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Abstract 
 
Despite recent advances in cancer detection, molecular classification and treatment modalities, 
the 5-year survival rate of acute myeloid leukaemia (AML) has not changed in 30 years. The 
unique genetic context created by the mutational landscape of AML may dictate prognosis and 
treatment sensitivity, therefore a greater understanding of the molecular aetiologies underlying 
leukaemia initiation and maintenance will likely guide the development and use of more 
effective targeted therapeutics. Under this premise, the roles of two frequently mutated 
epigenetic regulators, BCOR and DNNMT3A, were investigated in the initiation of AML and 
maintenance of the disease. A combination of genetically engineered mouse models and next 
generation sequencing were used to interrogate the molecular and cellular consequences of 
each mutant protein in vivo. This analysis found that loss of Bcor function lead to a loss of 
H2AK119ub at the Hoxa7/9 locus and caused a concurrent transcriptional upregulation of 
important HSC-associated master transcription factors. A CRISPR/Cas9 screen confirmed that  
Hoxa9 upregulation was essential for the proliferative phenotype of Bcor mutant leukaemia. 
Studies investigating the frequently occurring DNMT3AR882H dominant negative oncoprotein 
revealed that sustained expression of the mutant was essential for maintaining the leukaemic 
transcriptional program in established leukaemias. Surprisingly, further analysis of the 
methylome of these tumours using reduced representation bisulfite sequencing led to the 
discovery that the DNA methylation patterns in established AML were not significantly 
dependent on DNMT3AR882H expression. This molecular analysis successfully identified key 
drivers of the transcriptional programs governing leukaemic cell identity in these distinct 
genetic contexts. The findings of this thesis emphasise that future research should focus on the 
development of therapeutic strategies specifically targeting these key drivers of leukaemic cell 
identity. Together this research provides valuable insight into the transcriptional and epigenetic 
mechanisms underlying leukaemogenesis, and proposes potential therapeutic targets for AML 
with BCOR or DNMT3AR882H mutations. 
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1.1 Haematopoiesis and Haematopoietic Disorders 
The haematopoietic system features a functionally diverse range of cell types and is highly 
regenerative. Dysregulation of the formation of mature blood cells can easily lead to 
uncontrolled proliferation and malignant transformation of haematopoietic cells.  Herein, this 
chapter provides a brief overview of the haematopoietic hierarchy and reviews the theories and 
models in current literature regarding the molecular aetiologies underlying the epigenetic 
regulation of both normal and malignant haematopoiesis. 
 

1.1.1 Haematopoiesis 
Haematopoietic cells include erythrocytes and leukocytes. Leukocytes (a.k.a white blood cells 
[WBCs]) are responsible for inflammation and the immune response and include; lymphocytes 
(B-cells, T-cells, and natural killer cells (NK)) and myeloid cells (macrophages, granulocytes 
and dendritic cells). Haematopoiesis is the process of mature blood cell formation from rare 
haematopoietic stem cells (HSCs; Fig. 1.1A). In mammalian adults, HSCs exist predominantly 
in a quiescent state, though retain the ability to continuously repopulate all distinct lineage 
blood cell types due to their multipotency and self-renewal capacity (Wilson et al., 2008). 
According to the traditional model of haematopoiesis, HSCs differentiate into multipotent 
progenitors (MPPs), which retain multipotency but lose self-renewal capacity. MPPs and can 
differentiate into common myeloid progenitors (CMPs) or multi-lymphoid progenitors 
(MLPs). CMPs can subsequently give rise to granulocyte macrophage progenitors (GMPs) or 
megakaryocyte-erythroid progenitors (MEPs). GMPs can undergo lineage commitment to 
dendritic cells, granulocytes (including basophils, eosinophils and neutrophils) and monocytes. 
MEPs can terminally differentiate into thrombocyte-producing megakaryocytes, or undergo 
enucleation to form mature erythrocytes (Doulatov, Notta, Laurenti, & Dick, 2012). 
Interestingly, MLPs have been shown to give rise to both lymphoid and myeloid cell-types, 
providing an alternative myeloid differentiation pathway (Doulatov et al., 2010). MLPs can 
differentiate into both MEPs and common lymphoid progenitors (CLPs). CLPs gives rise to T-
cells, B-cells and NK cells. Finally, dendritic cells can arise from both CLPs and MEPs (Fig. 
1.1A). Together, this forms the basis of the traditional model of haematopoiesis through which 
HSCs undergo lineage commitment to produce functionally diverse mature blood cells. 
 
The recent revolution in single cell transcriptomics has challenged this prevailing model of 
haematopoiesis in which discrete intermediate cell-types arise from truly multipotent HSCs. It 
has been proposed that whilst differentiating cells pass through these aforementioned distinct 
phases, they exist on a continuous developmental trajectory (Velten et al., 2017). Furthermore, 
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recent studies have shown heterogeneity in HSC populations, as the majority of HSCs display 
lineage-specific “bias’s” (reviewed in (Haas, Trumpp, & Milsom, 2018)). This is further 
supported by evidence for non-classical megakaryocytic differentiation pathways which 
propose that a subset of HSCs bypass intermediate progenitor stages and differentiate directly 
into megakaryocytes (Wilson et al., 2015; Woolthuis & Park, 2016). Together, these studies 
suggest that cell fate may be determined early in haematopoiesis, and that haematopoietic 
progenitors exist on a differentiation spectrum rather than within distinct stages. Despite 
evidence suggesting that revision of the hierarchical organisation of haematopoiesis may be 
warranted, the discrete classification of haematopoietic progenitors is widely accepted and is 
still useful for investigating molecular processes underlying cell identity and cell fate 
commitment in haematopoiesis. 

1.1.2.1 Transcriptional Networks Govern Cell Identity in Haematopoiesis  
Genetically identical cells derived from a single HSC can exhibit divergent functional 
heterogeneity due to differential gene expression. These cell type-specific gene expression 
networks dictate cell differentiation trajectory and lineage identity. Hence, strict control of 
transcription is required for faithful differentiation to mature lineage cells. Transcription factors 
(TFs) have the capacity to directly regulate gene expression of multiple genes through binding 
to regulatory elements to promote or inhibit transcription. Master TFs induce cell type-specific 
transcriptional programs by inducing expression of a multiple other TFs which can in turn 
positively regulate the primary master TF, forming a densely connected regulatory circuit. It 
has long been known that expression of  HSC-associated master TFs, such as HOXA family 
and  Tal1, is important for maintaining the quiescent self-renewal capacity HSCs (Argiropoulos 
& Humphries, 2007; Hoang, Lambert, & Martin, 2016). Accordingly, expression of these TFs 
diminishes as differentiation progresses. Meanwhile, lineage-specific and differentiation-
associated genes, such as PU.1 (Fisher & Scott, 1998) are upregulated in progenitors to 
facilitate differentiation (Fig. 1.1B). This concept has been demonstrated in multiple murine 
studies. For example, Pu.1 knock-out (KO) mice exhibited severely impaired development of 
both lymphoid and myeloid lineages, demonstrating that expression of  lineage specific 
transcription factors is essential for proper differentiation (Fisher & Scott, 1998). De-regulated 
function or expression of these master TFs, through either mutation or other regulatory means, 
impacts this gene regulatory network during differentiation and can lead to aberrant acquisition 
of HSC-like features in committed progenitors. Together, these features can lead to 
uncontrolled expansion of haematopoietic progenitors, potentially predisposing to malignant 
transformation.   
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Figure 1.1 Haematopoisis and transcriptional networks  
A, an overview of the traditional model of haematopoiesis, beginning at multipotent self-
renewing LT-HSC and differentiating through intermediate progenitors to mature lineage cells. 
B, Representative transcriptional levels of important HSC or myeloid transcription factors 
during differentiation stages. Abbreviations: LT-HSC: long term haematopoietic stem cell, 
MPP: multipotent progenitor, MLP: multi-lymphoid progenitor, CLP: common lymphoid 
progenitor, GMP: granulocyte macrophage progenitor, MEP: megakaryocyte erythroid 
progenitor.   
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1.1.2 Haematological Malignancies  
Malignant transformation can occur at different stages of development through diverse 
mechanisms which perturb normal haematopoietic function. In all cases, transformation from 
a normal functioning to a malignant cell is achieved through the acquisition of distinct and 
complementary biological capabilities which confer a selective advantage (Hanahan & 
Weinberg, 2000; 2011). The unique repertoire of genetic mutations in distinct malignancies 
can dictate the mechanisms and acquisition of these hallmarks of cancer. By understanding the 
molecular pathways underlying the biological phenotypes of these distinct haematological 
diseases, this can lead to the identification of therapeutically actionable oncogenic 
dependencies. 
 
Haematological malignancies encompass a diverse range of diseases characterised by the 
uncontrolled proliferation of abnormal haematopoietic cells. The three main types of 
haematological malignancies in the clinic include: multiple myeloma (MM), lymphoma and 
leukaemia (A. Smith, Howell, Patmore, Jack, & Roman, 2011). MM is characterised by the 
expansion of malignant antibody producing-cells (Hideshima, Mitsiades, Tonon, Richardson, 
& Anderson, 2007) whilst lymphoma presents with proliferative lymphocytes within the 
lymphatic system (A. Smith et al., 2011). Leukaemia is characterised by an expansion of 
abnormal blast cells within the bone marrow, resulting in pan-cytopenia and infection (A. 
Smith et al., 2011). Leukaemias can be stratified into four main subsets by their cell type of 
origin and aggressiveness: acute lymphoblastic leukaemia (ALL), chronic lymphoblastic 
leukaemia (CLL), acute myeloid leukaemia (AML) and chronic myeloid leukaemia (CML). 
As their names suggest, AML and CML arise from myeloid lineage cells whilst ALL and CLL 
are of lymphoid origin. Together, these haematological malignancies contribute to 9% of all 
cancer diagnoses (A. Smith et al., 2011). Malignancies of the myeloid lineage also include 
myelodysplastic syndrome (MDS) and myeloproliferative neoplasm (MPN). MDS results in 
low levels of functional mature myeloid or erythroid cells in the bone marrow due to defective 
myeloid progenitor cells or dysplastic mature myeloid cells (Lindberg, 2005). Conversely, 
MPNs are characterised by the overproduction of myeloid cells in the bone marrow or 
peripheral blood (Saeidi, 2016). Although distinctive in initial presentation, both MDS and 
MPN are clonal disorders which adversely impact haematopoietic function and have the 
potential to evolve into AML. 
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1.1.2.1 Acute Myeloid Leukaemia  
AML is a malignant disorder characterised by clonal expansion of abnormal myeloid 
precursors (De Kouchkovsky & Abdul-Hay, 2016; Short, Rytting, & Cortes, 2018). This 
expansion occurs when myeloid progenitors aberrantly acquire stem-cell-like self-renewal and 
proliferative capacity. Accumulation of immature myeloid cells eventually dominates 
haematopoietic niches such as bone marrow and impairs normal haematopoiesis and 
haematopoietic function, ultimately leading to infection, anaemia and haemorrhage. The 
disease is diagnosed using histology to calculate the prevalence of leukaemic blasts. An 
observed percentage of greater than 20% myeloid blasts in peripheral blood or bone marrow 
classified as AML. 
 
AML is the most common type of acute leukaemia and is predominantly a disease of older 
adults with a median diagnosis 68 years. Recently, the Australian institute of health and welfare 
reported that the estimated incidence of AML in Australia in 2018 was 1,143 (Australian 
Institute of Health and Welfare 2017, 2017). Furthermore, global incidence is rising due to a 
rise in therapy-related AML, in which cytotoxic agents effectively treat primary tumours but 
induce genetic aberrations that lead to secondary AML (sAML) (Lubeck et al., 2016; Short et 
al., 2018). AML remains among the top 10 in fatal cancer burden in Australia, with an overall 
5-year survival rate of 26.8%, and an estimated mortality of 1,060 in 2018. Although the 
mortality rate has decreased for all cancers combined, the mortality rate of AML has risen 
approximately 20% over the past 50 years, and the survival rate remains unchanged (Australian 
Institute of Health and Welfare 2017, 2017). Together these statistics highlight the need for 
further research resulting in the development of more effective therapies for AML. 
 

 1.1.2.1.1 Current Treatments for AML 
Despite developments in small molecule inhibitors (SMIs) and immunotherapies, there has 
been little improvement in the prognosis of AML over the past 50 years.  Standard of care for 
AML patients is primarily standard induction therapy, a combination of cytarabine and 
anthracycline chemotherapy. Allogenic hematopoietic stem cell transplantation may follow to 
consolidate successful treatment; however, prognosis for relapsed and therapy resistant patients 
is poor (Kurosawa et al., 2010). As stated above, the majority of AML patients are elderly and 
therefore may be unsuitable for intensive therapies, thus necessitating the development of more 
effective novel therapeutics with lower toxicity. The hypothesis that the distinct genetic setting 
in AML dictates clinical sensitivities is gaining traction, demonstrated by the increase in 
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clinical trials evaluating SMIs specifically targeting the underlying molecular aetiologies of 
leukaemogenesis (Short et al., 2018). 
 
SMIs have a strong mechanistic rational which is reflected by their therapeutic success in stage 
3 clinical trials. SMIs for AML include: kinase inhibitors, apoptotic regulators, e.g. Venetoclax, 
and various epigenetic-targeted therapeutics, such as hypomethylating agents e.g. azacitidine 
and histone deacetylase (HDAC) inhibitors, e.g. panobinostat. A key example of the success 
of SMIs is FLT-3 kinase inhibitor Midostaurin.  Midostaurin displayed promise in phase 3 
clinical trials, leading to FDA approval in the USA. As such, the addition of Midostaurin to 
standard induction chemotherapy has become standard for the treatment of AML patients 
harbouring a mutation in FLT3 (Stone et al., 2017). Despite these recent advances and influx 
of clinical trials for SMIs and other novel therapies, improving therapeutic options for AML 
remains a challenge. Together these studies highlight the therapeutic benefit of developing 
SMIs targeting specific underlying molecular aetiologies of disease (Short et al., 2018). 
However, this approach is hindered by the lack of knowledge of how these underlying genetic 
perturbations confer oncogenic capacity. A greater understanding of how these genetic contexts 
impact cell biology will greatly improve the ability to develop personalised targeted 
therapeutics. 
 

 1.1.2.1.2 Genetic Aetiologies of AML 
It has long been known that the genetic instability of cancer cells results in the accumulation 
of mutations which confer a selective advantage and facilitate malignant progression.  Recent 
next generation sequencing efforts have aimed to delineate the specific mutations driving 
disease initiation and progression, providing a basis for future research into the molecular and 
functional consequences of these mutations.  Such sequencing studies have revealed that AML 
has a relatively lower mutational load compared to solid tumours. Approximately 86% of AML 
patients have two or more “driver” mutations (Papaemmanuil et al., 2016) with an average of 
5 recurrent mutations per AML genome (The Cancer Genome Atlas Research Network, 2013). 
Using a combination of sequencing and cytogenetics, AML can be classified based on specific 
cytogenetic-molecular abnormalities. The world health organisation’s (WHO) 2016 revision 
of molecular classification of AML was based on the presence of specific translocations, MLL 
fusions and CEBPA or NPM1 mutations, as listed below in table 1.1 (Arber et al., 2016). The 
2016 revision has improved upon the 2008 report (Vardiman et al., 2009) by updating the 
classifications to include data from recent sequencing studies. However, these classifications 
still fail to emphasise the significance of other recurring mutations in AMLs without significant 
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cytogenetic aberrations (cytogenetic normal AML [CN-AML]) which have been identified in 
several functional studies.  
 
Table 1.1 2016 WHO Classification of AML with Recurrent Genetic Abnormalities 

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

  AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22);CBFB-MYH11 

  APL with PML-RARA 

  AML with t(9;11)(p21.3;q23.3);MLLT3-KMT2A 
  AML with t(6;9)(p23;q34.1);DEK-NUP214 

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

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

  AML with mutated NPM1 
  AML with biallelic mutations of CEBPA 

Provisional: 
AML with BCR-ABL1 

Provisional entity: AML with mutated RUNX1 

*Table extracted and adapted from the 2016 revision to the World Health Organization 
classification of myeloid neoplasms and acute leukemia (Arber et al., 2016) 
 
A high percentage of patients with AML and associated myeloid diseases present with 
mutations in genes encoding chromatin and DNA modifying enzymes, leading to the inclusion 
of epigenetic regulators as a distinct class of mutations in AML (Fathi & Abdel-Wahab, 2012; 
Patel et al., 2012; Shih, Abdel-Wahab, Patel, & Levine, 2012; Woods & Levine, 2015). The 
cancer genome atlas’s 2013 study analysing WGS or WES of  200 AML patients found a large 
proportion of AML samples possessed mutations in DNA methylation related genes (44%) or 
chromatin modifying genes (30%) (The Cancer Genome Atlas Research Network, 2013). More 
recently, Papaemeanuil and colleagues performed perhaps the most comprehensive sequencing 
study of AML patients to date, in which targeted exon sequencing was performed on 1540 
AML patient samples (Papaemmanuil et al., 2016). They found that the WHO-defined 
classification described above represented only a small fraction of the AML patients, leading 
them to create several additional classifications defined by recurring mutations. In addition to 
WHO AML classifications, the study identified AML with; mutations in genes regulating RNA 
splicing, chromatin or transcription (deemed the chromatin-spliceosome group), mutations in 
TP53 and complex karyotype or copy-number alterations (TP53-aneuploidy group), and a final 
provisional small subset of patients who possessed the distinct IDH2R172 mutation. In a similar 
large-scale sequencing study, Shen and colleagues found similarly prevalent mutations in 
epigenetic regulators (Y. Shen et al., 2011). Interestingly, MPN, MDS, and secondary and 
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therapy-related AML are also enriched for mutations in epigenetic regulators, and are 
associated with worse clinical outcomes (Lindsley et al., 2015). The most frequently mutated 
epigenetic regulators identified in multiple AML sequencing studies are outlined in table 1.2 
below.  
 
Somatic mutations in epigenetic regulators have also been associated with clonal 
haematopoiesis of indeterminate potential (CHIP). In patients with CHIP the majority of the 
haematopoietic system is clonal, and harbours AML-associated somatic mutations (Steensma 
et al., 2015). CHIP has been identified in 10% of healthy >65-year-old patients without clinical 
evidence of haematological malignancy, highlighting the propensity for the haematopoietic 
system to become clonal over time (Jaiswal et al., 2014). Furthermore, CHIP can predispose to 
the development of AML and other myeloid malignancies. However, overall transformation 
rate is low, indicating these CHIP-associated mutations alone may not be sufficient for 
leukaemic transformation. Mutations in DNMT3A, and TET2, and ASXL1 have all been 
associated with CHIP (Genovese et al., 2014; Jaiswal et al., 2014; M. Xie et al., 2014). This 
aligns with studies demonstrating these mutations have a high variant allele frequency (VAF) 
in AML, characteristic of the earliest acquired mutations (Papaemmanuil et al., 2016). Taken 
together, this suggests that mutations in epigenetic regulators confer a selective advantage 
which can contribute to formation of the preleukaemic lesion. Individual cells within this 
preleukaemic lesion can evolve through acquisition of additional mutations which confer 
further selective advantage to form malignant tumours. This clonal evolution thus results in 
genetic, phenotypic and functional intratumoural heterogeneity. High VAF indicates that 
mutations in epigenetic regulators are present in multiple tumour clones, thus presenting as an 
attractive therapeutic target. However, there are also implications for chemotherapy resistance, 
See section 1.2.2.3.2. 
 
The detection of somatic mutations in genes which encode epigenetic regulators in AML and 
related myeloid disorders over the past 10 years highlights their importance in normal and 
malignant haematopoiesis. Hence, future AML research aims to understand how perturbations 
in epigenetic processes by these initiating genetic lesions can impact on normal haematopoiesis 
and contribute to leukaemogenesis. 
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Table 1.2 Epigenetic Regulators Frequently Mutated in AML 

Gene 
Reported 
Mutation 

Frequency (%) 
Epigenetic Pathway Reference 

TET2 7–23 DNA hydroxymethylation (Delhommeau et al., 2009) 
IDH1 
and IDH2 

15–33 DNA hydroxymethylation; 
histone demethylation 

(Mardis et al., 2009) 

DNMT3A 12–22 DNA methylation (Ley et al., 2010) 
ASXL1 5.3 Post translational histone 

modification, 
Polycomb group protein 

(Papaemmanuil et al., 2016) 
(Pratcorona et al., 2012) 

MLL 5.4 (PTD),  
10 
(translocations) 

Post translational histone 
modification, 
H3K4 methyltransferase  

(Papaemmanuil et al., 2016) 
(Steudel et al., 2003) 
(Winters & Bernt, 2017) 

BCOR 3.8 (CN-AML) Post translational histone 
modification, 
Polycomb group protein 

(Grossmann et al., 2011) 
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1.2 Epigenetic Regulation in Normal and Malignant Haematopoiesis  
 
In the nucleus DNA associates within a macromolecular complex called chromatin to facilitate 
organisation and compaction. The nucleosome is the smallest structural unit of chromatin in 
eukaryotes and consists of 147bp of DNA wrapped around a histone octamer comprising of 
H2A, H2B and two copies each H3 and H4, bound together with an H1 linker protein (Luger, 
Mäder, Richmond, Sargent, & Richmond, 1997). This repetitive unit acts as a scaffold, 
packaging the entire ~3 billion base pairs of human genome into the nucleus of every cell.  
 
Epigenetics is a heritable mechanism of controlling the way the information stored within DNA 
is utilised, influencing cellular context by regulating RNA transcription. As such, epigenetics 
directly impacts the transcriptional programs within cells, and ultimately dictates cell identity 
and cell fate. Epigenetics was first described when it was observed that the difference in 
chromatin packaging density correlated with transcriptional activation (Elgin, 1996; Heitz, 
1928; J. Wang, Jia, & Jia, 2016). These initial studies showed that tightly packed chromatin, 
termed heterochromatin, was associated with transcriptional silencing. Conversely, loosely 
packed chromatin, termed euchromatin, exhibited DNA more accessible by TFs and 
transcriptional machinery, and correlated with active transcription. Since this first evidence 
that gross chromatin structure can impact on function, the epigenetics field of research has 
rapidly expanded to encompass modifications to all levels of the chromatin structural hierarchy 
(Fig. 1.2). It is now understood that specific modifications to DNA and histones contribute to 
dynamic gene regulation during important cellular processes such as development and 
differentiation. At the most basic level, single cytosine nucleotides of DNA can be covalently 
modified, resulting in methylated and hydroxymethylated cytosines (discussed further in 
section 1.2.2). Histone tails can be chemically modified resulting in lysine methylation, 
acetylation and other exotic modifications such as crotonylation (discussed in more detail in 
section 1.2.3). Additionally, the integration of non-allelic histone variants (Henikoff & Smith, 
2015), the formation of 3D DNA loops and topologically associated domains (TADs) (Schmitt, 
Hu, & Ren, 2016) and nucleosome repositioning (Nocetti & Whitehouse, 2016) are all distinct 
mechanisms of epigenetic regulation of transcription.  
 
The collective configuration of modifications to DNA, histones and 3D structure contribute to 
the chromatin state, which functionally impacts genomic transcription. It has long been known 
that chromatin state is important for the regulation of dynamic cellular processes including 
development and differentiation (Barrero, Boué, & Belmonte, 2010; Ji et al., 2010; Mikkelsen 
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et al., 2007). Accordingly, aberrant epigenetic processes are a recurring feature of many 
diseases including developmental disorders and, importantly, most cancers. The high 
frequency of mutated epigenetic regulators in haematological malignancies demonstrates that 
precise epigenetic regulation is important in haematopoiesis, warranting further research into 
the epigenetic state of normal and malignant haematopoietic cells and the enzymes which 
catalyse these states.  
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1.2.1 Epigenetic Enzymes 
Epigenetic modifications are mediated by several functionally distinct classes of enzymes 
which cooperate to establish chromatin state. Epigenetic “writers” deposit “marks” such as 
acetylation or methylation, whilst “erasers” reverse this process. Importantly, the functional 
translation of these marks can be actioned by “readers”, which can recognise the chromatin 
state catalysed by writers through binding or association, and actively recruit further additional 
proteins to modulate transcription. Histone modifiers catalyse post-translational modifications 
of histone tails and include writers such as histone lysine methyltransferases (KMTs) and lysine 
acetyl-transferases (KATs) and opposing erasers such as histone lysine demethylases (KDMs) 
and histone deacetylases (HDACs). DNA modifiers regulate covalent modifications of DNA 
and include DNA methyltransferases (DNMTs) as writers and DNA demethylases as erasers. 
Epigenetic regulators also include enzymes which can remodel the 3D chromatin structure. 
This remodelling can be achieved through ATP-dependent nucleosome sliding, a mechanism 
employed by the BAF complex (Kadoch et al., 2017). Alternatively, enzymes such as CTCF 
and Cohesin can bring two distal DNA sites in close proximity to create DNA loops or TADs. 
Importantly, these epigenetic enzymes can associate so that a single macromolecular complex 
exhibits multiple reader, writer and/or eraser functions. This facilitates cross-talk between these 
different levels of epigenetic regulation, i.e. one type of modification can impact on the 
deposition, removal or functional outcome of another. Importantly, these multiple levels of 
epigenetic modulation act contemporaneously, leading to a highly complex chromatin state 
which translates to numerous functional consequences (Barrero et al., 2010). 
 

1.2.2 DNA Methylation 
Arguably the most widely studied epigenetic modification is DNA methylation. The DNA 
methyltransferase (DNMT) family of proteins facilitate the covalent addition of a methyl group 
to the 5’ carbon of the pyrimidine ring of cytosine nucleotide to form 5-methylcytosine (5-
mC)(Jones, 2012). Demethylation can be achieved either passively, during subsequent rounds 
of DNA replication leading to dilution of the modified Cs, or actively by successive oxidation 
and nucleotide excision repair or decarboxylation (Ito et al., 2011)(Fig. 1.3). 5mC can be 
oxidised thrice more by TET family proteins, forming 5- hydroxymethyl cytosine (5-hmc), 5-
formylcytosine (5-fC), then 5- carboxylcytosine (5-caC). 5caC can subsequently be excised by 
thymine DNA glycosylase (TDG) to replace the modified C with an unmodified C (He et al., 
2011). Alternatively, 5-fC and 5caC may be reverted to C through decarboxylation, however 
the enzyme which catalyses this process in mammals is not clear (Ito et al., 2011). The finding 
that 5-mC can be hydroxylated to form 5-hmC by TET family proteins was first interpreted as 
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evidence of an active demethylation process. However, research has since seen 5-hmC included 
as a discrete epigenetic mark (Ito et al., 2010; Kriaucionis & Heintz, 2009; Tahiliani et al., 
2009). Whilst 5-hmC has gained popularity as a distinct epigenetic mark, it is not clear whether 
the additional intermediates catalysed by TET family proteins, including 5-fC and 5-caC, are 
also functionally distinct epigenetic marks. 
 
Since its discovery in 1948, 5-mC has been touted as the 5th nucleotide base, and is essential 
for mammalian embryonic development and imprinting (Hotchkiss, 1948; Jones, 2012). The 
importance of DNA methylation in mammalian development is demonstrated by embryonic 
lethality of DNMT-null mice (E. Li, Bestor, & Jaenisch, 1992; Okano, Bell, Haber, & Li, 
1999). DNA methylation occurs predominantly in the context of a C which is adjacent to a G, 
creating a palindromic sequence (CpG, Fig. 1.4A). In addition, DNA methylation has also been 
described in the context of a C adjacent to another base (CpH); however, this is infrequent in 
adult mammalian tissues other than the brain. (Ziller et al., 2011). Regions of high CpG density 
within the genome are called CpG Islands (CGI) and are enriched for at promoters and 
regulatory elements associated with over half of the genes in the genome (Deaton & Bird, 2011; 
Jones, 2012),(Fig.1.4B). CGIs can range in size anywhere from 300bp to 3kb (average of 
approximately 1kb), and the 1kb surrounding region is referred to as CGI shores. The majority 
of differential methylation during differentiation has been found to occur in these CGI regions 
(Jones, 2012). In addition to CGIs, large hypomethylated regions of the genome, referred to as 
‘canyons’ or ‘valleys’  have also been described (Jeong et al., 2014)(Fig. 1.4C). Canyons are 
enriched for H3K4me3 and 5-hmC, implying cooperation between chromatin modifying 
complexes, TET and DNMT proteins. However,  the functional role of the canyons and 3D 
chromatin structure has not been explored. The human genome contains ~3x107 CpG 
dinucleotides which can exist in any of the above mentioned modified DNA states, enormously 
increasing the information content of DNA,  and creating a complex, finely tuned mechanism 
of transcriptional control. 
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Figure 1.3 DNA Modifications 
The 5 states of cytosine modification and associated enzymes. Dashed arrow represents passive 
demethylation through DNA replication. Abbreviations: C: cytosine, 5-mC: 5-methylcytosine, 
5-hmC: 5-hydroxymethylcytosine, 5-fC: 5-formylcytosine, 5-caC: 5carboxylcytosine.   



 35 

 
 
 
 

 
 
Figure 1.4 Genomic DNA Methylation Patterns 
A, Methylated CpG dinucleotide. B, CpG islands and shores. C, Representation of DNA 
methylation level across methyl-canyons, with canyon and non-canyon associated genes 
annotated.  
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1.2.2.1 DNA Methylation in Transcriptional Regulation 
The role of DNA methylation in transcriptional regulation was first proposed by two key papers 
in 1975 which demonstrated that DNA methylation induced gene silencing during development 
(Holliday & Pugh, 1975), and that methylated CGIs were found on the silenced inactive X-
chromosome (Riggs, 1975). Transposon-derived sequences are also consistently methylated 
throughout the genome (J. R. Edwards, Yarychkivska, Boulard, & Bestor, 2017) and  it has 
long been known that DNA methylation is essential for the repression of transposable elements 
(TE) in differentiating cells (Walsh, Chaillet, & Bestor, 1998). The inactive X-chromosome 
and transposon-derived sequences are perhaps the most studied examples of the association 
between DNA methylation and transcriptional repression; however, the rest of the genome is 
more variably methylated. For the most part, studies have focused on the methylation status of 
CGIs proximal to the TSS, and compared this to the transcriptional state of the associated gene 
(Jones, 2012). These studies consistently found that lower methylation levels of CGIs within 
promoter regions correlated with active transcription of the associated genes (Hashimshony, 
Zhang, Keshet, Bustin, & Cedar, 2003; Lister et al., 2009). 
 
The advent of genome wide, base pair resolution DNA methylation technologies, such as whole 
genome bisulfite sequencing (WGBS) has led to the observation that DNA methylation 
changes at non- CGI enriched regions are also important. Yang and colleagues established a 
causal relationship between DNA hypermethylation of the CGI-depleted gene body and active 
gene transcription in 2014 (X. Yang, Han, De Carvalho, Lay, Jones, & Liang, 2014a). The 
study utilized hypomethylating agents to demonstrate that loss of gene body methylation 
reduced overexpression of c-MYC regulated genes in the HCT116 cancer cell line. As another 
example of non-CGI methylation changes, there has also been some evidence that DNA 
methylation within the gene body may impact gene splicing (Shukla et al., 2011). Shukla and 
colleagues demonstrated that DNA methylation sensitive CTCF DNA binding could alter 
splicing by mediating RNA polymerase II (RNAPII) pausing. Together these studies 
demonstrate the importance of  non-CGI methylation in gene expression.  
 
To investigate the contribution of DNA methylation in the regulation of haematopoiesis, 
comprehensive mapping of the haematopoietic DNA methylome has been achieved using next 
generation sequencing technologies in several mouse and human studies (Farlik et al., 2016; Ji 
et al., 2010). These studies illustrated that both mouse and human haematopoietic cells 
exhibited progressive DNA methylation changes during lineage commitment.  Murine studies 
have elucidated that promoters of lineage-specific master transcription factors are 
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demethylated, correlating with transcriptional activation during differentiation (Borgel et al., 
2010). Accordingly, the promoter regions of HSC-associated TFs such as Hoxa9 and Meis1 
are progressively methylated during differentiation, corresponding with their transcriptional 
silencing (Ji et al., 2010).This research establishes that DNA methylation of master TFs is 
important for haematopoiesis.  
 
There are several proposed mechanisms through which DNA methylation actually exerts 
transcriptional control. DNA methylation may control transcriptional silencing through the 
recruitment of repressive nuclear complexes to impact nucleosome assembly and DNA 
accessibility. Methylated DNA can be read by methyl-CpG-binding domain proteins (MBDs) 
in a DNA sequence-independent fashion, which may prevent transcription through steric 
hinderance of transcriptional machinery (Hendrich & Bird, 1998). Alternatively, it has been 
shown that MBDs can recruit additional histone modifying complexes, which can establish 
heterochromatin and result in an inaccessible, transcriptionally repressive environment (Jones 
et al., 1998; Kass, Landsberger, & Wolffe, 1997; Nan et al., 1998). Several other studies 
support this model, and have reinforced that DNA methylation impacts overall chromatin 
structure, preventing transcription (Hashimshony et al., 2003). As an additional mechanism of 
transcriptional control, DNA methylation may influence DNA-protein interactions; the methyl 
group protrudes into the major groove of DNA and thus may affect the affinity of TF binding  
(Jones, 2012). Most TF binding motifs are CG rich and thus TF binding may be modulated by 
differential methylation states of these motifs. It has also been proposed that DNA methylation 
can promote transcription factor binding to DNA (Y. Yin et al., 2017). For example, the CTCF 
binding motif itself contains CpG site and it has been demonstrated that differential 
methylation of the motif can impact the binding affinity of CTCF to DNA (Maurano et al., 
2015). However, is has been suggested that DNA methylation is not be the primary mechanism 
for TF binding, and is rather a more a specialised mechanism for stabilising labile sites. Overall, 
these studies demonstrate a clear link between DNA methylation at TSS and regulatory regions 
and propose potential mechanisms which may be responsible for the transcriptional profiles 
observed.  
 
Despite these proposed mechanisms, whether alterations in DNA methylation are a 
consequence rather than a cause of transcriptional control remains unclear (Baylin & Bestor, 
2002). Early studies have demonstrated that de novo methylation events may be secondary to 
active gene repression achieved by other means, a finding also supported by more recent 
studies. Lock and colleagues demonstrated that methylation of inactive X-chromosome 



 38 

associated genes occurred after chromosome inactivation (Lock, Takagi, & Martin, 1987). 
More recently, pluripotency gene Pou5f1 has been shown to be transcriptionally repressed 
early in development by histone methylase G9a, which subsequently recruits de novo DNA 
methyltransferases to facilitate DNA methylation. Active DNA de-methylation by TET 
enzymes has been associated with transcriptional activation, insinuating that DNA 
demethylation may be more instructive to transcriptional state than DNA methylation (F. Lu, 
Liu, Jiang, Yamaguchi, & Zhang, 2014). Hence, DNA methylation may represent a mechanism 
of fine-tuning and maintaining an already established epigenetic state. Together, these studies 
highlight that the relationship between DNA methylation and transcription has perhaps been 
oversimplified, and requires much further research. Moreover, whether DNA methylation 
exhibits gene-specific functions, defined by the genes’ association with specific methylation 
features such as CGIs, shores, or even methylation canyons has not been fully elucidated and 
may present an interesting field of future research. 

 

1.2.2.2 DNA Methylation in AML  
It has long been known that DNA methylation in cancer is disrupted (Esteller, 2011; Y. Li et 
al., 2017). It was initially thought that promoter hypermethylation of tumour suppressor genes 
and concurrent global hypomethylation was a hallmark of many types of cancer (Baylin & 
Jones, 2011). A more comprehensive understanding of genome-wide DNA methylation 
patterns has been achieved through the development of multiple next generation sequencing 
technologies assaying DNA methylation. Thus, several studies have aimed to investigate the 
aberrant DNA methylome of AML patient samples. TCGA’s 2013 study utilised the Illumina 
Infinium HumanMethylation450 BeadChip to map the DNA methylome of 192 AML samples. 
The study’s found that hypermethylated CpGs were more prevalent than hypomethylated CpGs 
in AML compared to normal haematopoietic control cells (The Cancer Genome Atlas Research 
Network, 2013). Furthermore, the study highlighted that the strongest methylation signatures 
were associated with CpG depleted regions of the genome, suggesting that global analysis, not 
just CGI biased,  may be important for identifying important methylation differences between 
samples. Figueora and colleagues performed a more extensive study of the AML methylome 
by profiling the methylome of 344 newly diagnosed AML patient samples using the HpaII tiny 
fragment enrichment by ligation-mediated PCR (HELP) method (Figueroa, Lugthart, et al., 
2010b). This study demonstrated that DNA methylation profiles can be used to distinguish 
biologically distinct AML subtypes and identified a subset of 45 genes which were consistently 
aberrantly methylated in all AML samples compared to normal. More recent studies have 
provided further evidence for the clustering of AML patients based on methylome (Akalin, 
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Garrett-Bakelman, et al., 2012a; Figueroa, Lugthart, et al., 2010b; Glass et al., 2017). DNA 
methylation profiling by reduced representation bisulfite sequencing (RRBS) of 344 AML 
samples resulted in the identification of the same clusters defined by distinct methylation 
signatures as Figueroa and colleagues (Glass et al., 2017). These subsets were enriched for 
cytogenetic abnormalities and specific mutations. As expected, mutations in DNA-methylation 
related enzymes led to distinct DNA methylation signatures. However, mutations in enzymes 
with no known role in DNA methylation, e.g. NPM1, also lead to DNA methylation profiles 
distinct from normal haematopoietic cells. This demonstrates that genetic context influences 
the DNA methylation profile, though how this occurs remains ill-defined. Glass and colleagues 
further highlighted that the DNA methylation status of non-promoter regulatory elements was 
the best indicator of epigenetic AML subtype, challenging the traditional view that CGI-rich 
promotor regions are the most important for gene regulation and thus cell identity (Glass et al., 
2017; Jones, 2012). Interestingly, both studies also found these DNA-methylation defined 
subclasses could predict prognosis independent of underlying mutations. Hence the DNA 
methylation profile can reflect the underlying pathogenic mechanisms of leukaemia, and may 
be useful for diagnostic and prognostic purposes. In a more recent but smaller-scale study, 
Spencer and colleagues profiled the methylome of 8 primary AML samples  and normal 
controls using WGBS (Spencer et al., 2017). The study demonstrated that CGI 
hypermethylation is a result of cellular proliferation and is not a cancer-specific phenomenon. 
Importantly, the study also found no association between RNA expression and DNA 
methylation changes in AML cells. The finding that this accumulation of DNA methylation is 
consequential to AML progression and not necessary for transcriptional reprogramming aligns 
with the view that DNA methylation is a mechanism of stabilising previously established 
transcriptional states rather than causing these states (as discussed in section 1.2.2.1.1 above). 
From these studies, it is clear that aberrant DNA methylomes are associated with leukaemia; 
however, whether this is causative or a consequence of leukaemic transformation remains 
debated.  
 

1.2.2.2.1 Hypomethylating Agents in the Treatment of AML 
Azacytidine (AZA) and decitabine (DAC) were developed 40 years ago originally as cytostatic 
agents. However, these agents are now recognised as epigenetic therapies due to their DNA 
hypomethylating effect at low doses. Approximately 10-20% of AZA is converted to DAC, 
which is incorporated into DNA to form DAC-guanine dinucleotides during S-phase which 
covalently traps DNMT1 at the replication fork (Santi, Norment, & Garrett, 1984). Both AZA 
and DAC have shown success in the clinic and are now front line treatments for elderly patients 
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with myeloid malignancies (O'Donnell et al., 2017). Initially, it was understood that 
hypomethylation therapy lead to the reactivation of tumour suppressor genes which initiated 
apoptosis in malignant cells (Bender, Pao, & Jones, 1998). However, new evidence has shown 
that hypomethylating agents are likely effective due to their impact on tumour immunity 
(Chiappinelli et al., 2015; Tsai et al., 2012). Recent studies demonstrated that hypomethylation 
therapy induced transcriptional activation of endogenous retrovirus’ (ERVs) which resulted in 
activation of the interferon response pathway (Chiappinelli et al., 2015). This enhanced the 
anti-tumour response and thus implied that hypomethylation therapy conferred a potential 
sensitivity to immunotherapies. However, it has been speculated that aberrant transcription of 
ERVs may lead to genomic instability and thus unpredictable consequences (Wolff, Leisch, 
Greil, Risch, & Pleyer, 2017). Overall, the success of hypomethylating agents in the clinic 
provides strong evidence for the effectiveness of epigenetic targeted agents in the treatment of 
AML.  
 

1.2.2.3 DNA Methyltransferases  
Three enzymes of the DNA methyltransferase family are responsible for catalysing DNA 
methylation in humans (Fig. 1.5). DNMT3A and DNMT3B are the de novo DNA 
methyltransferases, whilst DNMT1 is responsible for maintaining DNA methylation during 
replication. DNMT1 methylates hemi-methylated DNA and is associated with symmetrical 
methylation of the daughter strand following DNA replication (E. Li et al., 1992). In rodents a 
fourth DNA methyltransferase exists, Dnmt3c, which is important for methylating and 
silencing retrotransposons in male germ cells (Barau et al., 2016). The catalytic 
methyltransferase (MTase) domain is highly conserved across all DNMT family members and 
across methyltransferase enzymes in mammals (S. Xie et al., 1999). DNMT3A is considered 
the main catalytically active methyltransferase responsible for de novo methylation in adult 
cells, whereas DNMT3B is catalytically inactive in adult haematopoietic tissues (Challen et 
al., 2014). A shorter, catalytically inactive form of DNMT3 also exists, DNMT3L, which can 
dimerize with DNMT3A/B through the MTase domain to regulate methyltransferase activity 
(D. Jia, Jurkowska, Zhang, Jeltsch, & Cheng, 2007). The 5’ carbon of the cytosine base is 
located internal of the DNA double helix, presenting a steric challenge to the DNMT protein 
attempting to methylate the C. DNMT3A (and other 5-mC readers, writers and erasers) 
circumnavigates this by imposing a unique mechanism in which the protein ‘flips’ the base pair 
so it is on the outside of the DNA double helix. This action provides a more accessible 
environment for the carbon binding pocket of the DNMT3A so it can catalyse the 
methyltransferase reaction (Klimasauskas, Kumar, Roberts, & Cheng, 1994). 
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1.2.2.3.1 DNMT3A  

DNMT3A is perhaps the most well studied member of the DNMT family, possibly attributed 
to its high frequency of mutation in haematopoietic malignancies, drawing significant clinical 
interest. The DNMT3A gene is located on chromosome 2 and consists of  23 exons which can 
be transcribed into two main splice isoforms, including DNMT3A1 (long) and DNMT3A2 
(short). The distinguishing feature between the two is the inclusion of an extra DNA binding 
domain at the N terminal of DNMT3A1 (Suetake et al., 2011). DNMT3A1 is more ubiquitously 
expressed as DNMT3A2 expression is limited to embryonic stem cells, reproductive tissues, 
spleen and thymus (Weisenberger et al., 2002). This thesis will predominantly refer to the 
DNMT3A1 splice variant. 
 
The structure of the DNTMT3A protein has been well studied, however, research into each of 
the functional domains is still ongoing. The main functional domains are the cysteine-rich 
ATRX-DNMT3-DNMT3L domain (ADD), Pro-Trp-Trp-Pro domain (PWWP), and the 
catalytic methyltransferase (MTase) domain (Jurkowska, Jurkowski, & Jeltsch, 2011). The 
ADD and PWWP domains of DNMT3A are known to interact with class I and II HDACS, 
HMTs, including SETDB1 and as well as members of PRC2 (Datta et al., 2005; Fuks, Burgers, 
Godin, Kasai, & Kouzarides, 2001; Viré et al., 2006). DNMT3A can also recognise histone 
modifications, including unmethylated H3K4 (through ADD, (Otani et al., 2009)) as well as 
H3K36me3 (through PWWP, (Dhayalan et al., 2010)). In addition to DNA binding activity, 
the N terminal domain of DNMT3A has also been shown to interact with the heterochromatin-
associated G9a protein (Epsztejn-Litman et al., 2008). The C terminal of DNMT3L interacts 
with MTase domain of DNMT3A , which can  regulate methyltransferase activity and increase 
processivity (D. Jia et al., 2007). There is no known consensus sequence for DNMT3A, and 
the mechanisms for genomic targeting and recruitment of DNMT3A remain undefined, 
suggesting that DNMT3A may function in conjunction with other proteins to localise to DNA 
(Meissner et al., 2005). Together, these domains and functional interactions of the DNMT3A 
protein provide a multifaceted mechanism of regulating DNMT3A-catalysed de novo DNA 
methylation.  
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Figure 1.5 Human DNA Methyltransferase Family Protein Domains 
Illustration of DNMT family proteins with important functional domains highlighted and 
annotated. Not shown are the splice isoforms of these members, nor the structure of RNA 
methyltransferase DNMT2. Known interaction domains with DNMT3A are highlighted and 
annotated below the protein. Roman numerals within the MTase domain represent motifs: I 
binds cofactors, VIII and IX bind DNA, and  IV, VI and VIII have methylation activity 
(Jurkowska et al., 2011).  The R882 mutational hotspot of DNMT3A is highlighted by the pink 
arrow. Abbreviations: MTase : methyltransferase domain, ADD: ATRX-DNMT3-DNMT3L, 
BAH: bromo adjacent homology domain, DMAPD: DNMT1-associated protein binding 
domain, PWWP: Pro-Trp-Trp-Pro, CXXC: CXXC (unmodified CpG) selective binding 
domain, RFTS: replication focus targeting sequence, NLS: nuclear localization signal. Adapted 
from (L. Yang, Rau, & Goodell, 2015) 
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1.2.2.3.2 DNMT3A Function in Haematopoiesis 
Many studies have aimed to delineate the molecular functions of DNMT3A in both normal and 
malignant haematopoiesis using a variety of murine models (reviewed in (Brunetti, Gundry, & 
Goodell, 2017; L. Yang et al., 2015)). Okano and colleagues first demonstrated that  both 
Dnmt3a and Dnmt3b were essential for mammalian development (Okano et al., 1999). They 
observed that although homozygous KO Dnmt3a mice developed to term, they appeared runted 
and died after 4 weeks. Alternatively, homozygous Dnmt3b KO mice were embryonic lethal 
and exhibited a plethora of developmental defects, demonstrating that both Dnmt3a and 
Dnmt3b are essential for normal development. In the haematopoietic context, Dnmt3a KO in 
murine HSCs increased self-renewal and competitive advantage over WT HSCs in the bone 
marrow (Challen et al., 2011). In addition, there was no increased lineage output, indicating a 
block in differentiation was also accompanying this proliferative defect. Interestingly, Dnmt3b 
KO alone in HSCs did not cause any major aberrations;  however, dual Dnmt3b and Dnmt3a 
KO exacerbated the HSC expansion phenotype and completely blocked differentiation, 
demonstrating that the two proteins have overlapping and distinct functions in the 
haematopoietic context (Challen et al., 2014). Dnmt3a KO in HSCs induced transcriptional 
reprogramming, resulting in the upregulation of an HSC-transcriptional profile and 
downregulation of differentiation-associated genes. Interestingly, these Dnmt3a KO HSCs 
exhibited a paradoxical CGI hypermethylation phenotype, speculated to be due to 
overcompensation by remaining DNA methyltransferases. However, cells derived from the 
progeny of Dnmt3a KO HSCs exhibited the predicted global hypomethylation, including 
hypomethylation of genes which were transcriptionally upregulated. Jeong and colleagues 
performed WGBS following ablation of Dnmt3a in HSCs and found erosion of canyon edges, 
leading to the transcriptional activation of genes found at these canyon edges (Jeong et al., 
2014). Recently, work from this same group reported that Dnmt3a loss can immortalise HSCs 
in vivo, markedly enhancing transplantation capacity (Jeong et al., 2018). Whilst these studies 
have demonstrated that Dnmt3a loss by itself is not sufficient to drive malignant 
transformation, it has been shown that Dnmt3a mutation can predispose to the acquisition of 
additional mutations and leukaemogenesis (Cole et al., 2017; Mayle et al., 2015). 
 
DNMT3A mutations have also been associated with CHIP in elderly populations, exemplifying 
the ability of DNMT3A mutant HSCs to outcompete wild-type haematopoietic cells over time 
(Genovese et al., 2014; Jaiswal et al., 2014; M. Xie et al., 2014). The notion that clonal 
haematopoietic populations with DNMT3A mutation may represent the preleukaemic lesion 
has been validated by Shlush and colleagues (Shlush et al., 2014). Analysis of haematopoietic 
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populations purified from AML patient peripheral blood found that DNMT3A mutations were 
frequent in preleukaemic myeloid progenitors and HSCs which did not have the driver 
mutations observed in leukaemic blasts. This suggests that the DNMT3A mutation arose early 
in AML development, possibly as an initiating event which led to expansion of preleukaemic 
HSC. In addition, these preleukaemic HSCs with DNMT3A mutation were suggested to be 
resistant to chemotherapy (Challen, 2017; Shlush et al., 2014). Together these studies 
demonstrate that DNMT3A mutation in HSCs leads to clonal expansion of the preleukaemic 
lesion, and predisposes to leukaemic transformation.  
 

 1.2.2.3.3 DNMT3AR882H in AML  
Ley and colleagues first discovered recurring DNMT3A mutations in CN-AML patients in 
2010 (Ley et al., 2010), a finding confirmed by multiple sequencing studies since (Fried et al., 
2012; Marcucci et al., 2012; The Cancer Genome Atlas Research Network, 2013; Yan et al., 
2011). In patients, DNMT3AR882 mutations often co-occur with mutations in RTK signalling 
pathways, such as NRASG12D, other epigenetic regulators, such as TET and IDH family, or 
NPM1 (Ley et al., 2010; Metzeler et al., 2016; Patel et al., 2012; L. Yang et al., 2015). Several 
studies have thus used animal models incorporating these cooperating mutations to elucidate 
the contribution of the DNMT3A mutation to leukaemia. As DNMT3A mutations most 
frequently confer loss of function, DNMT3A KO murine models have been used to study the 
leukaemogenic effects of DNMT3A mutation in combination with other frequently co-
occurring mutations. Interestingly, it has been observed that Dnmt3a-/- cells can evolve into 
both myeloid and lymphoid malignancies, whilst Dnmt3a+/- cells predominantly develop into 
myeloid malignancies (L. Yang et al., 2016). Meyer and colleagues found that DNMT3A 
haploinsufficiency cooperated with FLT3 internal tandem duplication (FLT3-ITD) to 
accelerate leukaemia through modulating methylation and transcriptional upregulation of HSC 
target genes (Meyer et al., 2016). In the context of TET2 loss, Zhang and colleagues found that 
concurrent loss of DNMT3A led to hypomethylation and transcriptional activation of lineage 
specific transcription factors such as Klf-1 (X. Zhang et al., 2014; 2016). Together, this research 
indicates that WT DNMT3A is important for suppression of HSC associated transcriptional 
programs, and that loss of function can cooperate with other mutations to initiate leukaemic 
transformation. 
 
In AML,  approximately 65% of DNMT3A mutations are missense mutations at codon R882. 
Although DNMT3A mutations have been implicated in multiple types of cancers, the R882 
hotspot is only mutated in AML and other haematological malignancies, including clonal 
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haematopoiesis (M. S. Kim, Kim, Yoo, & Lee, 2013)  The most frequently substituted amino 
acid (AA) at this hotspot is histidine (DNMT3AR882H), whilst a cysteine substitution 
(DNMT3AR882C) is also common (Ley et al., 2010; Russler-Germain et al., 2014; Walter et al., 
2011; Yan et al., 2011; L. Yang, Rau, & Goodell, 2015). DNMT3AR882H encodes a hypomorphic 
dominant-negative protein which significantly reduces DNA methylation by the wild-type 
DNMT3A protein (Russler-Germain et al., 2014; J. Xu et al., 2014). The substitution of a 
histidine residue at AA 882 prevents the tetramerization of WT DNMT3A protein, reducing 
the catalytic function. Accordingly, DNMT3A mutations are correlated with focal DNA 
hypomethylation in patient AML samples (Russler-Germain et al., 2014). Curiously, AML 
patients harbouring a DNMT3AR882 mutation are still sensitive to hypomethylating agents 
(Metzeler et al., 2012), suggesting that the specific focal hypomethylation pattern or DNA 
methylation independent functions are essential to the leukaemogenic function of 
DNMT3AR882H.  
 
DNMT3AR882H mutations are also a marker of poor prognosis (Ibrahem, Mahfouz, Elhelw, 
Abdsalam, & Soliman, 2015; Ribeiro et al., 2012; Thol et al., 2011). This reduced prognosis 
may be explained by the recent observation that DNMT3AR882H may confer resistance to 
chemotherapy. In a recent study, AML patients post chemotherapy were found to exhibit an 
expansion of non-leukaemic cells with DNMT3A mutations, suggesting that the mutation 
confers resistance to non-transformed HSCs (T. N. Wong et al., 2016b). This effect has been 
explored further in a murine model utilising a mouse homologue of the human DNMT3AR882H 

mutation, Dnmt3aR878H (Guryanova et al., 2016). This study demonstrated that HSCs carrying 
a Dnmt3aR878H  mutation were resistant to anthracycline induced cell death and displayed 
impaired chromatin remodelling which attenuated DNA damage response and lead to 
additional mutagenesis. Hence, these studies further highlight the importance of developing 
therapies targeting DNMT3AR882H leukaemia to overcome chemotherapy resistance. 
 
