

γH2AX 

Abcam Ab2893 Rabbit, polyclonal, IgG Protein A 

H3K27Ac Abcam Ab4729 Rabbit, polyclonal, IgG Protein A 

Isotype control Santa Cruz 

Biotechnologies 

Sc2027 Rabbit, polyclonal, IgG Protein A 

 

 

The histone H3 antibody-bead complex was washed with 200µl of PBS twice and 

resuspended with the supernatant from the pre-cleared chromatin. The tube was rotated 

overnight at 4°C. 

The following morning, the DynaMag magnetic rack (Life Technologies) was used to perform 

8 washes of the beads, all undertaken at 4°C for ten minutes: 

 2x 1ml of RIPA buffer (6.12.11) 

 2x 1ml of RIPA buffer with 0.3M NaCl (6.12.12) 

 2x 1ml of LiCl buffer (6.12.13) 

The beads were resuspended with 100µl of TE with 0.2% Triton X-100. A 10µl aliquot was 

removed for subsequent Western blot analysis of the protein precipitate. A further 900µl TE 

with 0.2% Triton X-100 was added to the remaining bead suspension, and a final wash in 

1ml TE was undertaken in a new tube. The beads were finally resuspended in 100µl of TE. 

6.8.5 Reverse cross-linking and DNA clean up 

Cross-linked protein and DNA were separated by adding 3µl of 10% SDS and 5µl of 20mg/ml 

proteinase K (New England Biolabs) to the beads from the immunoprecipitation step. The 

samples were incubated at 65°C for 4 hours, with gentle vortexing every 30 minutes to 

resuspend the beads.  

 

MaXtract high density gel tubes (Qiagen) were spun at 14,000g for 1 minute to settle the gel. 

The beads were separated from the supernatant using the DynaMag and the supernatant was 

transferred to the MaXtract tubes. The beads were washed with a further 100µl of TE with 

0.5M NaCl and that was also transferred to the MaXtract tube. An equal volume of 

phenol/chloroform as added and the tubes were shaken vigorously to mix the phases. The 

tubes were centrifuged at 17,000g for 5 minutes at RT and 190µl of the aqueous phase was 

transferred to a new 1.5ml Eppendorf, with 2µl of 20mg/ml glycogen, 20ul of 3M sodium 

acetate pH5.2 and 500µl of ethanol. The tubes were frozen at -80˚C for 10 minutes then 

centrifuged for 5 minutes at 4˚C at 17,000g. The supernatant was removed and the pellet 
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washed with 500µl of 70% ethanol. The DNA was again centrifuged, the supernatant was 

again removed and finally the DNA allowed to air dry. The dried pellet was resuspended in 

30µl TE buffer. DNA yield was assessed via fluorometric quantitation using the Qubit High 

Sensitivity kit (Life Technologies) according to the manufacturer’s protocol and stored at -

80˚C until required. 

6.8.6 ChIP-qPCR 

All ChIP-qPCR was undertaken in triplicate using SYBR Jumpstart mastermix (Sigma 

Aldrich) according to the manufacturer’s protocols. All assays were quantified using the 

StepOne Plus thermocycler (Applied Biosystems) at the concentrations shown in  

Table 6-8 in standard mode (ramp rate 60%) with the following steps: initial hotstart (2 

minutes at 94°C), followed by 40 cycles of 15 seconds denaturation at 94°C and 1 minute 

annealing/extension at 60°C.  

 Stock Final Volume 

SYBR jumpstart mastermix 2x 1x 12.5 

Forward primer 20uM 400nM 0.5 

Reverse primer 20uM 400nM 0.5 

ROX 100X 1x 0.25 

Nuclease-free water   9.25 

ChIP-DNA   2 

  TOTAL 25 

 
Table 6-8: Reagent concentrations for ChIP-qPCR 

 

All primers (see Table Table 6-9) were validated to ensure that they primed efficiently before 

use. A dilution series comprising five 1:10 dilutions of a suitable control cDNA was used to 

create a standard curve; primers were rejected if the R2 value was not above 0.99, if the PCR 

efficiency was not between 90 and 105%, and if the slope was not 3.3±10%. In addition, a 

melt curve analysis was undertaken of the PCR product, to ensure that there was a single 

PCR product with no off-target binding of the primers. 