Although studies investigating the impact of DNMT3A KO in leukaemogenesis have been 
informative, it has been proposed that the specific DNMT3AR882 mutants may impose 
additional oncogenic functions. Koya and colleagues suggested that DNMT3AR882H 
specifically recruits histone modifying complex polycomb repressive complex 1 (PRC1) 
resulting in histone ubiquitination and transcriptional silencing of differentiation associated 
genes PU.1 and Cebpa (Koya et al., 2016). Emperle and colleagues suggested the 
methyltransferase function is conserved in DNMT3AR882 but exhibits altered sequence 
preference (Emperle et al., 2018). Together these studies imply a potential oncogenic gain of 
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function of DNMT3AR882 mutants, highlighting the need to study the function of these specific 
mutants in haematopoiesis in more depth.  Further phenotypic analysis of the Dnmt3aR878H  
knock-in (KI) model demonstrated that the mutation lead to the accumulation of KSL and 
myeloid progenitor cells, consistent with the HSPC expansion observed in Dnmt3a knockout 
HSCs. However, RRBS and transcriptional analysis comparing HSCs with Dnmt3aR878H  to 
those with WT Dnmt3a found only a small overlap (22 genes) between upregulated genes and 
genes with hypomethylated promoters. This analysis suggested that the detected methylation 
changes were not sufficient to explain the observed transcriptional changes. The study 
demonstrated that Dnmt3aR878H cooperated with cooccurring AML disease alleles Flt3ITD and 
Npm1c . Using a similar knock-in model, Dai and colleagues  also demonstrated the oncogenic 
capacity of Dnmt3aR878H (Y.-J. Dai et al., 2017). Using methylated DNA immunoprecipitation 
(MeDIP)-Seq, the study found that differentially methylated regions in myeloid cells were 
connected to pluripotency and stem cell associated genes. Whilst they also observed a small 
overlap between upregulated genes and genes with hypomethylated promoters, they found that 
activation of the mTOR pathway was downstream and a key player in the disease mechanism. 
Lu and colleagues discovered that the mutant DNMT3AR882H could cooperate with NrasG12D to 
accelerate leukaemia, a result which corroborated with Chang and colleagues’ 2015 study (Y.-
I. Chang et al., 2015; R. Lu et al., 2016). Importantly though, Lu proposed that DNMT3AR882H 
can directly transactivate genes by binding to promoter regions and inhibiting transcriptional 
repression by WT induced DNA methylation. To discover the effects of DNMT3AR882 
mutation on human cells,  WGBS  on human AML cell lines with and without the R882 
mutation was performed by Ferreira and colleagues (Ferreira et al., 2016). Analysis revealed 
that HOX-cofactor Meis1 underwent promoter hypomethylation-associated transcriptional 
reactivation in DNMT3AR882 mutant cell lines, suggesting that transcription of this oncogene 
was the initiating event leading to pathogenesis. However, it has been highlighted that the DNA 
methylation patterns observed in DNMT3AR882 AML patient samples may not be conserved in 
in OCI-AML3 cell line which was used in Ferreira’s study (D. Chen et al., 2018). These studies 
imply that DNMT3AR882H  hypomethylates and transcriptionally activates key HSC-associated 
genes to contribute to leukaemogenesis. Overall, these findings demonstrate that in HSCs the 
effects of  DNMT3AR882H are both overlapping and distinct from those of DNMT3A KO.  
 
To date most studies have identified important downstream targets of DNMT3AR882H by 
identifying genes which are transcriptionally upregulated and exhibit promoter 
hypomethylation compared to WT HSCs. Despite the identification of some important HSC-
associated genes which fit this profile, poor overall correlation between transcriptional and 
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methylation changes induced by  DNMT3AR882H is a recurrent theme in these studies (L. Yang 
et al., 2015). Several DNA methylation independent mechanisms of transcriptional regulation 
by DNMT3AR882H have also recently been implied. These include the ability of both WT and 
mutant DNMT3A to bind to histone modifiers, impact nucleosome remodelling or alter RNA 
splicing (Banaszak et al., 2018; Guryanova et al., 2016; Koya et al., 2016; H. Li et al., 2006). 
Further research is necessary to discover the biological and functional implications of these 
DNA methylation independent mechanisms of transcriptional control by DNMT3AR882H and 
their potential contribution to leukaemogenesis.  
 

Interestingly, germline, constitutional mutations in DNMT3A have been associated with a 
developmental growth disorder characterised by increased height and weight, distinct facial 
features, and intellectual disability called Tatton-Brown-Rahman Syndrome (TBRS) (Tatton-
Brown et al., 2014; 2018; Xin et al., 2017). The DNMT3A mutations found in the autosomal 
dominant syndrome are reported to interfere with domain-domain interactions and histone 
binding. Furthermore, the mutational spectrum of DNMT3A in TBRS overlaps with that of 
AML, including the identification of R882 as a germline hotspot, potentially implying similar 
mechanisms of disease which are separate from that of just haploinsufficiency (R. Kosaki, 
Terashima, Kubota, & Kosaki, 2017; W. Shen et al., 2017). As AML with DNMT3A mutation 
usually develops in middle age (Ley et al., 2010), and the emergence of TBRS diagnosis is 
relatively recent (77 patients, with the oldest patient only 25), it remains to be seen whether 
TBRS significantly predisposes to leukaemic development or clonal haematopoiesis. Notably 
though, two cases have been reported in which constitutional heterozygous DNMT3A mutation 
conferred both TBRS and development of AML. A 15 year old patient with DNMT3AR882C 
(Hollink et al., 2017), and a 12 year old patient with DNMT3AY735S (Tatton-Brown et al., 2018) 
have been diagnosed with both AML and TBRS. Overall, TBRS represents a relatively new 
field of research so the functional aetiologies of this disease are yet to be defined. However, 
this research illustrates the functional capacity of DNMT3A to impact diverse developmental 
functions related to growth and highlights its importance in development.  
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1.2.3 Histone Modifications  
  
Histone modifications are post-translational modifications to the tails of histone core subunits, 
including lysine methylation, ubiquitination and serine phosphorylation amongst others. 
Writers and erasers place and remove marks on histones which are interpreted by histone 
readers consequentially influencing DNA accessibility, TF recruitment and transcription. The 
genomic localisation of these marks can be mark-specific, for example H3K27 acetylation is 
predominantly located at promoters and distal regulatory units, whilst H3K9 trimethylation is 
located at gene-depleted DNA regions and heterochromatin. Past studies have revealed a strong 
correlation between certain histone marks with transcriptional state. For instance, H3K27Ac is 
associated with high levels of transcription of associated genes (Creyghton et al., 2010) 
whereas H3K9me3 is correlated with densely compacted, non-transcribed heterochromatin 
which is resistant to TF binding (Becker, Nicetto, & Zaret, 2016). The balance of writers and 
erasers of specific histone marks dynamically changes throughout differentiation. Writers such 
as H3K27 di- and tri-methylase EZH2, are opposed by histone H3K27 demethylases UTX and 
JMJD3 (Fig. 1.6, Table 1.3). Not only is there a balance between writers and erasers of each 
single mark, there also exists an equilibrium between activating and repressive marks such as 
polycomb-facilitated H3K27me3, associated with transcriptional repression, and trithorax-
facilitated H3K4 trimethylation, associated with transcriptional activation (Poux, Horard, 
Sigrist, & Pirrotta, 2002; Poynter & Kadoch, 2016). Furthermore, specific combinations can 
be indicative of specific transcriptional states, such as so-called bivalent genes marked by both 
H3K27me3 and H3K4me3, indicative of poised state. This poised state is considered a 
mechanism to enable the quick switch of transcriptional state essential for maintaining 
pluripotency (Bernstein et al., 2006). Together, the combination of these marks results in a 
highly complex histone code enabling precise modulation of transcription. 
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Figure 1.6 Histone Modifications and the Balance of Histone Modifying Complexes 
An example of functionally antagonistic histone modifying protein complexes. H3K4 
trimethylation is catalysed by the trithorax group, whereas it is demethylated by KDM2B. 
P300/CBP deposits enhancer-associated H3K27ac, whilst histone deacetylase complexes 
remove this mark. PRC2 catalyses H3K27 trimethylation, which is removed by UTX/JMJD3. 
PRC1 facilitates H2AK119 monoubiquitination, whilst the PR-DUB complex deubiquitinates 
H2AK119. Abbreviations, PRC: polycomb repressive complex, PR-DUB: polycomb 
repressive de-ubiquitinase, HDAC: Histone deacetylase.  
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1.2.3.1 The Histone Code 
Over 500 histone marks have been identified, including up to 20 types of chemical 
modifications on multiple residues of histone tails on each of the 4 histone variants (Y. Zhao 
& Garcia, 2015). This leads to a wide variety of possible combinations of histone marks. For 
perspective, a study into the combinatorial patterns of just 40 of these histone modifications 
revealed 4,000 different combinations of histone marks at promoters (Zhibin Wang et al., 
2008),  highlighting the significant bioinformatic power necessary to interpret the functional 
translation of the histone code (Strahl & Allis, 2000). Recent advances in single cell 
epigenomic technologies will further delineate these complex patterns, as to date there has been 
limited consideration as to whether multiple marks are localised at the same chromatin within 
a single cell. Identification of more exotic marks such as crotonylation, where biological 
function is not necessarily clear, have led to efforts to ascertain which modifications are 
biologically relevant. Furthermore, it is difficult to deconvolute which of the histone 
modifications present at a single locus is directly contributing to transcriptional state. Due to 
these limitations, it remains a significant challenge to decipher the histone code. This suggests 
that the initial notion of a histone code may be an oversimplification of this complex, 
multifaceted mechanism of transcriptional regulation. Nevertheless, improvements in the field 
are reliant upon generation of reproducible and unbiased epigenomic and transcriptomic 
datasets, integration of single cell technologies and advances in bioinformatic interpretation of 
large datasets. 
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Table 1.3 Readers, Writers and Erasers of Common Histone Post Translational 
Modifications in Humans 

Modification Writer 
(complex) 

Reader Eraser  Localisation 

H3K27me3 EZH2 (PRC2) RNAPII/ 
CBX/ 

 KDM6A-C Repressed promoters 

H3K4me3 SET1/ MLL1/2 
(COMPASS/ 
Trithorax) 

PHD fingers 
TFs/ BPTF 
(NURF)  

JARID1A−D 
 

Active promoters 
near TSS 

H3K4me1 SET7/ 
MLL3/MLL4 

DPF3 
(nBAF) 

LSD1-2 Active enhancers 

H3K27ac P300/CBP BRD4 HDAC1/2 
(NuRD) 

Active enhancers 

H2AK119ub RING1/RNF2 
(PRC1) 

(PRC2) 
RNAPII 

BAP1  
(PR-DUB) 

Bivalent promoters, 
repressed promoters, 
and  
Active promoters 

H3K9me3 SUV39H1/2 
 

HP1 KDM4D Heterochromatin 

H3K36me3 SETD2 LEDGF/p75 KDM2B/ 
KDM4B 

Active promoters  

(Table adapted from (Hyun, Jeon, Park, & Kim, 2017) ) 
 

1.2.3.2 Histone Modifications Associated with Enhancers and Super 
Enhancers 

Enhancers are regions of DNA which function as a binding platform for pioneer TFs, 
transcriptional machinery, and other positive regulators to facilitate active transcription of a 
distal associated gene (Banerji, Rusconi, & Schaffner, 1981). In the context of cell type-
specific genes, enhancers provide additional means of controlling cell identity and cell fate by 
regulating the transcriptional profile of a cell. Active enhancers are characterised by the 
presence of transcription factors, master regulators and members of the mediator complex, such 
as MED1, and high levels of active histone marks such as H3K27ac and H3K4me1. These 
factors together are considered to drive high levels of transcription of associated genes. Clusters 
of active enhancers with an exceptionally high density of these enhancer associated chromatin 
features are considered “super-enhancers” (SEs) and are associated with regulating critical cell 
identity associated genes (Hnisz et al., 2013; Whyte et al., 2013). These SE-associated genes 
are involved in establishing and potentiating a cell type-specific network of gene expression. 
SEs are identified by stitching together relatively close enhancers (within 12.5kb) which are 
demarked by one of the aforementioned activating histone modifications and ranking these 
enhancers by the occupancy score to identify top ranking regions. Association of these regions 
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to the nearest TSS reveals a subset of genes with higher levels of transcription compared to all 
enhancer associated genes and are enriched for cell identity transcription factors such as Oct4, 
Sox2 and Nanog in ESCS (Whyte et al., 2013).   

 
This type of SE analysis has the propensity for false positives, as it will also recognise dense 
clusters of short genes with close enhancers. Furthermore, SEs are highly dependent on 3D 
chromatin configuration in order for the recruited activating factors to regulate the distal genes. 
However, studies integrating Hi-C and Chia-PET analysis indicate that the number of long-
range looping interactions with enhancers involving the nearest gene is highly variable and cell 
type specific. In one such study only  ~7% of distal cis regions in 3 different cell lines interacted 
with the closest gene (Sanyal, Lajoie, Jain, & Dekker, 2012), whilst in another study  up to 
40% interacted with the closest TSS (Andersson et al., 2014). Thus, the standard analysis 
pipeline for SEs may be an inaccurate way of identifying which genes are associated with 
which SEs. Improvements to this analysis could include the integration of cell type-specific 
Hi-C/ChiaPET datasets to reflect the important role of cell type-specific 3D chromatin 
configuration in superenhancer function. Furthermore, the functional importance of SEs in the 
regulation of transcription is disputed; Moorthy and colleagues claimed that SEs confer no 
more transcriptional activating capability than regular enhancers (Moorthy et al., 2017). Still, 
SE analysis has, in multiple studies, provided useful information and insight into key drivers 
of cell identity (Hnisz, Weintraub, Day, & Valton, 2016; Whyte et al., 2013).   
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1.2.3.3 Polycomb Group Proteins 
Polycomb group (PcG) proteins were first identified in Drosophila as key regulators of 
homeotic (HOX) genes over 70 years ago (Jürgens, 1985; Lewis, 1978). They have since been 
characterised as a highly conserved mechanism of regulating thousands of important 
developmental genes in animals, plants and even some fungi (Schuettengruber, Bourbon, Di 
Croce, & Cavalli, 2017). PcG proteins associate together in functionally distinct, multi-subunit 
complexes, the most studied of which are the polycomb repressive complexes (PRCs). There 
are two major families of PRCs distinguished by catalytic function, PRC1 and PRC2 (Fig. 
1.7A).  PRC1 has E3 ligase activity and catalyses the mono-ubiquitination of lysine 119 of 
histone 2A (H2AK119ub; or  H2AK118ub in Drosophila). Meanwhile, PRC2 possesses 
methyltransferase activity and can catalyse mono- di- or tri- methylation of histone 3 lysine 27 
(H3K27me1, H3K27me2 or H3K27me3). Recently the enzyme complex functionally opposing 
PRC1, the polycomb repressive deubiquitinase complexes (PR-DUB1/2), have also been 
identified as PcGs in Drosophila and mammals(Hauri et al., 2016). In humans the complex 
contains C-terminal hydrolase BAP1 and addition sex combs homologue ASXL1 or 2 which 
possess H2A specific deubiquitinating capacity (Hauri et al., 2016; Scheuermann et al., 2010). 
Studies suggest that PRCs and PR-DUB exist in a careful balance, as both complexes are 
required to maintain transcriptional regulation of PRC target genes.  
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Figure 1.7 Polycomb Complex Function and Assembly  
A, Depiction of canonical PRC1 (cPRC1), non-canonical pRC1 (ncPRC1) and cPRC2 
enzymatic function and interactions with chromatin. Functionally opposing H2AK119 de-
ubiquitinase PR-DUB and K27 demethylase, UTX are also included. KDM2B can recognise 
unmethylated CpGs to target ncPRC1 to chromatin, whereas ncRNA such as HOTAIR can help 
target cPRC2 to chromatin. The CBX subunit of cPRC1 can bind to H3K27me3 to stimulate 
H2AK119ub by RNG2.  B, Published canonical and non-canonical PRC1 complex members 
and assembly. BCOR-containing PRC1.1 is highlighted.  
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1.2.3.3.1 Polycomb Repressive Complex 1 
All human PRC1 complexes contain a central catalytic protein with a really interesting new 
gene (RING) domain, either RNF2 (a.k.a. RING1B/RING2) or RING1 (a.k.a RING1A).  In 
addition, all recognised PRC1 complexes also contain one of the 6 polycomb group ring finger 
(PCGF) family members (PCGF1-6). PRC1 complexes can be subdivided into two types, 
largely based on subunit composition. Canonical PRC1 (cPRC1) contains a chromobox protein 
(CBX2,4,6,7 or 8), whereas non-canonical PRC1 (ncPRC1) contains RNF2 and YY1-binding 
protein (RYBP) or its homologue YAF (Connelly & Dykhuizen, 2017; Gao et al., 2012; 
Gearhart, Corcoran, Wamstad, & Bardwell, 2006; Tavares et al., 2012). The functional and 
molecular differences between cPRC1 and ncPRC1 have not been extensively defined. 
Evidence suggests that they whilst they can co-localise to the same genomic regions, they also 
have distinct genomic targets. Morey and colleagues suggest that exclusive cPRC1 binding is 
associated with lower levels of transcription than that of ncPRC1 bound genes (Morey, Aloia, 
Cozzuto, Benitah, & Di Croce, 2013). However, it is unclear if these distinct targets are cell 
type specific or the what biological implications are. PRC1 complexes can be further be 
classified based on which of the 6 PCGF family members is present (PRC1.1-1.6) (Gao et al., 
2012).  cPRC1 has either PCGF2 (MEL18) or PCGF4 (aka BMI1) and therefore cPRC1s 
include PRC1.2 and PRC1.4., whilst ncPRC1s include PRC1.1, 1.3, 1.5 and 1.6. Each PRC1 
variant contains additional subunits, some of which are unique to the variant; however, their 
importance to PRC1 function is generally unclear (Fig. 1.7B). Altered stoichiometry of PRC1 
subunit members has been implicated in cell-type specific activity. For example, PRC1.2 
undergoes a subunit switch from CBX7 and CBX8 during differentiation in ESCs and 
haematopoietic stem cells, due to a difference in distinct genomic targets. Accordingly, studies 
have revealed that CBX7 represses a lineage-specific gene program whereas CBX8 represses 
stem cell- associated genes (Klauke et al., 2013; O'Loghlen et al., 2012). These findings suggest 
that other subunits of PRC1 variants may have similar important cell type-specific functions 
which are yet to be uncovered. 
 

1.2.3.3.2 Polycomb Repressive Complex 2 
The essential PRC2 components are: enhancer of zeste 1 or 2 (EZH1 or EZH2), embryonic 
ectoderm development (EED), suppressor of zeste (SUZ12) and RBBP4 or RBBP7 (Ciferri et 
al., 2012). The core catalytic component is EZH2 which contains a SET domain essential for 
methyltransferase function. EED functions as a scaffolding unit and possesses histone 
H3K27me3 binding capabilities which is thought to maintain and potentiate the repressive 
mark. Whilst PRC1 achieves cell-type specificity via a number of variant complexes, cell type 
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specific variation of PRC2 is achieved through association with different accessory proteins, 
capable of affecting genomic localisation and enzymatic activity. JARID2, a Jumonji family 
protein, can recruit PRC2 to chromatin via its DNA binding domain and has been reported to 
regulate the balance between self-renewal and differentiation (Pasini et al., 2010; X. Shen et 
al., 2009). The function of PRC2 accessory protein AEBP2 is less well defined; one study 
suggests it may be an antagonistic regulator of PRC2 function (Grijzenhout et al., 2016), whilst 
a Cryo-EM structural study suggested it can facilitate co-activation of the complex alongside 
JARID2 by mimicking activating histone tails (Kasinath et al., 2018). Additional mammalian 
subunits LCOR (C10ORF12) and EPOP (C18ORF96) have also been identified recently (Hauri 
et al., 2016). EPOP has been reported as mechanism of PRC2 recruitment to chromatin 
(Beringer et al., 2016), but the function of LCOR in the complex remains unknown.  

 

1.2.3.3.3 Conservation of PcG Proteins  
PcG proteins are highly conserved in eukaryotic cells, an indication of their importance in 
regulation and cell survival. Whilst the core of the complex is conserved between flies and 
mammals, the number of subunit proteins which constitute PRC variants and associated 
accessory proteins increase as the organism complexity increases (S. S. Levine et al., 2002). 
Metazoan evolution to mammals saw the number of PcG members rise significantly from 18 
to 37, most likely due to duplication events. This brings into the question the biological and 
evolutionary advantage of increasingly complex PRC assembly. One suggestion is that this 
complexity could facilitate more intricate methods of gene regulation in higher order 
organisms. Furthermore, PRC2 orthologues, but not PRC1, exist in fungi and nematodes, 
signifying it is a more phylogenetically ancient mechanism of transcriptional regulation. This 
raises further questions as to whether PRC2 in these systems can compensate for PRC1 
function and what the additional functions of PRC1 and histone ubiquitination in higher order 
eukaryotes are. These questions may be answered by more functional and mechanistic studies 
of PRCs across several species.  
 

1.2.3.3.4 Mechanisms of PRC Recruitment to DNA 
Most polycomb complex members do not have a DNA binding domain, so PRCs rely upon 
external mechanisms to be recruited to specific genomic loci. A DNA regulatory element 
known as the polycomb response element (PRE) has been identified as the primary recruitment 
mechanism for PRCs in Drosophila (Horard, Tatout, Poux, & Pirrotta, 2000). PREs contain 
binding sites for multiple transcription factors including Pho. Pho has DNA sequence specific 
binding capacity and acts as the core component of PcG PhoRC complex, which, along with 
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other TFs, can recruit PRCs to PREs, thus bridging PRCs and DNA (Frey et al., 2016). 
Intriguingly, a mammalian PRC consensus sequence analogous to the Drosophila PRE has not 
been identified.  Although human YY1 is an orthologue of Pho, it does not bind to PcG target 
genes (Kahn, Stenberg, Pirrotta, & Schwartz, 2014), suggesting mammals also lack a true 
PhoRC analogue. However, several studies have suggested a correlation between PcG 
complexes and hypomethylated CGIs (Farcas et al., 2012), presenting a potential mechanism 
for mammalian PRC recruitment. KDM2B, a member of PRC1.1, can recognise 
hypomethylated CGIs through its CXXC domain, further supporting this potential mechanism 
of recruitment. Also, as mentioned above, accessory protein JARID2 presents another potential 
mechanism for bridging DNA and PRC through its DNA binding domain and association with 
PRC2. This suggests that it is the accessory proteins or variant subunit proteins which may be 
important for DNA recruitment in mammals and will thus be dependent on cell type specific 
subunit and accessory protein expression (van Kruijsbergen, Hontelez, & Veenstra, 2015). 

 
Long non-coding RNAs (lncRNAs) may also play an important role in the recruitment of 
PRC2. lncRNAs XIST, HOTAIR and KCNQ1 amongst others have all been implicated in 
targeting PRC2 to HOX and other PRC target genes (Davidovich & Cech, 2015). XIST RNA 
is involved in X-chromosome inactivation, and may be important for recruitment of PRC2 
complex and H3K27 trimethylation of the inactive X chromatin (Plath et al., 2003). 
Conversely, HOTAIR may be more important for targeted repression, it is expressed from the 
HOXC locus and was reported to be essential for PRC2 localisation and H3K27me3 deposition 
at the HOXD loci (Rinn et al., 2007). However, several studies have cast doubt on lncRNAs as 
a mechanism of PRC2 recruitment; superresolution microscopy has shown significant spatial 
separation between XIST and PRC2 (Cerase et al., 2014) and another study suggests PRC2 
mediated H3K27me3 deposition is a consequence of independent HOTAIR-mediated silencing 
rather than a cause (Portoso et al., 2017). These studies collectively suggest that there may not 
be one single mechanism of PRC recruitment and instead may rely upon a number of external 
factors in a cell type specific or even a locus-specific manner.  
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1.2.3.3.5 Hierarchical Recruitment of PRCs  
Historically, the recruitment of PRCs was considered to occur in a defined hierarchy, dictated 
by the specific function of complex components. PRC2 was thought to be initially recruited to 
chromatin to deposit the H3K27me3 mark through accessory protein association as described 
above. This was followed by the CBX protein subunit of cPRC1 recognising and binding to 
H3K27me3, sequentially stimulating recruitment of PRC1 and deposition of H2AK119ub. 
However, ncPRC1s lack the CBX subunit, and as such can ubiquitinate histone H2A 
independently of H3K27me3 and PRC2. Independent recruitment to chromatin may be 
achieved through subunits such as KDM2B as mentioned above or may be due to a number of 
external factors yet to be discovered. Furthermore, H2AK119ub has been reported to promote 
H3K27 trimethylation by recruiting PRC2 (Blackledge et al., 2014; Cooper et al., 2014; Kalb 
et al., 2014). However, the reader of H2AK119ub which recruits PRC2 activity is yet to be 
uncovered. Together this research provides evidence that PRC recruitment does not adhere to 
a strict sequential hierarchy, and instead suggests that PRC1 and PRC2 cooperate in a positive 
feedback loop to potentiate and stabilise PRC binding interactions and histone modifications.  
 

1.2.3.3.6 Mechanisms of Transcriptional Repression by PRC 
PRC mediated histone ubiquitination and methylation are considered to block transcription 
directly. It has been suggested that histone ubiquitination may prevent the recruitment of FACT 
complex, a complex responsible for histone dimer destabilisation, to transcriptional promoter 
regions thus preventing chromatin remodelling and limiting RNAPII release during elongation 
(W. Zhou et al., 2008). A similar phenomenon has been demonstrated in ESCs by Stock and 
colleagues, who showed that deletion of RING1 leads to loss of H2AK119ub, subsequent 
release of RNAPII and activation of poised genes (Stock et al., 2007). Similarly, mutation of 
the key PRC2 histone methylase in Drosophila led to increased paused RNAPII, increasing 
susceptibility to transcriptional activation (Chopra et al., 2011) and demethylation of 
H3K27me3 by UTX in murine myoblasts leads to RNAPII elongation (Seenundun et al., 2010). 
As another mechanism of transcriptional silencing, Lehmann and colleagues recently described 
that PRC1 can inhibit the RNAPII preinitiation complex assembly by directly blocking the 
mediator complex (Lehmann et al., 2012). These studies demonstrate that PRC mediated 
histone modifications may have a direct impact on transcriptional elongation by RNAPII.  
 
The Bickmore lab have elucidated a mechanism of PRC1 mediated transcriptional repression 
independent of H2AK119ub.  Reintroduction of a mutant Rnf2 which lacks E3 ligase ability to 
murine Rnf2 KO ESCs in vitro can compact the 3D chromatin structure and repress expression 
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of Hox genes (Eskeland et al., 2010). In a follow-up study, the same group extended their 
findings in vivo, concluding that H2AK119ub is dispensable for early mouse embryonic 
development (Illingworth et al., 2015). Although the  catalytically inactive form of Rnf2 could 
sustain embryonic development to a greater extent than complete KO embryos, there was still 
less viability at later stages of development than mice which retained full WT Rnf2 function. 
Therefore, whilst it is likely that H2AK119ub independent mechanisms of PRC1-mediated 
transcriptional repression exist, H2AK119ub remains an important component of PRC1-
mediated repression.  
 
PcGs have also been implicated in transcriptional regulation through regulation of the 3D 
genome architecture. Recently, Kundu and colleagues used 5C and super-resolution 
microscopy on differentiating ESCs and neural progenitors to investigate whether PRC1 
generated compacted chromatin domains (Kundu et al., 2017). The study demonstrated that 
discrete domains are compacted by canonical PRC1, and correlated with gene repression at 
developmental targets including the HOXA locus. Interestingly, this compaction and gene 
repression was found to be independent of histone ubiquitination, implying that the canonical 
PRC1 may predominantly repress transcription independently of its E3 ligase function. This 
formation of higher-order structures by cPRC1 was further proposed to convey epigenetic 
memory of gene repression. This finding was also supported by chromatin structure studies in 
Drosophila. By analysing Hi-C data, Eagen and colleagues found that chromatin loops were 
frequently located within transcriptionally repressed PcG-domains, suggesting that PRC1 may 
be important in establishing these repressive loops (Eagen, Aiden, & Kornberg, 2017). These 
studies illustrate that canonical PRC1 can regulate gene expression through modulation of the 
3D structure of the genome independently of H2AK119ub.  
 

1.2.3.3.7 PRC Dysregulation in Cancer 
PcG proteins are necessary for regulating development and differentiation of stem cells, and it 
therefore follows that dysregulation of the genes underlying these processes can lead to 
malignant transformation. Although initially thought to function as oncogenes, members of the 
PcG family have also been known to act as tumour suppressors, purportedly dependent on 
cellular context (Koppens & Van Lohuizen, 2016). Several PcG proteins exhibit both tumour 
suppressive and oncogenic functions in different solid and haematological malignancies.  
Activating EZH2 mutations have been identified in follicular lymphoma (FL) and diffuse large 
B-cell lymphoma (DLBCL) (Morin et al., 2010). The recurring EZH2Y641  substitution mutation 
affects the catalytic SET domain and confers an enhanced trimethylation activity compared to 
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WT EZH2, leading to increased levels of H3K27me3 (Sneeringer et al., 2010). These findings 
led to the development of EZH2 inhibitors, which reduce H3K27me3 and selectively kill EZH2 
mutant lymphoma cells (Knutson et al., 2012; W. Qi et al., 2012). On the other hand, 
inactivating EZH2 mutations are found in ~10% of MDS and MPN patients, correlating with 
a global loss of H3K27me3 (Ernst et al., 2010), thereby delineating a putative tumour 
suppressive function. Similarly to EZH2, both overexpression and depletion of CBX7 has been 
associated with multiple cancers. In prostate cells, CBX7 has been demonstrated to repress the 
CDKN2A locus, which encodes tumour suppressors p16INK4A and p14ARF  and thus has 
oncogenic capacity (Bernard et al., 2005). The oncogenic role of CBX7 was further highlighted 
in lymphoma by Scott and colleagues, when they observed that  higher CBX7 expression 
correlated with high grade FL (C. L. Scott et al., 2007). They then functionally validated this 
finding by demonstrating that overexpression of Cbx7 in HSCs lead to the development of 

lymphoma, and accelerated B-cell lymphoma in the Eµ-Myc model. However, a tumour 

suppressive role has also been uncovered for CBX7, loss of expression can predict for highly 
malignant thyroid cancers and Cbx7 KO mice exhibit increased incidence of spontaneous lung 
and liver tumours (Forzati et al., 2012; Pallante et al., 2008). Together these examples 
demonstrate that both loss and gain for function of PcG proteins are associated with cancer.  
 
Alternate complex assembly can also impact on the tumour suppressive or oncogenic functions 
of PRC1 complexes. The dynamic balance between cPRC1 PCGF members BMI1 and MEL18 
is a key example of this phenomenon. BMI1 has been associated with gene amplifications and 
overexpression in B cell malignancies. Van Lohuizen and colleagues demonstrated Bmi1 

overexpression can cooperate with overexpressed c-MYC in the Eµ-Myc model of B-cell 

lymphoma to accelerate disease (van Lohuizen et al., 1991). In agreement, high BMI1 
expression can be used as a predictor of prognosis in AML (Chowdhury et al., 2007). 
Meanwhile, MEL18, a closely related paralogue of BMI1 (sharing ~80% homology) is 
downregulated in a variety of solid tumours, and can  repress BMI1 and c-MYC expression, 
establishing its role as a tumour suppressor in these diseases (W.-J. Guo et al., 2007; X.-W. 
Zhang et al., 2010). Hence the balance between expression of MEL18 and BMI1 must also be 
tightly regulated in order to ensure faithful differentiation during haematopoiesis.  
 
The role of histone modifications in leukaemogenesis can be inferred from the frequency of 
mutations in the PcG proteins which catalyse them.  Mutations in ASXL1, a member of PR-
DUB, have been associated with myelodysplastic syndromes and chronic myelomonocytic 
leukemia (Gelsi-Boyer et al., 2009). These mutations are proposed to be gain of function 
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mutations which enhance the deubiquitinating capability of the PR-DUB complex 
(Balasubramani et al., 2015). This suggests that loss of histone ubiquitination may have an 
oncogenic effect. This is further supported by recent evidence of loss of function mutations in 
PRC1.1 member BCOR in 4-6% of CN-AMLs (covered more in-depth section 1.2.3.4, see 
table 1.5). However, the role of PRC-mediated epigenetic marks on the development and 
progression of cancer in the context of PRC dysregulation is yet to be fully delineated. Together 
these studies demonstrate the intricacies of PcG protein function, highlighting their capacity to 
act as oncogenes or tumour suppressors in a cell type specific manner. 
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1.2.3.4 BCOR 
The BCOR protein was first described by Huynh and colleagues in 2000, they further 
established that BCOR could interact with the POZ domain of BCL-6 and potentiate BCL-6 
mediated repression (Huynh, Fischle, Verdin, & Bardwell, 2000). Subsequent studies have 
revealed that BCOR is also a member of PRC1.1, and thus may have a role in the epigenetic 
regulation of transcription. As mentioned above, BCOR is recurrently mutated in AML and 
MDS; however, it is also a common fusion partner in sarcomas and has an internal tandem 
duplication (ITD) in some neuroepithelial tumours and sarcomas. Recent findings suggest that 
the functions of BCOR are diverse and specific to cell type and genetic context, warranting 
further investigation to fully elucidate its function. 
 

1.2.3.4.1 BCOR Protein Structure  
The protein encoded by the X-linked BCOR gene is ubiquitously expressed and localises to the 
nucleus of the cell (Huynh et al., 2000). Originally, two isoforms of Bcor were identified in 
mice; however, recent studies suggest at least 3 isoforms exist, created by alternate first exon 
usage and alternative splicing (Wamstad, Corcoran, Keating, & Bardwell, 2008). Alternative 
splicing of the c-terminal region facilitates incorporation of the AF9 binding site, which is 
proposed to interact with the C-terminal region of AF9 to negatively regulate transcriptional 
activation (Srinivasan, Erkenez, & Hemenway, 2003). Whilst it has been postulated BCOR 
could also bind the MLL-AF9 oncogenic fusion protein, to date there has been no published 
evidence of this occurring. The protein also contains several ankyrin repeats which are 
suggested to be important in mediating protein-protein interactions. The crystal structure of 
BCOR in complex with BCL-6 lead to the identification of to 17-residue motif to which BCL-
6 binds (BCL-6 binding domain, B6BD; Fig. 1.8A, (Ghetu et al., 2008)). Bcor was also 
discovered to bind to PCGF1 and PCGF3 through a domain called the polycomb ubiquitin fold 
discriminator domain (PUFD; Fig. 1.8A) (Junco et al., 2013). The nuclear localisation signal 
within the BCOR protein has been narrowed down to two short sequences (labelled in Fig. 
1.8A; (Surapornsawasd, Ogawa, & Moriyama, 2015)). More recently, HSPD1 has been 
identified as an interaction partner of BCOR in ESCs (Zheng Wang et al., 2018). However, it 
was noted that HSPD1 was not an abundant binding partner. Furthermore, whether this 
interaction is conserved in murine models or other cells remains to be seen.  Of note, BCOR 
lacks a DNA binding domain, suggesting that it acts to regulate transcription in cooperation 
with co-binding proteins.  
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Figure 1.8 Human BCOR and BCOR-L1 Structure and Associated Publication History 
A, gDNA (top), mRNA (middle) and protein (bottom) representations of BCOR isoform A, 
the most commonly expressed isoform including the putative Af9 binding site. gDNA 
coordinates are: Xp11.4 (5,001..131,084) (40,051,246..40,177,390). B, BCOR-L1 protein 
structure and identified functional domains. Domains which share homology with BCOR are 
highlighted and percentage homology with BCOR is annotated. C, Number of publications 
over the past 18 years associated with “BCOR” at the time of writing (2018, also see table 1.4). 
Red arrow represents discovery of the BCOR protein by Huynh and colleagues. Green arrow 
highlights the year BCOR was identified as a recurrently mutated gene in AML and the yellow 
arrow represents the first functional study of BCOR in myeloid differentiation using a truncated 
murine allele.  
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Table 1.4 Timeline of Key Findings in 18 Years of BCOR Research  

Year Key Finding Reference Study type 
2000 BCOR protein and BCL-6 corepressor 

function first described 
(Huynh et al., 2000)  Structural/ 

Functional 
2003 AF9 binding domain  of BCOR  protein 

identified 
(Srinivasan et al., 
2003) 

Structural 

2004 Mutations in BCOR discovered as causative 
in OCFD and Lenz microphthalmia 

(Ng et al., 2004)  Disease 
Association 

2006 Involvement of BCOR in polycomb/SCF 
complex discovered 

(Gearhart et al., 2006)  Structural 

2007 PRC1.1 complex defined (Sánchez et al., 2007) Structural 

2007 BCOR -L1 identified  (Pagan et al., 2007) Structural/ 
Functional 

2007 Bcor expression in murine embryonic 
development mapped 

(Wamstad & 
Bardwell, 2007) 

Functional 

2008 Crystal structure of BCOR in complex with 
BCL-6 illustrated, B6BD identified 

(Ghetu et al., 2008)  Structural 

2009 Role of BCOR in mesenchymal stem cell 
differentiation identified 

(Fan et al., 2009) Functional 

2010 BCOR-RARA identified as a fusion protein in 
PML 

(Yamamoto et al., 
2010) 

Disease 
Association 

2011 Identification of recurrent mutations in acute 
myeloid leukaemia/ MDS 

(Grossmann et al., 
2011) 

Disease 
Association 

2012 BCOR-CCNB3 uncovered as a frequent 
fusion in sarcoma  

(Pierron et al., 2012) Disease 
Association 

2013 Role of BCOR in osteodentic differentiation 
further explored 

(J. Du, Ma, Ma, 
Wang, & Fan, 2013) 

Disease 
Association 

2013 BCOR-ZC3H7B fusion discovered in 
endometrial/ myxoid tumours 

(Panagopoulos et al., 
2013) 

Disease 
Association 

2013 PUFD domain of BCOR discovered (Junco et al., 2013) Structural 
2014 A tumour suppressive role for 

BCL6/BCOR/SIRT1 in medulloblastoma 
uncovered 

(Tiberi et al., 2014) Function/ 
Disease 
Association 

2015 BCOR-ITD fusions identified in CCSK  (Ueno-Yokohata et 
al., 2015)  

Disease 
Association 

2015 BCOR mutations associated with aplastic 
anaemia and clonal haematopoiesis  

(Yoshizato et al., 
2015) 

Disease 
Association 

2016 BCOR identified as one of the most 
frequently mutated genes  in ENKTL-NT 

(Dobashi et al., 2016) Disease 
Association 

2016 Functional role for Bcor in myeloid 
differentiation demonstrated in vitro 

(Cao et al., 2016) Functional 

2016 CBX8-Bcor complex illustrated to bind with 
BCL-6 to potentiate lymphoma 

(Béguelin et al., 2016)   Functional 
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Year Key Finding Reference Study type 
2016 CNS-HGNET-BCOR described as a distinct 

classification of tumours  
(Sturm et al., 2016) Disease 

Association 
2017 Discovery of Bcor as a tumour suppressor in 

Myc-driven lymphoma  
(Lefebure et al., 2017) Functional/ 

Disease 
Association 

2017 Loss of Bcor exon 4 shown to initiate T-ALL 
in mice 

(Tanaka et al., 2017) Functional 

2018 H2AK119ub-independent repressive function 
of BCOR described in ESCs 

(Zheng Wang et al., 
2018) 

Functional 

2018 Bcor shown to function as a TS in 
cooperation with TET2 in MDS and T-ALL 

(Tara et al., 2018) Functional 

2019 Bcor loss demonstrated to cooperate with 
Kras mutation to initiate AML and key 
H2AK119ub targets identified  

(Kelly et al., 2019) Functional 

 

1.2.3.4.2 BCOR-L1 
In 2007, a homologue of BCOR was discovered, BCOR-like protein 1 (BCOR-L1) (Pagan et 
al., 2007). Although both on the X chromosome, BCOR and BCOR -L1 are separated by nearly 
90Mbp. There are three domains of BCOR-L1 which share sequence homology with BCOR 
(Fig. 1.8B). BCOR-L1 localises in subnuclear foci distinct from that of BCOR, suggesting a 
divergent function. Similar to BCOR, BCOR-L1 may also function as a corepressor. BCOR-
L1 possesses a C-terminal-binding protein (CtBP) binding motif and is capable of repressing 
CtBP target E-cadherin when recruited to its promoter. Furthermore, BCOR-L1 has also been 
shown to interact with class II HDACs independently of CtBP, and it has been suggested that 
HDACs may regulate the interaction between CtBP and BCOR-L1 (Pagan et al., 2007). 
Mutations in BCOR-L1 have been discovered in adult AML and myeloid disorders (Damm et 
al., 2013; M. Li et al., 2011; Rotunno et al., 2014), hepatocellular carcinoma (HCC, (G. Yin et 
al., 2016)) , and breast cancer (Lose et al., 2007). Interestingly, increased expression of BCOR-
L1 was observed in solid tumours whilst loss of function mutations were more frequent in 
haematopoietic malignancies. In HCC, high expression of BCOR-L1 was found to be a 
prognostic marker for lower survival and was determined to contribute to invasion and 
migration (Lose et al., 2007). Furthermore, there is evidence that BCOR-L1 can assemble into 
PRC1.1, however, this has not been extensively studied (Farcas et al., 2012; S. J. Wong et al., 
2016a). The limited studies into BCOR-L1 function have revealed many similarities with 
BCOR, such as co-repressor capabilities, cell type specific tumour suppressor or oncogenic 
function and sequence homology. The importance of BCOR function in multiple contexts has 
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become apparent in recent years, therefore further research into BCOR-L1 function is 
necessary to determine if this biological significance is also shared.  

 

1.2.3.4.3 BCOR in PRC1.1  
BCOR is expressed in tissues which do not co-express BCL-6, indicating that BCOR may have 
a function independent of BCL-6 co-repression (Huynh et al., 2000; Wamstad & Bardwell, 
2007). Indeed, Gearhart and colleagues discovered that BCOR was a member of a SCF 
polycomb complex in 2006 through co-precipitation assays. This complex was described as 
PRC1.1 by Sanchez and colleagues through subsequent proteomics analysis in 2007 (Gearhart 
et al., 2006; Sánchez et al., 2007). In addition to core PRC1 subunits RNF2, PCGF1 and RYBP, 
PRC1.1 also contains; KDM2B, a lysine demethylase which can recognise unmethylated 
CpGs, USP7, a H2B deubiquitinase known to be the key antagonist of Mdm2, SKP1, which is 
associated with polyubiquitination and proteasomal degradation and BCOR (Fig. 1.8B).  As 
mentioned above, KDM2B is recognised as a potential mechanism for targeting and recruiting 
PRC1.1 to DNA  as it can recognise and bind to unmethylated CGIs (Farcas et al., 2012). There 
is limited information about specific complex assembly mechanisms and recruitment to 
chromatin for PRC1.1. Interestingly, the PRC1.1 complex is the only non-canonical PRC to 
have an analogous complex in Drosophila (referred to as dRAF) (Lagarou et al., 2008). dRAF 
lacks some of the characteristic mammalian subunits including BCOR, and contains RING 
orthologue dRING, PCGF orthologue PSC and KDM2B orthologue dKDM2. dRAF is reported 
to be responsible for a large proportion of H2AK118 ubiquitination in Drosophila. This 
conservation implies that the specific role of PRC1.1 may be important to epigenetic 
regulation. 
 
 The role of BCOR within PRC1.1 is not clear, though recent studies have suggested that it is 
responsible for the recruitment of PRC1 to BCL-6 target proteins (Béguelin et al., 2016).  
Abrogation of different domains of BCOR can result in loss of histone ubiquitination at some 
genomic loci, suggesting that BCOR is involved in regulation of the enzymatic function of 
PRC1.1, however the exact contribution is unclear (Cao et al., 2016; Tanaka et al., 2017). In 
murine germinal centre B-cells Bcor alternatively assembles in a ncPRC1 containing Cbx8 
(Béguelin et al., 2016). This complex was shown to bind to bivalent promoters to facilitate 
repression of Bcl-6 target genes and potentiate the germinal centre reaction. In this model of 
transcriptional repression, Bcl-6 recruits Bcor to genomic targets and Cbx8 recognises EZH2 
deposited H3K27me3 at these same sites subsequently stimulating H2AK119ub deposition. 
This model further supports a non-traditional hierarchical model of PRC recruitment to 
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chromatin. However, this ncPRC1 variant complex hasn’t been described in any other cell 
types or studies since. Further studies are required to delineate the variant PRC1 complexes 
that BCOR can assemble into in different cellular contexts, and whether these variant PRC1s 
are functionally distinct.  
 

1.2.3.4.4 BCOR in Stem Cells and Development 
Whilst BCOR is expressed nearly uniformly across adult tissues (Huynh et al., 2000), 
developmental studies reveal that it is differentially expressed during organogenesis in murine 
embryos (Wamstad & Bardwell, 2007), suggesting an important role for BCOR regulation in 
embryogenesis. Further studies in embryonic stem cells harbouring BCOR loss of function 
mutations revealed BCOR is important in the differentiation of ESCs into mesoderm, ectoderm 
and hematopoietic lineages (Wamstad et al., 2008), highlighting the importance of BCOR in 
multiple tissue contexts. BCOR also employs alternate first exon usage and differential splicing 
of exons 5 and 8 to result in differential isoform usage across different tissues. Namely, isoform 
c appears to have the most uniform expression, isoform a is detected strongly in the brain and 
testes and isoform b is lowly expressed in the eye and ovary but not in embryonic cells. 
However, the biological significance and molecular function of these different isoforms has 
not been clearly defined. 
 
Mesenchymal stem cells (MSCs) isolated from patients with germline BCOR mutations 
displayed enhanced osteo and dentinogenic potential (Fan et al., 2009). This effect was 
attributed to loss of AP-2α repression. As expected, H2AK119ub was found to be significantly 
reduced at certain promoters in BCOR mutant MSC cells. In addition, activating marks 
H3K4me3 and H3K36me2 were significantly increased at the AP-2α promoter. Whilst it is not 
clear how BCOR may facilitate the deposition or removal of these marks, these results were 
the among first indications that BCOR has a significant impact on the epigenome. Similarly, 
epigenetic regulation affecting stem cell identity was also observed in murine haematopoietic 
stem cells that expressed mutant forms of Bcor. Loss of the PUFD domain of Bcor induced 
enhanced proliferation and myeloid differentiation rates in vitro (Cao et al., 2016). The aberrant 
transcriptional program induced by Bcor mutation reflected the observed phenotype, 
characterised by the upregulation of Cebp targets and myeloid differentiation genes. 
Importantly, Bcor mutant HSCs exhibited upregulation of Hox genes and reduced H2AK119ub 
in the promoter of HoxA genes, implying that Bcor is important for epigenetic regulation of 
transcription.  Finally, Wang and colleagues found that BCOR is critical for maintaining 
primed pluripotency in human ESCs (Zheng Wang et al., 2018). Loss of Bcor in these human 
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ESCs lead to loss of polycomb deposited histone marks at key developmental genes and 
stimulated endoderm and mesoderm differentiation. Interestingly in this study, HSPD1 was 
found to interact with the N terminus of BCOR to repress transcription by mechanisms 
independent of histone modification. Together, these studies exemplify the importance of 
BCOR in tightly regulating differentiation programs during development and cell fate 
commitment. However, the contribution of BCOR to epigenetic regulation within different cell 
contexts remains unclear.  
 

1.2.3.4.5 BCOR in Disease 
The studies detailed above highlighted the importance of BCOR in development and 
differentiation of stem cells, thus it is not surprising that mutations and alterations in BCOR 
have been implicated in developmental disorders and several types of cancer.  Whilst it has 
become clear that BCOR plays a role in pathogenesis of these diseases, the mechanisms of 
epigenetic and transcriptional regulation by BCOR remain to be uncovered.   

 

1.2.3.4.5.1 Germline Mutations of BCOR in Developmental Disorders 
BCOR mutations have been implicated in the development of oculofaciocardiodental syndrome 
(OFCDS) (Ng et al., 2004). Oculofaciocardiodental syndrome (OFCDS) is a form of syndromic 
microphthalmia, an X-linked developmental disorder causing abnormally small and malformed 
eyes. Female carriers of OFCDS suffer from ocular defects, craniofacial abnormalities such as 
cleft palate and cardiac defects including congenital heart disease. The syndrome is presumed 
to be embryonic lethal in males. All OFCD females possess a heterozygous truncating, 
frameshift or missense mutation in BCOR. Interestingly, the peripheral leukocytes of these 
OFCD carriers exhibit significant X-inactivation skewing. Most leukocytes from OFCD 
patients express WT BCOR whilst the mutant allele resides on the inactivated X chromosome. 
This suggests that WT BCOR expression is essential for functional haematopoiesis. The 
causative nature of BCOR mutations to the disease phenotypes was confirmed by RNA 
interference. BCOR knock-down (KD) in zebrafish resulted in abnormalities consistent with 
those in OFCDS patients (Ng et al., 2004). BCOR mutations were also suspected to be involved 
in the pathogenesis of Lenz Microphthalmia. In the Lenz subset, traditional microphthalmia 
traits are often accompanied by mental retardation, skeletal deformation and other anomalies. 
Through genomic studies, the MAA2 locus was identified to be responsible for the X-linked 
inheritance of this disorder (Ng, Hadley, Tifft, & Biesecker, 2002). Further analysis revealed 
that this locus contains the BCOR gene, which could potentially be responsible for the disorder 
(Ng et al., 2004).  However, BCOR mutations are not identified in a number of sporadic Lenz 
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microphthalmia patients, suggesting that there are other potential drivers of this disease (Hilton 
et al., 2009; Horn et al., 2005). BCOR is also a candidate gene implicated in tooth agenesis, i.e. 
the absence of permanent tooth development (R. Du et al., 2018). The finding that BCOR 
mutations are associated with various dental, skeletal and ophthalmic defects further reinforces 
the important role of BCOR in development.  
 

1.2.3.4.5.2 BCOR in Cancer  
BCOR has been implicated in several types of cancer. BCOR mutations are found in 
haematological disorders such as MDS, AML CML and some rare lymphoid malignancies, 
often resulting in inactivation or truncation of the protein. BCOR mutations have also been 
identified in a number of solid tumours; however, in these tumours, BCOR fusion proteins and 
ITD mutations associated with overexpression are more common. The difference between 
these mutations in solid and haematological malignancies and how this may relate to BCOR 
function in different cell types has not been extensively explored.   
 

1.2.3.4.5.2.1 BCOR Fusion and ITD Mutations 
BCOR is frequently fused to other genes in solid tumours. Fusion partners include; CCNB3, 
ZC3H7B, KMT2D, MAML3 and EPC1 (Panagopoulos et al., 2013; Pierron et al., 2012). 
BCOR-CCNB3 is the most well studied BCOR fusion protein and has been described in 
Ewing-like sarcomas and small round cell sarcomas (Pierron et al., 2012). CCNB3 encodes 
cyclin B3, which is expressed in early meiosis in the testis.  Overexpression of this fusion 
protein can activate S-phase in NIH-3T3 cells, though this may be largely attributed to the 
ectopic expression of CCNB3, and the effect of CCNB3 fusion on BCOR function is unclear. 
Another relatively common fusion protein is BCOR- ZC3H7B, which was recently discovered 
in undifferentiated small blue round cell sarcoma and fibromixoid endometrial tumours 
(Panagopoulos et al., 2013). However, the function of ZC3H7B protein is largely unknown and 
thus the contribution of BCOR-ZC3H7B fusion protein to oncogenesis is also undetermined. 
Internal tandem duplications (ITD) of BCOR have also been described in clear cell sarcoma of 
the kidney (CCSK), neuroepithelial tumours, mesenchymal tumours, paediatric sarcomas and 
aggressive endometrial stromal sarcomas (Juckett et al., 2019; Sturm et al., 2016; Ueno-
Yokohata et al., 2015). The presence of BCOR alterations can be considered a unique classifier 
for diagnostic and prognostic purposes: BCOR-CCNB3 is considered a classification of 
sarcomas indicating poorer prognosis (Pierron et al., 2012) and central nervous system high 
grade neuroepithelial tumour with BCOR alterations (HIGNET-BCOR) are also associated 
with poor prognosis (Appay et al., 2017). Moreover, BCOR fusion proteins including 
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ZC3H7B-BCOR and BCOR-CCNB3 retain the PUFD domain. Thus BCOR-CCNB3 may 
retain PRC1.1 binding possibly leading to ectopic or gain of function within the complex. 
Whether increased expression of BCOR, by either fusion proteins or ITDs in these solid 
tumours results in increased PRC1.1 repression, or increased H2AK119 ubiquitination remains 
unclear. Together these studies on fusion and ITD alterations of BCOR suggest a proto-
oncogenic function for BCOR in these specific solid tumours, and strongly warrants further 
research into how these mutations impact BCOR function.  
 

1.2.3.4.5.2.2 BCOR LOF Mutations in Haematopoietic Disorders 
BCOR has also been described as a novel fusion partner of retinoic acid receptor alpha 
(RARA), forming the BCOR-RARA fusion protein in a case study of acute promyelocytic 
leukaemia (APL). Normally APL is characterised by PML-RARA fusion protein; however, the 
BCOR-RARA protein exhibits similar features including a dominant negative impact on 
RARA transcriptional activation and aberrant subcellular relocalisation (Yamamoto et al., 
2010). The BCOR-RARA protein appears to have a breakpoint prior to PUFD domain, and 
thus presumably confers a loss of BCOR association with PRC1.1. This is in contrast to the 
aforementioned BCOR fusion proteins in solid tumours which retain the PUFD domain.   
 
Sequencing efforts by Grossman and colleagues aimed to identify novel mutations in AML 
patients with normal karyotype (CN-AML) (Grossmann et al., 2011).  The study used whole 
exome sequencing on a CN-AML patient without NPM1 or FLT3 mutations and validated their 
findings in 553 AML patient samples. The study uncovered that BCOR was mutated in 3.8% 
of CN-AML patients. The results of this study have been recapitulated in several more recent 
sequencing studies: BCOR mutations were found in around 2-4% of unselected AML (Lavallée 
et al., 2015; Lindsley et al., 2015; Papaemmanuil et al., 2016; Verhaak et al., 2009) and up to 
6% in paediatric CN-AML samples (de Rooij et al., 2015); Table 1.5). Across all studies, 
BCOR mutations in AML appear to be disruptive and similar to those observed in OFCD, 
leading to decreased expression of BCOR, loss of full length BCOR and/or low expression of 
a truncated protein (Grossmann et al., 2011). Across all of these sequencing studies it has been 
found that BCOR mutations are mutually exclusive with NPM1 mutations and frequently 
associated with DNMT3A mutations. Furthermore, BCOR mutations are associated with 
secondary AML (Lindsley et al., 2015). BCOR mutations have also been found in MDS (Damm 
et al., 2013; Haferlach et al., 2014), aplastic anaemia (Kulasekararaj et al., 2014) and clonal 
haematopoietic populations (Yoshizato et al., 2015) suggesting they could be a precursor to 
malignant transformation. The relevance of BCOR as a prognostic factor in AML and MDS 
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has also been assessed. In patients with AML with intermediate cytogenetics BCOR mutations 
were an unfavourable prognostic factor as those with mutation had a significantly lower 5-year 
overall survival (OS) (Terada et al., 2018). Similarly, in MDS truncating mutations of BCOR 
were independently associated with  a worse overall survival than BCOR wild-type patients 
(Damm et al., 2013). BCOR mutations were also found to be enriched for in rare subtypes of 
AML such as AML with trisomy 13, where 25% of patients had a BCOR mutation (Herold et 
al., 2014). Inactivating BCOR mutations are not limited to myeloid disorders, they have also 
been identified in up to 20% of extra nodal killer T cell lymphoma nasal type (ENKTL-NT), a 
rare subtype of lymphoma (Dobashi et al., 2016; S. Lee et al., 2015), 24% of mature B-cell 
lymphoid neoplasm hairy cell leukaemia (Jallades et al., 2017), as well as in a relapsed hairy 
cell-like splenic diffuse red pulp lymphoma (Maitre et al., 2018). BCOR alterations are also 
associated with T-cell prolymphocytic leukaemia, a deleterious BCOR mutation was identified 
in ~8% samples analysed in two independent studies (López et al., 2016; Stengel et al., 2016). 
Together these sequencing studies demonstrate that BCOR alterations are relatively frequent 
in haematopoietic malignancies, suggesting there may be an important role for BCOR in the 
regulation of haematopoiesis. 
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Table 1.5 Frequency of BCOR Mutations Identified in AML Sequencing Studies  

AML 
subgroup* 

Total 
number 

of 
patients 

Number of 
patients with 

BCOR-
mutation 

Percentage 
BCOR 

Mutated (%) 
Reference 

CN-AML 533 21 3.8 (Grossmann et al., 2011) 
Paediatric CN-

AML 48 3 6.2 (de Rooij et al., 2015) 

AML with 
Trisomy 13 16 4 25 (Herold et al., 2014) 

Unselected 
AML 105 4 3.8 (Lindsley et al., 2015) 

Unselected 
AML 1540 35 2.3 (Papaemmanuil et al., 

2016) 
Unselected 

AML 562 25 4.4 (Tyner et al., 2018) 

Unselected 
AML 1400 35 2.5 (Lavallée et al., 2015) 

Unselected 
AML 318 13 4.3 (Verhaak et al., 2009) 

Unselected 
AML 664 45 6.7 (Metzeler et al., 2016) 

AML cell lines 17 0 0 (de Rooij et al., 2015) 
*Adult patients unless otherwise specified 

 
1.2.3.4.6 BCOR Function in Malignant Haematopoiesis  

BCOR was first established as a bone fide tumour suppressor in the Eµ-Myc murine model of 

B-cell lymphoma by our lab in 2016 (Lefebure et al., 2017). In an analysis of cooperating 

mutations in primary spontaneous Eµ-Myc lymphomas, Bcor mutations were among the most 

frequent. CRISPR/Cas9 mediated knock-out of Bcor in Bcor WT Eµ-Myc hemopoietic 

progenitor cells significantly accelerated disease and cell growth both in vivo and in vitro. 
However, Bcor mutations are more frequently observed in myeloid malignancies and are not 
as common in lymphoid malignancies aside from rare subtypes as outlined above, and thus the 
majority of studies have focused on the functional role of Bcor in myeloid malignancies.  
 
The functional relevance of truncating mutations in myeloid haematopoiesis has started to be 
uncovered in several recent studies. Cao and colleagues utilised a mutant allele of Bcor lacking 
the PUFD domain to demonstrate that loss of Bcor leads to loss of ubiquitin at Hoxa promoter 
regions and correlated with an increase in Hoxa transcription in murine HSCs ex vivo (Cao et 
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al., 2016). Accordingly, they also show that Bcor mutant MDS patients exhibited significantly 
higher Hoxa9 expression that Bcor WT patients.  

 
The consequences of Bcor loss on haematopoiesis in vivo has been elucidated by two recent 
papers which examine the impact of mutant Bcor alleles lacking either exon 4 (Tanaka et al., 
2017) or exons coding for the C-terminal region (Tara et al., 2018). Tanaka and colleagues 
found that murine HSCs which lack the Bcl-6 binding domain of Bcor had significantly lower 
repopulating capacity and lower total numbers of peripheral WBC and HSCs. However, Bcor 
mutant thymocytes were hyperproliferative, which ultimately resulted in T-cell lymphoblastic 
leukaemia (T-ALL). The Bcor mutation driven T-ALL exhibited a long latency period of up to 
300 days, suggesting that other spontaneously occurring cooperating mutations were present 
in the resulting tumours. Analysis of the resulting tumours lead to the detection of mutations 
in Notch1; however, other mutations were not assayed in this study. Through transcriptomic 
analysis it was determined that Myc, a Notch1 target, was highly upregulated in Bcor mutant 
T-ALL, which correlated with Bcor recruitment to the Myc promoter. These results were 
mirrored in BCL-6 deficient thymocytes, suggesting that Bcor-mediated repression was BCL6-
dependent in these mice, though the exact mechanisms of transcriptional inhibition remain 
unclear. Furthermore, the study showed that Bcor lacking the B6BD could still be recruited to 
chromatin, though it is unclear how, possibly through binding with PRC1.1. The majority of 
Bcor bound sites were not de-repressed following Bcor exon 4 loss. Furthermore, it is unclear 
whether Bcor lacking the B6BD retained PRC1.1 repressor function as the locus-specific 
distribution of H2AK119ub was not analysed. In addition, H2AK119ub-independent methods 
of PRC1.1 repression may have been active. Overall, the study clearly demonstrated the 
capacity of BCOR to act as a tumour suppressor in T-ALL by upregulation of Myc; however, 
the exact mechanisms underlying this regulation are not clear.  
 
Tara and colleagues investigated the functional consequences of loss of the carboxy-terminal 
of Bcor, containing the PUFD domain (Tara et al., 2018). Similar to loss of exon 4, loss of the 
PUFD of Bcor in HSCs also resulted in T-ALL. However, unlike those with exon 4 loss, cells 
with Bcor lacking the PUFD resulted in a competitive advantage in myeloid progenitor cells. 
Knockout of Tet2 in these cells resulted in acquisition of a lethal and transplantable MDS. 
Transcriptomic analysis revealed Cebp family upregulation in HSCs, Hoxa cluster gene 
upregulation in myeloid progenitor cells and activation of p53 target genes in erythroblasts. 
The study also demonstrated loss of ubiquitin at Hoxa loci in myeloid progenitor and at Cebpa 
in KSL cells, suggesting they are epigenetically regulated by Bcor through PRC1.1.  
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Comparison of these two studies reveals potential divergence in function of Bcor in myeloid 
and lymphoid lineages, potentially dependent on different functional domains of Bcor. From 
the above recent research it is clear that BCOR has a role in repression of the HOXA locus and 
is associated with H2AK119ub alterations. However, the exact mechanism by which BCOR 
may supress transcription, and the role that it plays in the PRC1.1 complex to act as a tumour 
suppressor in myeloid malignancies remains unclear.  
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1.3 Specific Aims 
Mutations in epigenetic regulators are frequent in AML. However, there is limited 
understanding of how these proteins functionally contribute to normal and malignant 
haematopoiesis. Such research will aid in the development of targeted therapeutics for the 
effective personalised treatment of haematological malignancies and will provide a solid 
foundation of knowledge for future epigenetic research. Hence, this thesis aimed to extensively 
examine the underlying genetic and epigenetic pathways through which two distinct and 
frequently mutated epigenetic regulators contribute to leukaemia initiation and/or maintenance.  
 
The specific aims of this thesis were to:  
 
1.  Investigate the genetic and epigenetic mechanisms through which Bcor mutation 

contributes to normal and malignant haematopoiesis 
 
1.1  Develop and characterise novel murine model of Bcor mutation and examine the 

biological effects on haematopoiesis  
 
1.2 Delineate the transcriptional and epigenetic programs underlying the biological 

phenotype induced by Bcor loss.  
 
1.3  Establish and validate that these identified transcriptional and epigenetic programs are 

conserved in and are essential to a murine model of Bcor mutant leukaemia 
 
2.  Examine the role of DNMT3AR882H in the maintenance of AML  
 
2.1  Generate a tractable model of DNMT3AR882H driven leukaemia and assess whether 

sustained expression of DNMT3AR882H is essential for leukaemic maintenance  
 
2.2  Delineate key gene pathways dysregulated by DNMT3AR882H depletion in established 

AML  
 
3.3  Elucidate the role of DNMT3AR882H in maintaining the DNA methylation profile of 

established AML 
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Chapter 2: Materials and Methods 
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2.1 In vivo Techniques 

2.1.1 Mouse Strains  
Table 2.1 Mouse Strains Used in This Thesis  

Genotype 
(name) 

Background Source Description JAX ID  Reference 

BcorflE9-10 

 
C57BL/6 From 

Vivian 
Barwell 
then Bred 
in-house 

Homozyguous 
mice used for 
Bcor genetic 
experiments 

N/A 

(Cao et al., 
2016) 

Scl-Cre-ERT C57BL/6 Bred in 
house at 
PMCC 

Tamoxifen 
inducible Cre 
recombinase 
allele under the 
control of stem 
cell leukaemia 
enhancer  
 

MGI: 
3843982 

(Göthert et 
al., 2005) 

B6.C(Cg)-
Cd79atm1(cre)Reth/ 
EhobJ 

 
(Mb1-Cre) 

C57BL/6 Bred in 
house at 
PMCC 

Pan-B-cell-
specific 
constitutive Cre 
recombinase 

020505 

(Hobeika et 
al., 2006) 

B6.129S4-
Krastm4Tyj/J 
 
(LSL-KrasG12D)  

C57BL/6 Bred in 
house at 
PMCC 

Heterozyguous 
mice with 
inducible 
oncogenic Kras 
allele 

008179 
(Jackson et 
al., 2001) 

PrprcaPepcb/ 
BoyJ  
 
(PTPRCA) 

C57BL/6– 
Ly5.1 

Bred in-
house at 
PMCC 

Expresses 
variant CD45.1 
for transplant 
experiments 

002014  

NOD-Prkdcscid 
Il2rgnull 
 
(NSG) 

NOD/ShiLtJ 
(NOD) 
  
 
 

Bred in-
house at 
PMCC 

Possesses 
defective mature 
haematopoietic 
lineage cells to 
enhance 
engraftment of 
tumours  
 

005557  

C57BL/6 C57BL/6 WEHI WT control, for 
harvesting foetal 
livers 

000664  
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2.1.2 Generation of Inducible, Tissue-Specific Genetically Engineered Mouse Models 
The Peter MacCallum Cancer Centre Animal Ethics Committee approved all in vivo procedures 
in this study. Complete details of the BcorflE9-10 allele generation will be described elsewhere 
(Hamline et al in preparation). LoxP sites were inserted to flank exons 9 and 10 of Bcor which 
allowed for their removal upon co-expression of CRE recombinase. This introduced a 
frameshift mutation which results in a premature stop codon. To generate mice with inducible 
and HSC-specific loss of Bcor exons 9 and 10, homozyguous BcorflE9-10 mice were crossed 
with mice harbouring a transgene for tamoxifen-inducible Cre recombinase under the control 
of the enhancer of the stem cell leukaemia locus (SCL-Cre-ERT, table 2.1) to create Scl-Cre-

ERT;BcorflE9-10 genotype mice. To induce loss of exons 9-10 (Bcor Δe9-10), mice aged 3-6 months 
were dosed with a total of 5mg tamoxifen in corn oil (1% [w/v] tamoxifen, 10% [v/v] ethanol, 
89% [v/v] corn oil) via intra-peritoneal (IP) injection over 5 consecutive days.  
 
Scl-Cre-ERT;BcorflE9-10  mice were crossed with heterozygous LSL-KrasG12D mice and treated 
with tamoxifen to create BcorΔe9-10KrasG12D mice as outlined in Table 2.2 below. LSL-KrasG12D 

mice were also crossed with Scl-Cre-ERT mice to generate single transgenic controls (hereafter 
referred to as KrasG12D). Both male and female transgenic mice were used for 
immunophenotyping and ageing analysis, but only males were used for molecular 
characterization.  
 
To create a murine model of B-cell specific loss of Bcor function, homozygous BcorflE9-10 mice 
were crossed with mice harbouring the Mb1-Cre transgene to create Mb1-Cre+BcorflE9-10 mice. 
The Mb1-Cre transgene results in constitutive expression of Cre recombinase in developing B-
cells, thus leading to deletion of Bcor exons 9 and 10 in developing B-cells and their progeny.  
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Table 2.2 Genetically Engineered Mouse Strains and Treatment 

Name Genotype Treatment 
BcorΔe9-10  Bcor flE9 -10/ flox e9-10 ; SCL-Cre-ERT 

OR Bcor flE9 -10/y ; SCL-Cre-ERT 
Tamoxifen IP at 8-12 weeks 
of age  

KrasG12D LSL-KrasG12D/WT ; SCL-Cre-ERT Tamoxifen IP at 8-12 weeks 
of age 

BcorΔe9-10KrasG12D   Bcor flE9 -10/y;LSL-KrasG12D/WT ; SCL-
Cre-ERT 

Tamoxifen IP at 8-12 weeks 
of age 

BcorWT SCL-Cre-ERT, OR 
Bcor flE9 -10/y, OR 
LSL-KrasG12D/WT 

Tamoxifen IP at 8-12 weeks 
of age 

Mb1-Cre+BcorflE9-10 Bcor flE9 -10/y; Mb1-Cre+ N/A 
BcorflE9-10 BcorflE9 -10/y N/A 

 

2.1.3 IV Transplant of Tumour or Bone Marrow Cells 
Transduced FL, established tumour cells, FACS isolated cells or whole bone marrow cells were 
prepared by washing in phosphate buffered saline (PBS; 137mM NaCl, 2.7mM KCl, 10mM 
Na2HPO4, 1.8mM KH2PO4 in H2O) and resuspending in PBS at 5×106 cells/ml. For 
transplantation, cohorts of 6 to 8-week-old female PTPRCA mice were inoculated via tail vein 
injection with 0.5 - 2×106 cells following sub-lethal 5.5gy irradiation using X-RAD 320 
irradiator (Precision X-Ray Incorporated) or 6.5gy irradiation using Gammacell 40 caesium 
source (Atomic Energy of Canada Ltd., Ontario, Canada). Alternatively, 8-12-week-old male 
or female NSG mice were inoculated via tail vein injection with 0.5 – 1×106 prepared tumour 
cells. The peripheral blood of recipient PTPRCA mice was stained with CD45.2-FitC as 
outlined in section 2.1.5 below and flow cytometry was used to assess the percentage of donor 
derived cells at multiple time points to monitor tumour engraftment and growth.   

 

2.1.4 Doxycycline Treatment In vivo  
Mice transplanted with transgenic TET-responsive cells were fed doxycycline (DOX) food 
pellets (600mg/kg), DOX ensure (DOX food pellets mixed with equal ensure and water) and 
DOX water (0.2%(w/v) dox, 2%(w/v) sucrose in H2O) for the defined experimental period.  
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2.1.5 Flow Cytometry Immunophenotyping 
Immunostaining for flow cytometry was performed as previously described (Kats et al., 2017). 
To dissociate bone marrow cells a mortar and pestle was used to grind the hind limbs and/or 
spine of a mouse and cold FACS buffer (2%[v/v] foetal calf serum [FCS; ThermoFisher] in 
PBS) was added, then passed through a 70µm filter. Similarly, splenocytes were harvested by 
grinding the spleen through a 70µm filter. 5×106 -107 whole bone marrow cells or spleen cells 
were washed with PBS and resuspended in ice cold ACK lysis buffer (150mM NH4Cl, 10mM 
KHCO3, 0.1mM EDTA) for up to 10 minutes to lyse erythrocytes and isolate nucleated cells. 
Cells were resuspended in 100µl FACS buffer with appropriate antibody panel added (see 
Table 2.3). Cells were stained on ice for 15 minutes, then washed and analysed on BD LSR 
Fortessa X-20 or BD LSR II flow cytometer (BD). Data was analysed and visualised using 
FlowJo (v10.4.1). 
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Table 2.3 Flow Cytometry Antibodies 
Panel

* Antibody Species 
Reactivity Conjugate Dilution Source Cat. No. 

1,3 c-Kit/CD117 Mouse APC 1/200 BD Pharmingen 553356 
1 Sca-1/ ly6a/e Mouse PE-Cy7 1/200 BD Pharmingen 558162 

1 Fcy II/III Mouse PE 1/200 BD Pharmingen 553145 
1 CD34 Mouse BV 421 1/100 BD Pharmingen 562608 
1 CD150 Mouse BV711 1/200 BioLegend 115941 
1 CD48 Mouse BV650 1/200 BioLegend 103441 
2,3 CD11b/Mac

-1 
Mouse V450 1/200 BD Biosciences 560455 

2 B220 Mouse APC 1/200 eBioscience 17-0452-83 

2 CD3 Mouse PE 1/200 BD Pharmingen 555275 
2 Gr-

1/Ly6C/G 
Mouse alexaFluor

700 
1/200 BioLegend 108422 

1,2 CD45.2 Mouse FIT-C 1/200 BioLegend 109805 
1 Lineage 

(CD5, 
CD11b, 
B220, 7-4, 
Gr-1,       
Terr-119) 

Mouse Biotin 1/200 Miltenyi 
Biotech 

130-090-858 

1 Anti-biotin Mouse APC-Cy7 1/200 Biolegend 405208 
4 CD11b Mouse APC-

efluor780 
1/200 eBioscience 47-0112-82 

4 CD3 Mouse APC-
efluor780 

1/200 eBioscience 47-0032-82 
4 B220 Mouse FIT-C 1/200 BD 553088 
4 CD43 Mouse APC 1/200 BioLegend 121214 
4 IgM Mouse PE 1/200 BioLegend 406507 

4 CD19 Mouse Efluor450 1/200 eBioscience 48-0193-82 

*Antibody Panels: 1 – HSC panel, 2- mature lineage panel, 3- Immunophenotyping DRI 
tumours, 4 - B cell immunophenotyping 
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2.1.6 Fluorescence Activated Cell Sorting Of Myeloid Progenitor Cells  
Male transgenic mice aged 7-10 months and 20 weeks following tamoxifen treatment were 
harvested and bone marrow collected. Bone marrow cells were lysed with ACK lysis buffer 
and then depleted of lineage-high cells using MACS lineage depletion kit (MACS Miltenyi 
Biotech, cat:130-090-858) and magnetic LS columns (MACS Miltenyi Biotech, cat:130-042-
401) according to manufacturer’s instructions. In brief, cells were stained with biotin 
conjugated lineage mix then conjugated to anti-biotin magnetic beads. Labelled cells were 
passed through LS column on MidiMACSTM magnetic separator and stand (MACS Miltenyi 
Biotech, cat: 130-042-301) and flow-through collected. Lineage depleted cells were stained 
with 1:200 dilution of antibodies outlined in Table 2.3 above, and 1µg/mL 4,6-diamidino-2-
Phenylindole (Dapi) was added to the solution immediately prior to analysis. The myeloid 
progenitor KL (Dapi- c-Kit + Sca1- Lin-) population was sorted on BD FACSAria Fusion 5, 
BD FACSAria II and BD FACSAria Fusion 3 (BD biosciences). 
 

2.1.7 Isolation Of c-Kit+ Tumour Cells For Downstream Analysis  
Spleen and bone marrow were harvested from UT and DOX treated tumour bearing mice at 5 
and 14-day time points. Single cell suspensions were created as above and cells were lysed 
with ACK lysis buffer on ice for 10 minutes. Bone marrow and spleen suspensions were pooled 
for sorting. Cells were stained with 1:200 dilution of antibody cocktail 3 outlined in Table 2.3 
above. Cells were sorted for green fluorescent protein (GFP)+, c-Kit+ or GFP+, c-Kit + 
CD11b- depending on experiment. 
 

2.1.8 Isolation Of B220+ Cells For Genotyping  
Bone marrow was harvested from Mb1-Cre+BcorflE9-10 and control BcorflE9-10 mice at 15 weeks 
of age. Bone marrow cells were lysed with ACK lysis buffer and then B220+ cells were 
positively selected for using MACS CD45R MicroBeads (MACS Miltenyi Biotech, cat: 130-
049-501) and magnetic LS columns according to manufacturer’s instructions. In brief, cells 
were conjugated to CD45R beads passed through a LS column on MidiMACSTM separator. LS 
column was removed from the stand and B220+ cells were eluted. B220+ cells were washed 
and genotyping for BcorflE9-10 was performed as described in section 2.4.2 below.  
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2.2 In vitro Techniques 

2.2.1 In vitro Culture Of Human Cell Lines  
All human cell lines were cultured in 5% CO2 and 37°C and were passaged 1 in 4 every 2-3 
days. Cells were maintained at 25-80% confluency in appropriate media outlined in Table 2.4 
and 2.5 below. For long-term storage, 1-2 x106 cells were suspended in freezing media (10% 
(v/v) Dimethyl Sulfoxide (DMSO, Sigma, cat: 276855), 90%(v/v) FCS (SAFC Biosciences 
cat: 12003C) and cooled at -1°C per minute to -80°C using a Mr. Frosty Freezing container 
(Thermo Fisher Scientific, cat: 5100-0001). 
 
Table 2.4 Human Cell Lines Used In This Thesis  

Cell line  Cell Type Media Source/ Catalogue 
HEK-293T Embryonic 

Kidney  
Complete DMEM ATCC, CRL-3216 

 
Table 2.5 Components Of Complete DMEM  

Component Concentration Source  

Dulbecco’s Modified 
Eagle’s Medium (DMEM) 

-  Gibco 

Heat Inactivated Foetal calf 
serum (FCS)  

10% (v/v) SAFC Biosciences 

Penicillin and Streptomycin 100 U/ml Invitrogen Life Technologies, cat: 
15140122 

L-glutamine 2mM Sigma-Aldrich 
 

2.2.2 In vitro Culture Of Primary Murine Tumour Cells 
Bone marrow and spleen cells from tumour-bearing BcorΔe9-10KrasG12D transgenic mice was 
harvested as above and a single cell suspension created by passing through a 70 μm filter. 
Approximately 109 cells were suspended in 5ml foetal liver (FL) media (described below) and 
incubated at 37°C and 10% CO2. Cells were passaged ¼ every 5-10 days, and maintained at 
approximately 50-100% confluency. Cells were stained with lineage cocktail above and flow 
cytometry was used to verify isolation and proliferation of a stable myeloid progenitor cell 
population using the myeloid cocktail described in table 2.3). For longer term storage, 1-2 x106 
cells were suspended in freezing media and cooled at -1°C per minute to -80°C using a 
Mr.Frosty Freezing container.  
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2.2.3 Isolation and Culture Of Primary Murine FL Cells 
Embryonic 13.5-15-day WT C57BL/6 foetus’ were extracted from pregnant females and 
placed on ice.  Livers were dissected on ice and dissociated in 1 mL PBS by pipetting. foetal 
liver cells (FL) were then washed with PBS, resuspended in 1 mL freezing media, and aliquoted 
into 1.5mL cryovials which were frozen in a Mr. Frosty as described above. Vials of FL were 
stored at -80°C. For culture, 1 vial of FL cells was thawed and washed with PBS then 
resuspended in 3mL of FL media (Table 2.6; approximately 107 cells/ mL) in a 6-well plate. 
Cells were incubated at 37°C and 10% CO2. 
 
Table 2.6 FL Media Components 

Component Concentration Source  Catalogue 
Anne-Kelso modified 
DMEM 

- -  In-house, derived from DMEM  

Heat Inactivated Foetal 
calf serum (FCS)  

20% (v/v) SAFC Biosciences 12003C 

Penicillin and 
Streptomycin 

100 U/mL Invitrogen Life Technologies 15140122 

L-glutamine 2mM Sigma-Aldrich 35050061 
β-mercaptoethanol (2-
ME) 

50µM Calbiochem 444203 

L-asparagine  100 µM Sigma-Aldrich A0884 
Murine - SCF 10 ng/mL Peprotech Asia 250-03 
Murine - IL-3 2 ng/mL Peprotech Asia 213-13 
Murine - IL-6 2 ng/mL Peprotech Asia 216-16 
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2.3 Transfection and Transduction 

2.3.1 Preparation and Amplification of Viral Constructs 
Vectors used in this thesis are outlined in tables 2.7 and 2.8. 1-10ng of plasmid in dH2O was 
suspended in 90ul of TOP10F competent E.coli (Life technologies, ThermoFisher cat: 
C303003) and incubated on ice for 30 minutes. Heat shock was performed by heating the 
transformation mix at 42 °C for 90 seconds. 500 µl of lysogeny broth (LB; 10g/l tryptone, 5g/l 
yeast extract, 0.5 g/l NaCl in H2O) was added and the mix incubated on ice for 5 minutes to 
cool, then incubated at 37 °C with shaking for 1 hour. The culture was then centrifuged at 
1.3x104 g for 60 seconds, the supernatant discarded and the pellet resuspended in 200 µl LB 
pre-warmed to 37°C. The suspension was streaked on an LB agar plate with 50µg/ml ampicillin 
using an inoculation loop and incubated overnight at 37 °C. The next day, single colonies were 
picked using a loop and suspended in 3ml for a minipreparation (Miniprep) or 500ml for a 
Maxipreparation (Maxiprep). Minipreps and maxipreps were performed using Macherey-
Nagel NucleoSpin® Plasmid (cat: 740588) or NucleoBond® Xtra Maxi kit (cat: 740416) 
according to manufacturer’s instructions. Plasmid concentration was determined with a 
nanodrop2000 (Thermo Fisher). Constructs were validated by Sanger sequencing using 
BigDye® terminator v3.1 sequencing kit according to manufacturer’s instructions (Life 
Technologies, Thermo Fisher). Sanger sequencing was performed by AGRF and analysed 
using geneious v8.1.9.  
 

2.3.2 Transfection and Generation of Retrovirus 
One day prior to transfection 293T cells were seeded to approximately 50% confluence. 293T 
cells were transiently transfected by calcium phosphate transfection method. 20 µg of retroviral 
DNA constructs and packaging vectors (outlined below) were suspended in 0.25M CaCl2, 
1.25mM HEPES buffered H2O and added dropwise to an equal volume of 2x HEPES buffered 
saline (HeBS; 50mM HEPES, 180mM NaCl, 1.5mM Na2HPO4 [pH7]) whilst bubbling air 
through the mix with a pipetteboy. The transfection mix was incubated for 20 minutes at room 
temperature before being added with 20ml fresh media to the 293T cells.  
 
The following day the media was changed. Following 48 hours of transfection, virus-
containing supernatant was harvested from 293T cells and the media replaced for overnight 
incubation. Viral supernatant was passed through a 0.45µm filter to remove cell debris. 72 
hours following transduction, viral media was harvested again. Retrovirus was snap frozen in 
cryovials or used for transduction immediately as described in section 2.3.3 below. 
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2.3.3 Retroviral Transduction of Foetal Liver cells  
One day prior to transduction the wells of an untreated 6-well plate (Costar, Sigma Aldrich cat: 
CLS3736) were coated with 1 mL of 4 µg/ml RetroNectin (Takara, cat: T100B) diluted in 6 
mL PBS and incubated at 4°C overnight. FL cells were thawed on ice and cultured as described 
above (section 2.2.3). 
 
RetroNectin solution was removed from the plate and wells washed with PBS. 4-8mL viral 
supernatant was placed in the RetroNectin coated wells and centrifuged at 2000 g for 1 hour to 
adhere virus to RetroNectin-coated well. Viral supernatant was removed from the wells and 
FL cells (see section 2.2.3) were suspended in 3 mL FL media in a single well. Cells were 
centrifuged onto the viral plate at 1400 rpm for 4 minutes then incubated as above. The 
following day the second viral supernatant was centrifuged onto a RetroNectin coated plate as 
described above. FL cells were scraped off the first 6 well plate and placed on top of the new 
virus and RetroNectin coated plate and suspended in 3 mL of FL media and centrifuged again. 
Cells were incubated for 48 hours before confirming transduction efficiency of fluorescent 
constructs using flow cytometry.  
 
Table 2.7 Retroviral Constructs And Packaging Vectors 

Construct Source 
MSCV- GFP - IDH2R140Q Gene Regulation Laboratory (PMCC) 
TRI – dsRED - DNMT3AR882H Gene Regulation Laboratory (PMCC) 
TTA- NrasG12D Gene Regulation Laboratory (PMCC) 
MSCV- GFP Tannishtha Reya (Addgene plasmid# 20672) 
TRI – dsRED  Gene Regulation Laboratory (PMCC) 
pCL – Eco Inder Verma (Addgene plasmid # 12371) 

 

2.3.4 The Tetracyline-Inducible Expression System 
A tetracycline-off (TET-off) system was featured in the tractable model of leukaemia generated 
in chapter 4, by using vectors in table 2.7 above. The DNMT3AR882H-dsRED construct 
contained a tetracycline response element (TRE) downstream of the promoter, which consisted 
of repeats of a tetracycline operator (tetO) sequence. The NrasG12D construct contained the 
NrasG12D coding sequence followed by an IRES and the coding sequence for tetracycline-
controlled transactivator (TTA). In the absence of tetracycline, the TTA protein, which was 
transcribed and translated from the NrasG12D construct, could bind to the tetO sequence of the 
TRE and promote transcription of both dsRED and DNMT3AR882H. Hence, the presence of the 
dsRED fluorescent protein indicated the active expression of both the NrasG12D-TTA and the 
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DNMT3AR882H-dsRED constructs. In this specific TET-off system the tetracycline doxycycline 
(DOX) could bind to TTA and inhibit tetO binding and transcriptional activation of 
DNMT3AR882H-dsRED, which accordingly lead to a lack of expression of both DNMT3AR882H 
and dsRED.   
 

2.3.5 Transfection and Generation of Lentivirus  
To generate lentivirus to transduce primary murine tumour cells, 1753ul serum-free DMEM, 
10ug of lentiviral vector, 7 µg, pVSVg, 5 µg, pRSV-REV 3.5 µg pMDL (vector information 
in table 2.8) and 140 µl PEI (Sigma cat: 9002-98-6) was mixed and incubated for 20 minutes 
at room temperature. The transfection mix was added with 20 ml fresh media to 12 × 106 293T 
cells seeded the previous day.  
 
The following day the media was changed, then 48 hours following transfection, viral 
containing media was harvested from transfected 293T cells and media replaced. Viral 
supernatant was passed through a 0.75 µm filter to remove cell debris. 72 hours following 
transduction viral media was harvested again. Lentivirus was snap frozen in cryovials or used 
for transduction immediately as described below. 
 

 2.3.6 Lentiviral Transduction Of Tumour Cells  
One day prior to transduction, 4 wells of a 6 well plate were coated with RetroNectin and left 
overnight as described above. RetroNectin coated plates were washed once with PBS and 
spinfection of 106 BcorKras tumour cells (see section 2.2.2) was performed as described above. 
Viral media filtering and spinfection was repeated the next day. Cells were incubated for 48 
hours before confirming transduction efficiency using Flow cytometry. If required, cells were 
expanded before isolating fluorescent positive population with FACS (BD FACSARIA fusion 
5). 
 
Table 2.8 Lentiviral Constructs And Packaging Vectors 

Construct Source 
Cas9-mCHERRY Marco Herold (Addgene plasmid # 70182) 
pVSVg Didier Trono (Addgene plasmid #12259) 
pRSV-REV Didier Trono (Addgene Plasmid #12253) 
pMDL Didier Trono (Addgene plasmid #12251) 
lentiGuide-Crimson Backbone Daniel Bauer (Addgene plasmid # 70683) 



 89 

2.4 Molecular Methods and Bioinformatics Analysis 

2.4.1 Genomic DNA Extraction  
DNA was extracted directly from FACS isolated cells, or from whole bone marrow or spleen 
by creating a single cell suspension as outlined above and using the Qiagen DNeasy Blood and 
tissue gDNA extraction kit (Qiagen, cat: 69504).  
 

2.4.2 Genotyping  
Mice were genotyped at 3 weeks of age to confirm presence of BcorflE9-10, LSL-KrasG12D, Cre 
genes and again at various timepoints to confirm successful Cre-mediated recombination. DNA 
was isolated from ear clips at 3 weeks of age, or from bone marrow, spleen or tail clippings 
using Qiagen gDNA isolation kit according to manufacturer’s instructions. For both Cre and 
KrasG12D, genotyping information was obtained from the JAX website, whilst BcorflE9-10 

genotyping was performed  as previously published (Cao et al., 2016). Briefly, the PCR 
reaction mix was a total volume of 20µl and contained:  200ng DNA diluted in H2O, primers 
as outlined in Table 2.9 below, and 10µl of 2x Phusion polymerase master mix with HF buffer 
(ThermoFisher, cat:M0531S).  
 
Table 2.9 Genotyping Primers 

Target Name Sequence (5’-3’) Final 
concentration 

Bcor 
C2 GTATGCAGAGACCACCTCTTGGC 1µM 
G ACGGTACCGTCAGGGTAGAAAAACCAAAGCAAG 1µM 
J CATCAGCCGCGGTGTGGATCATGCAGGCTTGG 2µM  

Kras 

22907 TGTCTT TCCCCAGCACAGT 1µM 
22908 CTGCATAGTACGCTATACCCTGT 1µM 
oIMR95
92 

GCAGGTCGAGGGACCTAATA 1µM 

Cre Cre Fwd GATCTCGAGCCATCTGCTG 1µM 
Cre Rev GGTCGGCCGTCAGGGACAA 1µM 
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PCR was performed in a thermocycler set to the following cycling conditions:  
Table 2.10 Bcor And Cre Genotyping PCR Conditions 

Step Temperature Time 
Initial Denaturation 98°C 30s 
 98°C 5s 
25-35 cycles 56°C 10s 
 72°C 15s 
Final extension 72°C 5 min 
Hold 4°C  

 
Table 2.11 Kras Genotyping PCR Conditions 

Step Temperature Time  
Initial Denaturation 95°C 5m 
 95oC 1m 
44 cycles 55oC 2m 
 72oC 1m 
Final extension 72oC 5m 
Hold 14oC Forever 

 
The PCR product was run on a 2% agarose gel at 100V for 1 hour to resolve bands and imaged 
on ChemiDoc XRS+ system (Bio-Rad) to visualise genotype as outlined in Table 2.12.   
 
Table 2.12 Genotyping PCR Product Sizes 

Genotyping Target Band size Allele 

Bcor 
424bp BcorWT 

519bp BcorΔe9-10 
570bp Bcorflox 

Kras 
500bp KrasLSL-G12D 
622bp KrasWT 
650bp KrasG12D 

Cre 110bp Cre+ 
 
The genotyping core at PMCC performed the majority of 3-week ear-clip genotyping. 

 

2.4.3 RNA Extraction  
RNA was extracted using Trizol Reagent and purified with column-based Directzol RNA 
miniprep kit (Zymo research, cat: R2060) according to manufacturer’s instructions. Briefly, 
1x105-106 cells were suspended in 300μl Trizol reagent (Thermo Fisher, cat: 15596026) and 
either processed immediately or snap frozen and stored at -80°C. RNA was extracted according 
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to manufacturer’s instructions, including the optional DNAseI treatment step. RNA was eluted 
in 25μl of DNase/RNase-Free H2O. RNA was quantified using quBit RNA HS kit 
(ThermoFisher, cat: Q32852), nanodrop2000 (Thermo Fisher), or TapeStation 2200 system 
(Agilent) with RNA HS screentape (Agilent, cat: 5067- 5576) according to manufacturer’s 
instructions. Purified RNA was stored at -80°C until use.  
 

2.4.4 Quantitative Real Time PCR 
RNA was extracted as outlined in 2.4.3 and cDNA was synthesised using High-Capacity cDNA 
Reverse Transcription Kit (Thermo Fisher, cat: 4368814) as per manufacturer’s instructions. 
In brief, 1μg of total RNA was converted to cDNA using kit components (1x RT buffer, 4mM 
dNTP Mix, 1x RT random Primers, 1x MultiScribe Reverse Transcriptase, diluted in H2O) and 
placed in a thermocycler with the following conditions:  25°C for 10 minutes, 37°C for 120 
minutes and 85°C for 5 minutes. 1μl of resulting cDNA was used for quantification with 
SensiFAST SYBR High-ROX kit (Bioline, cat: BIO-92020) according to manufacturer’s 
instructions. 1μl cDNA, 5μl 2x SYBER master mix and 0.8μl of 10μm forward and reverse 
primer pairs (listed in Table 2.14) was added to a 384 well plate and sealed with an optical 
adhesive film. The qPCR was analysed with LightCycler LC480 (Roche) with the 
recommended 2 step cycling as per Table 2.13.  
 
Table 2.13 qPCR Light Cycler Cycling Conditions 

Step Temperature Time  
Initial Denaturation 95°C 2min 

40 cycles 95°C 5s 
60°C 20s * acquisition 

Genotyping melt curve 1°C/5s 10min 
 
Actin was used as a housekeeping control gene and experiments were performed in technical 
triplicate with at least 3 biological replicates. Log fold change was calculated using the 2-ΔΔCT 
method (Livak & Schmittgen, 2001). 
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Table 2.14 Primers Used For qPCR 

Target               Sequence 
Hoxa5 FWD AAGCTGCACATTAGTCACG 

REV CATGAGCTATTTCGATCCTT 
Hoxa7 FWD GGCCAATTTCCGCATCTA 

REV CGTCAGGTAGCGGTTGAAG 
Hoxa9 FWD CTCTTCGTGTGGCAGATCAT 

REV AGCTTCCACAATCACAATGG 
Actin FWD AGCTTCTTTGCAGCTCCTTCGTTG 

REV TTCTGACCCATTCCCACCATCACA 
 

2.4.5 Quant-Seq  

2.4.5.1 Library Preparation  
Approximately 5 x 105 – 106 cells were lysed in Trizol reagent and RNA was extracted as 
described above. The QuantSeq 3’ mRNA-seq Library Prep Kit for Illumina (Lexogen, cat: 
015) was used to generate libraries as per the manufacturer’s instructions.  
 

2.4.5.2 Sequencing  
The 3’ libraries were sequenced on an Illumina NextSeq500 to produce 75 base-pair (bp) single 
end (se) reads with a depth of 6-10 million reads per sample. Sequencing reads were de-
multiplexed using bcl2fastq (v2.17.1.14) and low-quality reads Q<30 were removed. The RNA 
sequencing reads were trimmed at the 5’ end using cutadapt (v1.14)(M. Martin, 2011) to 
remove bias introduced by random primers used in the library preparation and 3’ end trimming 
was performed to eliminate poly-A-tail derived reads.  
 

2.4.5.3 Quantseq Analysis 
Reads were mapped to the mouse reference genome (mm10) using HISAT2. Reads were 
counted using subread software package (v1.5.0-p3)(Liao, Smyth, & Shi, 2013). Differential 
gene expression analysis was performed using R package LIMMA (v3.32.4). Adobe illustrator 
(v22.0.1) and R packages pheatmap (v1.0.8), plotly (v4.7.1) and ggplot2(v2.2.1) were used for 
figure generation. Gene ontology analysis was performed using metascape 
[http://metascape.org].  
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2.4.6 Low Cell Number Chip-Seq 

2.4.6.1 Chromatin Immunoprecipitation  
Approximately 1-5 x106 cells were crosslinked with 1%(v/v) formaldehyde and 5%(v/v) FCS 
in PBS at room temperature for 10 minutes, then the reaction was quenched with 1.25M glycine 
for 5 minutes. Crosslinked cells were washed with ice cold dilution buffer (20mM Tris ph8, 
150mM NaCl, 2mM EDTA, 1%(v/v) Triton-X) then resuspended in nuclear extraction buffer 
(50mM TRIS ph7.5, 150mM NaCl, 5mM EDTA, 0.5%(v/v) NP-40, 1%(v/v)  Triton X-100). 
Cells were washed in dilution buffer again before they were lysed in 100μl ChIP lysis buffer 
(20mM TRIS pH7.5, 150mM NaCl, 0.5M EDTA, 1%(v/v) NP-40, 0.3%(v/v) sodium dodecyl 
sulfate (SDS)). Chromatin was fragmented to ~150-300bp by sonicating for 15 minutes with a 
S220 focused ultrasonicator (Covaris) in a 100μl microTUBE (Covaris, cat: 520045). An equal 
volume of dilution buffer was added and 5%(v/v) of the sample was reserved as an input. A 
1:1 ratio of magnetic protein A and G dynabeads (Life technologies) were mixed together and 
pre-coupled to 1μg antibody per sample by incubating together at 4°C for 4 hours. 
Immunoprecipitation was performed by adding sonicated chromatin to pre-coupled beads and 
incubating overnight at 4°C. The following day, beads coupled to antibodies and associated 
chromatin were washed for 5 minutes on ice in wash buffers 1 and 2 (1: 20mM TRIS pH8, 
500mM NaCL, 2mM EDTA, 1%(v/v) Triton-X, 0.1%(v/v) SDS, 1x PIC; 2: 220mM TRIS pH 
8, 250mM LiCl, 2mM EDTA, 0.5%(v/v)  NP-40, 0.5%(w/v) deoxycholate, 1X PIC) then twice 
for 2 minutes in TE buffer (10mM TRIS pH7.5, 1mM EDTA) on ice. Reverse crosslinking was 
performed by resuspending the samples in reverse crosslinking buffer (1% SDS, 100mM 
NaHCO3, 200mM NaCL, 300μg/mL proteinase K) and incubating at 55°C for 30 minutes, 
immediately followed by 65°C for 30 minutes. DNA was purified using the ChIP clean and 
concentrate kit (Zymo Research, cat: D5205) according to manufacturer’s instructions. The 
resulting DNA was quantified using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, 
cat: Q32854) according to manufacturer’s instructions.  
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Table 2.15 Antibodies Used For Chip 

Antibody Host 
species 

Targeting 
Species 

Source Cat. No. Clone/lot no. 

H2AK119ub Polyclonal 
rabbit 

Mouse/human Cell signalling 
technology 

8240S 2 

H3K27me3 Polyclonal 
rabbit 

Mouse/human Millipore 
 

07449 2736613 

H3K27ac Polyclonal 
rabbit 

 Mouse/human Abcam AB4729 323154-1 

H3K4me3 Polyclonal 
rabbit 

Mouse/human Abcam AB8580 GR273043 

 

2.4.6.2 Chip-Seq Library Preparation  
Indexed libraries were prepared using KAPA Hyper Prep Kit for Illumina platforms (Kapa 
Biosystems, Roche, cat: 07962363001) and the SeqCap Adapter Kit (Roche, cat: 
07141530001) following vendor’s instructions. Library QC and quantification was performed 
using D1000 high sensitivity screen tape with 2200 TapeStation Instrument (Agilent 
Technologies) and size selected for between 200bp and 500bp using a Pippin Prep system 
(Sage Science).  

2.4.6.3 Sequencing  
Libraries were pooled and sequenced on a Nextseq500 (Illumina) and 15 - 20 x106 75 bp single-
end reads were generated per sample. 
 

2.4.6.4 Chip-Seq Analysis  
Sequencing reads were de-multiplexed using bcl2fastq (v2.17.1.14) and low-quality reads 
Q<30 were removed. The Fastq files generated by sequencing were aligned to the mouse 
reference genome (GRCm38/mm10) using bowtie (v2.3.3). Samtools (v1.4.1) was used for 
manipulation of SAM and BAM files. MACS (v2.1.1) was used for traditional peak-calling. R 
package Csaw (v1.10.0) was used to quantify regions enriched for histone marks, which were 
then associated with the closest TSS using bedtools (v2.26). Super enhancer analysis was 
performed using Homer (v4.8). Browser viewable TDF files were generated using IGVTools 
(v2.3.95) and ChIP-Seq tracks were visualized using IGV (v2.3.55). Graphics were generated 
using deeptools (v2.5.3) and R packages pheatmap (v1.0.8), plotly (v4.7.1) and 
ggplot2(v2.2.1). 
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2.4.7 ATAC-seq 

2.4.7.1 ATAC Library Preparation  
ATAC was performed using a previously published protocol (Buenrostro, Giresi, Zaba, Chang, 
& Greenleaf, 2013). In brief, 5x104 cells were washed with ice cold PCB and lysed in 50μl 
lysis buffer (10mM Tris-HCL[pH7.4], 10mM NaCl, 3mM MgCl2, 0.1%(v/v) IGEPAL CA-
630). Chromatin was tagmented in a 50μl reaction including 2.5μl TD1 enzyme and 25μl TDE 
buffer supplied in Illumina Nextera DNA prep kit (cat:FC-121-1030). Chromatin was 
tagmented at 37°C for 30 minutes, then purified using minielute kit (Qiagen, cat: 28006). A 
DNA library was prepared for sequencing by ligating ATAC adapters (see (Buenrostro et al., 
2013) for adapter sequences) and amplifying using KAPA hot start polymerase in a 
thermocycler as outlined below.  
 
Table 2.16 ATAC Library Amplification Reaction Components 

Component Volume per reaction (μl) Source 
Kapa HiFi hotstart readymix 
2x 

25 Kapa Biosystems, Roche cat: 
07958935001 

ATAC adapter fwd (25μM) 2.5 (Buenrostro et al., 2013) 
ATAC adapter rev (25μM) 2.5 As above 
Tagmented DNA 20  

 
Table 2.17 ATAC Library Amplification 

Step Temperature Time  

Initial Denaturation 72°C 5min 
98°C 3min 

14 cycles 
98°C 20s 
65°C 15s  
72°C 60s 

Hold 4°C  
 
 The amplified libraries were then purified using a MinElute kit (Qiagen, cat: 28006) and eluted 
in 50μl. QC was performed using a D1000 high-sensitivity screen tape with a 2200 TapeStation 
Instrument (Agilent Technologies) and libraries were size-selected for fragments between 
150bp and 700bp using a Pippin Prep System (Sage Science).  
 

2.4.7.2 ATAC Sequencing 
Libraries were pooled and sequenced on a Nextseq500 (Illumina) and 1.5 - 2.0 x107 75bp 
single-end reads were generated per sample.   
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2.4.7.3 2 ATAC- Seq Analysis 
Sequencing reads were de-multiplexed using bcl2fastq (v2.17.1.14) and low-quality reads 
Q<30 were removed. The resulting Fastq files were aligned to the mouse reference genome 
(GRCm38/mm10) using bowtie (v2.3.3). Samtools (v1.4.1) was used for manipulation of SAM 
and BAM files. MACS (v2.1.1) was used for traditional peak-calling. Browser viewable TDF 
files were generated using IGVTools (v2.3.95) and ATAC-Seq tracks were visualized using 
IGV (v2.3.55). Graphics were generated using Deeptools (v2.5.3) and R packages pheatmap 
(v1.0.8), and ggplot2(v2.2.1). 
 

2.4.8 Reduced Representation Bisulfite Sequencing (RRBS) 

 2.4.8.1 RRBS Sample Preparation 
Genomic DNA was extracted from FACS sorted tumour cells using Gentra Puregene Blood kit 
(Qiagen, cat: 158467) as per manufacturer’s instructions. Resulting DNA was quantified using 
a Qubit 4 fluorometer (Thermo Fisher) with dsDNA high sensitivity kit (Thermo Fisher, cat: 
Q32854) according to manufacturer’s protocol.  
 

 2.4.8.2 RRBS MSP1 Digestion  
A mastermix of MSP1 digest components was prepared according to the number of samples as 
follows:  
 
Table 2.18 RRBS MSP1 Mastermix Components 

Component Volume per reaction (μl) Source 
CutSmart Buffer 3 NEB, cat: B7204 
Msp I (20,000 U/ml) 1 NEB, cat: R0106S 
H2O 3  

 
7 μl of mastermix was added to 100ng of gDNA diluted in 23 μl H2O in a PCR strip tube. 
DNA was digested in a thermocycler at 37°C overnight with a heated lid set to 47°C.  
 

 2.3.8.3 RRBS End Repair And Poly-A Tailing  
For end repair and poly-a tailing, a master mix was prepared as outlined in Table 2.19.   
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Table 2.19 RRBS ER And Poly-A Reaction Mastermix 

Component Volume per reaction (μl) Source 
Klenow (3’à5’ exo-) 1 NEB cat: m0212 
dNTPs (10mM dATP, 1mM 
dCTP, 1 mM dGTP) 

1 Promega, cat: U1330 

 
2 μl of above mastermix was added to each MSP1 digested sample and the mix was incubated 
in a thermocycler for 20minutes at 30°C for end repair, then immediately followed by 20 
minutes at 37°C for poly a-tailing. 
 
The reaction was purified using a 2x volume of AMPure XP beads (Beckman Coulter, cat: 
A63881) according to manufacturer’s instructions. In short, beads were mixed with the above 
reaction in a1.5ml Eppendorf tube incubated at room temperature for 15-30 minutes. A 
DynaMag-2 Magnet (ThermoFisher, cat: 12321D) was used to separate the magnetic beads 
from the supernatant and the beads were washed with 150 μl 80%(v/v) ethanol twice. After 
completely removing ethanol the beads were dried for up to 10 minutes. DNA was eluted from 
the beads with 20 μl of elution buffer (EB, Qiagen, [10 mM Tris-Cl, pH 8.5]). 
 

 2.4.8.4 RRBS Adapter Ligation 
To allow for multiplexing of samples, methylated True-seq nano LT adapters (Illumina, cat: 
20015964) were ligated to each sample DNA (see manufacturers website for adapter 
sequences). 2μl of 1/20 diluted adapter was added to each sample in a PCR strip tube then 8μl 
of ligation mastermix (below) was added and samples were mixed.  
 
Table 2.20 RRBS Ligation Mastermix Components 

Component Volume per reaction (μl) Source 
T4 DNA Ligase Buffer 3 NEB cat: N0202 
T4 DNA Ligase  1 NEB cat: N0202 
H2O 4  

 
The samples were then incubated at 16°C overnight in a thermocycler with heated lid. 
Following incubation, samples were purified with 2x volume of AMPure XP beads as above 
and eluted in 11μl of EB.  
 
To quantify adapter ligation efficiency of each sample for appropriate pooling, qPCR was 
performed with 1/4000 dilution of eluate using 1.1 and 2.1 Illumina library quantification 
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primers (below) and a SensiFAST SYBR High-ROX kit as described in section 2.4.4 above. 
Fold change of each sample relative to the sample with the lowest amount of adapter ligated 
DNA (highest Ct value) was calculated. 10μl of the sample with the lowest concentration and 
a relatively equal amount of DNA from each sample (as calculated above) was pooled together 
in a single 1.5ml Eppendorf tube. AMPure XP beads were then used as described above to 
reduce the total volume to 20μl.  
 
Table 2.21 RRBS Primers For Adapter Ligated Library Quantification 

Primer Sequence (5’-3’) 
qPCR primer 1.1 AATGATACGGCGACCACCGAGAT 
qPCR primer 2.1 CAAGCAGAAGACGGCATACGA 

 

  2.4.8.5 RRBS Bisulfite Conversion 
Bisulfite conversion was performed with EZ DNA methylation-gold Kit (Zymo Research, cat: 
D5005) according to manufacturer’s protocol. In short, samples were bisulfite converted over 
3 hours with the provided conversion reagent, then bound to a provided column via 
centrifugation. DNA bound to the column was then desulfonated and washed then eluted with 
100µl EB pre-warmed to 55°C. 
 

  2.4.8.6 RRBS PCR Library Amplification And QC  
The resulting bisulfite converted samples were PCR amplified by adding 100µl of the 
following 2x mastermix to 100µl of sample and incubating in a thermocycler for the below 
conditions. 
 
Table 2.22 RRBS Library Amplification PCR Mastermix Components 

Component Volume (μl) Source 
10x Pfu Turbo Cx Buffer 20 Agilent Technologies, cat: 600410 
dNTP (10mM each)  5 Promega, cat: U1511 
F+R TruSeq primer mix (2.5uM) 20 KAPA, cat: KK2623 
Pfu Turbo Cx DNA Polymerase 4 Agilent Technologies, cat: 600410 
H2O 51  
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Table 2.23 RRBS Library Amplification PCR Conditions 

Step Temperature Time  
Initial Denaturation 95°C 2 min 
 95°C 30s 
15 cycles 65°C 30s 
 72°C 45s 
Final extension 72°C 7 min 
Hold 4°C  

 
PCR products were then purified with two rounds of AMPure XP beads, as described above.  
120 μl of AMPure XP beads (1.2x) was added to 200µl of PCR products, washed twice and 
eluted in 40µl. Then, 60ul AMPure XP beads (1.5x) were added and washed and the final 
library was eluted in 25µl EB.  
 
QC and library quantification was performed by diluting 1µl of the final library 1/10 and using 
a D1000 high sensitivity screen tape with 2200 TapeStation Instrument (Agilent Technologies).  
The average size of resulting RRBS libraries was 350bp, with low levels of primer dimers 
(~150bp). Size selection for fragments between 200bp and 700bp was performed using a Pippin 
Prep (Sage Science).  

  2.4.8.7 RRBS Sequencing  
Libraries were sequenced 75bp PE on the Nextseq500 to a depth of 10-20 x106 reads per 
sample. Sequencing reads were de-multiplexed using bcl2fastq (v2.17.1.14) and low-quality 
reads Q<30 were removed. Fastqc (v 0.11.5) was used for quality control.  
 

  2.4.8.8 RRBS Analysis 
Fastq files were trimmed using trimgalore (v0.4.4) with the “--rrbs” option. Bismark (v0.18.1, 
Babraham bioinformatics(Krueger & Andrews, 2011)) and bowtie2 (v 2.3.3) was used to align 
the Fastq files to a bisulfite converted mm10 reference genome and assess conversion rate. The 
resulting BAM files with methycall strings were then converted to MethylKit text files using 
methylkit (v1.4.1) which were then annotated using bedtools (v2.26) or R package 
GenomicFeatures(v1.28.5). Further analysis was achieved using R packages methylkit (v1.4.1) 
genomation (v1.11.3) and GenomicRanges (v1.30.1) and visualised using ggplot2 (v2.2.1) and 
illustrator. 
 