 
Table 6-9: Primers used for ChIP-qPCR¶ (Sigma Aldrich) 

Primer name Description Sequence 5' to 3' 
Related 
section 

NF-P198 DsRed F CGAGTTCATGCGCTTCAAGG 2.4.6 

NF-P199 DsRed R GTCACCTTCAGCTTCACGGT 2.4.6 

 

6.8.7 Chromosome conformation capture (3C) 

Cross-linked pellets were resuspended in 1ml cold 3C lysis buffer and homogenised using 90 



175 

strokes of a pellet pestle (Kimble Kontes) in a 1.5ml Eppendorf. The lysate was centrifuged in 

a fresh Eppendorf and resuspended in 650ul of water, and split into four reactions: 

 

Table 6-10: Composition of the digestion and control reactions 

Reagent 
Digestion reactions 

(x3) 

Control 1 

(undigested chromatin) 

SDS (20%) 10 μl 2.5 μl 

Restriction buffer (x10) 80 μl 20 μl 

MilliQ Water 414 μl 111 μl 

Chromatin / cells 200 μl 50 μl 

 

The reactions were shaken horizontally at 1400rpm for 1 hour at 37°C in an Eppendorf 

Thermomixer C with the Thermotop heated lid. Cells were resuspended by gentle pipetting 

and 66µl of 20% Triton X100 was added to each digest, and 16µl to control 1 (undigested). 

The reactions were shaken for one hour, as before. Three additions of 500U of the primary 

restriction enzyme (High concentration EcoR1; New England Biolabs) were then added; the 

first immediately, the second at the end of the day and a third the next morning with 

continuous shaking as before. 

 

A 100µl aliquot was removed from each digest to make Control 2 (digested). Controls 1 and 2 

were reverse-cross-linked by addition of 3µl Proteinase K (New England Biolabs) and 

incubation at 65°C overnight.  

 

The restriction enzyme in the digests was heat inactivated for 20 minutes at 65°C. Digests 

were then cooled on ice, and 500µl of molecular grade water, 133µl of 10X ligation buffer 

(Thermoscientific) and 240U of high concentration T4 DNA ligase (Thermoscientific) was 

added. Digests were then shaken overnight at 1400rpm at 16°C. The following night, the 

digests were also reverse crosslinked overnight at 65°C with 5µl proteinase K.  

 

Meanwhile, the controls were extracted with phenol chloroform as per Table 6-11.  Controls 1 

and 2 were incubated at 37°C with 4µl and 6µl, respectively, of RNAse (New England 

Biolabs) for 30 minutes. Controls were transferred to a MaXtract tube (Qiagen) and an equal 

volume of phenol/chloroform was added. Tubes were shaken vigorously and centrifuged for 

5 minutes at 17,000g at RT. The supernatant was transferred to a fresh 1.5ml Eppendorf and 

the precipitation reagents were added. The reactions were frozen at -80°C for 10 minutes 

then centrifuged at 17,000g for 20 minutes at 4°C. Finally, the pellet was washed in 1ml of 

70% ethanol (Sigma Aldrich), air dried at RT and resuspended in 30µl water. 
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Table 6-11: Phenol-chloroform extraction of the digests and controls 

 RNAse Phenol/ 

chloroform 

Ethanol precipitation Ethanol 

wash 

Volume for 

H20 

reconstitution 

Ligation 

reaction 

(4ml) 

30ul 4ml  Ethanol 100% 35ml 

 Water 7ml 

 3M sodium acetate 

1ml 

10ml 70% 300ul 

Control 1 

(200ul) 

4ul 200ul  Ethanol 100% 600ul 

 3M sodium acetate 

24ul 

 Glycogen 1ul 

1ml 70% 30ul 

Control 2 

(300ul) 

6ul 300ul  Ethanol 100% 900ul 

 3M sodium acetate  

36ul 

 Glycogen 1ul 

1ml 70% 30ul 

 

The reverse cross-linked digests were pooled in a 15ml Falcon and incubated with 30µl of 

RNAse for 30 minutes at 37°C. An equal volume of phenol-chloroform was added and the 

reaction centrifuged at 3400g for 10 minutes at RT. The supernatant was removed and 

transferred to a 50ml Falcon and diluted with 7ml water (to reduce the amount of DTT 

carried over). The DNA was precipitated with reagents as per Table 6-11 then frozen at -80°C 

for at least two hours. The frozen tubes were centrifuged at 3400g for 45 minutes at 4°C. The 

pellet was washed in 10ml 70% ethanol and transferred to a 15ml Falcon and air dried before 

finally being resuspended in 300µl water. 