 100 

2.4.9 Targeted CRISPR Screen Library Cloning, Sequencing And Analysis  

 2.4.9.1 Generating Custom Oligo Pools  
20bp CRISPR guide sequences targeting each gene identified as a Bcor target gene were 
designed and synthesised in custom oligo pools (CustomArray inc., Genscript). The sequences 
of four guides per gene target from the Brunello library (Doench et al., 2016) alongside 10 non-
targeting scramble control guides were used to create the custom pool which was synthesised.  
 

 2.4.9.2 Cloning Oligo Pools Into Lentiguide Crimson Backbone  
The library cloning strategy was performed as described previously (Doench et al., 2016).  
KAPA HiFi PCR kit (Kapa Biosystems, Roche cat: 07958935001) was used to amplify 
individual sub-pools of CRISPR guides for downstream cloning by mixing 1x KAPA HiFi, 
~40ng of oligonucleotide pool, 50nM forward and reverse primers in 50µl of H2O. The PCR 
reaction was incubated in a thermocycler set to the below conditions.  
 
Table 2.24 PCR Amplification Of Individual Sub-Pools  

Step Temperature Time  
Initial Denaturation 98°C 60s 
 98°C 30s 
30 cycles 60°C 30s 
 72°C 30s 
Final extension 72°C 1 min 
Hold 4°C  

 
PCR amplicons were purified using NEB Monarch PCR purification kit according to 
manufacturer’s instructions. Approximately 3μg of Lentiguide Crimson backbone (detailed in 
table 2.8) was digested in a 50 μl reaction with 1μl of BsmBI (NEB, cat: r0580), 5μl cutsmart 
buffer (NEB, cat: b7204) and H2O overnight at 55°C and gel purified by running product on a 
2%(v/v) agarose gel for 1 hour at 100V then using a Nucleospin Gel and PCR clean-up kit 
(Macherey-Nagel, cat: 740609.250) according to manufacturer’s instructions. Library 
amplicons were cloned into the crimson backbone with golden gate cloning strategy as per the 
below stated conditions. 
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Table 2.25 Golden Gate Cloning Reaction Components 

Component Volume to 100ul rxn (μl) Source Catalogue 
PCR product 4.3ng   
Digested backbone 150ng   
T4 ligase 2 NEB M0202 
T7 ligase 1 NEB M0318 
ESP3I 1 NEB R0734 
10mM dATP 1 NEB N0440 

H2O Remaining volume up to 20 ul   
 
Table 2.26 Golden Gate Cloning Conditions 

Step Temperature Time  

40 cycles 37°C 5min 
23°C 5min 

Final extension 37°C 120 min 
Hold 4°C  

 
Samples were purified using monarch NEB PCR purification kit according to manufacturer’s 
instructions and concentrated to 2µl by evaporation. The resulting 2µl was electroporated into 
Endura electrocompetent E.coli cells (Lucigen, cat: 60242-1) according to manufacturer’s 
protocol using Gene pulser Xcell electroporator (Bio-Rad) set to 1800V, 10µF and 600Ω in a 
1mM cuvette. 1mL of LB was added to the cells and incubated with gentle shaking for 1h at 
37°C. 1ul of electroporated cells was diluted in 50µl of LB then were plated on an LB/Amp 
agar plate and colonies counted the following day to ensure the number of colonies exceeds 
10x library size. Maxi preps of the library were performed using NucleoBond Extra Maxi plus 
kit (Macherey-Nagel, cat: 740416.50) according to manufacturer’s instructions.  
 

2.4.9.3 Verification Of CRISPR Pool Distribution By Sequencing 
Library distribution was verified by PCR amplification of guides and sequencing. The PCR 
was prepared with KAPA HiFi using mix of staggered P5 primers and a P7 primer (with a 
unique barcode in place of NNNNNNNN for multiplexing) under the below conditions. 
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Table 2.27 P5 And P7 Library PCR Primers 

Primer Stagger 
(nt) 

Sequence (5’-3’) 

P5 

0 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACG CTCTTCCGATCTTTGTGGAAAGGACGAAACACCG 

1 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCTTGTGGAAAGGACGAAACACC
G 

2 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGCTTGTGGAAAGGACGAAACAC
CG 

3 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTAGCTTGTGGAAAGGACGAAACA
CCG 

4 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTCAACTTGTGGAAAGGACGAAAC
ACCG 

5 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTTGCACCTTGTGGAAAGGACGAA
ACACCG 

6 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTACGCAACTTGTGGAAAGGACGA
AACACCG 

7 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTAC
ACGACGCTCTTCCGATCTGAAGACCCTTGTGGAAAGGACG
AAACACCG 

P7  CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTG
GAGTTCAGACGTGTGCTCTTCCGATCTTCTACTATTCTTTCC
CCTGCACTGT 

 
 
Table 2.28 CRISPR Amplification PCR Reaction Components 

Component Volume (µl) Final concentration  
10x reaction buffer 10 1x 
10mM dNTP 8 800nM 
100µM P5 primer mix 0.5µl 500nM 
gDNA x 0.75 µg 
5µM P7 primer  10µl 400nM 
H2O Remaining volume to 100µl  
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Table 2.29 CRISPR Library PCR Amplification Conditions 

Step Temperature Time  

Initial Denaturation 95°C 60s 

 95°C 30s 

28 cycles 53°C 30s 

 72°C 30s 

Final extension 72°C 10 min 

Hold 4°C  

 
 PCR products were purified using AMPure XP for PCR purification (Beckman Coulter, cat: 
A63881) as per manufacturer’s instructions. Quality Control was performed by running a small 
amount of the purified library on a 2%(v/v) agarose gel at 100V for 1 hour to check for expected 
350bp band. The PCR products were sequenced to a depth of ~106 50bp single ended reads on 
the MiSeq3000 (Illumina). 
 

2.4.9.4 CRISPR Screen Library Preparation and Sequencing 
Cas9+ BcorKras cells were first generated by transducing BcorKras cells (from section 2.2.2) 
with Cas9-CHERRY (in Table 2.8) as described in sections 2.3.4 - 2.3.5. Cloned and verified 
libraries were transiently transfected into 293T cells to generate virus as described in section 
2.3.4. CRISPR library virus was transduced into Cas9+BcorKras cells as described in section 
2.3.5. Cells were cultured for 21 and 48 days before at least 106 cells were harvested and 
genomic DNA was extracted with the Qiagen DNeasy Blood and tissue gDNA extraction kit 
according to manufacturer’s instructions (Qiagen cat:. Guide sequences integrated into the 
genome were amplified and libraries generated for sequencing by performing PCR as described 
in section 2.4.9.3. Libraries were sequenced 75 bp single-ended to a depth of 106 reads per 
sample on the NextSeq500 (Illumina). Sequencing reads were de-multiplexed using bcl2fastq 
(v2.17.1.14) and low-quality reads Q<30 were removed. The reads were trimmed using 
cutadapt (v1.14) to extract the 20bp targeting sequence and MAGeCK (v0.5.7) was used to 
count the guides and perform statistical analysis of gene depletion and guide distribution. R 
package ggplot2 (v2.2.1) was used for figure generation. 
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2.4.10 Public Dataset Analysis  
H3K27ac ChIP-seq BigWig files and and RNA-seq counts (Lara-Astiaso et al., 2014) were 
downloaded using SRA toolkit (v2.5.1), visualised in IgV and analysed alongside ChIP-seq 
data as described above. GpG island data was downloaded from UCSC table browser. Data 
was converted using bedtools (v2.26) and ucsc-utils (v20161019), then analysed alongside 
ChIP-seq data as described above. Raw RNA-seq counts and sample matrix files from the 
Leucegene project were downloaded using SRA toolkit. Counts were normalised with R using 
limma-voom (v3.32.10) and batch effects were removed using ComBat with the sva R 
package (v3.24.4) and was analysed alongside previous RNA-seq data. The series matrix file 
from Verhaak et al was downloaded using the GEOquery R package (v2.42.0) and probe 
expression values were collapsed to median values per gene. Samples that had not been exome-
sequenced were then removed from the analysis. Differential expression analysis was 
performed using R with Limma-Voom (v3.32.10) and was analysed alongside previous RNA-
seq data. GEO accession numbers are outlines in Table 2.30.   
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Table 2.30 Public Datasets Used in This Thesis 

Dataset Description GEO accession/ 
source 

Publication 
Reference 

H3K27Ac ChIP-Seq  H3K27Ac ChIP in 
haematopoietic 
progenitor cells  

GSE60103 (Lara-Astiaso et al., 
2014) 

RNA-seq  RNA seq in 
haematopoietic 
progenitor cells 

GSE60103 (Lara-Astiaso et al., 
2014) 

GpG islands Bed file of CGI 
genomic locations 

UCSC table browser  

AML patient RNA-
seq 

AML patient RNA-
seq 

GSE49642, 
GSE52656, 
GSE62190, 
GSE66917, 
GSE67039 

(Lavallée et al., 2015) 

AML patient RNA 
data 

AML patient 
microarray 

GSE6891 
 

(Verhaak et al., 2009) 
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2.5 Protein Methods  

2.5.1 Harvesting and Quantifying Whole Cell Lysate  
Approximately 106 cells were harvested and lysed in either Leammli lysis buffer (2%(w/v) 
SDS, 10%(v/v) Glycerol, 60mM Tris-Cl(pH6.8) and H2O) or RIPA buffer (10 mM Tris-Cl, 1 
mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1%(w/v) sodium deoxycholate, 0.1%(w/v) 
SDS, 140 mM NaCl, 1 mM Phenylmethylsulfonyl fluoride) with 1 x protease inhibitor cocktail, 
(Roche Diagnostics cat: 4693159001). Samples were boiled at 95°C for 5 minutes. Protein 
concentration was quantified using Pierce BCA protein Assay Kit (Thermo Scientific cat: 
23225) according to manufacturer’s instructions. Briefly, 50 parts reagent A was mixed with 1 
part reagent B and 190ul was added to each well of a 96-well u-bottom plate containing either 
1µl of protein lysate (in triplicate) or 1µl of BSA protein standard ranging from 25-2000µg/mL. 
Samples were mixed then incubated at 37°C for 30 minutes. 562nm absorbance was measured 
using a spectrophotometer. Protein concentration of lysates was calculated by creating a 
standard curve. Protein lysates were stored at -20°C prior to use.  
 

2.5.2 Western Blot 
For immunoblotting, 5 x loading dye (300µM Tris-HCl, 50% v/v glycerol, 10% w/v SDS, 2% 
v/v β-mercaptoethanol) was added to 20 µg of cell lysate and diluted to 1 x with additional 
RIPA buffer. Samples were loaded onto a precast NuPAGE Novex 4-12% Bis-Tris Gel (Life 
Technologies, cat: NP0322BOX) and separated by SDS polyacrylamide gel electrophoresis 
(SDS–PAGE) then transferred to a PVDF membrane (Thermo Fisher Scientific) for 90 minutes 
at 100V in a wet transfer apparatus (Bio-Rad). Blots were incubated with primary and 
secondary antibodies and developed with ECL detection reagent according to manufacturer’s 
instruction (Sigma, cat: RPN2235). Murine B-Actin was used as a loading control.  
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Table 2.31 Antibodies Used for Western Blot 

Antibody Host 
species 

Targeting 
Species 

Source Cat. 
No. 

Clone/lot 
no. 

Bcor Polyclonal 
rabbit 

Mouse/human Vivian Barwell 
(Cao et al., 2016; 
Gearhart et al., 
2006)  

- - 

β-actin  Polyclonal 
mouse 

Mouse/human Sigma-Aldrich  A2228  

2º - anti 
Rabbit 
IGG/HRP 

Polyclonal 
swine 

rabbit Dako P0217 20047666 

2º -  anti 
mouse 
IgG/HRP 

Polyclonal 
rabbit 

mouse  Dako P0260 20030273 

 

2.6 Statistical Analysis 
Statistical analysis has been outlined in individual methods above, all other analysis was 
performed with GraphPad Prism (v7.0d). Unless otherwise stated, means were compared with 
Two-tailed students t-test (assuming equal variance), correlation of datasets was assessed with 
Pearson’s correlation coefficient and in vivo survival curves were compared with either the 
Gehan-Breslow-Wilcoxon or Log-rank (Mantel-Cox) test. For all tests, unless otherwise stated 
in the text, a p-value of <0.05 was considered significant. 
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2.7 Reagent Suppliers 
 
Table 2.32 Reagent suppliers and locations  

Supplier Headquarters 
Abcam Cambridge, MA, USA 
Agilent Technologies Santa Clara, CA, USA 
Atomic Energy of Canada Ltd., Ontario, Canada 
BD Biosciences Franklin Lakes, NJ, USA 
Beckman Coulter Pasadena, CA, USA 
Bio-Rad Hercules, CA, USA 
Biolegend San Diego, CA, USA 
Bioline London, UK 

Calbiochem, EMD chemical San Diego, CA, USA 
Cell Signalling Technology Boston, MA, USA 
Covaris Woburn, MA, USA 
CustomArray inc., Genscript Nanjing, China 
Dako Jena, Germany 
eBioscience San Diego, CA, USA 
Gibco Grand Island, NY, USA 
GraphPad Software Inc. La Jolla, CA, USA 
Illumina San Diego, CA, USA 
Invitrogen,  Carlsbad, CA, USA 
Lexogen Greenland, NH, USA 
Life technologies Carlsbad, CA, USA 
Lucigen Middleton, WI, USA 
Macherey-Nagel Duren, Germany 
MACS Miltenyi Biotech Bergisch Gladbach, Germany 
Millipore Bedford, MA, USA 
Nanodrop Wilmington, DE, USE 
New England Bioscience (NEB) Ipswich, MA, USA 
Peprotech Asia Rehovot, Israel 
Precision X-Ray Incorporated North Branford, CT, USA 
Promega Madison, WI, USA 
Qiagen Hilden, Germany 
Roche Basel, Switzerland 
SAFC Biosciences Lenaexa, KS, USA 
Sage Science  Beverly, MA, USA 
Sigma-Aldrich St Louis, MO, USA 
Thermo Fisher Scientific Waltham, MA, USA 
Zymo Research Irvine, CA, USA 
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Chapter 3: The Role of Bcor In Normal and 
Malignant Haematopoiesis 
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3.1 Introduction 
Next generation sequencing of the cancer genome has enhanced the discovery of recurring 
oncogenic mutations and whole exome sequencing by Grossman and colleagues in 2011 
revealed that BCOR was mutated in up to 7% of CN-AML (Grossmann et al., 2011). The  
discovery of recurrent mutations in BCOR has been confirmed by numerous other studies 
highlighting that BCOR mutation is common in myeloid malignancies including MDS (Damm 
et al., 2013; de Rooij et al., 2015; Lindsley et al., 2015). BCOR mutations frequently co-occur 
with other somatic mutations including RAS, DNMT3A, TET2 and RUNX1 (Grossmann et al., 
2011; Haferlach et al., 2014; Malcovati et al., 2014). Whilst BCOR mutations are not frequent 
in the majority of lymphoid malignancies, they are enriched in in rare subtypes such as extra 
nodal killer T-cell lymphoma - nasal type (ENKT-NT) (Dobashi et al., 2016) and T cell 
prolymphocytic leukaemia (T-PLL)(Kiel et al., 2014). BCOR mutations in haematopoietic 
malignancies predominantly result in a putative loss of function and truncation of the resulting 
protein (Grossmann et al., 2011). A deeper understanding of Bcor function in both normal and 
malignant haematopoiesis may therefore be beneficial for the development of targeted 
therapeutics which may be effective against Bcor-mutated malignancies.  
 
Bcor associates with members of a non-canonical PRC1 (PRC1.1) including KDM2B, USP7, 
PCGF1 and RNF2, (Gao et al., 2012; Gearhart et al., 2006; Sánchez et al., 2007). PRC1 is 
important for the deposition of ubiquitin on histone H2A at lysine 119 (H2AK119ub). 
H2AK119ub is associated with transcriptional repression and is important in haematopoietic 
differentiation and foetal development (Schuettengruber, Chourrout, Vervoort, Leblanc, & 
Cavalli, 2007). Importantly, Bcor has been shown to associate with this complex through its 
carboxy-terminal polycomb ubiquitin fold discriminator domain (PUFD) (Junco et al., 2013). 
The role of Bcor within this complex or whether Bcor is essential for PRC1.1 function is 
unclear.  
 

Bcor was first functionally verified as a tumour suppressor by our lab in the murine Eµ-Myc 

model of lymphoma (Lefebure et al., 2017). However, the mechanisms underlying this tumour 
suppressor function have not been investigated in the lymphoid context. In the myeloid context 
in vitro studies have associated Bcor loss in HSCs with altered myeloid differentiation, Hoxa 
cluster upregulation and locus-specific ubiquitin loss (Cao et al., 2016). Whilst this thesis was 
in preparation, an independent group validated these findings in vivo, demonstrating that Bcor 
loss of function mutations can cooperate with Tet2 mutations to initiate MDS (Tara et al., 2018) 
and have implicated a causative role for BCOR mutations in T-ALL development (Tanaka et 
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al., 2017). A locus–specific loss of H2AK119ub and transcriptional upregulation of Hoxa 
family genes were a consistent finding in these studies, strongly suggesting that BCOR 
mutation dysregulates PRC1-mediated epigenetic regulation in myeloid malignancies.  
 
Although previous research has highlighted a key role for Bcor in myeloid differentiation and 
malignancy, there remains several key questions surrounding Bcor biology. Bcor was 

identified and validated as a tumour suppressor in Eµ-Myc lymphoma, however, whether Bcor 

loss plays a role in B-cell malignancies independent of Myc translocation has not been 
established. In the context of myeloid malignancies, whether Bcor mutations can cooperate 
with clinically co-occurring mutations in RAS to initiate AML has also not been clearly 
demonstrated. Moreover, it has not been investigated whether the previously observed changes 
in H2AK119 ubiquitination and transcriptional regulation induced by Bcor loss in myeloid 
differentiation are conserved in the leukaemic context in vivo. Furthermore, key genes driving 
the transcriptional reprogramming resulting from Bcor loss are undefined. Finally, the 
functional dependence of Bcor mutant leukaemic cells on the sustained expression of these key 
genes has not been validated. Overall, this chapter is aimed at deciphering these outstanding 
questions through a combination of next generation sequencing and the development of 
genetically engineered mouse models. 
 
To explore the role of Bcor in haematopoiesis, murine models featuring Bcor loss were 
generated and characterised, focusing on the epigenetic and transcriptional changes which set 
the stage for haematopoietic defects. These results demonstrated that Bcor loss in HSCs 
induced a HSC-like transcriptional and epigenetic state in myeloid progenitors. This led to a 
compartment-specific expansion and, in the context of cooperating KrasG12D mutation, 
development of leukaemia. A CRISPR/Cas9 screen with a custom sgRNA library identified 
that the leukaemogenic capacity of Bcor mutation in HSCs was dependent on the sustained 
transcriptional upregulation of Hoxa9. Conversely, B-cell specific loss of Bcor did not alter B-
cell development significantly, though did increase the incidence of a lethal, transplantable 
haematopoietic disease. The results presented in this chapter were published in Nature 
Communications and, together with the data presented in the addendum, demonstrate the 
capacity for Bcor to act as a tumour suppressor across multiple contexts. Furthermore, this 
chapter highlights the need for further research into the complex, cell-type-specific functions 
of Bcor in the regulation of haematopoiesis.  
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3.2 Publication in Nature Communication  
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Supplementary Figures 
Supplementary figure 1. Bcor regulates myeloid differentiation in vivo, related to figure 1.  
(a) Deletion of Bcor exons 9 and 10 was confirmed in sorted KL and KSL populations from 
BcorΔE9-10 and Bcorflox mice 12 weeks post tamoxifen IP by PCR genotyping. (b) 
Recombination at exon 9 of the Bcor gene was quantified by qPCR using primers internal to 
the floxed region (see Supplementary Table 1) and normalized to Bcor intron 6. (n=3, KL p = 
9.1x10-4, KSL p = 6.8 x10-3). (c) Western blot for Bcor in ex vivo cultured KL cells from 3 
independent BcorWT and BcorΔE9-10 mice. (d) Average values for spleen weights (n=10 mice), 
peripheral white blood cells and red blood cells (n=5), and total bone marrow cellularity (n=3) 
for BcorWT (in blue) and BcorΔE9-10 (in red) mice at 20 weeks post tamoxifen IP. (e) Average 
percentage of cell populations within nucleated bone marrow cells from one femur from 
BcorWT and BcorΔE9-10 mice. n = 5 mice per group. Means were compared with unpaired t-test, 
(KSL p = 4.8 x10-3, KL P =1.91 x10-4). (f) Representative flow cytometry plot of KSL sub-
populations from the BM of BcorWT and BcorΔE9-10 mice. (g) Average absolute numbers of stem 
cell populations quantified by flow cytometry. Each replicate represents the absolute number 
within bone marrow of a single femur of a single mouse (n=5). Means were compared with 
unpaired T-Test (Chimerism: LT-HSC p= 9.3 x10-3, HPC1 p = 2.7 x10-3). (h) Average 
percentage of donor-derived cells (CD45.2+) in BM stem cell populations from whole bone 
marrow competitive transplant (n=8). Means were compared with unpaired T-Test (N.S.). (i) 
Average total chimerism and average absolute number per μl of donor derived CD11b+GR1+ 
in the peripheral blood of recipient mice over 4 weeks, as well as chimerism in the listed BM 
populations quantified by flow cytometry. Each replicate represents the absolute number of 
nucleated BM cells in a single femur of a single mouse or cells per μl from a single mouse. 
(n=8; means compared with unpaired t-test: PB week3, p= 2.70 x10-9, week 4, p =1.47 x10-7, 
BM chimerism lin- p=1.5 x10-4, KL p= 5.0 x10-3, KSL p =2.4 x10-3, Myeloid CD11b+only p 
=2.2 x10-3, myeloid CD11b+Gr1+ p =5.4 x10-3). (j) Example flow cytometry gating strategy 
used for immunophenotyping analysis and FACS isolation of KL cells.  Mean values are shown 
in all figure bargraphs and error bars represent standard deviation.  
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Supplementary figure 2. Bcor regulates HSC associated master transcription factor genes 
during myeloid differentiation, related to figure 2.  
(a) GO terms enriched in genes which are significantly differentially regulated (p<0.05) in 
BcorΔE9-10 compared to control mice. (b) Correlation of log FC mRNA expression in BcorΔE9-

10 vs BcorWT control in KL cells sorted from primary transgenic mice (horizontal) and 
transplanted mice (vertical). Plotted are genes with absolute logFC > 0.5 in either experiment. 
Genes which are significantly differentially expressed (p<0.01 and absolute logFC>1) in either 
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condition are highlighted. Correlation analysis performed with Spearmans rank correlation (ρ 
=0.52, p-value < 2.2 x10-16). (c) Box plot of normalized logCPM of genes associated with SE 
and all genes expressed in BcorΔE9-10 mice. Comparison of means was performed with Welch 
two sample t-test (t=6.5126, df = 134.37, p = 1.385 x10-9). Boxplot centre line is median and 
whiskers extend to the lowest data point within 1.5 inter-quartile range (IQR) of the lower 
quartile, and the highest still within 1.5 IQR of the upper quartile. (d) All enhancers identified 
in BcorΔE9-10 samples (total n=3) and (e) hematopoietic cell populations, ranked by tag count. 
Red dashed line indicates a super-enhancer slope of 1. Highlighted are genes identified in Fig. 
2D. 
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Supplementary figure 3. H2AK119ub is regulated during differentiation by Bcor at a 
small subset of H2AK119ub-asscoiated loci, related to figure 3. 
 (a) Pie chart of H2AK119ub genome distribution in WT KL cells, and genomic location of 
H2AK119 which is differentially ubiquitinated in BcorΔE9-10 KL cells. (b) Heatmap of 
H2AK119ub ChIP-Seq normalized CPM from top 500 differentially ubiquitinated 1kb regions 
in BcorΔE9-10 mice compared to BcorWT. (c) GO terms significantly enriched in genes associated 
with differentially ubiquitinated regions in BcorΔE9-10 mice compared to BcorWT mice 
(H2AK119ub up in BcorΔE9-10, logFC >0.5 & P value <0.05; H2AK119ub down in BcorΔE9-10, 
logFC < -0.5 & P value <0.05).  (d) ChIP-seq metagene plots of H2AK119ub, H3K27me3 and 
H3K4me3 enrichment ± 3kb flanking scaled genes. Each line represents one ChIP-seq 
replicate. (e) Boxplot of normalized CPM from ChIP–seq experiments. H3K27me3 and 
H3K4me3 signal was quantified in the top 100 regions significantly differentially enriched for 
each mark, as well as in regions with a significant loss of ubiquitin. Means compared with 
unpaired T-test. The centre line is median and whiskers extend to the lowest data point within 
1.5 IQR of the lower quartile, and the highest still within 1.5 IQR of the upper quartile. (f) 
Barcode plots showing association between mRNA expression and significant changes in 
histone marks (red, histone mark significantly increased logFC > 0.5 & P value <0.05; blue, 
histone mark significantly decreased logFC < -0.5 & P value <0.05). Significant enrichment 
for gene sets was tested with rotation gene set tests (ROAST)(Wu et al., 2010), p values 
indicated.   
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Supplementary figure 4. BcorΔE9-10 cooperates with KrasG12D to initiate leukaemia and 
regulate transcription and H2AK119ub, related to figure 4.  
(a) Representative histology of peripheral blood smears (PB) and bone marrow cytospins (BM) 
from wild-type black-6 mouse (WT) or secondary transplanted BcorΔE9-10KrasG12D tumours 
(clone #72) illustrating lack of tri-lineage differentiation and accumulation of blasts in both PB 
and BM.  (b) Kaplan-Meier survival curve illustrating survival of mice serially transplanted 
with BcorΔE9-10KrasG12D or KrasG12D only tumours. 1st transplant n=6 mice pooled from 2 
clones, 2nd transplant n=6 mice, one clone from each genotype. Statistical comparison of curves 
performed with Gehan-Breslow-Wilcoxin test. (c) Percentage of nucleated cells in either the 
bone marrow or spleen of moribund BcorΔE9-10KrasG12D  or KrasG12D  mice positive for lineage 
markers measured by flow cytometry. (BcorΔE9-10KrasG12D n = 5 or KrasG12D n = 3 mice). (d) 
Hoxa5,7 and 9 mRNA expression in whole bone marrow of moribund BcorΔE9-10KrasG12D and 
KrasG12D mice measured by qPCR, log fold change values relative to BcorWT control, and 
normalized to Actin. 5 biological replicates for BcorΔE9-10KrasG12D and KrasG12D and 1 for 
BcorWT are shown and 3 technical replicates were performed. (e) GSEA plot demonstrating 
enrichment of HOX-associated gene set in BcorΔE9-10KrasG12D regulated genes. (f) GO terms 
enriched in genes which are significantly differentially expressed (P<0.05 & absolute 
logFC>0.5) in BcorΔE9-10KrasG12D compared to KrasG12D only. (g) X-Y scatter plot of log FC 
mRNA expression of KL cells from BcorΔE9-10 vs BcorWT (horizontal) and BcorΔE9-10KrasG12D 
vs KrasG12D (vertical). Plotted are genes with absolute logFC > 0.5 and p value <0.01 in either 
experiment. Genes which are significantly differentially expressed (absolute logFC>1.5) in 
both conditions are highlighted in red and genes which are highly differentially expressed 
(absolute logFC>2.5) in either condition are annotated. Correlation analysis performed with 
Pearson's product-moment correlation (ρ = 0.3589, p-value < 2.2e-16). (h) Venn diagram 
overlaying total number of genes associated with H2AK119ub in all samples, and number of 
genes associated with differentially ubiquitinated regions in BcorΔE9-10KrasG12D KL cells. (i) 
GO terms significantly enriched in genes which are differentially ubiquitinated (absolute log 
FC>0.3) in BcorΔE9-10KrasG12D compared to KrasG12D only. (j) Barcode plot demonstrating 
enrichment of differentially expressed genes within genes associated with either significant 
increase (red) or decrease (blue) in H2AK119ub. Enrichment for gene sets was tested with 
ROAST1. Genes associated with an increase in H2AK119ub signal (logFC>0.3, p<0.05) were 
not enriched in gene expression (NS), whilst genes with decreased H2AK119ub (logFC<-0.3, 
p<0.05) were significantly enriched in differentially expressed genes in BcorΔE9-10KrasG12D 

(p=0.0165). Mean values are shown in all figure bargraphs and error bars represent standard 
deviation 
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Supplementary figure 5. An in vitro drop out screen in BcorΔE9-10KrasG12D leukaemias 
identified important targets. 
 (a) Genotyping results of primary BcorΔE9-10KrasG12D tumour cells growing in culture ex vivo 
and Bcorflox/wt control DNA. (b) Results of in vitro screen when enrichment is analysed. (c) 
enrichment of Dnmt3a targeting guides at the final timepoint. (d) Results of in vitro screen at 
T42 with analysis of both depletion and enrichment.  
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Supplementary figure 6. Full, uncropped images of gels and blots.  
(a) Genotyping DNA agarose gel, as related to Fig. 1B. lane 1: 100bp DNA Ladder, lane 2-5: 
20w BcorΔE9-10 KL cells, lane 6-7: 20w BcorWT KL cells, lane 10-13: 20w BcorΔE9-10 Lin+ cells, 
lane 14-15: 20w BcorWT Lin+ cells. (b) Genotyping DNA agarose gel – as related to 
Supplementary Fig. 1A. lane 1: 100bp DANA Ladder, lane 2-4: BcorΔE9-10 KL cells, lane 5-7: 

a

c

d

b

e
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BcorWT KL cells, lane 9-11: BcorΔE9-10 KSL cells, lane 12-14: BcorWT KSL cells, lane 15: 100bp 
DNA ladder. (c) Genotyping DNA agarose gel, as related to Fig. 4A. lane 1: 100bp DNA 
ladder, lane 2: BK clone#27 Bcor genotyping, lane 3 BK clone 94 Bcor genotyping, Bcorflox/WT 
control DNA with Bcor genotyping, lane 5; 100bp DNA ladder, lane 6: BK clone#27 Kras 
genotyping, lane 3: BK clone 94 Kras genotyping, Bcorflox/WT control DNA with Kras 
genotyping. (d) Western Blot – as related to Supplementary figure 1C. Bcor western blot 
performed as described in methods with antibodies described in Supplementary Table 2. Lane 
1-3: BcorWT KL, lane 4-6: BcorΔE9-10 KL. Molecular weight labelled. (e) Western Blot, as 
related to Supplementary Fig. 1C. Actin western blot performed with Ab in Supplementary 
Table 2. Lane 1-3: BcorWT KL, lane 4-6: BcorΔE9-10 KL. 
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Supplementary Tables 

 

Supplementary Table 1: Flow cytometry antibodies 

Antibody Species Fluorophore Source Cat. No. 
cKIT/CD117 Mouse APC BD Pharmingen 553356 
Sca-1/ ly6a/e Mouse PE-Cy7 BD Pharmingen 558162 
Fcy II/III Mouse PE BD Pharmingen 553145 
CD34 Mouse BV 421 BD Pharmingen 562608 
CD150 Mouse BV711 Biolegend 115941 
CD48 Mouse BV605 Biolegend 103441 
CD11b/Mac-1 Mouse V450 BD Biosciences 560455 
B220 Mouse APC eBioscience 17-0452-83 
CD3 Mouse PE BD Pharmingen 555275 
Gr-1/ly6C/G Mouse alexaFluor700 BioLegend 108422 
CD45.2 Mouse FitC BD Biosciences 553772 
lineage Mouse Biotin Miltenyi Biotech 130-090-858 
Anti-biotin Mouse APC-Cy7 Biolegend 405208 

 
 
 
Supplementary Table 2: ChIP and western blot antibodies 
Antibody Species Source Cat. No. Clone/lot no. 
H2AK119ub Mouse/human Cell signalling 

technology 
8240S 2 

H3K27me3 Mouse/human Millipore 
 

07449 2736613 

H3K27ac Mouse/human Abcam AB4729 323154-1 
H3K4Me3 Mouse/human Abcam AB8580 GR273043 
Bcor Mouse/human Vivian Barwell2,3 

  
  

β-actin  Mouse/human Sigma-Aldrich  A2228  
2º - anti 
Rabbit 
IGG/HRP 

rabbit Dako P0217 20047666 

2º -  anti 
mouse 
IgG/HRP 

mouse  Dako P0260 20030273 
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Supplementary Table 3: Primers 
Name Use Sequence 
C2 Genotyping GTATGCAGAGACCACCTCTTGGC 
G Genotyping ACGGTACCGTCAGGGTAGAAAAACCAAAGCAAG 
J Genotyping CATCAGCCGCGGTGTGGATCATGCAGGCTTGG 
Hoxa5 qPCR FWD AAGCTGCACATTAGTCACG 

REV CATGAGCTATTTCGATCCTT 
Hoxa7 qPCR FWD GGCCAATTTCCGCATCTA 

REV CGTCAGGTAGCGGTTGAAG 
Hoxa9 qPCR FWD CTCTTCGTGTGGCAGATCAT 

REV AGCTTCCACAATCACAATGG 
Actin qPCR FWD AGCTTCTTTGCAGCTCCTTCGTTG 

REV TTCTGACCCATTCCCACCATCACA 
Bcor 
exon9 
DNA 

qPCR FWD TGGCCGGTAGCAATTGTTGT 
qPCR REV GTGACAGATGACTGTGCGGA 

Bcor 
intron6 
DNA 

qPCR FWD GCTCCACTCCTGGAGACCTA 

qPCR REV GCACTGAGCCTTATGGTGGT 

 
Supplementary Table 4: list of transcription factors differentially regulated in BcorΔE9-10 KL 
cells 

Cited2 Scmh1 Tfam Hmga2 Gata1 Tal1 
Etv6 Carf Notch1 Polr3e Tob1  
Abt1 Hcls1 Rbl1 Zfp142 Tfdp2 
Ldb1 Gata2 Nr4a1 Zfp36l1 Cited4 
Ilf3 Lmo1 Pbx1 Gcdh Mid1 
Gtf2h1 Plagl2 Snip1 Ccnc Nr2c1 
Cebpb Usf2 Ptges2 Irf7 Bbx 
Mta1 Srebf1 Fosb Lsm11 Fosl2 
Hmgb2 Gtf2a1 Relb Zfp131 Zfp51 
Rnf141 Nfix Elk1 Maz Ddx54 
Btf3 Tnfaip3 Taf12 Zfp64 Hmg20a 
Mbd2 Gtf2b Maml1 Glrp1 Clp1 
Nfkb1 Tgif2 Bcor Homez Baz2a 
Mcm4 Elf1 Taf6 Nr2f6 Taf7 
Tcf19 Trp53 Hdac6 Rybp Atf6 
Pbxip1 Rfx1 Dnmt3a Nrip1 Fos 
Sap30 Elk4 Irf5 Aebp2 Hoxa9 
Carhsp1 Runx2 Dedd2 Cops2 Lmo2 
Pbx3 Cebpg Zdhhc21 Zhx3 Hoxa7 
Myc Nfe2l2 Hoxa5 Sh3d19 Zfp36 
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Supplementary Table 5: Statistical analysis of ChIP-seq data overlaps 

Comparison Significance 
(p) 

Z score Direction  Analysis Method  

WT KL cells – related to Fig. 
3A 

        

H3K27me3 regions and 
H2AK119ub regions 

0.000999001 362.5348 Greater  
regioneR4 

H3K4me3 regions and 
H2AK119ub regions 

0.000999001 211.194 Greater 

H3K27me3 regions and 
H3K4me3 regions 

0.000999001 233.373 Greater 

Overlap of genes associated with 
histone marks– related to Fig. 3I 

 Significance 
(p) 

ODDS 
ratio 

Number of 
overlapping 
genes 

Analysis Method 

H2AK119ub associated genes 
and H3K27me3 associated 
genes 

3.4E-22 15.1 29  
 

GeneOverlap5 
 
 
 
 
  

H2AK119ub associated genes 
and H3K4me3 associated 
genes 

0.00015 6.7 7 

H2AK119ub associated genes 
and SE associated genes 

0.0022 5.8 5 

H2AK119ub associated genes 
and DEG 

0.04 2 10 

H3K27me3 associated genes 
and H3K4me3 associated 
genes 

1.8E-37 15.1 51 

H3K27me3 associated genes 
and SE associated genes 

0.55 1 4 

H3K27me3 associated genes 
and DEG 

0.15 1.3 28 

H3K4me3 associated genes 
and SE  

0.0065 3.8 6 

H3K4me3 associated genes 
and DEG 

0.0017 2.2 20 

SE and DEG 0.024 1.9 14 
Upregulated Genes and Loss 
of ubiquitination genes in 
BcorΔE9-10KL cells 

0.012 2.5 10 

BcorΔE9-10KrasG12D tumour KL 
cells: 
Upregulated Genes and genes 
associated with a Loss of 
ubiquitination  

9E-11 6.0 23 
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3.4 Addendum 
 

3.4.1 Super Enhancer Analysis of WT KL and KSL cells  
 
In the above publication (section 3.2) super enhancer (SE)-associated genes were used to 
identify key drivers of the underlying transcriptional program influencing cell identity in 
BcorΔE9-10 KL cells. This resulted in the identification of several transcription factors which 
were both important for myeloid differentiation and upregulated in BcorΔE9-10 KL cells. 
However, KL cells comprise of multiple cell types (Challen, Boles, Lin, & Goodell, 2009), 
therefore, it was necessary to compare the SE landscape of BcorΔE9-10 KL cells to that of WT 
KL cells. To this end, SE analysis was performed on WT KL cells and compared with the 
results obtained from SE analysis of BcorΔE9-10 KL cells in section 3.2 above. To distinguish 
which of these SEs change during differentiation, WT KSL cells were also analysed, as these 
cells encompass HSC and MPP populations. In order to define the enhancer landscape of these 
WT cells, ChIP for H3K27ac was performed on KL and KSL cells isolated from 12-week-old 
WT Bl/6 mice and SE analysis was performed as described in section 3.2 and 2.4.6. Metagene 
analysis of the H3K27Ac ChIP in WT KL and KSL cells revealed that the mark predominantly 
surrounded the TSS of genes, consistent with the results of the ChIP-seq for the same mark in 
section 3.2 (Fig. 3.1A). Moreover, this result aligned with the current literature, which 
demonstrated that H3K27ac was enriched at the promoters of active genes (Zhibin Wang et al., 
2008). Analysis of H3K27ac signal surrounding the TSS across all genes suggested there were 
no global changes in the mark between KL and KSL cells and that the mark was generally 
conserved between these two cell types at the TSS region (Fig. 3.1B). SE analysis revealed 847 
SE-associated genes which were present in at least two of three WT KSL samples, and 924 SE-
associated genes in at least two of three KL samples. The overlap between the two SE-
associated gene lists was assessed and revealed that 350 SE-associated genes were shared 
between the two cell types (Fig. 3.1C). Lists of both KL and KSL associated enhancers can be 
found in appendix A. As expected, the more immature KSL cells exhibited active SEs 
associated with previously identified HSC-associated genes including Zfp36, Hoxa7, Hoxa9, 
Lmo2 and Fos (Fig. 3.1B, C). Hoxa7/9 and Lmo2 were not ranked as enhancers in the more 
mature KL cells, suggesting that these genes lose their associated SE during differentiation. 
Zfp36 and Fos were associated with SEs in both KL and KSL cells, indicating that these genes 
may be important for cell identity in both cell types. Overall, this analysis fits with the 
previously discussed data (section 3.2), which demonstrated that Hoxa7/9 and Lmo2 expression 
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may be driving cell identity in less mature KSL cells, whilst the SE status of these genes is lost 
in differentiating KL cells. 
 
Next, the key genes driving the aberrant HSC-like transcriptional program in BcorΔE9-10 cells 
were compared to SE associated genes driving cell identity in WT KL and KSL cells. The SE-
associated genes in BcorΔE9-10 cells from section 3.2 was compared to the SE-associated genes 
from WT KL and KSL cells as assessed above. This analysis revealed that 72% of SE 
associated genes in BcorΔE9-10 KL cells overlapped with SE-associated genes identified in both 
WT KSL and KL cells (Fig. 3.1C). Hoxa7, Hoxa9 and Lmo2 were associated with SEs in KSL 
cells, and were not associated with a SE in more differentiated KL cells. Consistent with the 
data presented in section 3.2, BcorΔE9-10 KL cells retained these KSL SEs associated with 
Hoxa7, Hoxa9 and Lmo2 despite their more differentiated KL cell immunophenotype (Fig. 3.1 
D, E). Interestingly, Runx1, which is important for haematopoiesis (Sood, Kamikubo, & Liu, 
2017), was also identified as an important KSL associated SE-regulated gene which was 
retained in BcorΔE9-10 KL cells but not WT KL cells. Further KSL-associated SEs which were 
found in BcorΔE9-10 KL cells but not WT KL cells can be found in appendix A. Interestingly, 
the Tal1 SE identified in identified in BcorΔE9-10 KL cells was not detected in WT KSL cells 
nor KL cells. This finding suggests that the Tal1 SE may be a de novo SE induced by BcorΔE9-

10. Fos and Zfp36 SEs were present in both BcorΔE9-10 and WT KL cells (Fig. 3.1D). These two 
genes were transcriptionally upregulated in BcorΔE9-10 compared to WT KL, which may suggest 
that these genes were upregulated by a mechanism independent of SE-induced transcriptional 
activation. Overall, these results agree with the results in the above publication (section 3.2), 
as they suggested that Hoxa7, Hoxa9 and Lmo2 are controlled by HSC-associated SEs which 
are lost during differentiation to KL cells and are aberrantly active in BcorΔE9-10 KL cells. 
Collectively, these results demonstrate that Bcor is important for the suppression of HSC-
associated SEs during myeloid differentiation.  
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Figure 3.1 H3K27Ac ChIP in WT KL and KSL cells 
A, Metagene plots for 2 representative samples of each KL and KSL, showing the average 
signal distribution of H3K27Ac across all mm10 genes, centred on TSS in a non-directional 
manner. B, Heatmap of for 2 representative samples of each KL and KSL of H3K27Ac ChIP-
seq signal for all genes in mm10, centred on TSS in a non-directional manner.  C, Venn 
diagram displaying SE-associated genes identified in at least 2/3 samples for each cell type. 
Genes of interest are annotated. D, Super-enhancer hockey-stick plots for SE analysis of one 
representative sample from each KL and KSL, displaying all identified enhancers ranked by 
their tag count. SE of interested identified in section 3.2 are highlighted. E, IGV screenshot of 
H3K27Ac ChIP-seq reads at the Hoxa locus from WT KL and KSL and BcorΔE9-10 KL samples.  
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3.4.2 B-cell Specific Loss of Bcor Has a Limited Impact on B-cell Development 
Findings from the Johnstone lab have previously demonstrated that Bcor can act as a tumour 

suppressor in the context of Eµ-Myc lymphomas (Lefebure et al., 2017). Although Bcor is not 

frequently mutated in the majority of lymphoid malignancies sequenced to date, mutations 
have been described in rare subtypes (Dobashi et al., 2016; Kiel et al., 2014), suggesting that 
Bcor can function as a tumour suppressor in non-myeloid contexts.  To further investigate 
whether Bcor can function as a tumour suppressor in B-cell malignancies in a non-Myc 
translocated context, a murine model with loss of Bcor specifically in B-cells was generated 
and characterised (Fig. 3.2A). To generate a murine model with B-cell specific loss of Bcor, 
mice harbouring the Mb1-Cre transgene were crossed with BcorflE9-10 mice to create Mb1-
Cre+BcorflE9-10 mice. The Mb1-Cre transgene was previously created by integrating the 
sequence for Cre recombinase into the Mb1 locus encoding the B-cell antigen receptor which 
is expressed exclusively in B-cells from the very early pro-B-cell stage (Hobeika et al., 2006). 
Hence this model constitutively expressed Cre recombinase in B-cells, which resulted in 
recombination of the Bcor locus. To ensure efficient recombination of the Bcor locus occurred 
in the B-cells of Mb1-Cre+BcorflE9-10 mice, genotyping was first performed. Bone marrow was 
harvested from approximately 15-week-old Mb1-Cre+BcorflE9-10 or control BcorflE9-10 mice and 
B220+ B-cells were isolated using MACS magnetic beads and columns (as described in section 
2.1.8). Genotyping was performed on the genomic DNA isolated from these B-cells and 
revealed efficient deletion of Bcor exons 9 and 10 in Mb1-Cre+BcorflE9-10 mice, whilst no 
recombination was present in control BcorflE9-10 mice (Fig. 3.2 B). A faint band at 570bp was 
observed in Mb1-Cre+BcorflE9-10 samples indicating the presence of WT Bcor and suggesting 
that the recombination was incomplete. However, recombination of the Bcor locus likely 
occurred in the majority of B220+ cells, demonstrated by the much brighter band at 519bp in 
Mb1-Cre+BcorflE9-10 samples. Together this initial analysis confirmed the successful generation 
of a murine model in which exons 9 and 10 of Bcor were deleted in B-cells.  
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Figure 3.2 Generation and Characterisation of Mb1-Cre+BcorflE9-10 mice.  
A, Flowchart of experimental design. Mice were aged for 5 months and characterised by flow 
cytometry. Mice were also aged for up to 600 days and monitored for signs of disease. B, 
Genotyping of Mb1-Cre+BcorflE9-10 and BcorflE9-10 control mice to detect recombination 
efficiency. A DNA sample from a heterozygous, non-recombined mouse was used as a control 
(BcorflE9-10/WT). C, Survival analysis of Mb1-Cre+BcorflE9-10 and BcorflE9-10 control mice. 
Survival curves were compared with Gehan-Breslow-Wilcoxin test, p= 0.0460. Median 
survival cannot be determined as the experiment was ended after ~550 days. n=31 mice for 
Mb1-Cre+BcorflE9-10 and n = 19 mice for BcorflE9-10 control mice. White blood cell counts, D, 
and spleen weights, E, of mice at point of harvest which succumb to disease. n=1 mouse for 
BcorflE9-10 control and n= 4 for WBC and n=5 mice for spleen weight of Mb1-Cre+BcorflE9-10. 
Means and standard deviation are displayed.  F, Survival analysis of two tumour clones derived 
from tumour bearing Mb1-Cre+BcorflE9-10 mice. n=3 mice per clone. Median survival clone#1 
was 14 days and median survival clone#2 was 26 days. G, Spleen weight and, H, WBC 
numbers of mice transplanted with either clone of Mb1-Cre+BcorflE9-10 at the point of death, 
n=5 mice total. Mean spleen weight was 382.5 mg and mean WBC was 40.72x 109/L. Means 
and standard deviation are displayed. I, percentage of donor-derived cells (chimerism) in the 
bone marrow and spleen of different lineage populations in mice transplanted with Mb1-
Cre+BcorflE9-10 tumour clones. n=2 mice for bone marrow, n = 3 mice for spleen. Means and 
standard deviation are displayed 
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A longitudinal study was performed to investigate whether Mb1-Cre+BcorflE9-10 mice 
developed disease at a higher rate than BcorflE9-10 control mice. Mb1-Cre+BcorflE9-10 and control 
BcorflE9-10 mice were observed for signs of disease for up to 600 days. Of the 31 Mb1-
Cre+BcorflE9-10 mice included in the study, 10 developed a lethal disease characterised by a long 
and variable latency with a median survival of 325 days (Fig. 3.2C). Mice that succumbed to 
disease did not exhibit consistent characteristics, as only 3 mice displayed signs of leukocytosis 
(Fig. 3.2D) or splenomegaly (Fig. 3.2E). The one mouse from the BcorflE9-10 control group that 
died had normal spleen weight and WBC counts (Fig. 3.2D, E). These results indicated that 
Mb1-Cre+BcorflE9-10 mice had a significantly shorter lifespan than control mice with WT Bcor 
expression. Together this analysis suggested that Bcor loss in B-cells significantly altered 
survival and increased the likelihood of developing a lethal disease.  
 
It was next assessed whether Mb1-Cre+BcorflE9-10 mice that died prematurely had a 
transplantable haematological disease that could be propagated in a syngeneic recipient mouse 
in vivo. Splenocytes harvested from two moribund Mb1-Cre+BcorflE9-10 mice with disease 
characterised by splenomegaly and/or leucocytosis were transplanted into sub-lethally 
irradiated PTPRCA recipients (CD45.1+). Mice transplanted with cells from donor mouse #1 
or #2 rapidly succumbed to disease, with a median survival of 14 and 26 days, respectively 
(Fig. 3.2F).  Mice transplanted with  splenocytes from moribund Mb1-Cre+BcorflE9-10 mice 
were characterised by splenomegaly (Fig. 3.2G) and leukocytosis (Fig. 3.2H). Flow cytometry 
was then used to determine whether the major lineages populating the spleen and bone marrow 
of recipient mice were derived from donor Mb1-Cre+BcorflE9-10 cells (CD45.2+). The spleen 
and bone marrow of moribund recipient mice were harvested and stained using a CD45.2 
antibody to detect donor-derived cells, and antibodies for mature lineage markers including 
CD11b, CD3, and B220, to detect myeloid, T-cell and B-cell populations, respectively. In 
addition, the proportion of donor-derived c-Kit+ cells was also analysed, as they comprise 
immature haematopoietic cells including common lymphoid progenitors (Challen et al., 2009). 
This immunophenotyping analysis illustrated that the overall chimerism of recipient mice was 
high, with approximately 80-90% of both the spleen and bone marrow cells originated from 
donor Mb1-Cre+BcorflE9-10 cells. Interestingly, very few mature lineage-positive or immature 
c-Kit+ cells were donor-derived (Fig. 3.2H). These results demonstrated that cells from Mb1-
Cre+BcorflE9-10 mice had a competitive advantage over endogenous WT recipient cells in the 
spleen and bone marrow. However, the transplanted Mb1-Cre+BcorflE9-10 cells were negative 
for common lineage-defining cell surface markers. Together, this analysis illustrated that mice 
transplanted with cells from Mb1-Cre+BcorflE9-10 mice succumb to disease featuring a 
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shortened disease latency and high lethality. However, the malignant cell-type and diagnosis 
of disease arising from Mb1-Cre+BcorflE9-10 cell transplant remains unclear. 
 
As the loss of Bcor specifically in B-cells had a significant effect on overall survival of primary 
Mb1-Cre+BcorflE9-10 mice compared to control mice, the effects on B-cell development were 
next examined. Flow cytometry-based immunophenotyping was performed on bone marrow 
cells harvested from approximately 5-month-old primary Mb1-Cre+BcorflE9-10 mice and 
BcorflE9-10 control mice. This immunophenotyping analysis focused specifically on B-cell 
subsets within the bone marrow, which were presumed to have been most affected by loss of 
Bcor in the early stages of B-cell development (Hardy & Hayakawa, 2001). Two clear B220+ 
subsets, B220low and B220high, were observed in the bone marrow of the mice, therefore the 
proportions of these two subsets were first examined in both Mb1-Cre+BcorflE9-10 mice and 
control mice. The percentage of B220high and B220low cells was unchanged in Mb1-
Cre+BcorflE9-10 mice compared to BcorflE9-10 controls (Fig. 3.3 B). The developing B-cell 
populations within the bone marrow of Mb1-Cre+BcorflE9-10 mice and control BcorflE9-10 mice 
were then assessed using a simplified B-cell progenitor gating strategy based on previously 
published expression of cell surface markers in developing B-cell subsets (Hardy & Hayakawa, 
2001)(Fig. 3.3A). Subsequent analysis of pro- (CD11b-CD3-B220+, CD19+, CD43+, IgM-), 
pre- (CD11b-CD3-B220+, CD19low, CD43low, IgM-), immature (CD11b-CD3-B220+, CD19+, 
CD43-, IgM+), and pre-pro (CD11b-CD3-B220+, CD19-, CD43+, IgM-), B-cell population 
frequencies  in the bone marrow further revealed no significant changes between Mb1-
Cre+BcorflE9-10 mice and control BcorflE9-10 mice (Fig. 3.3C). Together, this analysis 
demonstrated that there were no significant observable alterations to B-cell development 
following B-cell-specific loss of Bcor at the 5 month timepoint. Collectively, this data 
demonstrated that Bcor loss in B-cells did not have a significant impact on B-cell development, 
however, did significantly increase the propensity for mice to develop a lethal, transplantable 
haematological disorder.  
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Figure 3.3 Characterisation of B-cell populations in Mb1-Cre+BcorflE9-10 mice.  
A, Sample gating strategy outlining the gating for B-cell progenitor populations, and B220-
high and -low populations. B, Percentage of bone marrow cells with high and low B220 for 
each genotype. n=5 mice for BcorflE9-10 and n=6 mice for Mb1-Cre+BcorflE9-10. Means were 
compared with students t-test. C, percentage of each B-cell population within B220+ cells in 
the bone marrow for each genotype. n=5 mice for BcorflE9-10 and n=6 mice for Mb1-
Cre+BcorflE9-10. Means were compared with students t-test. N.S.=no significance. Means are 
displayed and error bars represent standard deviation for all bar graphs. 
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3.5 Discussion  
 
Bcor is mutated in 7% of myeloid malignancies and previous research has functionally 
demonstrated that Bcor can act as tumour suppressor in myeloid and lymphoid contexts  
(Cao et al., 2016; Grossmann et al., 2011; Lefebure et al., 2017; Tanaka et al., 2017; Tara et 
al., 2018). However, the molecular mechanisms underpinning aberrant differentiation and 
tumorigenesis resulting from Bcor loss of function have not been researched in depth. In this 
chapter, the role of Bcor was examined in normal and malignant haematopoiesis. The results 
published in Nature Communications focused on the myeloid-specific consequences of Bcor 
loss in HSCs whilst complimentary analysis in a B-cell-specific model was also performed and 
detailed in the addendum. Altogether the results of this chapter demonstrated an important role 
for Bcor in regulating myeloid differentiation and leukaemogenesis in vivo. Furthermore, this 
analysis also highlighted that the functional consequences of Bcor mutation are dependent on 
cell type and genetic context.  
 