6.8.8 Assessment of 3C digestion efficiency 

Digestion efficiency was quantified by qPCR and visually assessed. Three 2µl aliquots of each 

of the control reactions were amplified by SYBR qPCR using two sets of primer pairs (p718-

p719 and p720-p721) – one amplicon spanned an EcoR1 restriction site, and one fitted 

within two sites. The ΔΔCT method was used to calculate the digestion efficiency as 

previously described (Gondor et al., 2008). 

 

A 3ul aliquot was run on a 1.5% agarose gel stained with SYBR safe DNA gel stain (Life 

Technologies) and visualised using a gel doc (Analytik Jena MultiDoc-It). The target size for 

EcoR1 (six-cutter) was 4-12Kb. 

 Next Generation Sequencing libraries 
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6.9.1 mRNA library preparation 

Messenger RNA libraries were prepared using the NEB Next mRNA library set for Illumina 

(New England Biolabs) according to the manufacturer’s protocols. A 1µl aliquot of the 

fragmented mRNA was analysed using an RNA 6000 pico chip and the mRNA assay on the 

Bioanalyzer (Agilent Technologies) according to the manufacturer’s protocol. A 1µl aliquot of 

the finished library was also analysed using a high sensitivity DNA chip and the high 

sensitivity DNA assay on the Bioanalyzer (Agilent Technologies) according to the 

manufacturer’s protocol.  

6.9.2 ChIP-seq library preparation 

Libraries were prepared from 10ng ChIP-DNA using the NEB Next Ultra II DNA Library 

Prep Kit for Illumina (New England Biolabs) as per the manufacturer’s instructions. A 1µl 

aliquot of the finished library was analysed using a high sensitivity DNA chip and the high 

sensitivity DNA assay on the Bioanalyzer (Agilent Technologies) according to the 

manufacturer’s protocol. 

6.9.3 4C library preparation 

The 3C libraries were quantified using fluorometric quantitation using the Qubit (Life 

Technologies) and then 25µg was digested overnight with 50U of DpnII in 1x Buffer 3.1  

(both New England Biolabs) overnight at 37°C in an Eppendorf Thermomixer C. The 

following morning, the sample was transferred to MaXtract high density gel tubes (Qiagen) 

which had been centrifuged at 14,000g for 1 minute to settle the gel. An equal volume of 

phenol/chloroform (Sigma Aldrich) was added and the tubes were shaken vigorously to mix 

the phases. The tubes were centrifuged at 15,800g for 15 minutes at RT and the aqueous 

phase was transferred to a new 1.5ml Eppendorf, with 1µl of 20mg/ml glycogen (Thermo 

Scientific), 36ul of 3M sodium acetate pH5.2 (Sigma Aldrich) and 900µl of ethanol (Sigma 

Aldrich). The tubes were frozen at -80˚C for 10 minutes then centrifuged for 5 minutes at 

4˚C at 17,000g. The supernatant was removed and the pellet washed with 1ml of 70% 

ethanol. The DNA was again centrifuged, the supernatant was again removed and finally the 

DNA allowed to air dry. The dried pellet was resuspended in 100µl molecular grade water 

(Sigma Aldrich). The digested DNA was analysed by running a 3µl aliquot on a 0.5% agarose 

gel to check that the fragments were below 1kb with the majority between 300 and 500bp. 

 

The remaining digested DNA was circularised overnight. The sample was transferred to a 

50ml Falcon with 200U T4 DNA ligase (ThermoScientific) and 1x ligation buffer made up to 

14ml with molecular grade water – the increased volume increases the likelihood that each 

circle will comprise fewer fragments. The ligation reaction was incubated at RT overnight. 
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The circularised DNA was extracted with 14ml phenol/chloroform and shaken vigorously. It 

was then centrifuged at 3,200g at RT for 10 minutes. The aqueous phase was split into two 

new 50ml Falcons and the volume doubled with molecular grade water – this reduces the 

coprecipitation of DTT (carried over from the ligation buffer). Each tube of diluted DNA was 

precipitated with 2.6ml sodium acetate pH5.2 and 26ml 100% ethanol. The tubes were 

frozen at -80°C for at least 3 hours, until solid, then centrifuged at 3,200g at 4°C for 45 

minutes. The supernatant was removed and the pellet was washed with 15ml of 70% ethanol 

and centrifuged as before for 15 minutes. The supernatant was again removed and pellet was 

air-dried. Each pellet was resuspended in 75µl of TE buffer and incubated for 30 minutes at 

37°C. Split samples were recombined in an Eppendorf, and the yield was quantified using 

fluorometric quantitation using the Qubit Broad Range kit according to the manufacturer’s 

protocol.  

 

A total of 42ng per library was amplified using the reagents detailed in Table 6-12. 

 

Table 6-12: Reagents for PCR amplification of 3C libraries 

Reagent Volume Final 
Concentration 

10× buffer I (Expand Long Template 
system) 

 2.5uL  1x 

10mM dNTPs 0.5uL  0.2 
20uM 4C-seq forward primer 2.5ul 2uM 
20uM 4C-seq reverse primer 2.5ul 2uM 
DNA polymerase mix 0.35uL  
42ng 3C library 16.65ul  
dH2O   
 25ul  

 

The reactions were first performed with standard primers and then, if successful, with PCR 

primers which included a 5’ overhang comprising the P5 or P7 Illumina adapter sequence, an 

Illumina sequencing primer, a barcode and/or an index as shown in Table 6-13. These 

sequences were then incorporated in the PCR product to make functional libraries when 

amplified by the bait specific primers at the 3’ end. 
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Primer 
name 

Description Sequence 5' to 3' 

NF-P693 Bait A read AGAGCGGCTCCAAAGTCG 

NF-P742 Bait A non-read TGCCAGTCAAGGAAACAAACA 

NF-P759 Bait B read TGTTGCTGGGTTTTGTTGGT 

NF-P758 Bait B non-read ACTTGAATCTGCAATTGGGTGA 

NF-P847 Bait C non-read CCGCACTAACAAAAACTCCAA 

NF-P848 Bait C read AGAGGCAGCAGTGGTAGGAA 

NF-P849 Bait D non-read AGGGTCTTCTTGCTATTTA 

NF-P850 Bait D read TGATGATGCAATGAATTC 

NF-P851 Bait E non-read TGGAAGGACTTTTAATGGAGGA 

NF-P852 Bait E read AAGGATGCCTGAATTAAACCTT 

NF-P853 Bait F non-read TCCCAGTAGTGGCAATGATTC 

NF-P854 Bait F read TAGCTGAGCCACCCCTGA 

NF-P855 Bait G non-read GGCAAGTGTATTGGGGTAGG 

NF-P856 Bait G read CTGAGGACATCAGGCAACTG 

NF-P857 Bait H non-read TGCCTCAAATTTCGTATGGT 

NF-P858 Bait H read CCCAAACAGCTGGGTCATAC 

NF-P827 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTATCACGAGAGCGGCTCCAAAGTCG 

NF-P828 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTCGATGTAGAGCGGCTCCAAAGTCG 

NF-P829 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTTTAGGCAGAGCGGCTCCAAAGTCG 

NF-P830 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTTGACCAAGAGCGGCTCCAAAGTCG 

NF-P831 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTACAGTGAGAGCGGCTCCAAAGTCG 

NF-P832 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTGCCAATAGAGCGGCTCCAAAGTCG 

NF-P833 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTCAGATCAGAGCGGCTCCAAAGTCG 

NF-P834 
P5 Bait A read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTACTTGAAGAGCGGCTCCAAAGTCG 

NF-P845 
P7 Bait A non-read with 

index & Illumina sequences 
CAAGCAGAAGACGGCATACGAGATATTACTCGGTGACTGGAGTTCAGA

CGTGTGCTCTTCCGATCTATTACTCGTGCCAGTCAAGGAAACAAACA 

NF-P836 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTGATCAGACTTGAATCTGCAATTGGGTGA 

NF-P837 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTTAGCTTACTTGAATCTGCAATTGGGTGA 

NF-P838 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTGGCTACACTTGAATCTGCAATTGGGTGA 

NF-P839 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTCTTGTAACTTGAATCTGCAATTGGGTGA 

NF-P840 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTAGTCAAACTTGAATCTGCAATTGGGTGA 

NF-P841 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTAGTTCCACTTGAATCTGCAATTGGGTGA 

NF-P842 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTATGGCAACTTGAATCTGCAATTGGGTGA 

NF-P843 
P5 Bait B read with index & 

Illumina sequences 
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC

TTCCGATCTCCGTCCACTTGAATCTGCAATTGGGTGA 

NF-P846 
P7 Bait B non-read with 

index & Illumina sequences 
CAAGCAGAAGACGGCATACGAGATTCCGGAGAGTGACTGGAGTTCAG
ACGTGTGCTCTTCCGATCTTCCGGAGATGTTGCTGGGTTTTGTTGGT 

 
Table 6-13: Primers used for EVI1 4C. ¶ All relate to section 4.4.1 and 4.4.3¶ 
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The number of cycles (detailed in Table 6-14) was minimised so as to ensure the reaction was stopped 

when still linear; 10µl PCR product was assessed on a 2% agarose gel to ensure the reaction was not 

saturated. A 1µl aliquot of a 1:10 dilution of the finished library was analysed using a high sensitivity 

DNA chip and the high sensitivity DNA assay on the Bioanalyzer (Agilent Technologies) according to 

the manufacturer’s protocol in order to establish the mean fragment size. 