Bcor loss in HSCs resulted in the expansion of myeloid progenitors and the aberrant expression 
of a HSC-like transcriptional program driven by several key SE-associated genes. Hoxa7/9 and 
Lmo2 were associated with SEs and upregulated in both HSCs and in BcorΔE9-10 KL cells, 
whereas more mature myeloid populations lacked these SEs. This finding aligns with previous 
studies that demonstrated that Bcor loss induced upregulation of Hoxa family genes in vitro 
and in vivo (Cao et al., 2016; Tara et al., 2018), however the enhancer status of these genes had 
not been previously assessed. This result also suggested that Bcor may have a key role in 
regulating SEs in myeloid differentiation either directly or indirectly. Further analysis revealed 
there was a locus-specific loss in the PRC1 associated epigenetic mark H2AK119ub in both 
normal and malignant myeloid contexts following Bcor knockout. From this data, it was 
hypothesised that the direct targets, which were concurrently transcriptionally upregulated and 
associated with loss of H2AK119ub, were the primary effectors of Bcor loss driving the 
aberrant transcriptional profile. To test this hypothesis, a custom CRISPR screen validated that 
the expression of direct Bcor target Hoxa9 was essential to maintaining the leukaemic 
proliferation of these cells. Whilst it has been shown that Hoxa family genes are differentially 
ubiquitinated and expressed following Bcor loss (Cao et al., 2016; Tara et al., 2018), the 
dependence of Bcor mutant leukaemia on the sustained expression of these genes had not been 
previously validated or demonstrated in vivo. Further validation could be achieved by over-
expressing Hoxa9 in Kras mutant leukemias and performing RNA sequencing to investigate 
whether the same HSC-associated transcription profile is induced as in BcorΔE9-10 KL cells. 
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Alternatively, Hoxa9 may be knocked out in KrasG12DBcorΔE9-10 tumours and the transcriptional 
consequences examined. Previous research has already demonstrated that overexpression of 
Hoxa9 in bone marrow cells led to stem cell expansion (Thorsteinsdottir et al., 2002), further 
reinforcing that it is likely Hoxa9 is driving the aberrant expansion phenotype. Further 
validation of other important SE-associated genes which may also be driving the phenotype 
was not performed and may be of interest for future research. Previous research has also 
identified Cebpa, an important myeloid associated gene, as a Bcor target gene (Tanaka et al., 
2017; Tara et al., 2018), however this was not reflected in the present results, and may 
demonstrate context specificity. Furthermore, it would be interesting to assess whether the 
identified target genes can be genralised to all Bcor loss of function AMLs or if they are specific 
to the KrasG12DBcorΔE9-10  model. Overall, this analysis demonstrated that Bcor mutation led to 
loss of H2AK119ub and increased transcription of several key differentiation genes which may 
be important for the aberrant phenotype observed in BcorΔE9-10 KL cells.  
 
In addition to H2AK119ub, the genomic distribution of both H3K27me3 and H3K4me3 
following Bcor loss were also assessed. Interestingly, H3K27me3 accounted for the largest 
change of all the epigenetic marks assayed. The majority of H2AK119ub-altered regions 
largely overlapped with that of H3K27me3. This finding supports the model of PRC 
hierarchical recruitment in which H2AK119ub deposited by non-canonical PRC1 recruits 
PRC2 to catalyse H3K27me3 (Kalb et al., 2014). However, the majority of H3K27me3 
alterations were distinct from H2AK119ub changes, which may suggest an independent 
mechanism of H3K27me3 alteration by Bcor. In support of this hypothesis, a recent study in 
human embryonic stem cells (ESCs) reported that artificial recruitment of the N-terminal 
HSPD1-interacting fragment of BCOR to a reporter locus resulted in deposition of H3K27me3 
independently of H2AK119ub (Zheng Wang et al., 2018). However, the functional 
implications and the protein complexes involved in this phenomenon were not investigated 
further. From the data presented in this chapter, it is not clear whether the changes in these 
additional histone modifications were indirect, caused for example by aberrant cellular 
proliferation, or a direct effect of Bcor loss.  Future research may focus the mechanisms by 
which Bcor loss leads to the dynamic regulation of these additional epigenetic marks. Further 
to this, the cross-talk between these different epigenetic marks and their impact on transcription 
may also be investigated.  
 
As there were extensive transcriptional changes induced by Bcor loss which could not be 
explained by the loss of ubiquitin alone, this led to the suggestion that there were ubiquitin and 
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PRC1.1-independent functions of Bcor. It is also possible that the majority of DEGs which 
were uncovered by RNA-seq in this chapter could have been due to indirect effects of Bcor 
loss.  Figure 3.4 outlines the possible sources of differential gene expression uncovered by 
RNA sequencing in BcorΔE9-10 KL cells and compares to those discovered by other recent 
publications. Direct Bcor targets may include genes which are independent or dependent on 
PRC1.1 complex function, and may also be dependent or independent of H2AK119ub 
alterations. In this chapter, only H2AK119ub- and PRC1.1- dependent changes were 
investigated through both RNA-seq and H2AK119ub ChIP-seq, and their relevance to the 
phenotype was assessed with SE analysis and the custom CRISPR screen (Fig. 3.3). The 
research presented in this chapter supports the hypothesis that the leukaemic effect of Bcor loss 
may be due to transcriptional upregulation of Hoxa9 through loss of H2AK119ub. Although 
the transcriptional regulation by Bcor is likely through PRC1.1-mediated H2AK119ub 
deposition, it cannot be discounted that Bcor may be interacting with other chromatin 
associated proteins, or may even exert chromatin-independent effects. However, in 18 years of 
Bcor biology research to date, there has been no evidence that Bcor binds to proteins or 
chromatin independently of Bcl6 and/or PRC1 (Gearhart et al., 2006; Huynh et al., 2000; 
Sánchez et al., 2007; Zheng Wang et al., 2018). Further extensive research into the assembly 
and genomic localisation of all Bcor-associated protein complexes in multiple cell types is 
required to definitively discredit the possibility that Bcor is functionally associating within 
another complex to regulate transcription. Importantly, the results presented in this chapter 
demonstrated that Bcor loss had a significant effect on H2AK119ub enrichment and 
transcriptional activation of Hoxa9, which was essential for the proliferative phenotype in 
BcorΔE9-10 leukaemic cells. 
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Figure 3.4 Outline of DEGs analysed in BcorΔE9-10 mice.  
Flow chart depicting the different ways target genes of Bcor were assayed in this chapter, 
including those which have been explored in the literature previously. The red box indicates 
the targets which were investigated specifically in this chapter. Each level in the hierarchy 
represents the different subsets of gene targets which may be present. The dashed green arrow 
represents the effect that direct Bcor targets may have on the regulation of multiple genes 
downstream.   
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To complement analysis presented in section 3.2 and delineate changes to enhancer landscape 
relevant to the cell subsets used, H3K27ac ChIP-seq was performed on WT KL and KSL cells. 
There was a high percentage overlap of BcorΔE9-10 SE genes and that of WT cells, which 
validated that the majority of these cell-identity-defining genes were shared between these 
similar cell types. The presented results further reinforce the findings in the paper, highlighting 
that Hoxa7, Hoxa9 and Lmo2 are KSL-associated enhancers which are retained in BcorΔE9-10 

KL cells. Furthermore, Runx1 was also identified as an important KSL-associated enhancer 
which is also transcriptionally upregulated in BcorΔE9-10 KL cells. Runx1 is essential for 
definitive haematopoiesis, and the Runx1 SE has been reported in HSCs and lymphoblastic 
leukaemias (Liau, Ngoc, & Sanda, 2017; Sood et al., 2017). Therefore, the aberrant Runx1 SE 
may also be important to the phenotype observed in BcorΔE9-10 KL cells. Interestingly, the Tal1 
enhancer was identified as a de novo enhancer resulting from Bcor loss, as it was not associated 
with a SE in either WT KL or KSL cells. This may indicate that Bcor loss results in the creation 
of a SE in KL cells, however, the biological implications of this de novo enhancer generation 
were not investigated further. This could be further studied by determining whether 
H2AK119ub loss enhances recruitment of histone acetylating complexes to establish de novo 
SEs. Hoxa genes are known HSC master TFs (Argiropoulos & Humphries, 2007) and 
activation of the Hoxa cluster SE has been identified in human AML patients and can be used 
to classify distinct subgroups of AML (McKeown et al., 2017). Thus, this research validates 
the relevance of the SE landscape of murine BcorΔE9-10 KL cells to human haematological 
malignancies. Together, these results demonstrated that Bcor loss resulted in epigenetic and 
transcriptional reprogramming which simulated the biological attributes of less differentiated 
KSL cells. Future research may seek to integrate this data with the H2AK119ub ChIP in WT 
KL and KSL cells (section 3.2). This additional analysis may reveal how the differentiation-
associated SE changes may compare to differentiation-associated H2AK119ub redistribution. 
This analysis may reveal previously unknown correlations between enhancer associated 
modifications such as H3K27ac and PRC associated modifications during myeloid 
differentiation. Overall, this analysis further reinforced the importance of Hoxa7/9 SE 
activation in BcorΔE9-10 KL cells by delineating the epigenetic reprogramming subsequent to 
Bcor loss.  
 
Whilst sequencing studies to date have not frequently identified BCOR mutations in human 

lymphomas, Bcor was first demonstrated to act as a tumour suppressor  in vivo in the Eµ-Myc 

model of B-cell lymphoma (Lefebure et al., 2017). To further investigate whether Bcor can act 
as a tumour suppressor in B-cell malignancies within a non-Myc transformed setting, a model 
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in which Bcor was lost specifically in developing B-cells was created. Bcor loss in B-cells 
resulted in a significantly shorter survival compared to control mice, and developed a 
haematological disorder with partial penetrance. The long latency and partial penetrance of the 
disease in Mb1-Cre+BcorflE9-10 mice suggested that additional cooperating mutations may have 
been spontaneously acquired. This suggested that specific co-occurring mutations may have 
been required for Bcor loss to induce malignant transformation and lethal disease. These results 
are consistent with the co-occurrence of Bcor mutations with other driver mutations such as 
NRAS and DNMT3A in myeloid malignancies (de Rooij et al., 2015; Grossmann et al., 2011). 
Whole exome sequencing of the tumours from primary or transplanted Mb1-Cre+BcorflE9-10 

mice may reveal the cooperating mutations which promote the tumour suppressive effects of 
Bcor in the B-cell context. The haematological disorder in moribund Mb1-Cre+BcorflE9-10 mice 
also exhibited decreased disease latency and increased penetrance upon retransplant. 
Interestingly, the resulting transplanted tumours were negative for common lineage markers 
including B-cell specific marker B220. This result may be due to the fact that tumour cells can 
aberrantly express or suppress cell surface markers as a mechanism of immune escape (Vyas, 
Müller, & Pogge von Strandmann, 2017), or could potentially indicate the tumours are an 
immature cell type not detected with the antibodies used. It would also be interesting to 
investigate whether Hoxa family genes or other HSC-associated genes were dysregulated, or 
whether locus-specific loss of histone ubiquitination was observed in the disease initiating cells 
derived from Mb1-Cre+BcorflE9-10 mice. Further immunophenotyping and RNA sequencing 
could reveal the cell type these disease-initiating cells most closely resemble and provide a 
formal diagnosis for the Mb1-Cre+BcorflE9-10 mice which succumb to disease.  
 
From the results presented in this chapter, it was clear that B-cell specific Bcor loss induced a 
small but statistically significant effect on disease incidence. Therefore, it was next assessed 
whether B-cell specific Bcor loss was significantly disrupting B-cell development as a 
precursor to malignant transformation. However, there was no expansion or depletion of any 
of the studied B-cell populations. Although sufficient numbers of mice were used for statistical 
analysis, the lack of an observed effect may have been due to low penetrance, which is reflected 
by the low disease incidence in the survival analysis. Therefore, a larger study with a higher 
number of mice may have been needed to detect subtle changes in B-cell development in a 
small subset of the analysed Mb1-Cre+BcorflE9-10 mice. Recently, Béguelin and colleagues 
demonstrated that Bcor maintains the germinal centre (GC) reaction in B-cells by suppressing 
GC exit-associated genes to sustain proliferation, which can lead to lymphomagenesis 
(Béguelin et al., 2016). This led to the suggestion that perhaps the stimulation of B-cells with 
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an antigen may result in a more prominent functional consequence of Bcor loss in B-cells. 
Future research may therefore focus on the impact of Bcor loss in other haematopoietic 
subpopulations or possibly the impact of Bcor loss on the humoral immune response. As loss 
of function Bcor mutations are infrequent in B-cell malignancies, and there was no clear B-cell 
precursor phenotype observed in Mb1-Cre+BcorflE9-10 mice, this disease was not examined 
further. Importantly though, these results clearly demonstrate that Bcor has the capacity to act 
as a tumour suppressor in multiple cellular contexts.  
 
One of the limitations of the research presented in this chapter is the lack of information 
regarding the genomic localisation of Bcor. ChIP-sequencing experiments utilising an antibody 
for Bcor would have been an informative additional experiment, however, this was difficult as 
the available antibody for Bcor was challenging to work with. Specifically, ChIP-seq using this 
antibody in KL cells ex vivo failed to yield significant enrichment over background. In addition, 
only a small number of cells were isolated ex vivo which further exacerbated this difficulty. To 
circumvent this limitation, an in vitro cell line featuring a CRISPR-HDR mediated knock-in of 
a small protein tag such as Myc or V5 at the endogenous Bcor locus could be generated. This 
genetically engineered cell line could facilitate ChIP-sequencing and Co-IP-mass spectrometry 
experiments to complement existing research into PRC1.1 genomic localisation and protein 
association with Bcor (Gearhart et al., 2006; Sánchez et al., 2007). These studies additionally 
have the potential to define the molecular function of Bcor in the PRC1.1 complex, and 
determine whether Bcor is essential for complex recruitment to chromatin. It is important to 
note that ChIP-sequencing of chromatin associated proteins often reveals thousands of binding 
sites, most of which are sites the protein is functionally inactive. In this instance, the genomic 
loci where Bcor loss is resulting in loss of PRC1.1 catalytic function, and loss of histone 
ubiquitination with an effect on transcription are possibly the most functionally important. 
Therefore, whilst the results presented in this chapter cannot definitively conclude that Bcor 
binds to specific genomic regions or that loss of binding occurs in this context, the results 
illustrated that there was a concurrent loss of ubiquitination and gain in transcription in 
important genes. Further studies could determine whether other members of the PRC complex 
still localise to the chromatin in the absence of Bcor using ChIP-seq, or co-IP mass spec may 
be used to further investigate PRC1.1 assembly in the context of Bcor loss. Together, these 
additional studies aimed at delineating the molecular function of Bcor could contribute to PRC 
biology by demonstrating variant complex assembly and chromatin association.  
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Whilst future research into the molecular functions of Bcor may benefit from the use of 
genetically engineered in vitro models, the validity of such models in studying mechanisms of 
tumorigenesis must be taken into consideration. The results of this chapter clearly 
demonstrated that Bcor can function as a tumour suppressor in the myeloid context in vivo. 
However, Bcor loss has been functionally assessed in genome-wide CRISPR/Cas9 screening 
studies of human and mouse AML cell lines and was associated with significant loss of 
representation (Tzelepis et al., 2016; T. Wang et al., 2017). In agreement, van den Boom and 
colleagues demonstrated that CRISPR-mediated loss of Bcor expression and in a MLL-Af9 
human cell line resulted in a competitive disadvantage compared to parental cells (van den 
Boom et al., 2016). This result is consistent with human sequencing studies which highlight 
that BCOR mutations are mutually exclusive with chromosomal translocations including MLL-
Af9 (Grossmann et al., 2011). Together, this research suggests that it may not be relevant to 
study the leukaemic effects of Bcor loss in the majority of in vitro AML cell lines which feature 
translocations, and highlights that the biological consequences of Bcor loss are likely 
dependent on cell type and genetic context. This warrants the use of a relevant in vitro model 
which more closely resembles the phenotypic characteristics of in vivo Bcor loss which have 
been described in this chapter, such as in vitro culture of primary patient AMLs which possess 
Bcor mutations. Finally, these context-specific functions of Bcor also presents an interesting 
topic for future research.  Future experiments could investigate whether the tumour suppressor 
function of Bcor is dependent on co-expression of lineage-specific transcription factors, genetic 
context or epigenetic state.  
 
Overall, future research could further dissect the molecular function of Bcor and explore its 
context specificity. Cell lines genetically engineered to express Bcor fused to a tag could 
facilitate ChIP-sequencing and co-IP-mass spectrometry studies, whilst more relevant primary 
patient derived cell line may further reveal the transcriptional and epigenetic programs 
underlying Bcor-mutated leukaemogenesis. Together, these additional studies may delineate 
genomic localisation and variant PRC1 assembly, and uncover the molecular functions of Bcor 
which are dependent on cellular context.   
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3.6 Chapter 3 Conclusion 
 
The results in this chapter outline the consequences of Bcor loss on both myeloid and B-cell 
differentiation in vivo. Bcor loss in HSCs resulted in an expansion of myeloid progenitor cells, 
driven by upregulation of an aberrant HSC transcriptional program. The molecular aetiologies 
underlying this effect were explored with extensive ChIP sequencing in both normal and 
malignant haematopoiesis. This analysis revealed a locus-specific loss of histone ubiquitination 
which correlated with active transcription. Finally, the upregulation of Bcor target Hoxa9 was 
validated as essential to the myeloproliferative phenotype in a small custom CRISPR/Cas9 
screen. Complementary analysis demonstrated that B-cell specific loss of Bcor did not have an 
impact on B-cell differentiation. However, B-cell specific loss of Bcor did increase the 
incidence of haematological disease. Hence, the results in this chapter generate a valuable 
foundation of research relating to the tumour suppressive capabilities of Bcor in both myeloid 
and lymphoid malignancies.  
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Chapter 4: DNMT3AR882H is Required for 
Maintenance of the Leukaemic Phenotype 
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4.1 Introduction 
 
DNMT3A encodes a de-novo DNA methyltransferase which is mutated in around 25% of all 
cytogenetically normal AML (CN-AML) patients (Fried et al., 2012; Ley et al., 2010; Marcucci 
et al., 2012; The Cancer Genome Atlas Research Network, 2013; Yan et al., 2011). The most 
common DNMT3A mutation detected in CN-AML is DNMT3AR882H, which encodes a 
hypomorphic dominant-negative protein. Thus, DNMT3AR882H is associated with significant 
reduction in DNMT3A methyltransferase activity (Russler-Germain et al., 2014; J. Xu et al., 
2014), leading to broad DNA hypomethylation in patients (Russler-Germain et al., 2014). The 
frequency of DNMT3A mutations, such as DNMT3AR882H, suggests a prominent role for 
aberrant DNA methylation in the molecular aetiology of AML. Accordingly, a greater 
understanding of DNMT3A will yield insight into the underlying mechanisms of leukaemic 
initiation and maintenance, as well as provide strategies for the development of novel 
treatments. 
 
DNMT3AR882H has been shown to cooperate with AML-associated mutations to initiate 
leukaemia in multiple murine studies (Y.-I. Chang et al., 2015; R. Lu et al., 2016; Mayle et al., 
2015; Meyer et al., 2016). These studies have predominantly focused on the aberrant DNA 
methylation associated with DNMT3A mutations in leukaemia. Importantly, these findings 
demonstrate that DNMT3A mutations were associated with hypomethylation and 
transcriptional activation of key genes, including Mn1, Meis1 and Mtor (Y.-J. Dai et al., 2017; 
Ferreira et al., 2016; R. Lu et al., 2016). Together, these studies indicate that DNMT3AR882H is 
an oncogene, capable of initiating and propagating leukaemogenesis through focal 
hypomethylation induced activation of key downstream target genes.  
 
DNMT3A mutations commonly co-occur with mutations in other epigenetic regulators. 
Counter-intuitively, DNMT3A mutations can co-occur with mutations in enzymes with 
opposing DNA methylation function, including both TET2 and IDH family proteins (Figueroa, 
Abdel-Wahab, et al., 2010a; Ko et al., 2010; Ley et al., 2010; Metzeler et al., 2016). The 
frequent co-occurrence of these mutations in human leukaemia would suggest that both 
mutations confer a strong competitive advantage and function cooperatively to initiate 
leukaemia. Intriguingly, co-occurrence of mutant DNMT3A and these other genetic lesions 
leads to epigenetic antagonism and loss of the characteristic DNA methylation phenotype of 
each respective mutant (Glass et al., 2017; X. Zhang et al., 2014; 2016). In this context, the 
lack of aberrant DNA methylation profiles has raised the possibility that malignant 
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transformation and/or maintenance occurs independently of DNA methylation directly. Thus, 
these studies question the relevance of DNA methylation in altered gene transcription and the 
biological phenotype in DNMT3AR882H leukaemia. Indeed, whether alterations in DNA 
methylation are a consequence rather than a cause of transcriptional dysregulation in cancer is 
unclear (Baylin & Bestor, 2002), and several studies  question whether DNA methylation is 
functionally contributing to leukaemogenesis (Schübeler, 2015; Spencer et al., 2017). 
 
The rise of sequencing technologies has led to the development of several methodologies for 
assessing genome wide methylation. The gold standard for single-nucleotide resolution DNA 
methylation analysis is whole genome bisulfite sequencing (WGBS). WGBS exploits bisulfite 
treatment to convert Cytosine (C) to Uracil (U) which is read as Thymine (T) during next-
generation sequencing, whilst methylated Cs are protected from bisulfite conversion (Frommer 
et al., 1992). Accordingly, cytosine methylation can be computationally calculated by 
comparing the number of C’s to T’s at individual genomic loci. One major limitation of WGBS 
is that the assay cannot distinguish between hydroxymethylated and methylated Cs, as both 
modifications confer protection from bisulfite conversion. Furthermore, at present, whole 
genome sequencing is prohibitively costly as it requires greater sequencing depth per bisulfite 
treated sample and requires an additional non-converted control. To overcome these 
limitations, Reduced Representation Bisulfite Sequencing (RRBS) has emerged as a candidate 
for unbiased, single-nucleotide resolution assay for methylation with a greatly reduced cost 
and time investment (Meissner et al., 2005). The assay takes advantage of the MSP1 enzyme 
which recognises the motif “5’-CCGG-3‘” and thus can enrich for CGIs. RRBS has been 
utilised in multiple mouse and human studies to profile aberrant DNA methylation in 
leukaemia (Glass et al., 2017). In the absence of whole-genome coverage, the use of RBBS 
relies on the assumption that the most important methylation changes occur in CGI contexts 
and as it is unable to detect certain important methyl features such as methyl canyons, large 
domains of low DNA methylation distinct from CGIs (Jeong et al., 2014). Nonetheless, RRBS 
provides a highly feasible and attractive alternative to WGBS for DNA methylation analysis 
of multiple samples. 
 
To date, DNMT3AR882H studies have largely focused on the capacity of the mutant protein to 
initiate leukaemogenesis (R. Lu et al., 2016). However, the role of mutant DNMT3A in 
established tumours and whether sustained expression of the mutant is essential for maintaining 
the leukaemic phenotype have not been investigated. Further insight into the mechanisms by 
which the DNMT3A mutant is actively contributing to leukaemia maintenance has the potential 
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to identify important pathways which can be therapeutically exploited. Furthermore, the 
oncogenic role of DNMT3AR882H in a genetically-defined model with a cooperating 
epigenetically antagonistic mutation, such as IDH2R140Q that occurs in AML, is also poorly 
understood. Finally, the relationship between the DNA methylation changes and transcriptional 
changes induced by DNMT3AR882H in the context of leukaemia maintenance require additional 
examination. Together, the studies described herein will contribute to a greater understanding 
of the mechanisms underlying oncogenic DNMT3AR882H in leukaemia which may be exploited 
for the development of novel therapeutic strategies for leukaemia. 
 

This chapter describes the generation of a tractable murine model which is used to further 
define the oncogenic role of DNMT3AR882H in leukaemia. Herein, the biological, 
transcriptional and epigenetic consequences of DNMT3AR88H genetic depletion are analysed 
in depth, utilising flow cytometry analysis and next-generation epigenomic sequencing 
techniques. Most importantly, this study highlights the role of sustained DNMT3AR882H 
expression in upholding the leukaemic phenotype and transcriptional profile.   
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4.2 Results 

4.2.1 DNMT3AR882H cooperated with NrasG12D and IDH2R140Q to initiate AML  
To study the role of DNMT3AR882H in leukaemia maintenance, a tractable model of 
DNMT3AR882H mutant leukaemia was first generated in which expression of the mutant protein 
could be rapidly depleted. To generate this model, syngeneic recipient mice were transplanted 
with foetal liver cells (FLCs) engineered to express DNMT3AR882H and additional mutant 
genes found in AML sequencing studies (Fig. 1A). FLCs were harvested from day 13.5 wild-
type (WT) C57Bl/6 embryos and transduced with retrovirus expressing either: (i) TTA-
NrasG12D and TRI-dsRED vector (R); (ii) TTA-NrasG12D and TRI-DNMT3AR882H (DR), or (iii) 
TTA-NrasG12D, TRI-dsRED-DNMT3AR882H and GFP-IDH2R140Q (DRI) (Fig. 4.1B). To ensure 
expression of the relevant constructs, the transduction efficiency was assessed by performing 
flow cytometry on the transduced FLCs after 48 hours (Fig. 4.1C). As R and DR transduced 
cells were not transduced with a GFP-expressing vector, the transduction efficiency was 
assessed by measuring dsRED fluorescence alone, whilst DRI expressing cells were detected 
by measuring both dsRED and GFP fluorescence. In FLCs transduced with DRI, the 
transduction efficiency of all three constructs concurrently was low (2.3%), whilst the 
transduction efficiency of two constructs in the DR and R conditions were higher at 8.73% and 
25.4%, respectively (Fig. 4.1C). Although the transduction efficiency was variable, this 
analysis confirmed that FLCs were successfully engineered to express the mutations of interest 
in each of the conditions.  
 
FLCs transduced with R, DR, or DRI constructs were transplanted into mice to assess their 
relative ability to initiate leukaemia in vivo. Unsorted cells from the R, DR and DRI 
transductions were injected into sublethally irradiated PTPRCA recipient mice with a 
minimum of 4 recipient mice per condition. Six weeks post intravenous inoculation, GFP 
and/or dsRED expressing cells in the peripheral blood were quantified to assess whether the 
transduced FLCs had engrafted and were giving rise to circulating progeny. At this time-point, 
mice transplanted with foetal liver cells transduced with R and DR constructs had significantly 
less GFP and/or dsRED fluorescence than those transplanted with DRI transduced FLCs (Fig. 
4.1D). Strikingly, up to 70% of the peripheral blood mononuclear cells in mice transplanted 
with DRI expressing FLCs were GFP and/or dsRED positive (Fig. 4.1D, left). To examine 
whether mice were exhibiting signs of white blood cell (WBC) expansion, whole blood counts 
were performed. This analysis revealed that mice transplanted with R and DR expressing FLCs 
displayed normal WBC, with a mean of 7.78 and 10.53 x109 cells/ L, respectively, however 
mice transplanted with DRI expressing FLCs displayed significantly elevated WBC counts, 
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with a mean of 112.1x109 cells/ L (Fig. 4.1D, right). Together, this analysis demonstrated that 
the D, DR, and DRI transduced FLCs had successfully reconstituted the haematopoietic 
compartment in recipient mice. Furthermore, compared to D and DR, DRI transduced FLCs 
rapidly expanded in recipient mice and possessed a strong selective advantage over endogenous 
and non-transduced wild- type haematopoietic cells by 6 weeks post-transplant.  
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Figure 4.1 Generation of transgenic foetal livers for transplant  
A, Flow chart of experimental protocol for generation of primary single, double and triple 
mutant tumours. B, Retroviral over expression constructs used including DNMT3AR882H -
dsRED (top) NrasG12D-tTA(middle), IDH2R140Q-GFP (bottom). C, transduction efficiency of 
original tumour clones measured by flow cytometry plots displaying fluorescence of foetal 
livers transduced with either: NrasG12D only (R), DNMT3AR882H and NrasG12D (DR) or 
DNMT3AR882H and NrasG12D and IDH2R140Q (DRI). D, Peripheral blood fluorescence of 
PTPRCA recipient mice measured by flow cytometry, left, and peripheral blood whole blood 
counts, right, both 6 weeks following foetal liver transplant, n= 4 mice per group for R and 
DR, and 5 mice for DRI, mean and standard deviation are displayed. Means were compared 
with Wilcoxin test, DRI was compared to DR. Fluorescence p =1.0 x10-4, WBC p =1.0 x10-4. 
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A longitudinal study was performed to examine whether the combinations of DNMT3AR882H, 
NrasG12D, and IDH2R140Q were capable of initiating leukaemia in vivo. In this experiment, the 
outcomes of mice transplanted with D, DR, and DRI transduced FLCs was tracked over time. 
Transplantation of FLCs transduced with DRI resulted in an aggressive haematopoietic tumour 
with a median survival of 55 days (Fig. 4.2B, hereafter referred to as DRI tumours). Mice 
bearing these DRI tumours were characterised by leukocytosis and splenomegaly. Importantly, 
the median survival was significantly longer for mice transplanted with R (median= 89.5 days) 
and DR transduced FLCs (median= 90 days). Compared with mice transplanted with DRI-
transduced FLCs, mice transplanted with R and DR transduced FLCs presented with 
significantly smaller spleens and lower WBC counts than those transplanted with DRI cells 
(Fig. 4.2B), though did present with enlarged thymus’ (Table 4.1 below).  Similar experiments 
from our lab have demonstrated a comparable median survival of mice transplanted with FLCs 
transduced with NrasG12D and IDH2R140Q  as mice transplanted with DR (DNMT3AR882H + 
NrasG12D) cells (Kats et al., 2017). Taken together, this data demonstrates that transplantation 
of DRI transduced FLCs leads to the initiation of leukaemia in recipient mice with a 
significantly shorter latency than those transplanted with R or DR transduced FLCs. Finally, 
this data highlights the ability of DNMT3AR882H to functionally cooperate with NrasG12D and 
IDH2R140Q in vivo to drive leukemia development. 
 
Table 4.1 number of mice per group with recorded characteristics  

Cells transplanted Thymomegaly 
(> 20mg) 

Splenomegaly (>100mg) Leukocytosis 
(>10x109/L) 

R (n=4) 2 1 1 
DR (n=5) 5 1 1 
DRI (n=5) 0 5 5 

 
DRI tumours were transplanted to secondary and tertiary recipients and a longitudinal study 
was performed to assess whether these cells could recapitulate disease in serial recipients. To 
transplant DRI tumours, the total spleen and bone marrow of mice shown in Fig. 4.2A was 
harvested and 1x106 cells were transplanted to sublethally irradiated PTPRCA secondary 
recipients via intravenous (IV) injection. Mice transplanted with DRI tumour cells from 
primary or secondary recipients succumb to disease with the same characteristics and a similar 
latency as mice transplanted with DRI FLCs (Fig. 4.2C). This data demonstrates that the DRI 
tumours can be propagated by sequential transplantation in vivo.  
 



 169 

During the initial retroviral transduction of FLCs with DRI, it was found that FLCs were a 
mixture of GFP only and GFP and dsRED expressing cells. To examine the outgrowth of these 
cell populations, the presence of GFP and dsRED expressing cells in the bone marrow were 
enumerated in moribund mice transplanted with DRI tumours. Importantly, approximately 
70% of bone marrow cells of primary mice transplanted with DRI transduced FLCs expressed 
both GFP and dsRED protein (exemplified Fig. 4.2D, left). In secondary recipient mice 
transplanted with DRI tumours, approximately 88% of bone marrow cells expressed both 
fluorescent proteins (exemplified Fig. 4.2D, right). This indicated that all three mutations were 
present in the majority of bone marrow cells of moribund mice transplanted with DRI tumours. 
Notably, there was some heterogeneity observed within primary tumour clones, where the 
presence of cells expressing only IDH2R140Q (GFP positive) was noted (Fig. 4.2D, left). 
Although the GFP single positive population was small, this observation highlighted the 
possibility that not all tumour cells being transplanted expressed DNMT3AR882H mutation, 
which may have confounded future results. Therefore, in order to minimise the impact of these 
sub-clones, tumours derived from secondary transplants were used for the subsequent in vivo 
experiments, including genetic de-induction analyses.  
 
  



 170 

 

 
 
Figure 4.2 Generation and characterisation of DRI tumours  
A, Survival curve for mice transplanted with transgenic foetal livers. n = 5 mice for DR and 
DRI groups, n = 4 mice for R group. DRI was significantly less than both R, p =0.0049 and 
DR, p = 0.0018. Median survival; R =89.5 days, DR =90 days, DRI =55 days. Survival curves 
were compared with log-rank Mantel-Cox test. B, Spleen weights, left, and whole blood cell 
counts, right, from moribund mice in A. mean and standard deviation are displayed, 3 mice for 
R,4 mice for DR 5 mice for DRI, comparison of the means was performed with Kruskal-Wallis 
test and Dunns multiple comparisons test. DRI spleen weights were significantly higher than 
R p =0.0454, and DR, p = 0.0262. DRI WBC were not significantly higher than R p =0.056, 
but significantly higher than DR, p =0.0386. C, Survival curve displaying disease latency in 
primary, secondary and tertiary transplant recipients. Median survival for 1o transplant = 55 
days, 2 o transplant = 38 days 3 o transplant = 43 days.  Survival curves were compared with 
log-rank Mantel-Cox test, p = 0.0794. D, Flow cytometry plots of fluorescence in the bone 
marrow of primary recipient, left, and tertiary recipient, right, exhibiting varying levels of 
tumour heterogeneity. 
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4.2.2 Genetic Depletion of DNMT3AR882H Conferred a Survival Advantage and Altered 
Immunophenotype 
 
The next series of experiments were aimed at determining whether the sustained expression of 
DNMT3AR882H was essential to maintaining the leukaemic phenotype in established DRI 
tumours. Exploiting the features of the tetracycline inducible mouse model generated in 4.2.1, 
DNMT3AR882H expression was rapidly depleted from DRI tumours growing in vivo by 
administration of doxycycline (DOX). As described in 4.2.1, DRI tumours isolated from the 
spleen or bone marrow of moribund secondary recipients were transplanted into sublethally 
irradiated PTPRCA tertiary recipient mice. One cohort of 13 mice were administered DOX-
containing food and drinking water in order to deplete expression of DNMT3AR882H (DOX 
mice), while a cohort of 12 untreated mice were provided with normal food and water (UT 
mice, Fig. 4.3A). Five weeks post IV transplant, mice treated with DOX had significantly fewer 
GFP expressing cells in the peripheral blood and significantly lower WBC counts than UT 
mice (Fig. 4.3 B). These results indicated that the depletion of DNMT3AR882H in DRI cells is 
associated with reduced expansion within the peripheral blood after 5 weeks. 
 
To further validate the role of DNMT3A in leukaemia maintenance, a longitudinal study was 
performed to assess whether DOX treatment of DRI tumour bearing mice was associated with 
alteration in disease latency and outcomes compared to untreated mice. In this setting, DOX 
treatment conferred a significant survival advantage, indicating that loss of DNMT3AR882H 
expression in established DRI tumours slowed tumour progression (Fig. 4.3C). While mice 
treated with DOX still succumb to disease at later timepoints, the disease characteristics were 
significantly altered. Specifically, moribund DOX-treated mice exhibited lower peripheral 
WBC counts and significantly smaller spleen weights than UT mice (Fig. 4.3D). Flow 
cytometry was performed at end point  and confirmed that the bone marrow of DOX mice did 
not contain GFP+dsRED+ cells which may have escaped DOX depletion (Fig. 4.3, right). 
Interestingly, 7 of the 12 DOX treated mice exhibited thymomegaly, however, the cause of 
death for DOX treated mice was not investigated further. Together, these results demonstrate 
that the sustained expression of DNMT3AR882H is essential for maintaining leukocytosis and 
spenomegaly characteristic of DRI leukaemia. Moreover, these findings suggest that whilst 
targeting DNMT3AR882H may not be curative, it could represent an effective therapeutic 
strategy for DNMT3AR882H leukaemia. 
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Figure 4.3 Depletion of DNMT3AR882H provides a survival advantage  
A, Flow chart of experimental design for dox induced genetic depletion of DNMT3AR882H 
expression. B, whole peripheral blood counts, peripheral blood GFP expression and example 
flow cytometry plots of peripheral blood fluorescence 5 weeks following IV transplantation of 
primary DRI tumour. WBC n = 8 mice per group, GFP n = 13 per group, mean and standard 
deviation are displayed. Means were compared with unpaired t-test, WBC p = 0.0214, GFP p 
<0.0001. C, Survival curve displaying survival of mice transplanted with DRI tumours and 
either left untreated, grey, or treated with DOX, red. Grey shading indicates DOX treatment 
length. Survival curves were compared using log rank Mantel Cox test, p = 0.0056, mean 
survival DOX = 77 days, mean survival UT =37.5 days UT n = 12 mice, DOX n = 13 mice.  
D, WBC, left, and spleen weights, right, of moribund mice displayed in C. WBC n = 4 mice 
and SW n = 6 mice, mean and standard deviation are displayed. Means were compared with 
unpaired t-test, SP p =3.0 x10-4, WBC was not significant p =0.1848.  
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Figure 4.4 Serial dilution and optimisation of tumour growth  
A, Flow chart of experimental protocol for tumour purification and limiting dilution transplant. 
B, Survival curve of 2 separate secondary DRI clones transplanted into recipient PTPRCAs in 
varying dilutions. C, Survival of mice transplanted with clone 2 tertiary DRI tumour and left 
untreated, grey, or treated with dox, red. grey shading indicates the DOX treatment period. D, 
spleen weights of moribund mice in C. n = 4 per group, means compared with unpaired t-test. 
p = 0.3551. E, Survival curve of mice transplanted with DRI clones exposed to different levels 
and sources of irradiation. Mice were irradiated with a split dose of 6 Gy via two doses of 3 
Gy separated by 4 hours, or single doses of 5 or 6gy with the XRAD or 6.5 Gy with the caesium 
source, before being transplanted with DRI tumour clones. 2x3gy n = 5, 5 Gy n = 9, 6 Gy n =7, 
and 6.5gy n = 9 mice. Mean survival: 2x3gy = 94 days, 5 Gy= 66 days, 6 Gy = 56 days, and 
6.5gy = 40 days. Means were compared with the logrank test for trend p<0.0001. 
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As mentioned in 4.2.1, there was a significant level of heterogeneity observed within the DRI 
leukemias (Fig. 4.2D).  Thus, it was imperative to eliminate the confounding small percentage 
of DRI tumour cells that do not express DNMT3AR882H. In order to ensure that a homogeneous 
population containing all 3 mutations was used for downstream molecular analysis, 
dsRED+GFP + cells were specifically isolated by FACS. Spleen and bone marrow cells from 
two different moribund mice that had been transplanted with DRI leukaemia derived from a 
single primary recipient mouse (from Fig. 4.2) were isolated by FACS for GFP+dsRED+ cells. 
Subsequently, 2x105, 1x104 and 1x103 cells were then transplanted into PTPRCA recipient 
mice in a limiting dilution transplantation assay (Fig. 4.4A). In this assay, mice transplanted 
with 2x105 cells succumb to disease, whilst mice transplanted with fewer cells did not succumb 
to disease (Fig. 4.4B). Therefore at least 2x105 dsRED+GFP+ DRI cells were necessary to 
achieve successful transplantation of leukaemia.  
 
To further study the purified DRI tumour cells, the prolongation of survival in response to 
DOX treatment of an established tumour in vivo was examined. Similar to the experimental 
workflow described previously, DRI tumour line #2 was IV transplanted into 12 recipient mice 
and allowed to establish before DOX was administered to half of the mice to deplete 
DNMT3AR882H expression. As observed previously, depletion of DNMT3AR882H by DOX 
conferred a significant survival advantage (Fig. 4.4C). Notably, there was no significant 
difference in the spleen weights of the mice treated with DOX which succumbed to disease 
compared to UT mice (Fig. 4.4D). This may be due to an outgrowth of leukaemic cells which 
can sustain leukaemia with only NrasG12D and IDH2R140Q mutations, independently of 
DNMT3AR882H.  

 
When the Peter MacCallum Cancer Centre relocated to a new site in 2016, the primary source 
of radiation used for irradiation of mice was changed from caesium-137 to X-Ray. In order to 
ensure reproducible engraftment of DRI tumours, PTPRCA mice were exposed to varying sub-
lethal radiation dose from the X-RAD320 X-Ray irradiator and inoculated via IV with 
secondary DRI tumour cells. Mice were monitored for engraftment and expansion of DRI 
tumours, overall survival, and compared with initial experiments using the caesium source. An 
X-RAD320-delivered dose of 6 Gy resulted in tumour engraftment and disease progression 
comparable to that of a 6.5Gy dose delivered with caesium source, however, this dose also lead 
to two irradiation sickness related fatalities (Fig. 4.4E, green squares). Therefore, to implement 
an irradiation regimen that was comparable to initial experiments, 5.5 Gy was chosen as the 
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standard dose to provide sufficient tumour engraftment whilst minimising irradiation related 
sickness and this dose was used for remaining experiments.  
 
The acute effects of DNMT3AR882H depletion in DRI tumours were characterised in a cross-
sectional analysis. Mice bearing DRI tumours were harvested and examined at 5 and 14 days 
following DOX treatment (Fig. 4.5). As expected, most transplanted cells had a significant 
reduction in dsRED expression after 5 days of DOX treatment, and dsRED expression was 
completely lost after 14 days, indicating successful depletion of the DNMT3AR882H protein 
(Fig. 4.6A). Interestingly, 14 days of DOX treatment was associated with significantly smaller 
spleen weights (Fig. 4.6B) and lower peripheral leukocyte counts when compared with UT 
mice (Fig. 4.6C). This analysis suggested that the depletion of DNMT3AR882H expression 
within established tumours in vivo had a rapid impact on tumour expansion in the spleen and 
circulating blood, leading to a reduction in overall tumour burden. 
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Figure 4.5 DRI tumour transplantation and molecular analysis  
Flow chart of experimental protocol for immunophenotyping and molecular analysis of 
DNMT3AR882H depleted DRI tumours passaged through both PTPRCA and NSG recipient 
mice. Tertiary DRI tumours were transplanted into NSG mice or PTPRCA mice and allowed 
to establish over 4 weeks. Mice were then treated with DOX or left untreated for 5 and 14 days. 
Tumour from bone marrow and spleen was then harvested and the indicated tumour population 
isolated by flow cytometry to be used for RNA sequencing and/or RRBS. 
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Figure 4.6 DRI cells after 5 and 14 days DOX treatment  
A, example flow cytometry plot of BM fluorescence at 5, left, and 14 days, right, following 
DOX treatment. Spleen weights, B, and peripheral whole blood counts, C, of mice harvested 
at 5 and 14 days. n = 4 per group at 5-day time-point and n = 2 for UT and n = 6 DOX at 14 
day time-point, means with standard deviation are displayed. Means were compared with 
multiple t-tests with Holm-Sidak correction. Spleen 5 days p = 0.051, 14 days p = 1.0 x10-5. 
PB; 5 days p = 0.146, 14 days p = 0.0096.  
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The expression of typical myeloid-associated cell surface markers was assessed following 
acute DNMT3AR882H depletion to determine if the DRI cells were undergoing differentiation. 
Flow cytometry was performed on the bone marrow (Fig. 4.7A), spleen (Fig. 4.7B), and 
peripheral blood (Fig. 4.7C) of DOX and UT mice at 5 and 14 days following treatment. Cells 
were stained for myeloid differentiation cell surface marker CD11b and immature 
haematopoietic stem cell surface marker c-KIT to examine the differentiation state of the DRI 
cells with and without DNMT3AR882H. The total tumour burden in the spleen (Fig. 4.7B, left) 
and peripheral blood (Fig. 4.7C) was significantly lower in the DOX treatment group compared 
to the UT at 14 days however there was no significant difference in the bone marrow at 14 days 
(Fig. 4.7A) or any of the compartments after just 5 days. The transplanted DRI cells in all 
compartments exhibited a significant reduction c-KIT+ expression in DOX treated compared 
to untreated (UT) mice after 14 days, indicating a loss of immature blast-like cells (Fig. 4.7, 
Fig. 4.8B). Additionally, the c-KIT+CD11b+ compartment was also significantly reduced in 
DOX treated mice after 14 days in all tissues examined (Fig. 4.7) and is illustrated in 
representative samples of DOX and UT mice in Fig. 4.8. There was a trend towards increase 
in CD11b+c-KIT- cells in the bone marrow after 14 days, however this was not statistically 
significant. This could suggest that depletion of DNMT3AR882H expression could promote 
differentiation of established DRI tumours in vivo. However, this increase was not observed in 
the spleen or peripheral blood. Together, the immunophenotyping analysis illustrated that acute 
DNMT3AR882H depletion was associated with modest immunophenotypic changes following 
5 days, and a significant loss of immature cells at 14 days post DOX-treatment. 
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Figure 4.7 Immunophenotypic characterisation of DRI cells after 5 and 14 days DOX 
treatment.  
Tumour burden calculated by percentage of GFP+ lymphocytes, left, percentage of c-KIT+ 
cells within DRI cells, middle and c-KIT+CD11b+ levels within tumour, right within in the 
Bone marrow, A, spleen, B and peripheral blood, C, as assessed by flow cytometry. Treatment 
group means with standard deviation are displayed. 5 day UT n= 2, 5-day dox n= 4, 14 day UT 
n = 3, 14-day DOX n = 5. Comparison of the means was performed with multiple t-tests with 
Holm-Sidak correction, UT was compared to DOX at each time point. A, BM tumour burden 
5 days p = 0.167, 14-day p = 0.305, BM c-KIT 5 days p = 0.079, 14 days p = 7.0 x10-6. BM 
cKIT+CD11b+ 5days p = 0.0364, 14 days p = 3.0 x10-6, BM CD11b+c-KIT- 5days p =0.576, 
14days p = 0.081. B, SP tumour burden 5 days p = 0.186 14 days p = 8.0 x10-5, SP c-KIT+ 5 
days p = 0.294, 14 days p = 1.87 x10-3. SP c-KIT+CD11b+ 5days p = 0.5906, 14 days p = 4.11 
x10-4, SP c-KIT-CD11b+ 5-day p = 0.489 14 days p = 0.429.C, PB tumour burden 5 days p = 
0.372, 14 days p = 6.18 x10-4, PB c-KIT 5 days p =0.835, 14 days p = 9.41 x10-3. PB 
cKIT+CD11b+ 5days p =0.9207, 14 days p =8.27 x10-3, PB cKIT-CD11b+ 5 days = 0.762, 14 
days p = 0.129. 
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To visualise changes in macroscopic features, bone marrow cytospins of UT and DOX treated 
mice bearing established DRI tumours were collected.  These results revealed that UT mice 
had a high density of leukaemic blast cells, characterised by high nucleus to cytoplasm ratio, 
whilst DOX mice exhibited a high number of differentiated, neutrophil-like cells, identified by 
a lower nucleus to cytoplasm ratio and ring-shaped nuclei (Fig. 4.8C). Further histological 
characterisation of the DRI cells reinforced the results of the immunophenotyping analysis, 
highlighting that immature leukaemic blasts are decreased following DOX treatment and 
suggesting that mature cells are increased following depletion of DNMT3AR882H. Together this 
analysis suggests that oncogenic DNMT3AR882H has an important role in maintaining the block 
in myeloid differentiation that characterises AML blast cells. 
 
Next, DRI tumours were transplanted into immunocompromised recipients to determine 
whether the immunophenotypic changes observed in syngeneic recipients were dependent 
upon host immune cell interactions. NSG mice bearing established DRI tumours were treated 
with DOX or left UT for 14 days prior to flow cytometry immunophenotyping analysis (Fig. 
4.5). The spleens of DOX treated NSG mice were significantly smaller than that of UT NSG 
mice, indicating that DNMT3AR882H depletion was reducing proliferation and/or promoting 
cell death of DRI cells in NSG recipients (Fig. 4.9A). There was a significantly lower tumour 
burden in the bone marrow, spleen and peripheral blood of the NSG recipients after 14 days of 
DOX treatment (Fig. 4.9B). As observed in syngeneic recipients, there was a significant 
reduction in the percentage of c-KIT expressing cells in the bone marrow, spleen and peripheral 
blood, as well as a loss of c-KIT and CD11b double-positive cells in these three haematopoietic 
compartments (Fig. 4.9C).  Interestingly, DOX treatment of DRI leukemia-bearing NSG mice 
was also associated with significantly less CD11b+ cells in these three haematopoietic 
compartments. Taken together, these results indicate that the biological response to 
DNMT3AR882H depletion in established DRI tumours is consistent between immune competent 
and immune compromised recipients.  
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Figure 4.8 Further characterisation of DRI cells after 14 days DOX treatment  
A, example flow cytometry contour plots exemplifying tumour expression of c-KIT and 
CD11b, across different compartments at 14 days following dox treatment. numbers represent 
percentage of tumour cells which fall in that quartile. B, example flow cytometry histogram 
displaying c-KIT + in bone marrow of DOX or UT mice 14 days following DOX treatment, y 
axis represents normalised counts. C, representative microscopy photos of BM cytospins 
stained with writes staining.  
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Figure 4.9 Immunophenotypic response to DOX in NSG recipients  
A, Spleen weights of mice treated with DOX (red square) or untreated (grey circle) after 14 
days. Means compared with unpaired t-test p = 0.0022. mean with standard deviation error bars 
are displayed. B, Tumour burden assessed by flow cytometry across different tissues14 days 
following DOX treatment. n= 5 mice per group. Means were compared by Wilcoxon test. BM 
p=4.72 x10-3, SP p = 1.32 x10-2, PB, p = 7.47 x10-3.  C,  Immunophenotyping by flow cytometry 
across different tissues 14 days following DOX treatment. n= 5 mice per group. Means were 
compared by Wilcoxon test. c-KIT+: BM p= 3.59 x10-4, SP p = 6.93 x10-4, PB p = 5.35 x10-4, 
c-KIT+CD11b+: BM p= 3.97 x10-5, SP p = 8.60 x10-4, PB p = 8.70 x10-4. CD11b+: BM p= 
1.87 x10-5, SP p = 1.04 x 10-3, PB p = 7.60 x10-6. Bar graphs represent mean values and error 
bars represent standard deviation.  
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4.2.3 Genetic Depletion of DNMT3AR882H Led to an Altered Transcriptional Profile  
Oncogenic DNMT3AR882H expression is associated with distinct transcriptional profiles in both 
human and mouse models of AML (Glass et al., 2017). Hence, DNMT3AR882H depletion in 
established DRI tumours is likely to evoke transcriptional changes that underpin the observed 
phenotypic responses. To elucidate these transcriptional changes, RNA sequencing was 
performed on c-KIT+CD11b- DRI cells from DOX or UT PTPRCA recipients. Mice 
transplanted with DRI tumours were treated with DOX for 5 or 14 days to deplete 
DNMT3AR882H or left untreated, then bone marrow and spleen were harvested for molecular 
analysis (Fig. 4.5). To enrich for immature DRI leukemia cells sensitive to DOX treatment, the 
bone marrow and spleen were pooled and sorted for GFP+dsRED+c-KIT+CD11b- cells using 
FACS. RNA was extracted and libraries were generated with the Quantseq library prep kit then 
sequenced on a Nextseq500. Quantseq was performed as it requires lower input RNA, a 
limitation of in vivo sorted samples, and requires fewer reads than total RNA sequencing (Moll, 
Ante, Seitz, & Reda, 2014). Thus, approximately 10 million reads per sample were acquired 
and mapped to the mm10 mouse reference genome, achieving a mapping efficiency of ~80% 
for all samples. The resulting bam files were processed using the featureCounts function of the 
Subread software package (Liao et al., 2013) to quantify the number of reads overlapping with 
each refseq reference gene. Quantseq counts were normalised by library size and differential 
gene expression analysis was performed using the Voom-Limma workflow in R (Ritchie et al 
2015). Principal component analysis plots in figure 4.10A display the separation of the 10 
samples based on the two primary attributes of variance, which describe the largest amount of 
variability between samples. Accordingly, the samples separated by the two independent 
variables: treatment on the primary X axis, and day of harvest on the secondary Y axis (Fig. 
4.10A). Pearson’s correlation analysis of normalised counts of all samples showed a consistent 
separation of the samples based on treatment and time of harvest. Moreover, DOX treated 
samples were most similar to the other DOX treated samples, and UT samples highly correlated 
with other UT samples (Fig. 4.10B). Unsupervised hierarchical clustering based on Pearson’s 
correlation values revealed that both the Day 5 and Day 14 UT samples clustered closely 
together, indicating a high degree of similarity and low variance between these two control 
groups (dendrogram, Fig. 4.10C). Importantly this analysis also demonstrated that the DOX 
day 5 samples shared some similarity with both DOX day 14 as well as with the UT samples. 
This result suggests that the transcriptional response to DNMT3AR882H depletion for 5 days 
elicits some of the gene changes with, though is distinct from, the transcriptional response 
elicited at 14 days.  
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Figure 4.10 A comparison of gene expression changes at 5 and 14 days following DOX  
A, Multidimensional scaling (MDS) plot of the first two principal components of variation 
from RNA-seq data from UT and DOX-treated DRI cells at 5 and 14 day time points. B, 
Heatmap of Pearson’s correlation between all samples. Shading indicates correlation p-value. 
Dendrogram, top, illustrates unsupervised hierarchical clustering based on Pearson’s 
correlation p values. C, Heatmap of scaled counts of all genes significantly differentially 
expressed between DOX day 14 and UT day 14 (q <0.05 & log FC >1.5). D, Venn diagram of 
all genes significantly differentially expressed (p <0.05 & log FC >1.5) between DOX day 14 
and UT day 14 overlapped with those between DOX day 5 and UT day 5. Significance of the 
overlap was assessed with hypergeometric testing, * = p < 5.572 x10-175. E, X-Y scatter plot of 
the log fold change of all genes for DOX day 5 vs UT day 5, x axis, and DOX day 14 vs UT 
day 14, y axis. Significantly differentially expressed genes in both comparisons are highlighted 
in red p <0.05, and highly differentially expressed genes with a p value of <0.01 and a log FC 
> 3 in both comparisons are also annotated. Blue line indicates linear regression, correlation of 
logFC of genes significantly differentially expressed in both was calculated with Pearson’s 
correlation, p value <2.2 x10-16, r = 0.858. 
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Next, statistical evaluation of genes that were differentially expressed following 
DNMT3AR882H depletion was investigated. The Voom-limma workflow was used to determine 
which genes were statistically differentially expressed in DRI cells following 5 and 14 days of 
DOX treatment. Differential gene expression analysis revealed 1,935 genes that were 
significantly differentially expressed (DEG, p-value <0.05) between DOX and UT at 5 days 
and 5,877 DEGs after 14 days (Fig. 4.10C, D, Fig. 4.11A, B, Appendix B). There were 1,216 
DEGs which overlapped between the two time-points and hypergeometric testing suggested 
that this was highly significant (Fig. 4.10D). Further analysis revealed that the gene expression 
changes at both 5 and 14 days of DOX treatment were significantly positively correlated, 
indicating that directionality of the changes were shared between the time points. (Fig. 4.10E). 
Although many of the same genes were significantly modulated by DOX at both time points, 
the magnitude of the log fold change of significant DEGs was greater at day 14 (mean absolute 
logFC D5 = 1.22 and D14 = 1.33, welch t-test logFC p=4.323 x10-6) (Fig. 4.11 A, B). These 
comparisons demonstrated that there is a defined transcriptional response to DOX treatment 
which is partially conserved between 5 and 14 days. Thus, depletion of DNMT3AR882H in 
established DRI tumours is associated with progressive modulation of transcription of a distinct 
gene signature.  
 