 

Table 6-14: PCR cycling conditions for amplification of the 3C library 

 Cycle step Temperature Time 

1x Initial denaturation 94°C 2 minutes 

30x Denaturation 94°C 15 seconds 

Annealing 55°C 1 minute 

Extension 68°C 2 minutes 

1x Final extension 68°C 7 minutes 

 Hold 4°C ∞ 

 

6.9.4 4C library quantification 

The 4C libraries were quantified by RT-qPCR using the NEBNext Library Quant Kit for Illumina (New 

England Biolabs) according to the manufacturer’s protocol. All reactions were performed on the 

StepOnePlus real time system (Applied Biosystems). 

 Next Generation Sequencing  

All libraries were submitted for sequencing by the Medical Research Council London Institute of 

Medical Sciences at Imperial College London. Libraries were pooled at 5nM. All sequencing was 

undertaken using the HiSeq2500 (Illumina). All ChIP-seq experiments were subject to single end 

75bp reads; all other sequencing was subject to paired end 100bp reads. 

 

Of note, the construction of the 4C library dictates that one bait-specific primer was informative (the 

P5 ‘read’) and the other was not (the P7 ‘non-read’). Approximately 30bp of the 4C library sequence 

read was ‘lost’ to the bait specific primer so 76bp reads were insufficient. However, a routine 100bp 

paired end read was cheaper than a custom 100bp single end read so the non-read P7 sequence was 

disregarded. 

 Bioinformatic analysis 

All Bioinformatics analysis was undertaken by Dr Mark Robinson 

6.11.1 ChIP-seq processing and custom track generation 

Default Illumina quality filters and image analysis were used to obtain single end reads of 50bp. All 

reads were aligned to Build 38 (GRCm38/mm10) mouse genome assembly or Build 38 
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(GRCh38/hg38) human genome assembly, as appropriate, using default settings of Burrows-Wheeler 

Alignment with Maximal Exact Matches. Reads which failed to align exactly were removed with 

SAMtools (Li and Durbin, 2009); PCR duplicates from library amplification were also removed with 

Picard tools (http://broadinstitute.github.io/picard). Custom UCSC tracks for direct visualisation 

were generated using deepTools (Ramirez et al., 2014); coverage within 200bp windows was 

normalised to library and window size. Data is shown as reads per kilobase per million reads (RPKM). 

6.11.2 ChIP-seq region calling 

Enrichment was performed as described previously (Barlow et al., 2013) with some minor 

modifications to allow optimized calling of the enriched regions. Following pre-processing described 

in section 6.11.1, statistical enrichment of the uniquely aligned reads which mapped within non-

overlapping windows (100bp in length) were compared to a Poissonian random distribution using the 

SICER program (Zang et al., 2009) designed to identify  enriched domains from histone modification 

ChIP-seq data. The following parameters were empirically derived used: e-value 10,000 (which 

controls the genome-wide error rate against the random background), gap size 300 (ineligible 

windows between eligible ones). The statistical enrichment of ‘bins’ passing the above criterion were 

then compared to the negative control (input DNA or isotype control DNA) based on tag density fold 

increase, as determined from a false discovery rate of 1x10-5. To delineate enriched regions, windows 

that were less than 10Kb apart were then merged before application of a final empirical filtering step 

to remove regions with low coverage (defined as less than 1.5 RPKM), low width (less than 5Kb) or a 

fold change of less than 1.1. Settings were optimised for γH2AX and then applied to H3K27Ac. 

6.11.3 Differential peak calling 

Peaks were first identified in each sample compared to their corresponding input control using 

MACS2 with default settings. Peaks were filtered for a –log10 q-value of greater than 30 and 

combined into a common peak set by taking the union of all conditions per comparison (i.e. per 

oncogene). Differential binding analysis was first conducted using DiffBind R package with default 

settings and significantly different peaks (p<0.05) were called. In order to identify larger regions of 

differential binding typical of super enhancers, initial differentiation of peaks with a common 

direction of change were stitched within 1kb and reanalysed, before the re-extraction of highly 

significantly differentially bound regions (p<1x10-4). To identify fragments with significantly higher 

read counts than expected for the distance from the bait, z-scores were calculated from the residuals 

of the fit. 