DNMT3AR882H depletion was associated with a significant modulation of transcription, 
however identification of the most robustly changed genes may give insight into mechanisms 
of leukaemic maintenance by DNMT3AR882H. Thus, the most statistically significant DEGs 
shared between 14 day and 5 day time points were first examined. The top 3 genes upregulated 
in response to DOX which were shared between the two time-points included: Klf1, Car1 and 
Gml2 (Fig. 4.11C, Table 4.2) and the top 3 downregulated genes include: Chd4, Cd34 and 
Cd276 (Fig. 4.11D, Table 4.2). Interestingly, these top dysregulated genes were associated with 
haematopoietic-related signalling or developmental functions. Klf1 encodes an erythroid 
specific transcription factor responsible for adult beta-globin expression. Accordingly, Klf1 is 
implicated in erythroid lineage commitment and inactivating mutations are associated with red 
blood cell disorders (Hariharan, Colah, Ghosh, & Nadkarni, 2018; C. T. Yang et al., 2017). 
Similarly, Car1 belongs to the carbonic anhydrase family of zinc metalloenzymes which is 
implicated in erythrocyte differentiation (Sowden, Edwards, Morrison, Butterworth, & 
Edwards, 1992). Finally, Gml2 (a.k.a HemT) is a largely uncharacterised protein whose 
expression is predominantly localised to the testis. Interestingly, expression of a hematopoietic-
cell specific transcript variant of Gml2 has also been reported in early erythroid cell 
populations, though further functional validation of this variant has not been performed (Xue, 
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O'Neill, Morrow, & Bank, 1999). Other notable stem cell associated genes which were 
upregulated include, Slamf1 (CD150) a LT-HSC marker and Cbx6, a chromobox protein and a 
member of polycomb repressive complex 1 which has been associated ESC identity (Santanach 
et al., 2017). Taken together, this analysis demonstrated that the most significantly upregulated 
genes in response to DOX treatment were associated with erythrocyte differentiation. 
Therefore, DNMT3AR882H likely acts to suppress the expression of differentiation associated 
genes in established DRI tumours. 
 
Table 4.2 Gene expression results of shared regulated genes  

Gene 5D logFC 5D P-value 14D logFC 14D P-value 
Klf1 3.508673 5.7751520 x10-3 5.041408 9.338674 x10-5 
Car1 3.539864 2.731490 x10-4 6.779861 1.359536 x10-6 
Gml2 3.642639 0.0250790043 6.772798 5.105751 x10-4 
Cd34 -1.329104 0.0240875835 -5.218842 1.643376 x10-5 
Chd4 -2.301287 2.79854 x10-5 -2.955682 5.340033 x10-7 
Cd276 -2.489316 1.4417725 x10-3 -6.783481 5.120786 x10-5 

 
Next, the most significantly repressed genes in response to DNMT3AR882H depletion were 
examined. Similarly, these genes were also associated with relevant phenotypes such as 
leukaemia and self-renewal. For instance, Chd4 was one of the most significantly 
downregulated genes and encodes a member of the nucleosome remodelling and deactelyase 
(NuRD) complex (Low et al., 2016). Chd4 has been reported to maintain embryonic stem cell 
(ESC) self-renewal and recently was discovered to act as an oncogene by recruiting DNMTs 
to hypermethylate and repress tumour suppressor genes  (Cai et al., 2014; Xia et al., 2017; H. 
Zhao et al., 2017). Cd34 encodes a cell surface protein expressed in HSC and haematopoietic 
progenitors and is strongly associated with acute leukaemias (Blair, Hogge, & Sutherland, 
1998; Engelhardt, Lubbert, & Guo, 2002; Krause, Fackler, Civin, & May, 1996). Cd276 is a 
co-stimulatory cell surface protein which is expressed in AML patient samples (Guery et al., 
2015) and is hypothesised to functionally regulate anti-tumour immunity (Loos, Hedderich, 
Friess, & Kleeff, 2010). Overall, DOX treatment was associated with the downregulation of 
leukaemia associated genes. This result suggests that DNMT3AR882H may drive the expression 
of genes regulating self-renewal and HSC-like proliferative state in DRI cells.   
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Figure 4.11 Gene expression changes in DRI cells at 5 and 14 Days following DOX 
 A, Volcano plot showing log p value and log fold change of genes in DOX compared to UT 
after 5 days. All measured genes are plotted, genes with a p value of <0.05 are enlarged points, 
and genes with p value <0.05 and log FC >1.5 are coloured. the top 20 significantly 
differentially expressed genes are annotated.  B, Volcano plot showing log p value and log fold 
change of genes in DOX compared to UT after 14 days. All measured genes are plotted, genes 
with a p value of <0.05 are enlarged points, and genes with p value <0.05 and log FC >1.5 are 
coloured. the top 20 significantly differentially expressed genes are annotated.  C, Boxplots of 
sample genes significantly upregulated in DOX treated compared to UT control and both time-
points. Voom-Limma was used to statistically compare means of each treatment group to 
appropriate controls. Klf D5 p =0.00578, D14 p = 9.38 x10-5, Car1 D5 p = 2.731 x10-4, D14 p 
=1.359536 x10-6, Gml2 D5 p =0.0250790043, D14 p =5.105751 x10-4. D, Boxplots of sample 
genes significantly downregulated in DOX treated compared to UT control and both time-
points. Voom-Limma was used for statistical comparison between treatment groups, n = 2 mice 
per group for UTD5, UTD14 and DOXD5 and n = 4 mice for DOXD14. Cd34 D5 p = 2.409x10-

2, D14 p = 1.643x10-5, Chd4 D5 p = 2.798 x10-5, D14 p =5.340 x10-7, Cd276 D5 p = 1.441 x10-

3, D14 p =5.121 x10-5.  
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Figure 4.12 Genes significantly dysregulated by DNMT3AR882H depletion  
A, Boxplots of gene expression of previously published DNMT3A target genes in DOX and 
UT control samples at both 5 and 14 days. Voom-Limma was used for statistical comparison 
between treatment groups. n = 2 mice per group for UTD5, UTD14 and DOXD5 and n = 4 
mice for DOX D14. * indicates statistically significantly different to appropriate control. Mn1 
D5 p =0.03791431, D14 p =5.945922 x10-4, Hoxa9 D5 p =0.2252512, D14 p =8.818063 x10-

3, Hoxa7 D5 p =0.4878734, D14 p =4.156967 x10-1, Mycn D5 p =0.8627868, D14 p =4.184661 
x10-5, Flt3 D5 p = 0.4629000, D14 p =1.019694x10-1, Sox4 D5 p =0.11523945, D14 p 
=2.373906 x10-5, Cxxc5 D5 p =0.10078154, D14 p =2.294128 x10-6, Emilin2 D5 p 
=0.06828724, D14 p =6.827046 x10-2. B, Heatmap of scaled Quantseq counts of Fibroblast 
growth factor family genes significantly dysregulated in DOX day 14 treatment group. means 
were compared with Voom-Limma. n = 2 mice per group for UTD5, UTD14 and DOXD5 and 
n = 4 mice for DOX D14. * indicates D14 P-value <0.05 and # indicates P-value <0.05 for D5. 
Fgfrl1 D5 p =0.081028569 D14 p = 1.095752 x10-4, Fgfr1 D5 p = 0.007994394 D14 p 
=2.284793 x10-5, Fdfr1op2 D5 p =0.740424729, D14 p = 4.541534 x10-3, Fgf3 D5p 
=0.128089158, D14 p = 1.434676 x10-4, Fgf15 D5 p =0.339869816, D14 p = 1.234092 x10-3. 
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From the data shown in Fig. 4.10-4.12 multiple genes within the same family were modulated 
following DNMT3AR882H depletion. One such example included the tyrosine kinase signalling 
fibroblast growth factor receptor family (FGF), which is significantly dysregulated in cancer. 
As such the FGF family is a potential therapeutic target in cancer and FGF inhibitors are 
currently being evaluated in clinical trials (Chae et al., 2017). Interestingly, Fgfr1, a receptor 
of the FGF family, is significantly downregulated at both 5 and 14 days (Fig. 4.12 B, table 4.3). 
Chromosomal aberrations of this gene are associated with myeloid and lymphoid neoplasms 
and enhanced proliferative potential (Roumiantsev et al., 2004; Strati et al., 2018). Several 
other members of the FGF family are also downregulated at 14 days including Fgf3, Fgfr1op2, 
and FGF15, which are similarly associated with cancer proliferation and resistance to therapy 
(Grand et al., 2004; Tanner & Grose, 2016), table 4.3. Conversely, Fgfrl1 is significantly 
upregulated at 14 days. As Fgfr1 is the only FGF family member dysregulated at the earlier 
time-point, this could suggest that Fgfr1 is a direct target of DNMT3AR882H, and the other 
members are suppressed downstream of Fgfr1 activation. Overall, this data demonstrated that 
FGF family proteins were significantly dysregulated in response to DOX treatment. This 
suggests that DNMT3AR882H may function to maintain leukaemia through activation of these 
genes, though additional functional validation is required to confirm this hypothesis.  
 
Table 4.3 FGF family gene expression change results 

Gene 5D logFC 5D P-value 14D logFC 14D P-value 
Fgfr1 -2.84303627 0.007994394 -6.8377266 2.284793 x10-5 

Fgf3 -0.99171405 0.128089158 -5.5458298 1.434676 x10-4 

Fgf15 0.68727372 0.339869816 -4.6777555 1.234092 x10-3 

Fgf2 -0.73774693 0.071081678 0.1017362 7.714188 x10-1 

Fgfr1op2 -0.05199257 0.740424729 -0.5013942 4.541534 x10-3 

Fgfrl1 1.13162669 0.081028569 3.0009572 1.095752 x10-4 

Fgfbp3 -0.72171304 0.258670642 0.6645115 1.830259 x10-1 

 
Previously published target genes of DNMT3AR882H specific to myeloid leukaemia were also 
investigated following DNMT3AR882H depletion. These DNMT3AR882H target genes included 
Meis1, Mn1, Hoxa7, Hoxa9, Mycn, Flt3, Cxxc5 and Emilin2 (Ferreira et al., 2016; R. Lu et al., 
2016; Meyer et al., 2016). Following administration of DOX to mice bearing established DRI 
tumours, Mn1, Hoxa9, Mycn, Sox4 and Cxxc5 were all significantly downregulated at 14 days. 
This finding suggested that these previously published target genes are consistently activated 
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by DNMT3AR882H in this model (Fig. 4.12A, Table 4.4). Importantly, only Mn1 was 
significantly downregulated following 5 days of DOX treatment, indicating it may be a primary 
target of DNMT3A in this model. From the original list of target genes Meis1 expression was 
not detected in the DRI cells.  Overall, this data identifies genes regulated by DNMT3AR882H 
in established DRI tumours that are consistent with DNMT3AR882H target genes identified in 
independent models. Importantly, these findings highlight that only Mn1 is a possible primary 
target of DNMT3AR882H, whereas the other gene changes may be indirectly regulated 
downstream.  
 
Table 4.4 Gene expression results of previously published DNMT3A target genes  

Gene 5D logFC 5D P-value 14D logFC 14D P-value 

Mn1 -1.55801207 0.03791431 -3.5124601 5.945922 x10-4 

Hoxa9 -0.48070616 0.22525124 -1.1958472 8.818063 x10-3 

Hoxa7 0.25344908 0.48787343 -0.2607624 4.156967 x10-1 

Mycn 0.08388028 0.86278686 -4.3829103 4.184661 x10-5 

Flt3 0.37214374 0.46290000 -0.7242671 1.019694 x10-1 

Sox4 -0.82460093 0.11523945 -3.3140425 2.373906 x10-5 

Cxxc5 -0.49485927 0.10078154 -2.4714195 2.294128 x10-6 

Emilin2 -0.81953234 0.06828724 -0.6856179 6.827046 x10-2 

 
As expression of a large number of genes were altered in response to DNMT3AR882H depletion, 
computational studies were performed to determine if these DEGs were significantly enriched 
for specific transcriptional programs. Ranked lists sorted by log fold-change between DOX 
and UT treatment groups were created at both 5 and 14-day time-points. Gene set enrichment 
analysis (GSEA) was performed on both lists, analysing enrichment for hallmark, oncogene 
and immunogenic gene sets from the Molecular Signatures Database (MSigDB). GSEA 
revealed a number of enriched gene sets common to both time-points that are relevant for 
cancer, including positive enrichment for MYC targets, E2F targets, heme metabolism and 
DNA repair and negative enrichment for JAK-STAT signalling and KRAS signalling (Fig. 
4.13 A, B). Collectively, this analysis demonstrates that DNMT3AR882H has an important role 
in maintaining multiple oncogenic transcriptional programs in established DRI tumours in vivo. 
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Figure 4.13 GSEA analysis of DRI dysregulated genes  
A, Bargraph showing negative enrichment scores of Gene sets significantly enriched for (p 
<0.001) in DOX vs UT ranked gene lists at both day 5 and 14, determined with GSEA. B, 
example GSEA plots of positively enriched gene sets at both 5 and 14 days following 
DNMT3AR882H depletion. 
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The transcriptional consequences of DNMT3AR882H depletion were also examined in 
immunocompromised NSG recipient mice bearing established DRI tumours. While the results 
from the PTPRCA experiments were informative for characterising primary and downstream 
transcriptional responses to DNMT3AR882H depletion, insufficient cells were obtained to 
perform DNA methylation analyses. DNA methylation analyses are critical for interrogation 
of the molecular mechanisms underlying the observed transcriptional changes induced by 
DNMT3AR882H loss. In order to increase the number of cells collected for molecular analysis, 
two major experimental changes were implemented. Firstly, DRI tumours were collected from 
NSG recipients instead of PTPRCA recipients, and secondly the total c-KIT+ population was 
sorted in place of the CD11b-cKIT+ population. The phenotypic response of established DRI 
tumours to DOX treatment in NSGs closely matched that of PTPRCAs (Fig. 4.7, 4.9), and thus 
confirmed that the biological response was conserved in NSG recipients and was appropriate 
for further mechanistic analyses. Accordingly, the total c-KIT+ population in DOX and UT 
NSG recipient mice bearing DRI tumours were sorted and both RNA-seq and reduced 
representation bisulfite sequencing (RRBS) analysis was performed (Fig. 4.5). 
 
Prior to DNA methylation analyses, the transcriptional response to DNMT3AR882H depletion 
was compared between recipient strains. In this context, established DRI tumours were 
harvested from NSG recipients treated with DOX or left untreated for 14 days. From both 
treatment groups, c-KIT+ DRI tumour cells (dsRED+ GFP+) were isolated by FACS from the 
pooled spleen and bone marrow. RNA was extracted from the sorted cells and Quantseq 
analysis was performed. Principal component analysis plots of the first two components of 
variation revealed separation of samples based on treatment group, indicating the primary 
source of variation is due to DOX treatment and subsequent DNMT3A depletion (Fig. 4.14 A). 
Differential gene expression analysis was performed and revealed 1,724 genes significantly 
differentially expressed (Fig. 4.14B, p <0.05, Appendix B). Previously identified targets were 
amongst the most significantly dysregulated genes including Car1, Cd34 and Chd4 (Fig. 
4.14B). These results indicated that DNMT3AR882H depletion induced a transcriptional 
response in DRI cells established in NSG recipients which may be comparable to that of 
PTPRCA recipients.  
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Figure 4.14 Gene expression changes in DRI cells after 14 days of DOX in NSG mice  
A, PCA plot of all samples in DOX vs UT 14 days in NSG recipients. B, volcano plot all gene 
expression following DOX treatment. Genes with a p value of less than 0.05 are plotted as 
larger points, genes which are significantly differentially expressed (p value <0.05 & 
logFC>1.5) in both NSGs and PTPRCAs are coloured blue, genes with p value <0.05 & 
logFC>1.5 in only NSGs are coloured red. The top 20 most significant DEGs are annotated.  
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The most robust and reproducible DOX associated transcriptional changes which occurred in 
DRI cells established in each of the two recipient strains were examined. To this end, the 
Quantseq results from NSG and PTPRCA were correlated and overlapped by a number of 
different methods. Gene expression log fold-change between DOX and untreated DRI tumours 
was compared across the two models, and revealed a significant and strong positive correlation 
between the two datasets (Fig. 4.15A). In addition, rotating gene sets analysis (ROAST,(Wu et 
al., 2010) was performed on the ranked logFC comparing DOX to UT in NSG recipients. This 
analysis revealed a strong enrichment for significantly upregulated (p <0.05 logFC>0.5) and 
downregulated (p <0.05 logFC<0.5) genes in DOX treated PTPRCA recipients (14 days), 
illustrated by the barcode plot in Fig. 4.15B (Table 4.5). Finally, 67% of genes which were 
significantly differentially regulated (p<0.05) in NSGs overlapped with those from the 
PTPRCA analysis and hypergeometric testing revealed this overlap was statistically significant 
(Fig. 4.15C). Collectively, these results suggest that the response to DNMT3AR882H genetic 
depletion is robust and reproducible independent of recipient mouse strain. Moreover, this 
confirms that using DRI cells established in NSG recipients is biologically relevant for further 
molecular analysis.  
 
Table 4.5 ROAST test results  

 Set NGenes PropDown PropUp Direction PValue FDR 
Up 1098 0.018 0.763 Up 0.00089991 0.00089991 

Down 1220 0.737 0.013 Down 0.00049995 0.00049995 
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Figure 4.15 A comparison of gene expression changes after 14 days DOX in NSG vs 
PTPRCA recipients  
A, X-Y scatterplot of log fold change gene expression between DOX and UT at day 14 in 
NSGs, x axis and PTPRCA, y axis. All genes shared between the two conditions are plotted, 
genes with p value <0.05 in both conditions are highlighted and genes which are highly 
significantly differentially expressed (P-value<0.01 & absolute logFC>5) in both NSGs and 
PTPRCAs are annotated. Blue line indicates linear regression, and correlation between datasets 

was calculated using Pearson’s correlation: p <2.2x10-16, Pearson’s coefficient (r) = 0.724. B, 

ranked list of genes in NSGs DOX treated compared to UT at 14 days, assessed for enrichment 
of genes upregulated (p<0.05 & logFC>0) in PTPRCA DOX 14 days, red, or genes 
downregulated (p<0.05 & logFC<0) in PTPRCA DOX 14 days, blue, with ROAST testing over 
1000 rotations. upregulation significantly enriched p = 8.9 x10-4, downregulated significantly 
negatively enriched p =4.99 x10-4. C, Venn diagram displaying the overlap of DEGs (q<0.05) 
in DOX compared to UT in PTPRCA or NSG recipients, significance of the overlap was 
assessed with hypergeometric testing, *=p-value < 6.636x10-319  
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Figure 4.16 Dysregulated genes and enriched gene sets in DOX treated DRI cells  
A, Boxplots of sample genes significantly upregulated in DOX treated compared to UT control. 
Voom-Limma was used for statistical comparison between treatment groups. n= 4 mice per 
treatment group.  Klf p =2.73x10-5, Car1 p =1.841 x10-7, Gml2 p =3.103 x10-3. B, Boxplots of 
sample genes significantly downregulated in DOX treated compared to UT control. Voom-
Limma was used for statistical comparison between treatment groups. n= 4 mice per treatment 
group. Cd34 p = 9.930 x10-9, Chd4 p =1.1887 x10-9, Cd276 p =1.556 x10-5. C, Boxplots of 
previously published DNMT3A targets significantly differentially regulated in DOX treated 
compared to UT control. Voom-Limma was used for statistical comparison between treatment 
groups. n= 4 mice per treatment group.  Mn1 p =2.422 x10-4, Hoxa9 p =4.2456 x10-5, Mycn p 
=1.354 x10-6, Sox4 p =5.672 x10-7, Cxxc5 p =3.6833 x10-5. D, Heatmap of scaled Quantseq 
counts of Fibroblast growth factor family genes significantly dysregulated in DOX treatment 
group. means were compared with Voom-Limma. n = 4 mice per group. * indicates P-value 
<0.05. Fgfrl1 p =4.285 x10-4, Fgfr1 p =9.607 x10-4, Fdfr1op2 p =2.352 x10-1, Fgf3 p = 2.196 
x10-6, Fgf15 p = 6.736 x10-4. E, Venn diagram showing overlap of significantly positively 
enriched gene sets (NES>1, FDR<0.05) in DOX treated samples from PTPRCA recipients and 
NSG recipients. Overlap was assessed with hypergeometric test, *= p < 4.349 x10-76. 
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As highlighted previously, several of the same top dysregulated genes were identified in 
differential expression analysis of DRI cells from NSG recipients. These common genes 
included significantly upregulated genes Car1, Klf1 and Gml2 (Fig. 4.16A) and downregulated 
Cd34, Cd276, Chd4 (Fig. 4.16B). Importantly, the previously published DNMT3A target genes 
that were significantly downregulated in the PTPRCA experiment were also significantly 
downregulated in the NSG dataset including; Mn1, Hoxa9, Mycn, Sox4 and Cxxc5 (Fig. 4.16C). 
Likewise, FGF family members were also significantly dysregulated in the NSG model, 
including Fgfr1, Fgf3, Fgf15, Fgf11 and Fgfrl1 (Fig. 4.16 D). GSEA was also performed on 
the transcriptional profiling from NSGs, assessing the enrichment for terms in the hallmark, 
oncogenic and GO databases of MSigDB. Over 80% of the GSEA terms positively enriched in 
the Quantseq dataset derived from NSGs overlapped with those positively enriched in the 14 
day PTPRCA Quantseq dataset (Fig. 4.16E). Hypergeometric testing determined this overlap 
was statistically significant. Only 2 gene sets were negatively enriched in the NSG dataset, 
neither of which overlapped with those in the PTPRCA dataset. Amongst the overlapping 
positively enriched GSEA datasets were E2F targets, Myc targets and Heme Metabolism. 
Further overlapping positively enriched gene sets can be found in appendix C. From these 
results, it was clear that the gene pathways regulated by DNMT3AR882H in DRI cells were 
consistent independent of the recipient strain.  
 
Comparison of the biological responses to DOX in DRI cells from both NSG and PTPRCA 
recipients revealed a high concordance in immunophenotypic characteristics, dysregulated 
gene targets and enriched gene sets. Together these results demonstrate that the response to 
DNMT3AR882H depletion in DRI cells is robust and reproducible. Finally, this validates the use 
of multiple recipient mouse strains to interrogate the effects of DNMT3AR882H depletion.  
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4.2.4 Minimal DNA Methylation Changes Were Observed by RRBS Following Genetic 
Depletion of DNMT3AR882H  
 
RNA sequencing results (section 4.2.4) revealed that DNMT3AR882H depletion induced 
extensive transcriptional changes in established DRI tumours, however the molecular events 
underlying these changes were unclear. Several studies have indicated that DNMT3AR882H 
directly inhibits wild-type DNA methyltransferase activity by inhibiting dimerization and 
resulting in DNA hypomethylation (Ferreira et al., 2016; McCormack et al., 2010; J. Xu et al., 
2014). Therefore, DNA methylation in DOX treated DRI cells and untreated controls from 
NSG recipient mice was investigated. To perform these analyses, RRBS was performed on 
genomic DNA extracted from the same c-KIT+ DRI tumour cells harvested from NSG 
recipients which Quantseq was performed (Fig. 4.14-4.16).   
 
As RRBS had not been performed previously in the Kats or Johnstone laboratories, it was first 
necessary to perform extensive quality control (QC). There are a number of key considerations 
for sequencing and mapping RRBS libraries which deviate from that of RNA-seq and ChIP-
seq experiments. During library preparation, methylated adapters are required to ensure any Cs 
in the identification barcode are not converted to U during bisulfite treatment.  For this purpose, 
we chose to use Illumina nanoLT truseq adapters.  As these are directional adapters, directional 
trimming and mapping needed to be specified in downstream bioinformatic analysis. RRBS 
libraries were prepared from genomic DNA extracted from the same c-KIT+ DRI tumour cells 
explanted from NSG recipients and sequenced (as described in chapter 2.4.8). There was a 
varying number of reads generated for each sample (Fig. 4.17A) which may indicate poor 
sample quantification and pooling. However, the number of reads generated was still sufficient 
for analysis and there was no significant difference between the means of reads obtained in 
each treatment group (Welch’s t test, p = 0.5212, Fig. 4.17A). Accordingly, the variation 
between treatment groups cannot be attributed to variation in number of reads. A key step in 
RRBS library preparation is end-repair of MSP1 cut fragments, however, a bias is introduced 
when unmethylated Cs are used to fill the ends. Hence, TrimGalore! was used to cut adapter 
sequences plus an additional 2bp off the 3’ end of read 1 (R1) and the 5’ end of read 2 (R2), 
negating the bias introduced in the end-repair step (Krueger, 2015). Paired-end mapping 
efficiency for RRBS libraries  is often low due to a higher rate of pair discordance,  accordingly 
the initial mapping efficiency for this experiment using default Bismark settings was ~58.7% 
(Krueger & Andrews, 2011) (Fig. 4.17B). Although this efficiency was increased when default 
single-ended (se) mapping was used, this strategy lead to significant data loss as R2 data was 
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ignored. Thus, to utilise the sequencing depth provided by the paired-end (PE) sequencing 
whilst also making use of increased efficiency of se mapping, reads were PE aligned, then 
leftover unmapped reads were aligned using the se setting, ensuring that R2 was read and 
aligned as the reverse compliment. Overall, this strategy increased the mapping efficiency of 
RRBS sequencing libraries to approximately 88% for all samples (Fig. 4.17B).  
 
For additional QC analysis, the bisulfite conversion rate was also calculated across samples. 
This was achieved during the mapping process by calculating the percentage of C to T 
conversions in non-CPG contexts (CpH). As CpH methylation occurs sparingly in 
differentiated cells, including adult haematopoietic cells (Ziller et al., 2011), most Cs in a CpH 
context will not be methylated and therefore will be converted to T. All samples had near 
complete conversion rates between 99.68-99.69% (Fig4.17C), indicating successful C to T 
conversion during RRBS library preparation. 
 
The resulting Bam files were then processed with Methylkit (Akalin, Kormaksson, et al., 
2012b) to assess the number and depth of coverage of individual CpGs. Each sample had a 
variable number of unique CpGs covered (Fig. 4.17D) which directly correlated with read 
depth obtained from sequencing (Fig. 4.17E). Furthermore, there was a variable depth of 
coverage of each individual CpG which also increased as number of reads increased (Fig. 
4.17F). Together, this suggests that additional reads for each sample could have been obtained 
in order to increase both the CpG coverage and sequencing depth. However, care must be taken 
so as not to increase PCR duplicate reads which cannot be corrected for in RRBS libraries 
without unique molecular identifiers, as all reads begin with the same MSP1 cutsite (K. Wang 
et al., 2015).   
 
 
  



 204 

 
  



 205 

 
 
 
 
 
 
 
 
 
Figure 4.17 RRBS quality control and technical stats  
A, Number of paired-end reads obtained per sample, left, and per treatment group, right. plotted 
is number of reads per sample, mean and standard error of the mean indicated.  Means were 
compared using unpaired T-test with welshes correction (due to unequal variance, determined 
by F-test F = 0.03), p = 0.52. B, Percentage of reads successfully mapped to the mm10 genome 
per sample using two different methods of mapping with Bismark and bowtie2. Normal PE 
mapping, blue, indicates default PE settings with Bismark, and PE+SE mapping, green, 
indicates normal PE mapping followed by default SE mapping of remaining unmapped reads. 
C, Conversion rate per sample, measured by number of converted Cs in a non-CpG context 
divided by total number of Cs. D, Number of unique CpGs covered per sample. The dashed 
line indicates the number of common CpGs across at least 2/4 samples per treatment group 
which were included in downstream analysis. E, Correlation between number of paired-end 
reads per sample, and number of unique CpGs. Goodness of Fit was assessed by Linear 
regression, r2 = 0.9147, p-value = 2.0 x10-4. F, Log depth of coverage per CpG per sample.  
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Next, the number and genomic localisation of all detected CpGs was analysed. Across all 
samples, 1,121,265 unique CpGs were identified and additional filtering revealed 729,787 
CpGs were covered at a depth of at least 10 times in at least 2 samples from each treatment 
group (dashed line, Fig. 4.17D). These filtered CpGs were used for subsequent methylation 
analysis. Of these filtered CpGs, 31% resided within promoters and 26% within a CGI (Table 
4.6). Overall, this accounted for 58% of all promoter regions and 72% of all CGIs in the 
reference genome (Table 4.7).  By comparison, CGIs account for only approximately 0.8% of 
the mouse genome (L. Han, Su, Li, & Zhao, 2008) , therefore this indicates there was successful 
and significant enrichment of CGIs in the RRBS library preparation.  
 
Table 4.6 Percentage distribution of measured CpGs within gene features 

Promoter Exon      Intron Intergenic  CGI 
31.02        9.20       25.26       34.53 26.21 

 
Table 4.7 Percentage coverage of all gene features by RRBS data 

Promoter Exon      Intron CGI 
   58.91     11.79     21.05 72.63 

 
From a biological perspective, any given CpG is either methylated or unmethylated, therefore 
when visualising percentage methylation of a uniform sample of cells, there will be many loci 
with high methylation and many with low methylation (Akalin, Kormaksson, et al., 2012b). 
Accordingly, DNA methylation in the assayed samples predominantly occurred in a bimodal 
distribution, exemplified in Figure 4.18A for an untreated sample, which is typical of RRBS 
libraries.  In order to assess concordance with previous studies, methylation levels were 
assessed across different genomic features. These genomic positions were obtained from refseq 
or from published H3K27Ac ChIP-seq data in LT-HSC cells (Lara-Astiaso et al., 2014). 
Quantification of methylation across genomic features in untreated samples revealed that 
promoter, CGI, and HSC enhancer methylation was low, whereas exon and intron methylation 
were high (Fig. 4.18C), consistent with previous studies (Z. D. Smith & Meissner, 2013; 
Zemach, McDaniel, Silva, & Zilberman, 2010). Together this analysis confirms that the 
genomic distribution and level of methylated CpGs reflects previous RRBS studies, further 
indicating successful RRBS library generation and sequencing.  
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Figure 4.18 Summary of methylation changes in DOX compared to UT  
A, representative example histogram of percentage CpG methylation, depicting frequency of 
sample UT3 methylation per CpG. B, log percentage methylation of varying genomic features 
averaged across untreated samples. C, correlation between samples across every CpG covered. 
Similarity of samples assessed with Pearson’s correlation, shading indicates P-value, 
dendrogram, left, indicates unsupervised hierarchical clustering of samples based on Pearson’s 
correlation P-value. D, Principal component analysis of all samples plotting the 2 components 
most contributing to variance. E, Boxplot of overall percentage methylation of all CpGs 
analysed per treatment group. Means were compared using Wilcoxon test p < 2 x10-16.  
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To explore the differences in DNA methylation following DNMT3AR882H depletion, CpG 
methylation levels were compared between individual samples. Pearson’s correlation of CpG 
methylation values revealed a high degree of similarity between all samples, regardless of 
treatment group. Correlation coefficients ranged from 0.95 to 0.99 (Fig. 4.18C), indicating that 
cytosine methylation is stable and consistent across treatment groups. Unbiased hierarchical 
clustering of raw methylation values reflected these results, confirming that the samples are do 
not cluster together by treatment (dendrogram, Fig. 4.18D). This suggests that most cytosines 
are not differentially methylated in established DRI tumours following DOX induced  
DNMT3AR882H depletion. Principal component analysis can be used to identify the most 
variable attributes between samples and PCA plots can be useful in assessing whether these 
variable components are reflective of the independent variable. A plot of the first two principal 
components of variance accurately distinguished between DOX and UT samples, suggesting 
that the primary component of variance between samples (represented on the x axis of the PCA 
plot) is attributable to treatment group (Fig. 4.18D). It is important to note that sample DOX4 
appears to be an outlier in the PCA plot (Fig. 4.18D). This could be attributable to a lower total 
number of cytosines covered during sequencing (Fig. 4.17A, D, F), therefore, the threshold for 
number of samples a CpG needs to be covered was lowered to 2 to preserve the maximum 
number of CpGs for analysis whilst still retaining statistical power. Overall, these results 
indicated that there were specific CpG methylation changes that were associated with 
DNMT3AR882H depletion, despite a high concordance in methylation values for the majority of 
CpGs.  
 
Next, the overall average CpG methylation changes associated with DNMT3AR882H depletion 
were examined. For this analysis, DNA methylation values for all analysed CpGs were 
averaged for each treatment group and the means were compared (Fig. 4.18E). The total DNA 
methylation was significantly lower in DOX treated tumours compared to control tumours (Fig. 
4.18E). This is a surprising result because DNMT3A mutations have been shown to impede 
DNA methylation in both human patients and mouse models (R. Lu et al., 2016; L. Yang et al., 
2015). Thus, depletion of DNMT3AR882H  would presumably lead to a gain in methylation as 
complete WT function is restored. This result could be due to the experimental design focusing 
on leukaemic maintenance, or due to the presence of epigenetically antagonistic cooperating 
mutation IDH2R140Q. The potential implications of this finding are discussed further in section 
4.3. 
 



 209 

For the first step of differential methylation analysis, individual CpGs were assessed for 
differential methylation between DOX and UT samples using methylKit (Akalin, Kormaksson, 
et al., 2012b). Differential CpG methylation analysis revealed 9,377 significantly differentially 
methylated cytosines (DMCs) defined by a q-value of less than 0.05 and an absolute 
methylation difference of greater than 25%. Overall, more DMCs were significantly 
hypomethylated in DOX samples compared to UT (Fig. 4.19A), which were evenly distributed 
across all chromosomes (Fig. 4.19B). DMCs were predominantly found overlapping with 
intergenic regions or introns, and the majority of DMCs did not overlap with CGIs (Fig. 
4.20A). Visualisation of all significant DMCs with an unscaled heatmap illustrated that most 
of the hypomethylated DMCs are 100% methylated in UT and reduce to approximately 50% 
in DOX treated samples. Similarly, a proportion of hypermethylated DMCs rise from 0% in 
UT samples to 20-50% in DOX samples (Fig. 4.20B). This may indicate that a longer time 
period of DNMT3AR882H depletion is necessary to see the full transformation from an 
unmethylated to methylated cytosine across all loci. Alternatively, the methylation changes 
associated with DNMT3AR882H depletion may only be occurring in a subset of cells analysed.  
 
DNA methylation was also calculated across gene features such as introns, exons and 
promoters as described above, allowing for the comparison between DOX and UT samples. 
Total methylation levels across promoters, introns and exons followed the global trend and 
were significantly lower in DOX treated samples compared to UT samples (Fig. 4.20C). A 
previous RRBS study has suggested that cell identity is determined by the DNA methylation 
states of non-promoter regulatory elements and it has been suggested that DNMT3A-null 
leukaemia exhibits hypomethylation of HSC-associated enhancers (Glass et al., 2017; L. Yang 
et al., 2016). Therefore HSC enhancer regions identified from publicly available LT-HSC 
H3k27ac ChIP-seq chip data were also assessed for methylation changes (Lara-Astiaso et al., 
2014). However, there was no significant difference in DNA methylation within these LT-HSC 
enhancer regions (Fig. 4.20C, right). Overall, DNA methylation was decreased in genomic 
features following DNMT3AR882H depletion, however no changes to DNA methylation of LT-
HSC enhancers were observed.  
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Figure 4.19 DMCs and genomic distribution  
A, Boxplots of percentage methylation of differentially methylated Cs across each sample, left, 
and overall per treatment group, right. Means were compared with a Wilcoxon test p <2x10-16. 
B, Circos plot highlighting the genomic distribution of DMCs (adjusted P value <0.05 and 
absolute methylation difference > 20%) across all mm10 chromosomes, excluding sex 
chromosomes. Hypermethylated Cs (methylation difference > 20%) are coloured red and 
hypomethylated Cs (methylation difference<20%) are coloured blue. 
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Figure 4.20 CpG association with genomic features  
A, All analysed CpGs were associated with the gene feature it was overlapping with, top left, 
or with CpG island and flanking shore, top right. All significantly differentially methylated 
CpGs (p<0.05, absolute DM> 20%) were annotated with gene feature, bottom left, or CpG 
island/shores, bottom right. B, Heatmap of all highly significantly differentially methylated 
Cytosines, shading indicates percentage methylation (q<0.001, absolute DM> 25%, total n = 
4087). C, Total percentage methylation summarised across genomic features compared 
between treatment groups. means were compared with unpaired t-test, promoter p = 0.00680, 
intron p = <2x10-16, Exons p <2 x10-16, LT-HSC enhancers, N.S.  
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To complement the previous analysis, regional analyses were also performed by tiling the 
genome with 1kb windows and filtering for windows with ≥2 CpGs covered and assessed for 
differential methylation. A total of 130,062 regions were analysed to reveal 688 differentially 
methylated regions (DMR) between DOX and UT samples. These regions were then associated 
to their nearest single gene revealing 534 DMR associated genes. If multiple regions were 
associated with a single gene the average of these regions was calculated to produce one 
methylation score per gene. As an example, Lmo2 was associated with a hypomethylated 
region exhibiting reduced methylation percentage at the promoter following DOX treatment 
(Fig. 4.21A).  Conversely, Cactin was associated with a hypermethylated region in response to 
DOX near the transcription termination site (TTS) of the gene (Fig. 4.21B). The most 
significantly differentially methylated regions associated genes are listed in appendix D. 
Interestingly, DNMT3A target genes identified in previous studies (Ferreira et al., 2016; R. Lu 
et al., 2016; Meyer et al., 2016) and in section 4.2.4 were not associated with any differentially 
methylated regions. These genes included Meis1, Mn1, Hoxa7, Hoxa9, Mycn, Flt3, Cxxc5 and 
Emilin2. This analysis revealed that there is only a small number of genes which were 
associated with differential DNA methylation following DNMT3AR882H depletion in 
established DRI tumours.  
 
Finally, gene ontology analysis was performed on the genes associated with significantly 
differentially methylated regions in order to investigate whether they were enriched for specific 
cellular processes. Hypomethylated DMR-associated genes were enriched for GO terms related 
to metabolic processes and neutrophil degranulation (Fig. 4.21C), whilst hypermethylated 
DMR associated genes were associated with GO terms including myeloid leukocyte activation, 
neutrophil degranulation, and mRNA splicing pathway (Fig. 4.21D). Common amongst both 
were inflammation associated terms such as response to LPS and inflammatory response. 
Overall, the different methods of assessing DNA methylation with RRBS revealed that in 
response to DNMT3AR882H depletion, DNA was hypomethylated. There was significant 
hypomethylation observed in individual CpGs, regions, promoters, introns and exons. 
Furthermore, the analysis of RRBS data revealed there to be only a relatively small number of 
DMCs and DMRs following DOX-induced depletion of DMNT3AR882H in the CGI-enriched 
sample assayed. Although the results were not as expected, these results are interesting as they 
suggested that DNMT3AR882H was indirectly important for maintaining the hypermethylation 
of a small number of genomic loci in leukaemic cells.  
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Figure 4.21 Example DMRs and DMR associated genes  
Representative example IGV screenshots of methylation percentage for hypomethylated, A, 
and hypermethylated, B DMRs. Height of lines indicated methylation percentage per analysed 
CpG, pink bars represent statistically significant DMRs (q<0.05, absolute DM >25%). Gene 
ontology analysis of genes associated with hypomethylated, C, or hypermethylated, D, DMRs.  
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4.2.5 DNA Methylation Changes Detected By RRBS were Not Significantly Associated 
with Transcriptional Response to DNMT3AR882H Depletion 
 
It was unclear whether any of the DNA methylation changes following DNMT3AR882H 
depletion were directly associated with the transcriptional response to DNMT3AR882H 
depletion. To address this, DNA methylation values derived from RRBS were assessed for 
correlation with RNA expression of associated genes. Firstly, the association between DNA 
methylation and transcription levels of associated genes in untreated control samples was 
assessed. The methylation values for promoters and exons were plotted for transcriptional 
quartiles in untreated samples. Consistent with the literature, higher transcription was 
associated with lower methylation of promoters in untreated control samples (Fig. 4.22A) 
(Weber et al., 2007). Higher expressed genes were also associated with significantly lower 
average exon methylation (Fig. 4.22B), contrary to previous publications which suggest that 
higher methylation of exons is associated with active transcription (X. Yang, Han, De 
Carvalho, Lay, Jones, & Liang, 2014). However, it is important to note that only 9% of the 
analysed C’s fell within an exon, and only 11% of all exons were covered, suggesting that these 
results may not be an accurate reflection of genome wide exon methylation. Overall these 
results demonstrated that baseline promoter methylation correlated with transcription 
consistent with literature.  
 
The percentage change in DNA methylation between DOX and UT samples was then 
compared with the transcriptional changes in associated genes. All DMRs calculated as 
described above (section 4.2.5) were associated with the closest single gene and the percentage 
methylation difference was averaged. These values were then plotted with the transcriptional 
change (logFC) and Pearson’s correlation was performed. This analysis revealed that there was 
no significant linear relationship between differential methylation and differential gene 
expression (Fig. 4.22C). Only 31 genes were both significantly differentially methylated and 
transcribed with a q value of <0.01, and exhibited no correlation between the two measures. 
These genes and their methylation and transcription values can be found in appendix E. 
Importantly, these results suggested that there may not be a direct correlation between the 
differential methylation of a region and the transcription of its associated gene.  
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Figure 4.22 Correlating DNA methylation with gene expression  
A, Total methylation across promoters associated with transcription levels in untreated 
samples. means was compared with multiple T-tests higher quartile indicated higher relative 
transcription. B, Total methylation across exons associated with transcription levels in 
untreated samples. means was compared with multiple T-tests. C, X-Y scatter plot of log FC 
mRNA and percentage DM in DOX treated samples compared to untreated samples. Plotted 
are genes associated with a significant methylation difference (q <0.01) OR a significant log 
FC (q<0.01).  Key genes associated with either a significant DMR and/or differential 
transcription are highlighted and annotated. D, X-Y scatter plot of total methylation difference 
across genomic features and associated gene transcription log fold change. Plotted are genes 
with significant log FC and significant methylation change. coloured line indicates linear 
regression of each plot. correlation assessed with Pearson’s correlation. Promoter r= -
0.5017406, p = 0.02419, exon r= -0.3593107, p = 0.04001; Intron r = -0.3593107, p = 0.04001; 
LT-HSC r -0.2165959 p = 0.7264. 
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As the promoter methylation level was strongly associated with baseline transcription (Fig. 
4.22A), the changes in promoter methylation were then compared with changes in transcription 
following DNMT3AR882H depletion. Whilst there was very little overlap with the Quantseq 
data, 16 genes were associated with a change in both promoter methylation and transcription. 
There was a significant inverse correlation between promoter methylation change and gene 
expression change (r= -0.5017406, p = 0.02419) (Fig. 4.22D). In addition, exon, intron and 
enhancer methylation were also correlated with gene expression. Whilst this revealed a similar 
correlation with gene expression, these features had lower r and P values than that of promoter 
methylation (exon r= -0.3593107, p = 0.04001; intron r = -0.3593107, p = 0.04001; LT-HSC 
enhancer r=-0.2165959, p = 0.7264). This suggests that of the genomic features assessed, 
changes in promoter methylation are the most predictive of gene expression changes. However, 
the small overlap between the two datasets suggested that there is not a direct relationship 
between DNA methylation changes and transcriptional changes induced by DNMT3AR882H 
loss in DRI tumours.  
 
As DNMT3AR882H  has been reported to selectively induce hypomethylation of genes to 
activate transcription, genes which were associated with DNA hypermethylation and 
transcriptional repression following DNMT3AR882H depletion were investigated further.  Using 
these criteria, there were three genes which fit this pattern, namely Ppcdc, Pnck and Ggnbp1. 
These genes encode proteins involved in CoA biosynthesis (Strauss, Zhai, Brand, McLafferty, 
& Begley, 2004), tyrosine kinase signal transduction (Gardner et al., 2000b) and  
spermatogenesis (Y. Zhou, Zhao, Bishop, Huang, & Lu, 2005),  respectively. Whilst Ppcdc 
and Ggnbp1 do not appear to be related to any of the observed phenotypes or transcription 
programs, ectopic expression of Pnck is observed in one third of Her-2 amplified breast cancers 
and was associated with increased proliferation, clonal growth and trastuzumab resistance (Deb 
et al., 2015; Gardner, Ha, Reynolds, & Chodosh, 2000a). However, this gene has not been 
associated with any other genes or pathways transcriptionally dysregulated in DOX treated 
DRI tumours. Therefore, these genes are unlikely to be solely driving the extensive 
transcriptional reprogramming and phenotypic response elicited by DNMT3AR882H depletion 
in DRI tumours.  
 
To complete these analyses, the DNA methylation of important genes transcriptionally 
dysregulated following DNMT3AR882H depletion were assessed. However, this analysis 
revealed that previously reported key DNMT3A targets, such as Meis1 and Mn1 (Ferreira et 
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al., 2016; R. Lu et al., 2016), or important targets identified from RNA-seq data, including E2F 
targets and the FGF family, were not associated with differentially methylated genomic 
features (including promoters, exons, introns and enhancers) or any DMRs. This suggests that 
the changes in the levels of these transcripts may be due to a mechanism of transcriptional 
regulation independent of direct DNA methylation. From these results, it is clear that the DNA 
methylation changes evaluated by RRBS cannot not sufficiently explain or the extensive 
transcriptional response to DNMT3AR882H depletion. Further research may reveal the key genes 
which are driving the dysregulated transcriptional network in DRI cells and how 
DNMT3AR882H is directly or indirectly regulating these genes. 
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4.3 Discussion 
 
DNMT3AR882H is one of the most frequently occurring mutations in CN-AML, which is 
associated with poor overall survival rates with standard of care therapies (L. Yang et al., 2015). 
Therefore, a greater understanding of the underlying DNMT3AR882H biology could lead to 
development of improved targeted therapeutics. Although many studies describe the capacity 
of DNMT3AR882H to initiate leukaemia, to date, no research has been conducted to investigate 
its role in maintenance of leukaemia in vivo. This chapter aimed to investigate whether 
sustained expression of DNMT3AR882H  is important in maintaining transcription and DNA 
methylation programs underlying the leukaemic phenotype. A tractable murine model of 
DNMT3A mutant leukaemia was generated to explore the contribution of the mutant protein 
to maintain the disease, both phenotypically and molecularly. The data presented in this chapter 
demonstrates that depletion of DNMT3AR882H  induces extensive transcriptional changes in 
leukaemic cells, stimulating differentiation and loss of tumour burden which leads to 
significant prolongation of survival. Interestingly, RRBS analysis revealed that the changes to 
the DNA methylation profile as assessed by this method could not explain the transcriptional 
changes observed.  
 
A clinically relevant mouse model was generated in which DNMT3AR882H, NrasG12D and 
IDH2R140Q cooperate to initiate an aggressive serially-transplantable leukaemia. Deep 
sequencing of the cancer genome has revealed that 3 or more driver mutations are frequently 
detected in AML, and concurrent mutations in Nras, DNMT3A and IDH2 have been reported 
in a small subset of AML patients (Metzeler et al., 2016). Mice transplanted with FLCs which 
concurrently expressed all 3 mutant proteins resulted in a significantly shorter latency than 
mice transplanted with FLCs which expressed 1 or 2 mutant proteins. Moreover, as the 
experiment involved transplantation of the bulk population, including single, double and triple 
transduced cells, this provided a readout for competitive advantage of cells expressing different 
combinations of mutant alleles. As dsRED+GFP+ cells were the prevalent cell type at end point 
(Fig. 4.2D), this suggested that presence of all three mutations in the FLCs provided a 
significant selective advantage over the other transduced FLCs transplanted to the same mouse. 
These findings highlight the potent oncogenic cooperation between DNMT3AR882H, NrasG12D 
and IDH2R140Q, which is reflected by their co-occurrence in human AML. 
 
Genetic depletion of DNMT3AR882H using a TET-off system revealed that sustained expression 
of the mutant protein was essential for maintaining the leukaemic phenotype. DOX-induced 
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depletion of DNMT3AR882H resulted in loss of tumour burden in the spleen and peripheral 
blood of recipient mice. A closer cross-sectional analysis using flow cytometry revealed that 
loss of DNMT3AR882H resulted in loss of immature leukaemic blast cell surface marker c-KIT 
and a concordant decrease in  tumour burden after 14 days. Additional time points both prior 
to and following DOX treatment may provide useful insights into differing tumour growth 
kinetics.  From the data presented in this chapter, it is unclear how the c-KIT+ population may 
be decreasing following DOX administration. This may be due to a number of reasons, 
including terminal differentiation, loss of cell surface expression of c-KIT or cell death. 
Furthermore, the rate of tumour growth and tissue infiltration following withdrawal of the 
mutant expression remains unknown. It was also not assessed whether the effects of DOX 
treatment were reversible upon re-expression of the mutant protein, or whether DOX treatment 
permanently altered the capacity for serial transplantation of DRI cells. An interesting 
observation was that the DOX treated mice which succumb to disease at a later time point 
presented without typical AML characteristics, indicative of altered pathophysiology. Further 
immunophenotyping and cellular assays could be performed to investigate the kinetics of 
disease and further define the disease which mice succumb to in the absence of DNMT3AR882H 
expression. Together these additional analyses could be useful for informing the clinical 
development of DNMT3AR882H targeted therapeutics. 
 
The transcriptional response to depletion of DNMT3AR882H was extensive. There was a larger 
number of differentially expressed genes after 14 days DOX treatment than 5 days and most of 
the gene changes induced after 5 days of DOX were largely conserved after 14 days. Moreover, 
analysis of the DRI cells transplanted in NSGs demonstrated that many of the gene expression 
changes induced by depletion of DNMT3AR882H were robust and reproducible across multiple 
recipient strains. Gene changes at an earlier time point may have represented more direct and 
primary changes, therefore genes which were changed at both time-points were investigated 
further and several potential direct targets were identified. Further research could elucidate 
whether human DNMT3AR882H AML blasts exhibit similar gene expression patterns.  
 
The most significantly dysregulated genes following DNMT3AR882H depletion were related to 
differentiation and proliferation. Significantly upregulated genes were associated with 
erythroid differentiation, and together suggested that DNMT3AR882H may be maintaining 
suppression of these lineage-specific genes to perpetuate the block in differentiation in DRI 
tumours. Chd4 was significantly downregulated in all datasets and was the most significantly 
downregulated gene in the NSG recipients. Chd4 is a proposed oncogene which maintains self-
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renewal by recruiting DNMTs to hypermethylate and repress tumour suppressor genes (Cai et 
al., 2014; Low et al., 2016; Sperlazza et al., 2015; Xia et al., 2017; H. Zhao et al., 2017). 
Collectively, the presented results imply that DNMT3AR882H may be maintaining the 
expression of this oncogene to potentiate DRI tumours. However, how Chd4 may be imparting 
its function in the context of DNMT3AR882H is unknown. Furthermore, it is unclear how Chd4 
transcription is being regulated by DNMT3AR882H as there was no evidence of differential 
methylation associated with the Chd4 gene. The top genes which were upregulated strongly 
suggest activation of erythrocyte differentiation, and genes which were downregulated indicate 
a loss of both the stem-like state and proliferation. These results are consistent with the 
literature, DNMT3A expression is essential for differentiation of HSCs and  loss of function 
leads to loss of differentiated bone marrow populations (Celik et al., 2015; Challen et al., 2011). 
Taken together, these findings indicate that DNMT3AR882H may functionally suppress 
differentiation-associated genes to potentiate a block in differentiation whilst concurrently 
facilitating transcription of HSC-associated genes to enhance proliferation in DRI cells.  
 
Gene set enrichment analysis of the RNA sequencing data revealed a number of cancer related 
gene sets were dysregulated following DNMT3AR882H depletion in established DRI tumours. 
The significant enrichment of the heme metabolism gene set may indicate reactivation of a 
differentiation program. The top upregulated genes were all related to erythrocyte 
differentiation and thus mirror this result as heme is predominantly synthesised by developing 
erythroid cells (Ponka, 1999). It is also possible that the upregulation of this pathway is a 
response to differentiation, as it has been shown that DMSO induced differentiation of 
erythroleukaemia cells leads to upregulation of terminal heme metabolism enzymes (Taketani 
et al., 1995). In addition, the DNA repair pathway gene set was also enriched by GSEA. 
Dysregulation of the DNA repair pathway is associated with cancer, and loss of these pathways 
destabilises chromosome integrity and leads to accumulation of additional mutations 
(Bouwman & Jonkers, 2012). The DNA repair pathway has been linked to DNMTs and DNA 
methylation, although it is reported that DNMT1, not DNMT3A may interact directly with 
DNA repair pathway proteins (Jin & Robertson, 2013). This pathway may be suppressed by 
DNMT3AR882H by an unknown mechanism causing destabilisation of the chromatin and 
potentiating leukaemic growth.  
 
The upregulation of the MYC target signature following DNMT3AR882H depletion is counter-
intuitive, as MYC and MYC targets are considered to enhance proliferation and are often found 
upregulated in a variety of cancers (Gabay, Li, & Felsher, 2014). Furthermore, the Myc 
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transcript itself was not differentially regulated in the DOX treated mice at either 5 or 14-days. 
Regardless, it is one of the most significantly enriched gene sets and may be of interest for 
future research. The E2F target gene set consists of genes with promoters bound by members 
of the E2F transcription factor family. E2f transcription factors are both transcriptional 
activators and suppressors involved in regulating the transcription of cell cycle regulators and 
DNA synthesis associated genes. Targets of E2F include cyclins and cyclin dependent kinases 
(CDKs). Interestingly, the consensus binding site of E2F family, “TTTCCCGC”, contains a 
CpG motif. Studies have suggested that differential CpG methylation within the consensus site 
can alter the binding and activity of E2F family members (Campanero, Armstrong, & 
Flemington, 2000). However, DNA methylation of E2F target gene promoters was not altered 
following DNMT3AR882H depletion in established DRI tumours. Furthermore, it has been 
suggested that the E2F pathway can be targeted to re-establish cell cycle control using CDK 
inhibitors such as CDK4/6 inhibitors (Johnson et al., 2016). CDK4/6 inhibitors, such as 
Palbociclib, have been approved for therapeutic use of breast cancer (H. Xu et al., 2017), and 
have shown promising results in preclinical studies in haematological malignancies(Bose, 
Simmons, & Grant, 2013). Therefore, given that DNMT3AR882H is dysregulating E2F pathway, 
CDK inhibitors may represent a rational therapeutic approach to indirectly target 
DNMT3AR882H. 
 
Interestingly, the JAK-STAT gene set was downregulated in response to DOX treatment, 
suggesting that DNMT3AR882H may be playing a role in potentiating this signalling pathway. 
Constitutive activity of the JAK-STAT signalling pathway caused by translocations or 
activating point mutations have been found in lymphoblastic lymphoma and leukaemia 
(Lacronique et al., 1997). Therefore, it is possible that upregulation of this pathway is 
contributing to the rapid growth of the DRI tumours. To test this hypothesis, the sensitivity of 
DRI tumours to clinically approved JAK inhibitors, such as ruxolitinib (Verstovsek et al., 
2012), may be assessed as another potential therapeutic strategy to target DNMT3AR882H driven 
leukaemia. Finally, the KRAS pathway gene set was also significantly downregulated in DOX 
treated DRI cells. The DOX treated DRI cells should still maintain the mutant NrasG12D 
expression, and downstream activation of pro-survival pathways. However, this result may 
indicate that DNMT3AR882H can enhance RAS signalling potential and may provide an 
explanation for their observed oncogenic cooperation in this model. To investigate this 
possibility, the inclusion of a WT control could reveal whether the RAS signalling pathway are 
downregulated back to WT levels or to intermediate levels following DNMT3AR882H depletion 
in DRI cells. Overall, the results of the gene set enrichment analyses are informative for the 



 222 

underlying transcriptional profiles which drive the phenotypic response to DNMT3AR882H 
depletion in DRI cells.  However, there is a possibility some of the gene set changes may be a 
result of cell differentiation rather than a cause, thus confounding the cause-effect relationship. 
Further research into these enriched pathways and their suitability for therapeutic targeting is 
necessary. 
 
One of the initial aims of generating a model of DNMT3AR882H leukaemia was to uncover 
potential therapeutic targets by delineating DNMT3A mutant-dependent pathways. Several 
such targets were uncovered through investigation of genes and gene pathways dysregulated 
by DNMT3AR882H depletion. For instance, a number of FGF and FGFR family members were 
significantly downregulated by DNMT3AR882H depletion in DRI tumours. Of note, FGF 
inhibitors are currently being investigated in clinical trials (Chae et al., 2017; Ghedini, Ronca, 
Presta, & Giacomini, 2018), presenting a potential therapeutic avenue for DNMT3A mutant 
leukaemia. Similarly, the use of CDK inhibitors to regain cyclin control downstream of E2F 
dysregulation, or using JAK inhibitors to recreate the negatively enriched JAK target signature 
were also suggested. To date, none of these inhibitors have been specifically tested in 
DNMT3AR882H mutant leukaemia. Importantly though, the use of a single targeted therapeutic 
agent relies on the assumption that DNMT3AR882H acts through a single, drug targetable 
pathway or mechanism, which this study has demonstrated may not hold true. The results of 
this study clearly demonstrate that whilst targeting DNMT3AR882H itself could lead to a survival 
advantage there are in fact multiple diverse transcriptional pathways impacted by 
DNMT3AR882H, and the survival advantage may not be explained by a single pathway which 
could be therapeutically exploited. Furthermore, the mechanisms by which DNMT3AR882H is 
regulating transcription of these targets is unclear. Whilst the use of small molecule inhibitors 
of FGF, CDK or JAK family members for DNMT3A mutant leukaemia may be an interesting 
avenue of future research, caution should be taken and further understanding of how these 
pathways are induced by DNMT3AR882H is first necessary.  
 
Previous studies investigating the role of DNMT3AR882H suggest that the mutant acts a 
dominant-negative protein and thereby induces global DNA hypomethylation. In agreement, 
patient leukemias with DNMT3AR882H mutations are characterised by global DNA 
hypomethylation (Russler-Germain et al., 2014). Analysis of RRBS data from DOX treated 
DRI cells revealed there is a surprisingly small number of methylation changes induced by 
DNMT3AR882H depletion in established DRI tumours. Furthermore, the majority of DMCs are 
hypomethylated, instead of hypermethylated as previous studies would have suggested. 
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However, it is important to take into consideration this study specifically investigates the 
effects of depleting DNMT3AR882H following tumour establishment rather than the 
contribution of DNMT3AR882H to tumour initiation. It is possible that DNMT3AR882H has a role 
in establishing the methylome in the initiation of leukaemia, but may not play an important 
role in the maintenance of that methylation profile thereafter. Furthermore, from the data 
presented in this chapter, it cannot be determined whether the UT DRI tumours have any 
differential DNA methylation compared to their normal haematopoietic counterparts, or 
compared to leukemias without DNMT3AR882H mutations. Although it is difficult to define a 
perfect control, wild type c-KIT+ bone marrow cells or in vivo tumours with NrasG12D and 
cooperating mutations which are not involved in the methylation pathway could potentially be 
used as appropriate controls to assess the relative methylation of DRI cells. However, with the 
present RRBS protocol, it is difficult to isolate and extract enough DNA from DNMT3AWT 
Kit+ cells to perform analysis. A comprehensive analysis comparing RRBS data of multiple 
cell types from published datasets could also be performed to investigate how the methylome 
of DRI cells compares to different cell types. 
 
A major limitation of the DNA methylation analysis performed in this chapter is the inability 
to distinguish between methylated cytosines and hydroxymethylated cytosines due to the use 
of bisulfite conversion. Only a small number of differentially methylated cytosines were 
detected, however, there may have been a biologically relevant change in the ratio of 5hmC to 
5mC which was not detected.  A method which has the capacity to detect hydroxymethylated 
cytosines, such as oxidative bisulfite sequencing (ox-BS) (Booth et al., 2012), could correct 
the reported methylation levels and provide a more accurate depiction of the methylome. An 
additional limitation of the methodology is that RRBS only covers a small proportion of the 
genome, therefore it is entirely possible that the most important changes are occurring in a non-
CGI context and are neglected in the analysis. For instance, DNMT3A reportedly maintains 
methyl canyons by preventing erosion of canyon borders which is posited to contribute to 
leukaemia development (Jeong et al., 2014). However, RRBS provides insufficient coverage 
to detect features such as methyl canyons. Finally, RRBS libraries are prone to PCR duplication 
artefacts due to the common MSP1 cut-site, therefore necessitating the use of adapters with a 
UMI for future studies. Although costly, whole genome bisulfite sequencing with ox-BS 
correction would provide the most accurate reflection of the DNA methylome and potentially 
provide additional information into the role of DNMT3AR882H in leukaemic maintenance. 
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The sequences for human DNMT3A and IDH2 mutant proteins were overexpressed to establish 
DRI tumours.  As DNMT3AR882H functions as a dominant negative hypomorphic protein, the 
validity of this model therefore relies on the assumption that human DNMT3AR882H can bind 
to and inhibit murine WT DNMT3A. Furthermore, this model also assumes that human 
DNMT3AR882H binds to and induces the same target genes in mouse as it does in human cells. 
However, the presence of a strong phenotype which matches that of human AML in our model 
would suggest that the human mutant is having a comparable leukaemogenic effect. Moreover, 
the human mutations were over-expressed in the murine foetal liver cells, presenting 
complications as supraphysiological levels of the mutant proteins were expressed in the DRI 
tumours. The use of a triple retroviral overexpression system also presented the challenge that 
multiple viral integrations can predispose to spurious clonal effects. A more elegant model 
system could make use of a genetically engineered mouse model with a knock-in of the 
analogous murine Dnmt3aR878H mutation, as generated previously (Y. Dai et al., 2016; Y.-J. 
Dai et al., 2017), alongside cooperating knock-in mutations of NrasG12D and Idh2R140Q, ensuring 
that endogenous levels are expressed. The level of mutant protein expression is especially 
important in this model as it has been suggested that the effects of DNMT3A loss of function 
are gene dosage dependent, heterozygous loss in HSCs resulted in AML whilst homozygous 
loss resulted in T-ALL (L. Yang et al., 2016). Cells with the heterozygous DNMT3AR882H 
mutation are reported to retain about 20% of WT de novo DNA methyltransferase function 
(Holz-Schietinger, Matje, & Reich, 2012; Russler-Germain et al., 2014), which may be 
responsible for some of the important phenotypes of DNMT3AR882H leukaemia. Finally, all 
three mutations were concurrently co-expressed, and recent research suggests that there is a 
significant effect of mutation order on myeloproliferative neoplasms (Ortmann et al., 2015). 
DNMT3AR882H has been found in CHIP in elderly patients independent of additional mutations, 
suggesting it should be the first mutation in the DRI model, followed by IDH2R140Q then 
NrasG12D (Young, Challen, Birmann, & Druley, 2016). Whilst the model presented in this 
chapter has provided valuable mechanistic insight into DNMT3AR882H biology, as outlined 
above, there are features which could be altered in next generation models to be used to validate 
these findings.  
 
The tractable TET-off system was utilised to specifically interrogate the role of the 
DNMT3AR882H in leukaemic maintenance. Although the antibiotic doxycycline is widely used 
in TET-on/off systems in multiple studies, it is not an inert substance, and concerns have been 
raised about its role in disrupting mitochondrial function and confounding experimental results 
(Chatzispyrou, Held, Mouchiroud, Auwerx, & Houtkooper, 2015; Moullan et al., 2015). 
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Therefore, it cannot be ruled out that DOX alone may be having an effect in this model system, 
and may account for some of the transcriptional and methylation effects observed. As a further 
control, to rule out any changes associated with DOX treatment, WT mice or leukaemic cells 
transduced with constitutive constructs could be treated with DOX and phenotypic and 
molecular changes examined.  
 
The DRI tumour model is unique as it allows for depletion of oncogenic DNMT3AR882H in 
vivo. Due to the use of an in vivo model, limited numbers of cells could be isolated and 
biological variation was high, leading to difficulty in deconvoluting the most important 
changes in next generation sequencing datasets. RRBS and RNA sequencing was performed 
on the total c-KIT+ population which contains a number of different haematopoietic 
populations including CMPs, CLPs and HSCs (Challen et al., 2009). This may have introduced 
heterogeneity and exacerbated intra-sample variance. As a result, if only a small subset of cells 
possessed altered DNA methylation or transcription, this may not have been discovered 
through the analysis that was performed. A more homogeneous cell population could be used 
for further investigation and validation of these findings, such as an in vitro cell line. Use of a 
homogenous cell line could improve statistical reproducibility and has the benefit of producing 
enough cells for protein assays such as co-IP for mass spec and ChIP experiments to further 
explore the underlying molecular consequences of DNMT3AR882H depletion. Alternatively, 
single-cell analysis such as single-cell RNA sequencing and recently developed single-cell 
RRBS (H. Guo et al., 2015) could provide an enhanced understanding of the epigenetic and 
transcriptional response to DNMT3AR882H depletion in specific haematopoietic progenitor 
subsets. 
 
To distinguish between potential primary direct effects and secondary downstream effects of 
DNMT3AR882H depletion, RNA sequencing analysis was performed at both 5 and 14 days. FGF 
family genes were significantly and reproducibly dysregulated, however, only Fgfr1 was 
dysregulated at the 5 day timepoint, which may indicate that it is a primary direct target whilst 
other family members may be dysregulated downstream as a response to Fgfr1 deregulation. 
Likewise, previously published DNMT3A target genes were also assessed and revealed Mn1 
may be a direct target whilst dysregulation of the other targets was potentially due to secondary 
effects. However, it is not clear how DNMT3AR882H may be directly impacting the transcription 
of these primary targets. Mn1 has been suggested a direct genomic target which DNMT3AR882H 
binds to, hypomethylates and transcriptionally activates (R. Lu et al., 2016). Whilst the 
presented RNA-seq data fits this model, DNA methylation analysis of DRI cells suggests that 
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transcriptional regulation of this gene is not a result of altered DNA methylation. Furthermore, 
the E2F target gene set was positively enriched and it was speculated that differential 
methylation may have been accountable for this enrichment. However, there was no evidence 
of differential methylation at the promoters of E2F target genes, suggesting an alternative 
mechanism of E2F target dysregulation by DNMT3AR882H. Taken together, this analysis 
highlights that DNMT3AR882H may not be directly maintaining leukaemic transcription through 
DNA methylation changes. 
 
Both transcription and DNA methylation were assessed following 14 days of DNMT3AR882H 
depletion, which leaves more than sufficient time for secondary or tertiary effects to take place. 
Therefore, it is difficult to distinguish which transcriptional and methylation changes are 
directly attributable to depletion of DNMT3AR882H expression and which are a downstream 
consequence of transcription, differentiation or cell proliferation. RNA-seq data from the 5-
day time point in PTPRCA recipients aided in narrowing down the more primary gene changes, 
however DNA methylation analysis was not performed at this earlier time point. As there were 
limited DNA methylation changes at 14 days, it would be interesting to see the dynamics of 
DNA methylation change, and whether the observed changes were established earlier than 14 
days.  
 
Analysis of methylation in DRI tumours following DNMT3AR882H depletion revealed a global 
hypomethylation phenotype. This paradoxical loss of global DNA methylation in response to 
DNMT3AR882H depletion suggests that another DNA methyltransferase may be over-
compensating in the presence of DNMT3AR882H. Whilst DNMT3B is largely enzymatically 
inactive in adult haematopoietic cells, it has been suggested that co-deletion further enhances 
proliferation in DNMT3A null HSCs (Challen et al., 2014). It was further reported that 
DNMT3B can induce paradoxical CGI hypermethylation in DNMT3A null cells, therefore, it 
can be speculated that under the stress of leukaemic transformation, DNMT3B may have 
significant residual and compensatory enzymatic activity in DRI cells. The ectopic 
methyltransferase activity of DNMT3B has been largely unassessed in the leukaemic context. 
Thus, it would be interesting to explore the genomic localisation of DNMT3B and its residual 
function in the context of DNMT3AR882H leukaemia.  
 
The genomic localisation of WT and mutated DMNT3A was not investigated in DRI tumours. 
It has been proposed that DNMT3AR882H directly binds to specific gene loci to interfere with 
WT methyltransferase activity and induce transcription (R. Lu et al., 2016). Emperle and 
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colleagues have recently demonstrated that DNMT3AR882H exhibits altered flanking sequence 
preferences to WT, suggesting that genomic localisation of the mutant protein may diverge 
from that of the WT protein (Emperle et al., 2018). Hence, it would be interesting to perform 
a ChIP for DNMT3AR882H and wild type DNMT3A in DRI cells, by overexpressing the proteins 
conjugated to different small protein tags such as myc or knocking into the endogenous locus. 
This experiment could uncover divergent genomic localisation of the mutant compared to wild-
type and allow for analysis of the corresponding DNA methylation status of their target genes.  
Interestingly, Emperle and colleagues also indicated a gain-of-function effect of 
DNMT3AR882H resulting in methyltransferase hyperactivity, a potential explanation as to the 
site-specific loss of DNA methylation following depletion of DNMT3AR882H in DRI tumours. 
These studies highlight that ascertaining DNMT3AR882H genomic localisation could be 
important for delineating the mechanism underlying the observed paradoxical hypomethylation 
following DNMT3AR882H loss. 
 
Several computational methods of associating differential transcription with differential DNA 
methylation were performed in this chapter. Differential methylation of individual cytosines, 
across gene features including promoters, exons, introns and HSC enhancers as well as 1kb 
window regions was assessed and associated to the nearest gene. Whilst a number of highly 
differentially methylated genes were identified through all methods, the correlation with 
transcription logFC was poor. One explanation is that DMCs in this dataset predominantly 
occur in intergenic regions, which include distal gene regulatory regions. The majority of distal 
regulatory regions, such an enhancers, do not interact with the closest gene (Sanyal et al., 
2012). Therefore, associating intergenic regions with the closest gene is not an accurate 
portrayal of the 3D regulation of the genome, and will fail to identify the direct relationship 
between changes in methylation and gene expression.  It is also important to note that there are 
multiple levels of transcriptional regulation including the histone modification, chromatin 
accessibility and 3D genomic configuration. These processes occur cooperative, and  are 
dependent upon cellular contexts and may impact upon the ability of DNA methylation to 
impart transcriptional control. Overall, the lack of evidence for a direct correlation between 
change in methylation and change in transcription may also suggest that DNA methylation acts 
to fine tune, rather than directly control transcriptional regulation in this model.  
 
The observation that the extensive transcriptional changes induced by DNMT3AR882H cannot 
be explained by the DNA methylation changes may indicate that there are alternative 
mechanisms of transcriptional regulation by DNMT3AR882H, independent of DNA methylation. 
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Banaszak and colleagues have suggested that DNMT3A mutations can affect RNA splicing 
(Banaszak et al., 2018), whilst Koya has demonstrated the ability of DNMT3AR882H to actively 
recruit PRC1 complex members to ubiquitinate histones (Koya et al., 2016). Additionally, 
DNMT3A has been reported to interact with other epigenetic factors including HDACs (Cai et 
al., 2014; Fuks et al., 2001) and HMTs (H. Li et al., 2006) and other studies have highlighted 
changes in histone modifications in an epigenetic chain reaction downstream of DNMT3A 
mutation (Y.-J. Dai et al., 2017; R. Lu et al., 2016). Together, these studies suggest that DNA 
methyltransferase activity is only the tip of the iceberg for DNMT3AR882H function. Further, 
this demonstrates the need for further research into the genomic localisation of additional 
epigenetic marks such as H3K27me3, H3K36me3, H3K4me3 and H3K27Ac following 
depletion of DNMT3AR882H.  
 
DNMT3AR882H co-occurs with epigenetically antagonistic mutations such as TET2 and IDH2 
mutations in human leukaemia (Metzeler et al., 2016; The Cancer Genome Atlas Research 
Network, 2013). There is an epistatic nature of these two mutations, as 5-hmC catalysis relies 
firstly on the deposition of 5-mC by DNMT3A. Classical epistasis theory would dictate that 
the cooccurance of these two mutations should phenocopy the DNA methylation patterns of 
DNMT3AR882H alone, however, previous studies demonstrated that the DNA methylation 
profile is distinct from either mutation alone (Glass et al., 2017; X. Zhang et al., 2016). Both 
studies clearly demonstrate that these antagonistic mutations can cooperate to potentiate 
leukaemia, though it appears DNA methylation is playing a minimal role in transcriptional 
regulation, as demonstrated in this chapter in DRI tumours. This further indicates that 
DNMT3AR882H may cooperate with these antagonistic mutations to initiate leukaemogenesis 
through a mechanism independent of DNA methylation. IDH2R140Q is also known to affect 
histone methylation by producing 2-HG to inhibit alpha ketoglutarate dependent enzymes, 
which include Jumonji histone demethylases (C. Lu et al., 2012). As discussed above, 
DNMT3AR882H has also been linked to histone methylation, therefore DNMT3AR882H and 
IDH2R140 may cooperate in leukaemia by dysregulating histone methylation. Future research 
efforts to dissect the contribution of each mutant to the DNA and histone methylome could be 
achieved by using small molecule inhibitors specific to the IDH2R140Q mutation such as 
clinically developed AG-221 (Kats et al., 2017; Yen et al., 2017). Such inhibitors have been 
studied for their contribution to DNA methylation in IDH2R140Q leukaemia but their impact on 
histone methylation has not been assessed in the context of IDH2R140Q and DNMT3AR882H 
leukaemia. The mechanisms underlying leukaemogenic cooperation of epigenetically 
antagonistic DNMT3A and IDH2 mutations present an interesting topic for future research. 
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The biological and transcriptional response to DNMT3AR882H depletion in established DRI 
tumours uncovered in this chapter was striking, however, the RRBS analysis revealed only a 
modest change in DNA methylation. Therefore, future research should primarily be focused 
on validating the presented findings in multiple murine models, and comparing to the DNA 
methylation patterns in WT mice. The use of WGBS and ox-BS in order to capture genome-
wide localisation of 5-hmC as well as 5-mC could provide valuable insight and ensure that no 
significant methylation changes were overlooked by the RRBS methodology used in this study. 
Following this, the non-canonical functions of DNMT3AR882H in epigenetic and transcriptional 
regulation could be investigated by assessing genomic localisation of the mutant and other 
DNMT family members and performing further epigenomic landscaping following depletion 
of the mutant. Lastly, the contribution of epistatic cooperating mutations could be further 
dissected using targeted small molecule inhibitors and comparing with the results of this study.  
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4.4 Chapter 4 Conclusion  
 
Altogether, the results presented in this chapter demonstrate that sustained expression of 
DNMT3AR882H is essential for maintaining the leukaemic phenotype, and perpetuating the 
underlying leukaemic gene expression program. Additionally, analysis of the DNA methylome 
with RRBS lead to the surprising observation that only a small number CpGs changed DNA 
methylation status following the depletion of DNMT3AR882H. Furthermore, there was no 
statistically significant association observed between differentially expressed genes and 
differentially methylated genes. This finding alludes to an alternative mechanism of 
transcriptional regulation by DNMT3AR882H , or suggests that important DNA methylation 
changes may have occured outside the CGI regions assayed by RRBS. Altogether these results 
highlight that whilst DNMT3AR882H is important for maintaining the leukaemic transcriptional 
profile and potentiating leukaemogenesis, it is unlikely to be exerting transcriptional control 
through DNA methylation exclusively. Future research may be focused on non-canonical 
functions of DNMT3AR882H in maintaining transcriptional regulation in leukaemia, especially 
in the context of epigenetically antagonistic mutations such as IDH or TET family proteins.  
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Chapter 5: Discussion and Conclusion 
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The rise of next generation sequencing has led to a deeper understanding of the influence of 
unique mutations on diagnosis and prognosis, guiding the development of targeted 
therapeutics. Mutations in epigenetic regulators are frequent in AML, though their contribution 
to oncogenesis is poorly understood.  This thesis aimed to understand the role of two epigenetic 
regulators, BCOR and DNMT3A, in normal and malignant haematopoiesis by employing next 
generation sequencing techniques to characterise novel, clinically relevant murine models. 
Loss of Bcor in murine HSCs resulted in myeloid progenitor proliferation and self-renewal. 
Consistent with this finding, RNA sequencing analysis revealed that Bcor loss upregulated an 
aberrant HSC-like transcriptional program, with concomitant loss of histone ubiquitination at 
genes encoding master HSC TFs including Hoxa7 and Hoxa9.  Finally, the essentiality of 
Hoxa9 expression to the leukaemogenic capacity of Bcor mutant tumours was validated by a 
CRISPR/Cas9 screen. In chapter 4, it was demonstrated that depletion of DNMT3AR882H in 
established DRI tumours led to loss of the leukaemic phenotype and transcriptional 
reprogramming. However, DNA methylation analysis by RRBS revealed that there were 
limited changes in DNA methylation following depletion of DNMT3AR882H in established 
leukaemia. This finding was inconsistent with previous studies which demonstrated that 
DNMTAR882H was responsible for hypomethylation and transcriptional activation of target 
genes (Ferreira et al., 2016; R. Lu et al., 2016). Together, these studies contribute to the 
understanding of epigenetic regulation in both normal and malignant haematopoiesis. 
Importantly, these findings emphasise that mutations in DNMT3A or BCOR impact 
haematopoietic cell identity, and provide a possible explanation as to how they may facilitate 
leukaemic transformation.  
 
The findings of both of these chapters focused on how leukaemic cell identity can be influenced 
by altering the underlying transcriptional network. Interestingly, master HSC TFs Hoxa7 and 
Hoxa9 were implicated in both Bcor loss and DNMT3AR882H -driven leukaemias, suggesting 
they may be the key drivers of the transcriptional reprogramming in both contexts. 
Furthermore, the HOXA genes are frequently upregulated in myeloid malignancies which 
feature mutations in epigenetic regulators (Alharbi, Pettengell, Pandha, & Morgan, 2013; Rice 
& Licht, 2007). This suggests that upregulation of the HOXA locus is a key mechanism of 
leukaemogenesis by these epigenetic mutations and thus warrants further investigation. 
Additionally, the results from both chapters further question the importance of epigenetic 
regulation in the establishment of transcriptional programs. Whilst transcriptional changes 

correlated with changes to H2AK119ub, in the BcorDE9-10 model, transcriptional changes 

induced by DNMT3AR882H depletion did not correlate with DNA methylation changes. These 
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results highlight that a causative link between specific epigenetic marks and transcription is 
not always apparent. Thus, the findings found herein underscore two important points which 
require further investigation: 1, the upregulation of the HOXA genes could be a common driver 
of leukaemogenesis in epigenetically dysregulated leukaemias, and 2, more generally, how can 
we draw a causative link between epigenetic modulation and the establishment of the 
transcriptional state?  

5.1 Both BCOR loss and DNMT3AR882H upregulate HOXA transcription 
 

As mentioned above, transcriptional dysregulation of Hoxa genes featured in both BcorDE9-10 

KL and tumour cells and DRI tumours. In chapter 3, Hoxa7 and Hoxa9 were identified as 
master TFs in HSCs, and were upregulated in Bcor mutant leukaemias. Furthermore, an in vitro 
CRISRPR/Cas9 screen further demonstrated that Hoxa9 expression was essential for 
maintaining the leukaemic phenotype of Bcor mutant cells. Meanwhile, in chapter 4, it was 
illustrated that DNMT3AR882H depletion in established DRI tumours resulted in the significant 
down regulation of Hoxa7 and Hoxa9, suggesting that DNMT3AR882H functions to maintain 
upregulation of these genes during leukaemia maintenance. Hence, these observations led to 
the hypothesis that Hoxa7 and Hoxa9 could be common drivers of leukaemogenesis associated 
with epigenetic perturbations.  
 
The importance of HOXA family proteins has long been known, HOXA genes are highly 
conserved and encode transcription factors essential for embryonic development and 
haematopoiesis (Argiropoulos & Humphries, 2007). HOXA proteins act as heterodimers or 
heterotrimers in cooperation with cofactors such as MEIS1 to directly activate transcription. 
Genes which are upregulated by HOXA binding are enriched for haematopoietic and 
developmental master transcription factors and thus overexpression of HOXA may confer 
leukaemic properties. HOXA9 targets include: BCL-2, cMYB, FGF-2, FOS, LMO2 and SOX4 
(Collins & Hess, 2016), which are reflected in the results of both chapters 3 and 4 of this thesis. 
Fgf family genes are dysregulated in DRI cells following DNTM3AR882H depletion, and both 

Fos and Lmo2 are upregulated in BcorDE9-10 KL cells. This implies that the upregulation of 

Hoxa9 in these models may be driving these transcriptional changes. HOXA dysregulation has 
been implicated in 40-60% of AML cases, and is associated with poor prognosis (Shah & 
Sukumar, 2010). HOXA9 overexpression has been shown to drive leukaemic transformation in 
bone marrow cells, and therefore it is likely that the Hoxa9 overexpression induced by 
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DNMT3AR882H and Bcor loss is driving initiation and maintenance of leukaemia (Kroon et al., 
1998).  
 
The expression of the HOXA gene cluster is contemporaneously regulated by transcriptionally 
repressive PRCs and transcriptionally activating trithorax epigenetic complexes (Poynter & 
Kadoch, 2016; Schuettengruber et al., 2017). The HOXA locus is demarcated by both 
H3K27me3, and H3K4me3 in normal HSCs and ESCs and thus is classified as a bivalent 
domain. Bivalent domains are considered to poise expression of developmental-associated 
genes for the precise regulation of differentiation (Voigt, Tee, & Reinberg, 2013). PRC1 and 2 
catalyse repressive H2AK119ub and H3K27me3, respectively, whilst H3K4me3 is catalysed 
by trithorax group proteins, including histone methyltransferase MLL1. The results presented 

in chapter 3 are consistent with this mechanism of epigenetic regulation, BcorDE9-10 KL cells 

exhibited loss of both H3K27me3 and H2AK119ub at the Hoxa locus compared to normal, 
whilst H3K4me3 increased, correlating with transcriptional activation. However, the role of 
DNMT3AR882H in the regulation of Hoxa9 is less clear. No significant methylation changes were 
observed in the RRBS analysis at Hoxa locus in DRI cells following DNMT3AR882H depletion. 
Alternatively, DNMT3AR882H may be regulating Hoxa by mechanisms other than DNA 
methylation, as discussed in Chapter 4 (section 4.3). WT DNMT3A may interact with 
chromatin modifying complexes, and therefore may recruit HMTs or HDACs to silence the 
locus during normal haematopoiesis (Fuks et al., 2001). Therefore, loss or inhibition of these 
WT DNMT3A functions may lead to epigenetic activation of transcription of the HOXA locus.  
 
Interestingly, the upregulation of HOXA family genes is not limited to BCOR or DNMT3A 
mutant AML patients, upregulation of HOXA genes is found in a number of other AMLs with 
epigenetic perturbations. HOXA9 was shown to be a target of MLL fusion oncoproteins and 
upregulation is required for survival of MLL rearranged AMLs (Faber et al., 2009). Disruption 
of PRC2 catalytic subunit EZH2 by LOF mutations can also lead to HOXA upregulation 
through loss of repressive histone modifications at the locus (Khan et al., 2013). Furthermore, 
mutations in ASXL1, a key member of the PR-DUB and H3K27 demethylase complexes, also 
lead to dysregulation of PRC-associated epigenetic marks and upregulation of HOXA9 (Inoue 
et al., 2013). Together these studies exemplify that the HOXA locus is heavily epigenetically 
regulated, and that disruption of this epigenetic balance through dysregulation of the associated 
epigenetic regulators leads to HOXA upregulation and, inevitably, leukaemic transformation. 
From these studies, it is clear that targeting this aberrant HOXA upregulation may be 
therapeutically beneficial for a range of cancers, not just DNMT3A or BCOR mutant 
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leukaemias. However, transcription factors themselves have proven difficult to therapeutically 
target, thus the most viable therapeutic strategy may be to re-establish epigenetic control of the 
HOXA locus. In the context of BCOR mutations,  PRC-mediated repression is lost and there is 
a potential increase in trithorax function at the HOXA locus. Therefore, reducing trithorax 
function may re-establish transcriptional control of HOXA genes.  
 
Inhibitors which disrupt the Menin-MLL1 protein-protein interaction have recently emerged 
as a promising therapeutic candidate for leukaemia (Borkin et al., 2015). Menin is a scaffold 
protein encoded by the MEN1 gene which is a specific binding partner of MLL1 and facilitates 
trimethylation of H3K4. Whilst the majority of research into these compounds has been 
focused on AML with MLL fusion proteins, this approach has also been shown to be effective 
in WT MLL leukaemias. Chen and colleagues demonstrated that Men1 KO in murine bone 
marrow cells caused transcriptional down-regulation of Hoxa9, establishing that the WT-
MLL1-Menin interaction is important for HOXA upregulation (Y.-X. Chen et al., 2006). 
Consistent with these findings, MLL1-Menin inhibitors have also been shown to downregulate 
HOXA genes in the context of  NPM1 mutant leukaemia without MLL mutations (Kühn et al., 
2016; S. Xu et al., 2018). Therefore,  inhibition of the Menin-MLL1 interaction may abrogate 
HOXA9 upregulation induced by BCOR mutant leukaemias and this should be experimentally 
tested. As the epigenetic mechanism underlying HOXA upregulation in DNMT3AR882H 
leukaemias is elusive, it remains to be seen whether this approach may also be feasible for 
treating DNMT3AR882H mutant leukaemias as well. Overall, Menin-MLL1 inhibitors may 
present a potential therapeutic strategy for HOXA upregulated leukaemias such as those driven 
by BCOR loss or DNMT3AR882H.  
 
Other approaches for identifying therapeutically exploitable targets in HOXA9 upregulated 
leukaemias could also be employed and tested for therapeutic efficacy. For example, 
identification of specific proteins which interact with HOXA9 and are required for 
leukaemogenic function may reveal novel therapeutic targets. Alternatively, synthetic lethality 
screens using AML cell lines in which Hoxa9 is upregulated or overexpressed could also be 

performed to identify potential therapeutic targets. For this purpose, the murine BcorDE9-10 

KrasG12D AML cell line which was generated in chapter 3 could be utilised as a model of CN-
AML with HOXA9 upregulation. Together, these studies highlight the need for further insight 
into the importance of HOXA upregulation in epigenetic-driven malignancies, which may lead 
to the development of therapeutics beneficial to a large subset of AML patients.  
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5.2 Epigenetic Regulation in Haematopoiesis: Distinguishing Cause and Consequence 
 

Extensive analysis of the epigenetic landscape has led to generation of comprehensive maps of 
the epigenome and transcriptome of normal and malignant haematopoietic compartments, 
establishing the association between disease and altered epigenetic state. The studies in 
chapters 3 and 4 were useful in identifying key epigenetic perturbations induced by specific 
mutations associated with AML. However, it is imperative that these findings are 
complemented with further research in order to establish the causative relationship between 
aberrant epigenetic state and transcriptional regulation. In chapter 3, changes in H2AK119ub 
were correlated with transcriptional changes, supporting prior evidence that H2AK119ub can 
influence transcription machinery and transcriptional elongation (W. Zhou et al., 2008) (as 
discussed in section 1.2.3.3.6). In contrast, in chapter 4, the changes in DNA methylation 
detected by RRBS were not correlated with changes in transcription, suggesting that DNA 
methylation may not be instructive or reflective of transcriptional state. This is consistent with 
the recent findings of Spencer and colleagues, who argue that the DNA hypermethylation 
phenotype in AML does not lead to gene expression changes and is not essential for disease 
(Spencer et al., 2017). However, the lack of correlation may be due to inaccurate assignment 
of genes to DMRs or other technical difficulties, as discussed in section 4.3.  
 
In order to definitively conclude that the changes in DNA methylation induced by 
DNMT3AR882H depletion which were detected in chapter 4 are inconsequential to the 
transcriptional state or leukaemic phenotype, further studies need to be conducted. For this 
purpose, an experiment in which DNA methylation could be modulated at specific target loci 
and the transcriptional and phenotypic consequences observed could be designed. Catalytically 
inactive Cas9 (dCas9) has recently emerged as a valuable tool with diverse uses, capable of 
epigenetic editing, modulating gene expression and staining chromosomes for imaging 
(Brocken, Tark-Dame, & Dame, 2017; Dominguez, Lim, & Qi, 2016). dCas9 can either be 
directly fused to effector proteins, or to motifs which can recruit effector proteins. This can be 
employed in the context of DNA methylation effectors including DNMT3A or TET1, for 
targeted DNA methylation or demethylation, respectively (X. S. Liu et al., 2016). These dCas9 
fused DNA methyltransferase proteins could be used to establish whether any single DMR 
observed in chapter 4 was instructive of transcription and/or important to the phenotype. A 
protein which comprises of DNMT3A fused to dCas9 could be used to selectively target DNA 
methylation to an identified DMR of interest and the phenotype, or transcriptional response 
could then be observed. In order to test whether any one of the 534 detected DMRs contribute 
to the leukaemic phenotype, this experiment could be performed in a pooled manner. CRISPR 
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guides targeting the observed hypermethylated DMRs could be designed and cloned to allow 
for pooling. This library targeting hyper-DMRs could then be transduced into DRI tumours ex 
vivo and a drop out screen performed. However, as the overexpressed DNMT3AR882H oncogene 
functions as a dominant negative (Russler-Germain et al., 2014),  this may interfere with the 
function of the WT DNMT3A fused to the dCas9. Therefore to circumnavigate this limitation, 
a methyltransferase from another species could be utilised, such as the previously described 
dCas9-MQ1 fusion protein (Lei et al., 2017). Alternatively, an enrichment screen could also 
be performed by using dCas9 fused to DNA demethylase TET2, and transducing this fusion 
protein alongside the same CRISPR guide library into DRI tumours which have been 
genetically depleted of DNMT3AR882H. This experiment has the potential to assess whether the 
potentiation of hypomethylated regions following restoration of WT DNMT3A function is able 
to abrogate the survival advantage observed in chapter 4 (Fig. 4.3). This series of CRISPR-
dCas9 screens could determine whether any single DMR has an impact on the proliferation or 
survival phenotype observed in established DRI tumours, providing further insight into the link 
between DNA methylation and transcription. 
 
The transcriptional repercussions of differential H2AK119ub at specific loci can also be 
assessed using dCas9 technologies. Although a dCas9 fusion construct specific for targeted 
histone ubiquitination does not yet exist, similar techniques could be employed as have been 
for the generation of dCas9 fusion to other chromatin regulators such as dCas9-LSD1 or dCas9-
P300 (Hilton et al., 2015; Kearns et al., 2015). As discussed in chapter 1 (section 1.2.3.3.6), 
H2AK119ub can influence transcription by inhibiting RNAPII elongation. However, it has also 
been shown that canonical PRC1 does not require ubiquitination to silence chromatin (Kundu 
et al., 2017). Targeted recruitment of RNF2 to the HOXA locus and subsequent transcriptional 
analysis could establish whether histone ubiquitination directly causes transcriptional 
silencing, providing useful information for future PRC1 research.  It is important to keep in 

mind that the epigenetic and transcriptional state of BcorDE9-10 KL cells was measured after 20 

weeks. This is in contrast to the experiments performed in chapter 4, in which DNMT3AR882H 
was depleted from established DRI tumours and the epigenetic changes measured after just 14 
days. This observation may indicate that the epigenetic state may take longer to establish, 
however as the transcriptional program had already changed this may suggest that the 
epigenetic state is consequential to transcriptional state. Overall, further investigation is needed 
in order to draw a definitive causative link between epigenetic state and transcriptional state, 
and further development of novel techniques which can differentiate cause and consequence 
will be invaluable for future research.  
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5.4 Conclusion 
 
This thesis aimed to gain a greater understanding of the contribution of two frequently mutated 
epigenetic regulators to the initiation and maintenance of AML. To this end, the haematopoietic 
systems of genetically engineered mouse models were characterised by immunophenotyping 
and next generation sequencing, revealing that both BCOR and DNMT3A are important for 
regulating haematopoietic cell identity.  
 
Chapter 3 explored the role of Bcor in normal and malignant haematopoiesis by utilising a 
novel mouse model in which Bcor lacks the PUFD in HSCs. Characterisation of this model led 
to the finding that Bcor loss induced expansion and self-renewal of myeloid progenitor cells 
through upregulation of an aberrant HSC-like transcriptional program. Further analysis 
revealed that this transcriptional reprogramming may have been induced by changes to the 
epigenome, including locus-specific loss of PRC1 associated H2AK119ub. Finally, a custom 
CRISPR/Cas9 screen validated that sustained Hoxa9 upregulation was essential for the 
proliferative phenotype of leukaemias driven by Bcor mutation. Together, these findings 
strongly suggest that BCOR is a tumour suppressor in the myeloid context, and mutation can 
perturb normal haematopoiesis to promote malignant transformation. Further investigation into 
Bcor function may focus on the mechanisms of BCOR-PRC1.1 complex assembly and further 
establish how the H2AK119ub epigenetic mark can influence transcriptional state.  
 
Chapter 4 examined the role of DNMT3AR882H in the maintenance of leukaemia in a tractable 
model of AML in which DNMT3AR882H, NrasG12D and IDH2R140Q were overexpressed.  
DNMT3AR882H was depleted by exploiting a TET-off system, and revealed that the sustained 
expression of DNMT3AR882H was essential to the leukaemic phenotype and underlying 
leukaemic transcriptional programming. Analysis of the DNA methylome of DNMT3AR882H 
driven tumours revealed that depletion of the mutant did not greatly impact the methylation 
patterns, and furthermore, these changes did not correlate with the expression of the nearest 
gene. Further investigation of the impact of DNA methylation on transcription in the context 
of DNMT3A mutation is therefore necessary.  
 
Collectively, these findings provide novel insight into the molecular and cellular functions of 
DNMT3AR882H and BCOR mutations in AML and set a solid foundation of knowledge to build 
upon for future epigenetics research.  
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Appendix A SE Associated Genes In WT KL And KSL Cells.  
Associated With Venn Diagram In Fig. 3.9C 
 
Table A1 WT KL ONLY SE-associated genes 

Tor1aip1 Pygm Myo1c Lpar6 Rwdd4a Sept7 
Btbd9 Zc3h6 Ankdd1a Ndufv3 B230317F23Rik Creb3l1 
Pgap2 Nrf1 Cct8l1 Rit1 Ube2d3 Rcbtb2 
Cnih3 4933412E24Rik Cd69 Lrrc3b Ptp4a2 Riok3 
Aph1c Inpp5d Clasp1 Cpsf7 Vps37a Wdr4 
Mocs3 Pcdhga11 Ech1 Polg2 Zcchc8 2810403A07Rik 
Ptplad1 Tmem40 P4hb Tspyl3 Uap1 Ngly1 
Phlda3 Pik3ap1 Esyt1 Dapp1 Cd274 Rab1 
Atp5b Cdkn1a Actr8 Nans Inpp5k Fam187b 
Eif5a Cdca7 Sec31a Stub1 Mll3 Cdc26 
Glo1 Picalm Gda 1110001J03Rik Clec2d Ddx5 
Wdr26 Sf1 Ocel1 Vdac2 Mki67ip Lamtor3 
Rab8b Gm10762 Pafah1b1 Arfgef2 Luc7l Anp32b 
Dpp8 Ube2h Pygl Amigo2 Tbc1d9b Trim39 
Csrp1 Atp6v1g2 Mogs Tnfrsf1b Selk Rhbdl1 
Ptges3 Gsr Vps26a Rgs9 Nxt1 Ubn2 
Whsc1l1 Rab17 Map7d1 Nlrc5 Use1 Samd8 
Tbc1d7 Slc39a13 Pigp Cdnf Abhd12b Trp53rk 
Ppp2r3d Cd300a Il23a Spocd1 D8Ertd738e Rpap3 
Ppp4c Coro2a Ube3a Rbm15 Dscr3 Rap1b 
Ppp2ca Otos Baz1a 5730455P16Rik Lace1 Kcnc4 
Tmem86b Fam63a Brd4 Ccdc88c Pan2 N4bp2 
Ssu72 Nbeal2 Celf1 Eva1b Atp10a Zfp207 
Slc25a30 Tmem140 Vps13d 1110008F13Rik 2700097O09Rik Ccdc28b 
BC031181 Cd151 Cds2 Irgm1 Fam76b Stk40 
Cnot8 Tbc1d2b Msra Atg12 Axl March6 
Dnahc7a Bcl2l14 Themis2 Zbtb17 Baz2b Sla2 
Mesdc2 Spata32 Nfil3 Supv3l1 Akap8 Gm5431 
Relt Inpp5a Ccnl2 Phf2 Srcrb4d Ap3s1 
A830005F24Rik Abcc4 Phf3 Cnot11 Ndufs3 Fam120a 
Chd1 Mef2d Klhl25 AA474408 Pcna Tbc1d8 
Tm9sf3 Parvg Cyp7a1 Ogg1 Prss52 Zfp143 
Rab5a Klf14 Tcf7l1 Cd300lb Ppp1r8 Brpf1 
Wbp11 Syt8 Lrrc8d Neurl1b Ror2 Gpr30 
Kat5 Slc16a6 Lonrf1 Tbc1d2 Zfp414 Txnl4a 
Cul1 Ankrd13a Trmt112 Olfr1396 Mrpl20 Mettl21a 
Dnahc17 Gpr68 Rasgrp1 Gpc1 Dpm1 Trappc10 
Plcg1 Etv5 Col23a1 Zfp36l2 Cnot6l Trp53inp1 
Fubp1 Rnf31 Fam114a1 Tmed10 Ptp4a1 Scand1 
Gosr2 Siva1 Cenpl 3110062M04Rik Hnrnpa3 1110032A03Rik 
Hist1h3c Fndc3b Slbp Dpagt1 Akap13 Chit1 
Actr2 Sdhd Tmem167b Adamts7 Nr1h2 Erbb2ip 
Vmn1r238 Tm9sf4 Zfyve27 Etv6 Kcmf1 Tbc1d10b 
Sfpq Zrsr1 Fam193a Map3k14 Lrrc8c Ctcf 
Ddx39b Arid1a Ptpn6 Tnfrsf11a D8Ertd82e Pde4b 
Ezh2 Gm266 Kif21b Nkx6-2 Ccdc88b Arih1 
Gfod1 H2-T23 Tctex1d4 Gm9376 Thbs1 Ppig 
Cyp2w1 Tfeb Gltscr1l Zfp119b Clk4 Nfe2 
Gm21836 Fam107b Gpbp1 Atxn7l1 Eif3g Kdm5a 
Slc39a7 Cped1 Psmb9 Parvb Tlr6 Psmc3ip 
Ppp6r1 Rsbn1l Trappc6b AB041803 Klhl20 Timm23 
1500002C15Rik Cln5 Omg Ctsd Tmem129 Efcab2 
Ankrd13c C130040N14Rik Capza1 Zfp516 Atg13 Dom3z 
Sf3b1 Ppox Olfr1393 Wipi1 Sfrp5 Tra2a 
Lgalsl Myl6b Tll2 Dgkg Rnf4 Kcns1 
Rpl27-ps3 Trappc5 Hypk Psme2 Grcc10 Rpl4 
Larp1 Srpk1 3110082I17Rik Adssl1 Plk3 Rnaseh2c 
Slc25a1 Chmp2a Rbfa Ghsr Actbl2 Map2k3 
Stk17b Muc13 Creb1 Il18 Psmb8 Ak2 
BC003965 Gm15401 Pwp2 Rps6ka1 Pnn Setd3 
Tor1aip2 Edem1 Slc10a7 Eif5 Gm21975 Pcif1 
Slc23a2 Rpl36 Ndufaf6 Slc25a29 Wnt2b Ccdc9 
Mesdc1 Pwwp2b Epb4.1l1 Slain2 Pik3c2b Pipox 
Hnrnpa2b1 Ranbp2 Sept2 Pgc Tmbim6 Get4 
Fam168a Vps33a Alg9 Ing3 Mgat1 Hspa5 
Ube2b Rrp8 Btg2 Irg1 Serinc4 Eci1 
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Ptpdc1 Zbtb7a Srek1 Usp21 Rnps1 Usp47 
Rgmb Tceb3 Cd2bp2 1810033B17Rik Dkk3 Zfp865 
Pp2d1 Pnkp Rltpr Slc26a8 Zfp524 Gm15440 
H2afj Sh2d3c Setd1a Heg1 Tpp2 Coq10b 
Pnrc2 Cyp26c1 Bbs4 Tgoln1 Rbm7 Slc38a2 
Cyth1 Nedd9 Fastkd1 Lonp1 Bcl2l13 Ing2 
Top1 Tbc1d13 Copz1 Lims1 Rassf5 Nek1 
Ube2i Tgfb1 H2-D1 Map2k2 Myo15b Cnot7 
Eif3a Blm Mlx Rpl11 Cenpv Qrich1 
Nexn Amdhd2 Ncoa4 Ap2b1 9430020K01Rik Ddr2 
Rprml Lipc Kif26b Rps19bp1 Tecr Plgrkt 
Hist1h1c Egln2 Skiv2l Exoc6 Lbp Rab44 
Crem 4930512M02Rik Igf2bp3 Mroh2a Sema4d Sp3 
Gna13 Znrf3 Herpud1 Tmem170b H2-Oa Eed 
Zmym1 Prr24 Leo1 Zer1 Diras2 Irf2bpl 
Plac8 Gm10277 Gsk3a B9d2 Uxs1 Ptx3 
Hook2 Adap1 Stk4 Crtc3 Rexo2 Dab2ip 
Trim8 Rabepk Snapc5 Atp6v0c Ezr 1810013L24Rik 
Trib1 Atp6v1e1 Cnr2 Adam10 Wdr82 H3f3a 
Raf1 Eif2d Adc Rab4b Slc38a1 Dnajb1 
Atg16l1 Smim6 Ccnk 4930415F15Rik Glyctk Snhg11 
Unc13d Psmd12 Zfp335 Dgkz Eepd1 

 

Diap1 Svil Ugdh Smim14  
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Table A2 WT KSL ONLY - SE associated genes 
Rnaseh2A Tnrc18 Gsk3A Fam43A Zfp36L2 
Rplp0 Pprc1 Nfkb1 Cpsf2 Scn3B 
Ppm1H Apold1 Tfip11 Hivep1 Pim1 
Ldha Pstpip1 Fam174B Rnf139 Nudt3 
Foxp1 Surf6 Plcg2 Gpr98 Fbxw7 
Gm16519 Dnahc7A Elf2 Klhl5 Lacc1 
Cln3 Luc7L Laptm5 Aagab Pik3Ap1 
Tnip1 Map7 Chst15 4931417E11Rik Ai848285 
Rnf222 Slc25A30 Slc9A3R1 Msl2 4921513I03Rik 
Nr4A3 Setd7 Map7D1 Ndufv1 1700060C20Rik 
Nr1D1 Arid1A Txndc11 Pten Cxxc5 
Camkk2 Chmp2A Mvp Orc5 Cacna1A 
Ina Zbtb7A Setd1B Ncor1 Bcl2L11 
Zc3H12D H3F3A Mpzl1 Mroh2A Ubxn11 
Tmem179B Ddx39B 9130230L23Rik Cramp1L Serac1 
H2Afx Sh2D6 Atad2B Sar1A Gtf3C1 
Arhgap22 Sec31A Ppm1A Ddit3 Lgals1 
Mep1B Arid3A Fam187B 2310033P09Rik Sh2B1 
Hspd1 Slc30A5 Nme1 Anp32E Rinl 
Arl6Ip4 P4Hb Cmtm7 Kdm5C Arl4C 
Cars2 Bc031181 Stk24 Serp2 Pde4B 
Ost4 Arih2 Susd1 Fbxl18 Ppt1 
Ankrd42 Phlpp1 Kif21B Slc39A13 Abhd17A 
Tor1Aip1 Zfp119B Elk4 Rbm44 Meaf6 
Aff4 Atxn7L3 Nsun6 Ankdd1A Wbp4 
Ppp2Ca Tmem154 Zfp513 Tgfbr2 Mapkapk3 
Gm5819 Atp5H Gm5148 Srebf2 Map3K5 
Myo1C Tuba1A Traf3Ip3 Cables1 Mob3A 
Chka Erg Vps26A Tgm2 Prl5A1 
Arid1B Gltscr1L Dyrk1A Psd2 Scd3 
Tgfbrap1 Coro2A Cyfip2 Ankrd13A Gm6772 
Fbxo11 Tm9Sf2 Slc38A1 Ier2 Ppcdc 
Mrpl42 Eme2 Med4 Rmnd5B 0610009L18Rik 
Eif2A Zadh2 Vmn2R90 Mef2D Prkci 
Lats1 Inpp5D Enpp6 Gm355 Cytip 
Rps11 Supt4A Myo6 Mta3 Sidt2 
Tmc1 Cyp2W1 Stk16 Armc2 Dot1L 
Gmnn Ppp6R1 Pafah1B1 Vav1 Ssh1 
Nr3C1 Cdh26 Xxylt1 Sh3Bgrl3 Bcl2L10 
Npnt Reep2 Atxn3 Slc35B2 H3F3B 
Arhgap17 Neurl1B Fam76B Synj2 Abi3 
Fam160B1 Dclre1B Tatdn1 Apol8 Tmem253 
Mon2 Hsp90Ab1 Gnai2 Il21R Gmfg 
Gtf2H1 Atxn7L1 Arrdc3 Nol12 Cabp1 
Il27 Tlr1 Eif3A Glrp1 Pcnx 
Anxa6 Myh9 Tmem156 Cap1 Plaur 
Ndel1 Prpf40B Smad3 Zc3H12A Trio 
Sec61B Tbc1D10B Suclg1 Sugt1 Tnfrsf1B 
Msl1 Atp11B Pccb Dock3 Rasa3 
P2Rx4 D4Wsu53E Doc2G Mknk2 Opa3 
Cnnm2 Phf5A Dtnb Sox4 Ier5 
Ube2I Slc39A7 Cep97 Scd2 Zfyve28 
Tab2 Slc29A4 Ccdc77 Irf2Bpl Pik3R1 
Taf6L Ldb1 Tysnd1 1700017B05Rik Puf60 
Hmbs Znf512B Mbd6 Fscn2 Gm10655 
Wdfy4 Ablim1 Arf1 Skil Mfng 
Rpl27-Ps3 Cdkn1B Plekho1 Ermn Peli2 
Rnf138 Tspan3 Tspyl2 Tagln Nr1H2 
Coq10B Med22 Tifab Ap3D1 Ubald1 
Acbd3 1810043H04Rik Arap1 Orai1 Hnrnpa2B1 
Fbxo42 Stk17B Fam65C Dusp5 Chsy1 
Ing1 Tmem167B Tnfrsf11A Vps33A Tmed2 
Ube2B Rab33B Aqp4 Coro1C Rpe 
Pcf11 Rps6Ka1 Ppp2R5C Phospho1 Gja10 
Tor1Aip2 Whsc1L1 Sh2D3C Zfp219 Pcgf5 
Glyr1 D8Ertd738E Ptprcap Lrfn1 Tmem194 
Stil Zc3H4 Stat5A Mlec Mef2C 
Inpp5K Eif3G Calr Sipa1L1 Ksr1 
Suv420H1 Map2K2 Efcab4A Irgc1 Zyx 
Zfp407 Il10 Suco Egfl7 Hsf2Bp 
Akt3 Emilin1 Cmip Fam105A Tle3 
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8430432A02Rik Bc003965 Tbc1D9B Vps13D Gbf1 
Il12A Map2K3 Sdc3 1700029H14Rik Macf1 
1700013F07Rik Rps19Bp1 Srcrb4D Vasp Gramd1B 
Msh6 Atp6V1G2 Oat Cacna1E Fgd2 
Ube2N Eif4A1 Rap1B Mxd4 Rps10 
Tsc22D2 Capg Zc3H7A Scrib Tmem154 
Rpl13A Ptp4A2 Prrt2 Setd1A 