 

6.11.4 Establishing the γH2AX enriched regions 

γH2AX regions identified by processing of BCR-ABL1 and MYC reads as described in section 6.11.2 

were merged using the Granges package (Lawrence et al., 2013) using R (R Core Team 2015; 

https://www.R-project.org) to yield merged lists. 

http://broadinstitute.github.io/picard
https://www.r-project.org/
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6.11.5 Distribution of the enriched regions 

Reads per million (RPM) values for the γH2AX-enriched regions from the merged list were calculated 

with BEDTools (Quinlan and Hall, 2010) designed for testing correlations between different genomic 

features. The IdeoViz package in R and the BCR-ABL1 RPM values were used to generate the 

ideogram in Figure 2-14. The total chromosome coverage, shown in Figure 2-15, was again calculated 

using Granges (Lawrence et al., 2013) and plotted against murine exon coverage estimates (Sakharkar 

et al., 2005). 

6.11.6 Correlation of different ChIP-seq libraries 

BEDTools (Quinlan and Hall, 2010) was used to calculate RPM values for the γH2Ax-enriched 

regions from the merged list. The signal from the isotype control was subtracted and the log2 signal 

intensity was plotted in the scatter plots shown in Figure 2-11. The red line indicates linear regression 

fit and Pearson’s rho (r) value is shown.  

6.11.7 Gene ontology analysis 

Genes which overlapped the γH2AX-enriched regions from the BCR-ABL1 and MYC samples were 

identified using the ChIPpeakAnno package in R (Zhu et al., 2010). Enriched (p<0.01) gene ontology 

categories of biological processes were then identified and associated with the four empirically 

identified categories of chromosome organisation (GO: 0051276), nucleic acid metabolic process (GO: 

0090304), gene expression (GO: 0010467) and immune system process (GO: 0002376). The pie 

charts in Figure 2-18 show each enriched data set. Categories in common between the BCR-ABL1 and 

MYC datasets were identified and the -1log10 values were plotted in the bar chart (redundant terms 

were removed). 

6.11.8 Meta-gene analysis of the enriched regions 

As shown in Figure 2-23, meta-gene profiles of the γH2AX and H3K27Ac signals were plotted for all 

the Ensembl protein-coding genes plus an additional 10Kb upstream and downstream (n=22,533) 

using the ngs.plot package (Shen et al., 2014) designed to visualise and integrate different genomic 

databases. Profiles were normalised to gene length by spline fitting to library sized (by RPM) and 

plotted as log2 fold change of the isotype control ChIP-seq library. The ChIPSeeker R package ((Yu et 

al., 2015) for annotation , visualisation and comparison of ChIP-seq peaks was used to determine the 

intersection of the enriched regions overlapping genic features.  

6.11.9 The stringent lists for H2AX and H3K27Ac ChIP-seq  

The stringent lists for both H2AX and H3K27Ac were merged for BCR-ABL1 and MYC; RPM within 

the regions were calculated from the above plus isotype control samples using BEDTools (before 

background subtraction). For visualisation purposes, negative values were arbitrarily set at 0.1RPM 

and excluded during calculation of Pearson’s correlation coefficients. Log10 scatterplots were 

generated with the overlapping and unique regions highlighted. The linear regression fit is indicated 
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in red. 

6.11.10 Comparison of ERFS and γH2AX regions 

The ChIP-seq data set published by (Barlow et al., 2013) that studied ERFS in hydroxyurea-treated 

mature B-cells was used in the comparison of γH2AX regions depicted in Figure 2-40 (Table S1; 

accession SRR648771). The ERFS regions were converted to GRCm38/mm10 for this purpose using 

UCSC mm9tomm10 chain file). FASTQ reads were extracted from SRA files using the SRA-toolkit and 

aligned to the to mm10 genome. Permutation models were masked for sex chromosomes and 

unmapable regions for 100,000 enumerations; observed overlaps between regions were compared to 

the average permuted overlaps. 

6.11.11 Comparison of γH2AX regions to the RLFS 

The potential RLFS were identified using the QmRLFS-finder (Jenjaroenpun et al., 2015) throughout 

mm10. Permutation testing was then undertaken using the R package regioneR  (Gel et al., 2016) with 

10,000 permutations per test. Re-sampling of genomic regions within the masked mm10 genome was 

used to determine RLFS enrichment within the γH2AX regions. RLFS enrichment within highly 

expressed genes was undertaken as before, but using the top 1000 highly expressed genes (ranked by 

mean expression across all conditions in RNA-seq). 

6.11.12 Comparison of genomic defects in leukaemia to γH2AX 

For comparison of the gene sets (assuming they could be related to annotated genes, and for which a murine 

equivalent exists*) published datasets were used, as shown in Table 6-15.  

 
Table 6-15: Publications used for comparison of gene sets* 

 

Reference Respective table Alterations for comparison 

(Mullighan et al., 2007) 
 

Table S10 N=39 

(Mullighan et al., 2009b) Table S4 N=42 

(Roberts et al., 2012) Table S3 and S7 N=42 

 

* iAmp21, Znf528, Ccdc26, Fam22f, C20orf94 and FLJ11273 were excluded as no murine equivalent exists, 

lesions such as ‘all 10p’ were excluded as they did not map to a single murine region 

 

6.11.13 Comparison of replication timing to γH2AX 

γH2AX regions were categorised as early or late replicating by comparison with the ENCODE repli-

chip data (Mouse et al., 2012). Permutation models were performed as above.  
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A zero-crossing algorithm was applied to the wavelet-smoothed Repli-chip data from CH12 (murine 

B-cell lymphoma) cell line to define early-replicating regions; only regions called as early in both 

biological replicates was used to annotate the γH2AX regions. 

6.11.14 RNA-seq analysis 

STAR v2.5.0 (Dobin et al., 2013) was used to align reads to the mouse genome (GRCm38/mm10); 

indexes were supplemented with UCSC known gene reference transcript assemblies and alignment 

used the following settings: 

 outFilterType BySJout 

 outFilterMultimanNmax 20 

 alignSJoverhangMin 8 

 alignSJDBoverhangMin 1 

 outFilterMismatchNmax 999 

 outFilterMismatchNoverLmax 0.04 

 alignIntronMin 20 

 alignIntronMax1000000 

 Differential expression analysis was performed using R (RCore Team, 2016 https://www.R-

project.org) with DESeq2 v1.12.4 (Love et al., 2014). 

6.11.15 Comparison of γH2AX and RNA-seq data 

The median FPKM value of expressed genes for each condition was used to categorise all known 

UCSC genes in high or low expression. The proportion of genes overlapping the γH2AX regions 

categorised as high or low expression was then determined. To make a comparison between γH2AX 

signals in high and low categories and in BCR-ABL1 and MYC categories, all known UCSC genes were 

extended by 10Kb and the γH2AX signals in high and low categories and in BCR-ABL1 and MYC 

categories, all known UCSC genes were extended by 10Kb and the γH2AX regions was then 

determined using the R package bamsignals v1.4.3. Regions were normalised to library size and 

background signal from the isotype control ChIP-seq libraries was subtracted. 

6.11.16 4C analysis 

Analysis was undertaken using the 4CSeq R package as described in (Klein et al., 2015). Reads were 

demultiplexed and the bait primer sequence was trimmed. The remaining reads were aligned to 

GRCh38/hg38 and reads at each in silico restriction fragment were counted. Variance stabilising 

transformation was used to avoid skewing of reads far from or near to the bait using the DESeq2 R 

package (Love et al., 2014).  

 

Then, reads underwent trend fitting based on the decay of signals with genomic distance from the bait 

to a constant background using the 4CSeq R Package. Fragments with a median of less than 40 read 

counts across all samples were removed. To identify potential interactions, fragments with read 

https://www.r-project.org/
https://www.r-project.org/
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counts higher than expected at a given distance from the bait were assigned a z-score based on the 

residuals of the fit. Those fragments with z-scores larger than 3 in all replicates and with an adjusted 

p-value of less than 0.01 in at least one replicate were called as significant. Or, reads underwent 

differential region calling (p=0.05) conducted with DESeq2. 

 Reagents and solutions 

6.12.1 Cell lysis buffer 

Add the following to 1ml RIPA buffer (see section 6.12.11) 

 2.5µl 0.2M PMSF 

 1µl 1M DTT 

 20µl 50X protease inhibitor (Roche) 

 50µl 20X phosphatase inhibitor (Roche) 

 Plus 10µl 100X deacetylase inhibitor (Santa Cruz Biotechnology) for the Western blot in 

Figure 4-11 only 

6.12.2 10X Running buffer 

Add the following to a total of 1 litre distilled water 

 24.2g Trizma, Tris base 

 144.1g Glycine 

 10g SDS 

6.12.3 1X Running buffer 

 Make fresh: dilute 100ml of 1oX stock in 900ml distilled water 

6.12.4 1X Transfer buffer 

Add the following to a total of 1 litre distilled water. Keep cold. 

 3g Trizma, Tris base 

 14.4g Glycine 

 200ml methanol 

6.12.5 10X Phosphate Buffered Saline (PBS) Solution 

Add the following to 800ml distilled water and adjust to pH 7.4 (all from Sigma Aldrich): 

 80g NaCl 

 2g KCl 

 14.4g sodium phosphate dibasic 

 2.4g potassium phosphate dibasic 

6.12.6 PBS-T 
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Add the following to 900ml distilled water: 

 100ml 10X PBS 

 1ml Tween20 

6.12.7 Blocking solution 

 Add 5g bovine serum albumin (Sigma Aldrich) to 100ml PBS-T 

 

6.12.8 2.5M glycine solution 

Dissolve 9.39g glycine in a total volume of 50ml PBS (both from Sigma Aldrich) 

6.12.9 Concentrated RIPA buffer 

Add the following to 37.3ml molecular grade water (all from Sigma Aldrich): 

 435µl 1M Tris-HCl pH7.6  

 100µl 0.5M EDTA  

 175µl 10% SDS   

 5ml 10% TritonX-100 

 500µl 10% Na-Dec   

6.12.10 Tris/SDS sonication buffer 

Add the following to 6.1ml molecular grade water (all from Sigma Aldrich) 

 325µl 10% SDS   

 65µl1M Tris-HCl pH7.6  

6.12.11 RIPA buffer 

Add the following to 43.4ml molecular grade water (all from Sigma Aldrich): 

 500µl 1M Tris-HCL pH7.6 

 100µl 0.5M EDTA   

 500µl 10% SDS   

 5ml 10% TritonX-100  

 500µl 10% Na-Dec   

6.12.12 RIPA buffer with 0.3M NaCl 

Add the following to 43.4ml molecular grade water (all from Sigma Aldrich): 

 500µl 1M Tris-HCl pH7.6 

 100µl 0.5M EDTA   

 500µl 10% SDS   

 5ml 10% TritonX-100  

 500µl 10% Na-Dec 
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 0.88g NaCl 

6.12.13 LiCl buffer 

Add the following to 43.4ml molecular grade water (all from Sigma Aldrich): 

 1.56ml 8M LiCl   

 2.5ml 10% Nonidet P40  

 2.5ml 10% Na-Dec   

 

6.12.14 3C lysis buffer 

Prepare fresh each time. Add the following to 49.25ml molecular grade water and rotate at 4°C until 

dissolved. All from Sigma Aldrich unless otherwise stated: 

• 500ul 1M Tris pH8 

• 125µl 4M NaCl  

• 100µl 100% NP-40 

• 1 tablet complete protein inhibitor (Roche) 

6.12.15 20x SSC stock solution 

Add the following to 500ml distilled water 

 Dissolve 132g SSC (Abbott Molecular) 

6.12.16 0.4x SSC working solution 

 Make up 10ml of 20X SSC stock solution  to 500ml with distilled water.  

 Adjust pH if necessary with hydrochloric acid or sodium hydroxide to pH7.0 ±0.2. 

6.12.17 2x SSC working solution 

 Make up 50ml of 20X SSC stock solution  to 500ml with distilled water.  

 Adjust pH if necessary with hydrochloric acid or sodium hydroxide to pH7.0 ±0.2. 

6.12.18 2x SSC/Igepal working solution 

 Make up 50ml of 20X SSC stock solution to 500ml with distilled water.  

 Add 500ul Igepal (Sigma Aldrich) – pipette slowly as viscous 

 Adjust pH if necessary with hydrochloric acid or sodium hydroxide to pH7.0 ±0.2. 

  Statistics 

All statistical tests (outside of the bioinformatic methods detailed in section 6.11) were undertaken 

using GraphPad Prism software (GraphPad Prism version 7.0 for Windows, GraphPad Software, San 

Diego California USA, www.graphpad.com). 

 

http://www.graphpad.com/
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The DNA FISH (in Error! Reference source not found. and Figure 2-47) comparisons were 

analysed using a paired Student’s t-test +/- SEM. The comparison of H2AX regions to the published 

B-ALL gene defect datasets (in Table 1-1) was by two-by-two contingency table analysis, as described 

by (Swaminathan et al., 2015).  

 

Scatterplots were analysed using Pearson’s correlation shown in the formula below.  

 

 

 

Where x and y are two vectors of length n, and mx and my are the means of x and y. The p-value of the 

correlation is determined by using the correlation coefficient table for the degrees of freedom (df=n-

2) where n is the number of observations in the x and y variables.  
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