 

Bc005537 Ly86 Ccdc28B Fam92B 
 

Arhgap26 Kiss1R Rcsd1 Gm9869 
 

Gstcd Trmt10C Rbm47 Elfn2 
 

Proz Cnot6L 4933406P04Rik Tmem260 
 

Ankrd13C Slc25A29 Ubxn2A Mgrn1 
 

B3Gnt8 Senp6 Cmtm6 Gm10974 
 

Nenf Ict1 Farp1 Ppp1R13B 
 

Tm9Sf3 Gm8973 Ptbp3 Ddx55 
 

Atg16L1 Emc4 Gm10621 Prhoxnb 
 

Notch1 Kcnj15 Arl5B Kansl1L 
 

Dab2Ip Tbc1D2 St3Gal1 D130062J21Rik 
 

Slc38A10 Slc25A1 Snx17 Ankrd1 
 

Tmem86B Timm8A2 Ankrd50 Nab2 
 

Cdh4 Spsb3 A130010J15Rik Tmem161B 
 

Ppp4C Kdm5A Slc38A2 Lgals9 
 

Klf3 H2Afy Itm2B Fam131B 
 

Fam63A Pde2A Lnpep Sik1 
 

Rsbn1L Pwwp2B Irf2 Adora3 
 

Irf2Bp2 Kctd1 Faf2 Grm4 
 

Cd2Bp2 Dync1H1 Tuba4A Slc12A6 
 

Dcun1D1 Rps6Kb2 Ap2B1 Nfkb2 
 

Tmem50A Stat5B Slc23A2 Bmp8A 
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Table A3 KSL + KL overlapping SE associated genes  
Flywch2 Gid8 Etf1 Rab24 Aff1 
Fscn1 Idnk Tomt Cluh Irf1 
Med1 Mllt10 Fxyd5 Zfp236 Zfp324 
Msrb3 Pex12 Nsd1 Dopey2 3010026O09Rik 
Ewsr1 Ankrd11 Morc3 Dnajb6 Gm20521 
Hdc Zbtb25 Mrpl53 Cep57 Gabpb2 
Cxcr5 Ctnna1 Il6 Dhx40 Smdt1 
Baiap3 Leng8 Cltc Sp2 Snrnp35 
Meis1 Guk1 Qars Sdcbp Ankrd17 
Brd2 Gm5218 Pnpo Taf10 Apbb3 
Epc1 Vgll4 Ulk4 Nanos1 Cdhr2 
Cdk13 Gsc2 Gpr160 Sec62 Sbno2 
Cdkl3 Gm9958 Srsf5 4933426M11Rik Pabpc1 
Zfand5 Pigl Hjurp Rpl24 4933440N22Rik 
Aftph Sra1 Chst12 Haao Cdk17 
Ubn1 Pabpn1 Cebpb Xcr1 Letm2 
Hnrnpu Dnajb12 Hnrnpul1 Per1 Zbtb1 
Lyz1 Actb Lrrc27 Dusp2 Tmub2 
Myo19 Sfpi1 Rhoh Ifitm5 Ptpn1 
Elovl5 Chrac1 Pitpnc1 Rpl18 Syk 
Strn3 Snx29 Ifi47 Hnrnpl Jdp2 
Snrpd1 Ggta1 2310014L17Rik Sgip1 Srgn 
Zbtb18 Ift57 Manba Lbr Cdk9 
Eif6 Ubald2 Tpst2 Mapk6 Erf 
Lin37 Tyrobp Elk3 Asprv1 Zcchc2 
Ino80 Foxo3 Mbd3 Pgap1 Dusp1 
Zfp672 Olig1 Trappc3 Pold1 Hcst 
Pcid2 Anxa9 Notch2 Cbx3 Rai1 
Srsf11 Pcbp1 Arf6 Mrm1 Efcab10 
Srrm2 Tmem60 Klhl8 Ssbp4 Ifnar2 
Cdk12 Arpc2 Deb1 Lrrfip1 C87436 
Aldoa Syvn1 Prnd Ccr1 Fmnl3 
Rhbdd3 1700019O17Rik Spata2 Ensa Gpbar1 
Ddx6 Gabpb1 Frmd8 Plekho2 Smndc1 
Spred2 Rnf44 Mroh3 Vamp2 Srebf1 
Lemd3 Gpx4 Krr1 Stard7 Mrpl49 
Mplkip Itfg3 Hnrnpab Tmem241 H2-Ke6 
Olfr1373 Tpt1 Hnrnpk Athl1 Klf16 
Wac Ywhaz Edc3 1500011B03Rik Ptma 
Cox20 Fxyd4 Atl3 Rgma Ebi3 
Cpsf6 Gtpbp1 Anapc15 Dbp Ptpn18 
Ggnbp2 Trim28 Unkl Nktr Hspa4 
Gclc Mllt11 Kcnj12 Rassf2 Dido1 
Hectd1 Ndufa6 Arrb1 Gm12216 Hnrnpa0 
Esco1 Clip1 Tmem66 Snai1 Dnajc1 
Ccnl1 Rilpl2 Atf4 Trak1 Spg7 
Mmp24 Gm4980 Abcf1 Scyl1 Zcchc10 
Hspb6 Leprotl1 Ubc Glipr1 Ywhag 
Tmem203 Gnl1 Smchd1 2210016F16Rik Mdm1 
Exd1 Sde2 Fbrs Clk3 Grifin 
Gm9900 Dhx37 Khdrbs1 Enah Adam30 
Ddit4 Ndc80 Emp3 Ankrd44 Iqcc 
Ago2 Prr14 Tgif1 Orai3 Nemf 
D830046C22Rik Lin54 Gm2840 Dhrs11 Rtn3 
Gm9961 Arhgdia Yy1 Lrrc25 Tomm20 
Cd47 Tmem143 Prss39 Hmga1 Hspa9 
Egr1 Rpl17 Nhp2 Mrpl55 Leng9 
Ppan Josd1 Ep300 A330017A19Rik Atg7 
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Table A4 KSL+KL+BcorKL SE associated Genes  
Pan3 Anks1 A130051J06Rik Cirbp 
5031425E22Rik Junb Jmjd6 Spen 
Tmem242 Midn Uckl1 Kxd1 
Senp3 Sgsm2 Klf13 Mta2 
Nanos3 Fos Zswim4 Fblim1 
Zfp36 Arid2 Sae1 Sipa1 
Tcp11 Srsf2 Mapkapk2 Ubtf 
Mcl1 E030018B13Rik Phf20 Xbp1 
Mnt Rbm39 Elp5 Bzrap1 
Chd2 Gabarap Hnrnpf Ccdc19 
Rnf157 Zfp239 Isy1 Tubd1 
Tprn Cnbp Rela Rgl2 
Tut1 Spag9 Pcnp Fkbp8 
Tob2 Mgat2 Med29 Flt3 
Vmp1 Galk1 Mll5 Tagln2 

 
 
Table A5 BcorKL + KL SE associated genes  

Ppara 1810009A15Rik Mafg Zc3h4 
H2afx Ubxn2a Phf5a Crtc2 
Dyrk1a Irf2bp2 Gps2 Efcab4a 
Sirt7 Tmem179b Hsp90ab1 D4Wsu53e 
Atxn7l3 Mxi1 Ticam1 Tmbim4 
Fam174b Ppp2r5c Dennd4b AI462493 
Supt4a Wnt7b Tmem50a B3gnt2 
Trmt10c Gm10197 Eif4a1 Znf512b 
Slc3a2 Dync1h1 Llph Atad2b 
Kcnj6 Arid1b Wdr74 Taf6l 
H3f3b    

 
Table A6 BcorKL only SE associated genes 

Sirt4 E230025N22Rik Sfi1 
Cdon B3gnt8 Hist1h2ab 
Cntn6 Tusc2 Mrpl24 
Rpusd4 Hist1h1d Pdzk1ip1 
Chl1 Mcfd2 Rnaseh2a 
Rac1 Pth1r Gm7148 
Kdm6b Glrx5 Ssna1 
Fam69a Mapk14 Hdgf 
Dnalc4 Cd14 Tal1 
Daglb Plin3 Dyrk3 
Dclre1b Ssr1 Neurl4 
Dnahc2 Gins2 Gm9041 
Hist1h2bb Fbxo45 Ttc7 
Tmem17 Rassf1 Ccdc12 
Rpl5 Hist1h3e Syne3 
Adamtsl4 H2-Ke2  

 
Table A7 BcorKL+KSL SE associated genes 

Hoxa7 Ppard 
Piezo1 Lrrc33 
Runx1 Ppif 
Bckdha Hoxa9 
Pxn Lmo2 
Cdt1 Def6 
Clic6 Bex6 
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Appendix B RNA Sequencing Analysis Of DRI Tumours In Chapter 4 
 
 
 
Table A8 Top 100 Differentially expressed genes between DOX and UT mice after 5 days  

Gene name logFC AveExpr t P.Value adj.P.Val B 
Gm6272 -4.1993 2.64949974 -11.690217 8.52E-07 0.0119995 5.8185675 
Gm12918 4.00948225 7.19081416 10.1052106 2.95E-06 0.02078458 5.211648 
Nedd4 3.0975766 3.89128189 9.54457308 4.77E-06 0.02153079 4.49458259 
Gm15710 3.44985927 7.73831533 9.26452224 6.11E-06 0.02153079 4.47051417 
Cbx6 3.77553313 4.38989949 8.46512372 1.29E-05 0.03118982 3.69364515 
Samsn1 1.11723287 5.05692218 8.31026941 1.50E-05 0.03118982 3.63176863 
Ammecr1 2.86255559 3.7264484 8.27544989 1.55E-05 0.03118982 3.13592071 
Chd4 -2.3016314 9.12191889 -7.6934447 2.79E-05 0.04426209 2.89719183 
Zfp629 2.3613706 2.81609851 7.68194151 2.83E-05 0.04426209 2.86903165 
Klhl23 1.32464033 4.08850392 7.39500976 3.83E-05 0.04951959 2.72375459 
Gm12643 -2.9249917 6.36943651 -7.3862673 3.87E-05 0.04951959 2.65625117 
Dntt -3.9568016 0.89826011 -7.0873724 5.36E-05 0.06288214 2.11023222 
Serpina3g -1.5610237 4.96604586 -6.972214 6.09E-05 0.06598665 2.20731729 
Lair1 -1.8771719 4.10752008 -6.8974928 6.62E-05 0.06664385 2.16834913 
Gm23751 -3.5210065 2.6813634 -6.7181121 8.12E-05 0.0714481 1.83519242 
Cd81 1.56227716 4.91367486 6.68178191 8.47E-05 0.0714481 1.92258996 
Cd6 -4.8266608 -0.3836925 -6.6665922 8.62E-05 0.0714481 0.19470433 
Serpinb1a -1.3012396 5.7901497 -6.5257485 0.00010158 0.0747787 1.606691 
Igf2 3.27173918 0.79400072 6.4378378 0.00011267 0.0747787 1.47529032 
Gm5045 1.72673698 7.07783542 6.34095528 0.00012643 0.0747787 1.38514618 
Selenop -1.5165067 4.96881412 -6.3065793 0.00013175 0.0747787 1.42867166 
1190002N15Rik 1.58668431 3.79912733 6.30145835 0.00013256 0.0747787 1.52932905 
Hnrnpll 1.8510449 3.10552064 6.28363704 0.00013544 0.0747787 1.47930528 
Sfxn1 1.7690823 7.73719278 6.25842384 0.00013961 0.0747787 1.26512339 
B3gnt5 -1.2649387 2.53680388 -6.254513 0.00014027 0.0747787 1.46926601 
Gm12344 -5.169497 -1.0060732 -6.2287554 0.00014471 0.0747787 -0.1250969 
Mthfd2 1.10700975 5.59305374 6.21122975 0.00014782 0.0747787 1.26706945 
Oat 1.36132142 6.23243183 6.20679403 0.00014861 0.0747787 1.2500989 
Afm -4.8518878 -1.8934852 -6.0527846 0.00017942 0.08448618 -0.2414381 
Rps25-ps1 -0.7394425 9.93408101 -6.0506197 0.0001799 0.08448618 0.90609502 
Gm6274 2.05442345 6.90125355 5.99283451 0.00019323 0.08575128 0.95964926 
AB124611 -1.2709451 5.16674828 -5.9864651 0.00019476 0.08575128 0.99019738 
C1qtnf1 -4.1864864 -1.0018428 -5.9441584 0.0002053 0.08764877 -0.4032972 
Gmfg -1.4698102 6.21900156 -5.9201328 0.00021155 0.08766251 0.84055672 
Abcg4 5.06411799 0.92044984 5.85613144 0.00022924 0.09227973 -0.3381249 
Gm26710 -2.130362 2.16512093 -5.766874 0.00025665 0.09722909 0.88361316 
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Gene Name logFC AveExpr t P.Value adj.P.Val B 
Rps12-ps3 -1.3842119 11.4536049 -5.7652319 0.00025719 0.09722909 0.47498317 
Mpzl2 3.18377075 3.30227104 5.74993468 0.00026224 0.09722909 0.8785374 
Car1 3.53995739 6.96524233 5.71934402 0.00027268 0.09780417 0.70009457 
Tm7sf3 1.1390633 3.51461442 5.7051349 0.00027768 0.09780417 0.81566778 
Vopp1 1.69350582 3.06647516 5.68216172 0.00028597 0.09788278 0.78989791 
Cdk19 -0.8470405 7.02876859 -5.657294 0.00029525 0.09788278 0.48469826 
Gm4262 -1.1423778 3.53631038 -5.6481635 0.00029874 0.09788278 0.69044925 
Tmem254a -1.1099128 4.17961803 -5.6282956 0.00030649 0.09806776 0.6126909 
Ssbp4 2.41492782 3.74721958 5.61145608 0.00031323 0.09806776 0.70867138 
H2afz 0.72492506 9.59642116 5.59225422 0.00032111 0.09834905 0.31333915 
Cpa3 2.70640972 1.89736392 5.57135987 0.00032992 0.09889981 0.6603981 
Sdf2l1 1.82712756 5.13490194 5.50733226 0.00035862 0.10507776 0.38155961 
Gm10154 -0.611105 8.63859197 -5.4826589 0.00037038 0.10507776 0.19302647 
Asb17 4.05403639 -0.6066157 5.46128707 0.00038091 0.10507776 -0.6195577 
Cd80 3.08744913 1.01161207 5.43792525 0.0003928 0.10507776 -0.0574357 
Arrb1 1.05877182 5.82966553 5.43614407 0.00039372 0.10507776 0.27945024 
Tmem64 1.18255116 4.68320975 5.4230644 0.00040056 0.10507776 0.35157675 
Fignl1 1.2232749 5.04599274 5.41895889 0.00040274 0.10507776 0.27692096 
Ldlrad4 -1.8305285 2.10771415 -5.3890287 0.00041899 0.10600615 0.43830379 
Agpat1 1.05458334 6.63711489 5.34533343 0.00044399 0.10600615 0.0985763 
Pvt1 2.74193341 1.16974674 5.33559695 0.00044978 0.10600615 -0.0721145 
Slc26a4 4.65324256 -0.8824612 5.32112339 0.00045853 0.10600615 -0.7327803 
Gpr171 -1.6685375 5.46190947 -5.3029656 0.00046978 0.10600615 0.02648996 
Khk 0.89751071 5.3552498 5.29568198 0.00047437 0.10600615 0.09528023 
Sirt3 -1.1748438 4.12606076 -5.2920147 0.0004767 0.10600615 0.17658765 
Hspa4l 1.1058224 3.80855777 5.29003352 0.00047797 0.10600615 0.21426812 
Egfl8 1.05338326 6.58050925 5.28641745 0.00048028 0.10600615 0.01877958 
Necab1 3.7458708 0.86361488 5.28446902 0.00048154 0.10600615 -0.3365082 
Uap1 1.30085803 5.58348495 5.2367747 0.00051336 0.11127211 0.02084138 
Tmem40 2.22890694 2.66621159 5.18599811 0.00054974 0.11724312 0.10003351 
Hyou1 0.84975737 5.55295978 5.17557664 0.00055755 0.11724312 -0.0949966 
Dlg4 4.34570627 1.12680436 5.1549536 0.00057335 0.11879299 -0.2795338 
Emp1 -1.9524934 3.22528022 -5.1274772 0.00059516 0.12152421 -0.0544687 
Gm11837 4.01572926 0.47966527 5.09627856 0.00062101 0.12499114 -0.7224255 
Pdp1 -1.1004035 3.12432592 -5.0651541 0.00064801 0.12587039 -0.0946838 
Tada2a 1.46968437 2.80428583 5.06405824 0.00064898 0.12587039 0.01971135 
2410006H16Rik -0.5448398 8.26342722 -5.0567342 0.00065553 0.12587039 -0.3754209 
Gm5111 -4.3438506 -0.5824918 -5.0505447 0.00066111 0.12587039 -0.4743586 
Stt3a 0.83614375 5.9413354 5.03353644 0.00067673 0.12712612 -0.325538 
Acsl3 0.87518582 4.44121117 5.01405281 0.00069511 0.1283123 -0.2479175 
Pim1 -1.1694067 6.21584661 -5.0076599 0.00070126 0.1283123 -0.3955248 
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Gene Name logFC AveExpr t P.Value adj.P.Val B 
Fndc5 1.39726396 4.00636807 4.9937891 0.0007148 0.12911313 -0.1550976 
Npepps 0.69374202 5.46448827 4.97750459 0.00073106 0.13037811 -0.3692954 
Myl10 -2.1329586 2.60105703 -4.9575082 0.00075157 0.13148968 -0.2817286 
Rpn1 0.55556515 9.35122531 4.95330448 0.00075596 0.13148968 -0.5756162 
Gm10384 -1.2791639 2.3563559 -4.936626 0.00077365 0.13262143 -0.2456119 
Insig2 0.93408268 4.91130539 4.92486537 0.00078639 0.13262143 -0.4244869 
Zdhhc2 2.07632066 3.55951067 4.91312363 0.00079933 0.13262143 -0.2079017 
Smurf1 3.80683791 0.90662669 4.8978118 0.00081656 0.13262143 -0.6732215 
Ly6d -1.9555635 2.88020237 -4.8966957 0.00081783 0.13262143 -0.2419188 
Slc11a2 1.35278397 4.20243523 4.89264516 0.00082246 0.13262143 -0.2934704 
Mblac1 1.88697593 2.08738065 4.88351789 0.000833 0.13262143 -0.2408307 
Gm15915 3.43956782 3.0979446 4.87902955 0.00083824 0.13262143 -0.2639155 
Ebpl -0.7104823 4.91147315 -4.8644325 0.00085551 0.13262143 -0.5370479 
Dynll2 0.75219445 6.92126346 4.84956326 0.0008735 0.13262143 -0.6350718 
Cenpv 1.66258434 3.05787028 4.84519408 0.00087887 0.13262143 -0.2573723 
Rnf227 1.62536479 1.72303687 4.84302915 0.00088154 0.13262143 -0.2578055 
Asb2 1.29986508 4.88664525 4.84036769 0.00088483 0.13262143 -0.5157268 
Rab38 1.95823763 4.34259759 4.82317652 0.00090644 0.1342268 -0.3568579 
Cd8a 1.64890184 6.2189222 4.81679796 0.0009146 0.1342268 -0.6535607 
Gm8292 -1.8523883 4.03203178 -4.7999042 0.00093659 0.13603772 -0.5228868 
Kif21b -0.9948094 4.7194205 -4.7689035 0.00097844 0.13619978 -0.6302955 
Lima1 1.77388948 4.88221266 4.76145978 0.00098879 0.13619978 -0.6400457 
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Table A9 Top 100 Differentially expressed genes between DOX and UT mice after 14 days  
Gene Name logFC AveExpr t P.Value adj.P.Val B 

Ammecr1 4.54304633 3.7264484 16.9413092 3.31E-08 0.00033372 7.92199339 
Mt2 5.62317684 8.57872066 14.60783 1.23E-07 0.00033372 8.34059203 
B3gnt5 -3.2643557 2.53680388 -14.554114 1.27E-07 0.00033372 7.34213693 
Serpinb1a -2.6925429 5.7901497 -14.272392 1.50E-07 0.00033372 8.12134722 
Cd244a -3.0501354 5.24813317 -14.262887 1.51E-07 0.00033372 8.09017474 
Sfxn1 3.47866696 7.73719278 13.8563085 1.95E-07 0.00033372 7.89883611 
Plac8 -2.7249857 9.90339099 -13.493639 2.46E-07 0.00033372 7.67033006 
Ahnak -4.0016108 7.37651137 -13.472635 2.49E-07 0.00033372 7.66503818 
1190002N15Rik 3.97336338 3.79912733 13.4129213 2.59E-07 0.00033372 6.53611042 
Uhrf1bp1 2.37249056 3.8722027 13.3623027 2.67E-07 0.00033372 7.22565165 
Tmem173 -2.5845147 6.87204118 -13.24516 2.89E-07 0.00033372 7.51641687 
Hist1h3d 1.74018614 6.03101939 13.211799 2.95E-07 0.00033372 7.47507002 
Cdc6 2.22621743 5.97296194 13.0220448 3.35E-07 0.00033372 7.34807876 
Fam102b -1.9454393 7.01272232 -12.921271 3.58E-07 0.00033372 7.30480864 
Pstpip1 -2.2413447 5.34858925 -12.895585 3.64E-07 0.00033372 7.27710588 
Lgmn -3.8046958 4.40157436 -12.837601 3.79E-07 0.00033372 7.19312 
Itga4 -1.5792421 6.25140737 -12.614666 4.41E-07 0.00034406 7.09838488 
Pla2g12a 2.99526095 5.50582762 12.5678401 4.56E-07 0.00034406 7.01578938 
Ttll12 2.79706579 6.06037458 12.4418283 4.97E-07 0.00034406 6.97305007 
Klhl23 2.20547013 4.08850392 12.395035 5.14E-07 0.00034406 6.68025175 
Chd4 -2.9537881 9.12191889 -12.333899 5.36E-07 0.00034406 6.87599287 
Peli1 -1.6144733 6.39008302 -12.331296 5.37E-07 0.00034406 6.90375725 
Rnf122 -2.1988932 3.77910971 -12.101565 6.32E-07 0.00034695 6.67854069 
Tnfrsf13b -3.1419727 3.42981591 -12.039184 6.61E-07 0.00034695 6.49497598 
Gfod1 -2.0409479 3.9713351 -12.012726 6.74E-07 0.00034695 6.63556936 
Abcb6 2.55661197 3.18465189 11.9936485 6.83E-07 0.00034695 6.18470432 
Mef2c -2.2922893 6.71375108 -11.974869 6.92E-07 0.00034695 6.6505407 
Klhl24 -1.7302451 5.94310379 -11.967044 6.96E-07 0.00034695 6.64732331 
Epcam -2.633158 3.58090008 -11.897012 7.32E-07 0.00034695 6.46403257 
Kif21b -2.0691158 4.7194205 -11.884872 7.39E-07 0.00034695 6.58557258 
Mthfd1 2.55730119 6.03599014 11.8254362 7.71E-07 0.00035059 6.54444344 
Ggta1 -1.9426363 5.06360044 -11.76358 8.07E-07 0.00035532 6.50005766 
Cd81 2.40756885 4.91367486 11.6864628 8.54E-07 0.00036463 6.40209239 
Sptbn1 -1.8188077 6.51926323 -11.581088 9.23E-07 0.00037478 6.36301921 
Klhl6 -1.409481 4.80520336 -11.566423 9.33E-07 0.00037478 6.35566653 
Emp1 -6.5776758 3.22528022 -11.531906 9.58E-07 0.00037478 5.67879913 
Rrm2 1.67239918 5.28951644 11.3930234 1.06E-06 0.00040463 6.22568188 
Kit -1.5215545 5.52555419 -11.330328 1.11E-06 0.00040535 6.18018701 
Rrm1 1.68306667 7.29561195 11.2527821 1.18E-06 0.00040535 6.11418083 
Apobec1 -1.4786035 4.54127683 -11.170968 1.26E-06 0.00040535 6.06375641 
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Gene Name logFC AveExpr t P.Value adj.P.Val B 
Rassf2 -2.209215 5.20554013 -11.15859 1.27E-06 0.00040535 6.05425766 
Celf2 -1.4628344 7.84616383 -11.158486 1.27E-06 0.00040535 6.02830399 
Grasp -2.4975556 3.25412327 -11.138488 1.29E-06 0.00040535 5.94902768 
Ccne1 2.73356278 3.48379889 11.1343899 1.29E-06 0.00040535 5.67332071 
Bin2 -2.1630189 5.51246375 -11.098129 1.33E-06 0.00040535 6.00686113 
Rab27a -2.0478046 4.58097111 -11.084952 1.34E-06 0.00040535 5.99595071 
Car1 6.77951653 6.96524233 11.0726426 1.36E-06 0.00040535 5.95457276 
Paqr4 2.33021331 5.21857462 11.0374865 1.39E-06 0.00040535 5.957879 
AB124611 -2.0169825 5.16674828 -11.023015 1.41E-06 0.00040535 5.95001483 
Smad7 -2.0811572 4.84977332 -10.892991 1.56E-06 0.00042036 5.85060979 
Ddr1 -2.7693827 4.16060551 -10.850411 1.61E-06 0.00042036 5.81871301 
Armcx2 -1.305778 4.88100969 -10.849133 1.61E-06 0.00042036 5.81829651 
Tm7sf3 2.00406504 3.51461442 10.8480446 1.62E-06 0.00042036 5.59560421 
Lat2 -2.1853181 8.04760526 -10.832628 1.64E-06 0.00042036 5.76728541 
Zyx -1.8745677 5.11153834 -10.828622 1.64E-06 0.00042036 5.79655583 
Slc11a2 2.78573221 4.20243523 10.7756786 1.71E-06 0.00042352 5.63616655 
H2afy -1.6395185 6.96542993 -10.766739 1.72E-06 0.00042352 5.72824254 
Gpr171 -3.281125 5.46190947 -10.7442 1.75E-06 0.00042352 5.73598554 
Dock8 -1.8282185 6.04597909 -10.677825 1.85E-06 0.00042352 5.66564671 
Gm42674 -2.7255727 8.33075506 -10.67004 1.86E-06 0.00042352 5.62834662 
Bach2 -2.790134 3.1858398 -10.668989 1.86E-06 0.00042352 5.6249688 
Nedd4 3.2574341 3.8912819 10.6262789 1.93E-06 0.00042352 5.33362737 
Cdk1 1.7423476 6.66908133 10.6260016 1.93E-06 0.00042352 5.63029652 
Map4k4 -1.3054269 7.49570501 -10.62172 1.93E-06 0.00042352 5.60288855 
Sgpp1 1.73133217 6.61436587 10.608873 1.95E-06 0.00042352 5.61437404 
Spc24 1.35035346 6.28974027 10.5598587 2.03E-06 0.00043046 5.57746453 
Sesn1 -2.1976794 4.85549858 -10.550919 2.05E-06 0.00043046 5.58338065 
Rad51 1.45775686 5.10451276 10.474016 2.18E-06 0.00045131 5.52366301 
Lrrfip1 -1.3154951 5.06014829 -10.43194 2.25E-06 0.00045846 5.48474314 
Cxxc5 -2.4706772 6.17383966 -10.418974 2.28E-06 0.00045846 5.45490919 
Ap3m2 -1.9227965 3.3490689 -10.400204 2.31E-06 0.00045896 5.41862411 
Bcl2l13 1.65230524 5.20861514 10.3741374 2.36E-06 0.00046232 5.44235594 
S100a4 -2.7083579 7.3716791 -10.352358 2.41E-06 0.00046418 5.38221495 
Arhgap45 -1.3822756 8.63608718 -10.323667 2.46E-06 0.00046858 5.33196724 
5430427O19Rik -2.2088808 3.53669256 -10.296962 2.52E-06 0.00046858 5.31341125 
Cpox 2.85580196 7.13964098 10.2917921 2.53E-06 0.00046858 5.34484708 
Aspm 1.89267987 5.36576963 10.2671603 2.58E-06 0.00047197 5.35736402 
Uap1 2.23864577 5.58348495 10.1911171 2.75E-06 0.00049501 5.29331973 
Psen2 1.05923636 5.9601109 10.1530312 2.84E-06 0.00049501 5.2402947 
Nfia 2.66374532 4.94456461 10.1455715 2.85E-06 0.00049501 5.2582521 
Snora73b 2.42308872 5.3084097 10.1427162 2.86E-06 0.00049501 5.25615468 
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Znrf2 -1.2684082 6.15338599 -10.121144 2.91E-06 0.00049501 5.20191485 
Pgap1 -2.7359467 2.70649968 -10.119226 2.92E-06 0.00049501 5.08748856 
Atp2a3 -1.968873 6.15237212 -10.089655 2.99E-06 0.00049966 5.17760194 
Ran 1.17264308 9.90566238 10.0795101 3.01E-06 0.00049966 5.11004966 
Crlf3 -1.2848401 4.8798045 -10.065589 3.05E-06 0.00049966 5.18323193 
Ybx3 1.68588319 7.56808822 10.0454448 3.10E-06 0.00050234 5.12412914 
Arrb1 1.61971254 5.82966553 9.99339702 3.24E-06 0.00051436 5.11321729 
Gmnn 1.4435212 5.35498745 9.99035435 3.25E-06 0.00051436 5.12828541 
Myh9 -1.1542852 5.74257856 -9.9753532 3.29E-06 0.00051512 5.08564252 
Slc44a2 -1.5556814 4.43742899 -9.9344007 3.41E-06 0.0005201 5.08092565 
Sgo1 1.84849418 4.8410037 9.90538834 3.49E-06 0.0005201 5.05189392 
Smc2 1.35403038 7.26670984 9.89911514 3.51E-06 0.0005201 5.00698557 
Tmem40 3.24545082 2.66621159 9.89782681 3.51E-06 0.0005201 4.50101847 
Oat 1.90314194 6.23243183 9.89580239 3.52E-06 0.0005201 5.02787944 
Gmfg -2.2084959 6.21900156 -9.8878956 3.54E-06 0.0005201 5.00878834 
Bambi -2.8689245 1.87677719 -9.8558782 3.64E-06 0.00052479 4.64719377 
Arhgdib -1.2464615 7.12958108 -9.85317 3.65E-06 0.00052479 4.96076205 
Ifi203 -3.4273762 6.25870864 -9.82537 3.74E-06 0.00053198 4.95897661 
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Table A10 Top 100 Differentially expressed genes between DOX and UT in NSG recipients 
after 14 days 

Gene Name logFC AveExpr t P.Value adj.P.Val B 
Chd4 -1.8926318 8.33494192 -16.292859 1.89E-09 3.17E-05 12.2811625 
Adgrg3 -2.634183 4.32022424 -15.009891 4.77E-09 4.00E-05 11.2255751 
Cd34 -4.3975992 3.22987043 -14.059424 9.93E-09 5.56E-05 9.94279409 
Gria3 -3.0632783 3.74370574 -13.386384 1.72E-08 5.90E-05 9.91348689 
Tgm2 3.4975125 2.80077354 13.3580181 1.76E-08 5.90E-05 9.38682162 
Gpr171 -2.3666168 4.07748747 -12.924693 2.53E-08 6.22E-05 9.65896504 
Aqp9 2.94780242 2.45159364 12.8979942 2.59E-08 6.22E-05 9.00508023 
Cbx6 3.64356282 4.1657578 12.7244986 3.01E-08 6.32E-05 9.41688334 
Sh2d5 -2.7321416 4.15551057 -12.397104 4.02E-08 7.50E-05 9.22074452 
Mt2 4.26848591 6.16299387 11.9646526 5.93E-08 8.93E-05 8.87441316 
Mfge8 -2.3552977 4.73763622 -11.954192 5.99E-08 8.93E-05 8.87158319 
Mgll 2.68577579 3.09886473 11.8854673 6.38E-08 8.93E-05 8.58081929 
Tagln2 -0.9345114 8.87466605 -11.698954 7.59E-08 9.25E-05 8.42988575 
Znrf1 -1.8060481 4.77891505 -11.626735 8.12E-08 9.25E-05 8.57284672 
Bin2 -1.4785625 5.13786837 -11.584838 8.44E-08 9.25E-05 8.52758346 
9030619P08Rik -5.1870396 1.50180005 -11.540463 8.81E-08 9.25E-05 6.66537244 
Nedd4 1.90534962 4.61302132 11.328137 1.08E-07 0.00010044 8.29358621 
mt-Nd3 1.14106016 8.37015011 11.2785625 1.13E-07 0.00010044 8.06011512 
Gm28438 1.14057118 8.37768956 11.2736769 1.14E-07 0.00010044 8.05454837 
2900026A02Rik -2.1698825 4.03137703 -11.02446 1.45E-07 0.00012161 7.99635677 
Cited4 4.05013528 2.15125198 10.9473382 1.56E-07 0.00012496 7.14284796 
Car1 5.23747005 5.93266308 10.7822847 1.84E-07 0.00014056 7.76044595 
Gm45774 4.28158134 4.91025439 10.6929556 2.01E-07 0.00014707 7.67512009 
Plac8 -2.0681307 9.1007318 -10.202587 3.33E-07 0.00023324 6.86196951 
Rbpms -2.760496 2.88236745 -10.089826 3.75E-07 0.00024715 6.96398258 
Cpox 2.30838411 6.401569 10.0715279 3.83E-07 0.00024715 6.94287024 
Ms4a6c -1.7377856 5.73174357 -9.9396713 4.40E-07 0.00025878 6.83418102 
Aff3 -2.3839494 5.21681048 -9.9326939 4.43E-07 0.00025878 6.86164474 
Bex6 -2.9902025 2.33037142 -9.8542091 4.82E-07 0.00025878 6.58692903 
Pik3ip1 -2.0464065 4.41514057 -9.8523974 4.83E-07 0.00025878 6.80689874 
Vdr -3.2459422 1.92420422 -9.8170818 5.02E-07 0.00025878 6.3598541 
Fut7 -2.7690773 3.17557137 -9.8088662 5.07E-07 0.00025878 6.72752889 
Cebpa -1.8886508 3.59301723 -9.805651 5.08E-07 0.00025878 6.76645583 
Chdh -2.5978114 3.01021365 -9.7435037 5.44E-07 0.00026867 6.64858982 
Sox4 -2.9096186 6.12966132 -9.7047527 5.67E-07 0.00027224 6.55774201 
Cacna1d -2.4488088 2.84581794 -9.6450109 6.05E-07 0.00028011 6.53350711 
Gm26735 -2.8630597 5.94788716 -9.6138872 6.27E-07 0.00028011 6.46793404 
Egln3 -3.3067372 2.84004321 -9.6035986 6.34E-07 0.00028011 6.44206031 
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Gene Name logFC AveExpr t P.Value adj.P.Val B 
Slc39a6 -1.4675125 4.28093261 -9.5270767 6.89E-07 0.00029696 6.45066745 
Tcrg-C4 -2.8369237 4.22145639 -9.3480923 8.42E-07 0.00034571 6.26928141 
Pecam1 -1.8335234 5.15799796 -9.3307836 8.58E-07 0.00034571 6.1862526 
Stx2 2.11398425 4.31705838 9.32441271 8.64E-07 0.00034571 6.23504441 
Ell2 1.72736572 3.90838443 9.29161803 8.97E-07 0.00035038 6.20783461 
Cd93 -2.5915714 4.82858369 -9.2579357 9.32E-07 0.00035569 6.13573461 
Rfc2 -1.021852 7.60633896 -9.1876709 1.01E-06 0.00037139 5.84059842 
Tbxa2r -3.9685127 0.86454227 -9.1807249 1.02E-06 0.00037139 4.99672556 
Rapgef3 -2.1705419 4.77815194 -9.1591308 1.04E-06 0.00037255 6.01793549 
Icam4 2.97812935 3.16645668 9.1123421 1.10E-06 0.00038483 5.97786613 
F2r 1.93894144 3.99316013 9.04211015 1.19E-06 0.00040798 5.92486324 
Lat2 -1.4754909 7.0263463 -9.0259953 1.21E-06 0.00040798 5.70104365 
Socs2 2.2484193 2.46518169 8.94479698 1.33E-06 0.00043597 5.73965659 
Mycn -3.4696256 1.95148494 -8.9321186 1.35E-06 0.00043597 5.5021767 
Pf4 3.57335557 2.25159932 8.91847135 1.38E-06 0.00043597 5.53897044 
BE692007 -1.7072359 5.66120196 -8.8764963 1.44E-06 0.00044315 5.61828703 
Osbpl5 -2.0657896 3.47748019 -8.8727299 1.45E-06 0.00044315 5.74122163 
Gmfg -1.5737254 5.6240284 -8.8520182 1.49E-06 0.00044591 5.59028903 
Lgals9 1.62933783 5.51776859 8.80823902 1.56E-06 0.00046118 5.54825616 
Thsd1 -4.3854113 1.26531492 -8.7246249 1.73E-06 0.00049462 4.77425229 
Hmgcs1 -1.1347379 5.44642266 -8.7196821 1.74E-06 0.00049462 5.43823419 
Mtss1 2.27948785 2.21371531 8.69223767 1.79E-06 0.00050221 5.42328402 
Cxcr4 -1.4016605 5.4688353 -8.6787386 1.82E-06 0.00050221 5.38874845 
Ikzf2 -2.5522535 3.88654079 -8.6562295 1.87E-06 0.00050753 5.48289756 
Cd81 1.12530193 5.52655917 8.55716992 2.11E-06 0.00055902 5.23557712 
Bcr -2.0039992 3.29018304 -8.5479346 2.13E-06 0.00055902 5.3655491 
1190002N15Rik 2.98143398 1.99551055 8.53241419 2.17E-06 0.00055902 5.13759642 
Fgf3 -5.1295032 1.96034712 -8.52336 2.20E-06 0.00055902 4.79734932 
Foxp1 -1.393137 6.44882499 -8.4963088 2.27E-06 0.00056021 5.09594282 
Optn 2.63165225 2.2260838 8.49138096 2.28E-06 0.00056021 5.18520227 
Gm47071 -1.0662748 4.70779855 -8.4847529 2.30E-06 0.00056021 5.19832451 
Hoxa7 -2.2872916 2.97555446 -8.3856281 2.60E-06 0.00062091 5.17083384 
Prkca -2.6223818 3.83715473 -8.3765363 2.62E-06 0.00062091 5.15141569 
Cacnb2 -3.4778227 0.57152057 -8.2909334 2.91E-06 0.00067997 4.17903067 
Epb41l4b -4.5791909 2.00461148 -8.2521058 3.06E-06 0.00070351 4.66816272 
Padi4 -1.8762153 2.86592513 -8.2182444 3.19E-06 0.00072366 4.9725034 
March8 1.30615593 4.32475002 8.19794622 3.27E-06 0.00073219 4.87940719 
mt-Co2 0.67544471 11.1149823 8.15397114 3.45E-06 0.00076312 4.10326366 
Angpt1 -2.499939 4.90482636 -8.122727 3.59E-06 0.00078312 4.75710222 
Tnfaip2 1.96642386 5.94553398 8.10607899 3.66E-06 0.00078418 4.63972925 
Atp8b4 -1.6227883 5.11139965 -8.1011105 3.69E-06 0.00078418 4.69305241 



 276 

Gene Name logFC AveExpr t P.Value adj.P.Val B 
Cmtm7 -1.1169977 6.17711529 -8.0885345 3.75E-06 0.00078666 4.59589947 
Ank -1.9793715 3.14293554 -8.0363698 4.00E-06 0.0008295 4.75166485 
Ammecr1 3.41734392 2.31388763 8.01968178 4.08E-06 0.00083678 4.6197627 
Aqp1 3.86943367 5.57679042 7.99752424 4.20E-06 0.00083837 4.58030195 
Sept08 3.77447145 4.27163179 7.98976799 4.24E-06 0.00083837 4.68140812 
Arhgef18 -1.9372091 3.73845288 -7.9896817 4.24E-06 0.00083837 4.66562544 
Slc11a2 1.82524557 4.03755036 7.97138828 4.34E-06 0.00083962 4.62641091 
Gm28661 0.67961904 11.0945973 7.97010421 4.35E-06 0.00083962 3.86158314 
Lcn4 -3.9131553 1.5968636 -7.9481727 4.47E-06 0.00084843 4.30746312 
Tmem50a -0.6796596 8.16524373 -7.9439155 4.49E-06 0.00084843 4.21538804 
Cdk19 -0.9799385 4.98414242 -7.9153809 4.66E-06 0.00086996 4.45287633 
Blvrb 3.37776138 4.42503862 7.90566057 4.72E-06 0.0008711 4.5551887 
Podxl 4.93907534 1.75063502 7.78648981 5.50E-06 0.00100352 3.95271681 
G530012D18Rik -1.0524582 7.284961 -7.7666486 5.64E-06 0.00101841 4.07333585 
Rcsd1 -1.208784 5.31465401 -7.7525692 5.74E-06 0.00102604 4.21556513 
Glipr2 1.41319119 3.95970055 7.71614644 6.02E-06 0.00105712 4.29367742 
Atp2a3 -1.1438485 5.39572736 -7.7131858 6.04E-06 0.00105712 4.15642343 
Myh10 4.29317225 1.66768345 7.68742012 6.25E-06 0.00108175 3.93842561 
Car2 2.77645101 5.79236178 7.67159226 6.38E-06 0.00109294 4.09416839 
Soga1 2.30575041 2.47054672 7.65600714 6.51E-06 0.00110405 4.2659659 
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Appendix C List of GSEA Terms Conserved Between PTPRCA And NSG 14 Day Dox 
Treatment 
 (related to Figure 4.15E)  
MSigDB Gene Sets 
HALLMARK_E2F_TARGETS 
HALLMARK_MYC_TARGETS_V1 
HALLMARK_G2M_CHECKPOINT 
GO_DNA_REPLICATION 
GO_KINETOCHORE 
GO_DNA_DEPENDENT_DNA_REPLICATION 
GO_SISTER_CHROMATID_SEGREGATION 
RPS14_DN.V1_DN 
GO_CONDENSED_CHROMOSOME_CENTROMERIC_REGION 
GO_SISTER_CHROMATID_COHESION 
RB_P107_DN.V1_UP 
GO_MITOCHONDRIAL_TRANSLATION 
GO_TRANSLATIONAL_TERMINATION 
HALLMARK_MYC_TARGETS_V2 
GO_ORGANELLAR_RIBOSOME 
GO_NUCLEAR_CHROMOSOME_SEGREGATION 
HALLMARK_HEME_METABOLISM 
GO_INNER_MITOCHONDRIAL_MEMBRANE_PROTEIN_COMPLEX 
CSR_LATE_UP.V1_UP 
GO_RESPIRATORY_CHAIN 
GO_OXIDATIVE_PHOSPHORYLATION 
GO_MITOCHONDRIAL_PROTEIN_COMPLEX 
GO_TRNA_METABOLIC_PROCESS 
GO_DNA_REPLICATION_INITIATION 
GO_CELLULAR_PROTEIN_COMPLEX_DISASSEMBLY 
GO_ORGANELLE_INNER_MEMBRANE 
GO_MITOCHONDRIAL_MEMBRANE_PART 
GO_NADH_DEHYDROGENASE_COMPLEX 
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_I_BIOGENESIS 
GO_TRANSLATIONAL_ELONGATION 
GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_NAD_P_H_QUINONE_OR_SIMILAR_
COMPOUND_AS_ACCEPTOR 
GO_PORPHYRIN_CONTAINING_COMPOUND_METABOLIC_PROCESS 
E2F1_UP.V1_UP 
GO_LIGASE_ACTIVITY_FORMING_CARBON_OXYGEN_BONDS 
GO_AMINO_ACID_ACTIVATION 
GO_MITOCHONDRIAL_RESPIRATORY_CHAIN_COMPLEX_ASSEMBLY 
GO_ELECTRON_TRANSPORT_CHAIN 
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GO_ORGANELLAR_LARGE_RIBOSOMAL_SUBUNIT 
GO_NUCLEOLAR_PART 
GO_TETRAPYRROLE_BIOSYNTHETIC_PROCESS 
GO_COFACTOR_BIOSYNTHETIC_PROCESS 
GO_ANAPHASE_PROMOTING_COMPLEX_DEPENDENT_CATABOLIC_PROCESS 
GO_PROTEASOME_ACCESSORY_COMPLEX 
GO_HEME_BIOSYNTHETIC_PROCESS 
GO_SPLICEOSOMAL_SNRNP_ASSEMBLY 
GO_RIBONUCLEOPROTEIN_COMPLEX_LOCALIZATION 
GO_TRANSCRIPTION_COUPLED_NUCLEOTIDE_EXCISION_REPAIR 
GO_PIGMENT_BIOSYNTHETIC_PROCESS 
GO_HEME_METABOLIC_PROCESS 
GO_PROTEASOME_COMPLEX 
GO_ONE_CARBON_METABOLIC_PROCESS 
GO_CAJAL_BODY 
GO_CATALYTIC_STEP_2_SPLICEOSOME 
GO_RNA_LOCALIZATION 
GO_RNA_SPLICING_VIA_TRANSESTERIFICATION_REACTIONS 
GO_SMALL_NUCLEOLAR_RIBONUCLEOPROTEIN_COMPLEX 
GO_RRNA_MODIFICATION 
GO_TRNA_TRANSPORT 
GO_METAL_CLUSTER_BINDING 
GO_ORGANELLAR_SMALL_RIBOSOMAL_SUBUNIT 
GO_SMALL_NUCLEAR_RIBONUCLEOPROTEIN_COMPLEX 
GO_NUCLEAR_EXPORT 
GO_ORGANELLE_ENVELOPE_LUMEN 
GO_REGULATION_OF_CELLULAR_AMINO_ACID_METABOLIC_PROCESS 
GO_RNA_SPLICING 
GO_NUCLEAR_PORE 
GO_TRANSLATION_INITIATION_FACTOR_BINDING 
GO_SPLICEOSOMAL_COMPLEX 
GO_PROTEIN_TARGETING_TO_MITOCHONDRION 
GO_REGULATION_OF_PROTEIN_UBIQUITINATION_INVOLVED_IN_UBIQUITIN_DEPE
NDENT_PROTEIN_CATABOLIC_PROCESS 
GO_TETRAPYRROLE_METABOLIC_PROCESS 
GO_SPLICEOSOMAL_TRI_SNRNP_COMPLEX 
GO_SMN_SM_PROTEIN_COMPLEX 
GO_MULTI_ORGANISM_LOCALIZATION 
GO_PIGMENT_METABOLIC_PROCESS 
GO_4_IRON_4_SULFUR_CLUSTER_BINDING 
GO_RAN_GTPASE_BINDING 
GO_MEMBRANE_DISASSEMBLY 
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GO_RESPONSE_TO_CADMIUM_ION 
GO_PSEUDOURIDINE_SYNTHESIS 
GO_REGULATION_OF_CELLULAR_AMINE_METABOLIC_PROCESS 
GO_RESPONSE_TO_AMINE 
GO_OXIDOREDUCTASE_ACTIVITY_ACTING_ON_A_HEME_GROUP_OF_DONORS 
GO_2_IRON_2_SULFUR_CLUSTER_BINDING 
GO_SPLICEOSOMAL_COMPLEX_ASSEMBLY 
GO_CHAPERONE_BINDING 
GO_RESPONSE_TO_TRANSITION_METAL_NANOPARTICLE 
HALLMARK_BILE_ACID_METABOLISM 
GO_AMMONIUM_TRANSMEMBRANE_TRANSPORT 
GO_MACROMOLECULE_TRANSMEMBRANE_TRANSPORTER_ACTIVITY 
GO_RESPONSE_TO_ARSENIC_CONTAINING_SUBSTANCE 
GO_IRON_ION_HOMEOSTASIS 
GO_REGULATION_OF_CHOLESTEROL_METABOLIC_PROCESS 
GO_REGULATION_OF_TRANSLATIONAL_INITIATION 
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Appendix D Top 100 Differentially Methylated Regions Associated With Genes  
 
 

Gene Name pvalue qvalue Methylation Difference (%) 
Acsf2 4.87E-33 2.03E-30 20.52559219 
Adal 4.76E-31 1.67E-28 -5.199145327 
Cul4a 5.70E-29 1.63E-26 -43.3724236 
Rbm7 6.67E-29 1.88E-26 -34.42611861 
Dntt 8.60E-28 2.21E-25 -13.50574713 
Igf2r 1.09E-26 2.45E-24 41.26931075 

Zfp410 1.04E-23 1.78E-21 -14.98501278 
Lin52 1.08E-23 1.85E-21 -34.20493394 
Ss18l2 6.96E-23 1.08E-20 -25.47471432 
Apoh 3.88E-22 5.36E-20 -12.169691 

Sh3bp1 1.88E-18 1.60E-16 -12.29171821 
Hist1h2br 1.05E-15 5.72E-14 2.761666732 

Stx19 1.11E-15 5.97E-14 -7.947150853 
Cd200r2 8.57E-15 3.85E-13 -10.64761259 

Hdgf 3.68E-14 1.46E-12 -9.263266275 
Parp12 4.77E-14 1.86E-12 -7.619189692 

Serpinb1a 1.17E-13 4.18E-12 15.3875909 
Kel 1.44E-13 5.07E-12 26.00921457 

Sh3bgrl 1.87E-13 6.43E-12 10.8180084 
Tcte2 2.91E-13 9.66E-12 7.778693922 
Gdf3 3.08E-13 1.02E-11 -8.074193801 
Itk 2.04E-12 5.60E-11 -11.93225293 

Hoxa5 3.89E-12 1.00E-10 -12.75149209 
Pex7 4.10E-12 1.05E-10 15.26207924 

Spata25 5.62E-12 1.39E-10 -8.031974995 
Crat 1.13E-11 2.62E-10 25.54405449 
Pot1b 3.46E-11 7.16E-10 -12.09343719 
Kdelc1 4.45E-11 8.91E-10 -4.243997869 
Pou2af1 4.59E-11 9.18E-10 -27.92792793 

Mr1 4.81E-11 9.57E-10 -6.710498332 
Pofut1 6.15E-11 1.19E-09 -4.410507116 
Prr15l 6.16E-11 1.10E-09 -14.57012858 
Stx7 6.35E-11 1.22E-09 -29.33787227 
Kif4 6.71E-11 1.28E-09 10.90162624 

Gm10406 7.99E-11 1.49E-09 -7.860223923 
Idh3g 1.32E-10 2.34E-09 -7.67782962 

S100a6 1.53E-10 2.67E-09 -7.658703595 
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Gene Name pvalue qvalue Methylation Difference (%) 
Pla2g7 1.84E-10 3.15E-09 -18.2437524 

Akap17b 2.11E-10 3.55E-09 -10.48576998 
Fut7 2.37E-10 3.94E-09 -6.300631444 
Pilra 2.91E-10 4.36E-09 -5.230924889 

Gnrh1 3.09E-10 5.00E-09 -15.51781552 
Epha1 3.18E-10 5.13E-09 -11.24209022 

Tst 3.28E-10 5.26E-09 10.26188413 
Dnaaf1 3.34E-10 5.36E-09 -14.29844265 
Clec4a3 4.68E-10 7.18E-09 -11.87524708 

Brdt 5.34E-10 7.80E-09 -7.000638263 
Vrk3 5.75E-10 8.63E-09 -7.652382062 

Csnk2a2 1.10E-09 1.53E-08 -10.63755292 
Eps8l1 1.21E-09 1.67E-08 -6.278087606 

Fam217b 1.21E-09 1.67E-08 -8.291134427 
Elane 1.25E-09 1.58E-08 1.862102636 
Gfer 1.47E-09 1.98E-08 -13.37324908 

Gpr55 2.25E-09 2.88E-08 -8.862484437 
Hoga1 2.55E-09 3.20E-08 -9.288421502 
Thyn1 2.85E-09 3.55E-08 -3.78518283 
Rep15 4.09E-09 4.91E-08 -11.91052933 
Unc119 4.28E-09 5.11E-08 -17.85769409 
Zwilch 4.48E-09 5.31E-08 -9.421270248 

AU041133 5.93E-09 6.84E-08 -9.687831441 
Alox5 6.58E-09 7.50E-08 -13.91739993 
Batf2 7.80E-09 8.05E-08 -13.78954632 

Atp2a1 1.78E-08 1.80E-07 -15.64845293 
Ccl17 1.90E-08 1.75E-07 -12.84754124 

Apobec1 2.27E-08 2.23E-07 -4.943247878 
Eid2b 2.31E-08 2.08E-07 -9.61212037 
Kmo 2.45E-08 2.38E-07 5.735548633 
Ubl4a 4.02E-08 3.68E-07 23.74399301 
Mpeg1 4.07E-08 3.72E-07 -4.704010484 

Il7r 6.37E-08 5.05E-07 -16.631365 
Havcr1 6.48E-08 5.60E-07 -6.135119768 
Tspyl3 7.76E-08 6.55E-07 -11.77474034 

Srek1ip1 8.08E-08 6.77E-07 -5.204759987 
Zfp748 9.23E-08 7.60E-07 -6.035519689 
Qtrt1 9.25E-08 7.61E-07 8.355091384 
Urgcp 9.89E-08 8.06E-07 -13.44698123 
Gbp8 1.46E-07 1.12E-06 -7.062009779 

Ndufaf6 1.52E-07 1.17E-06 -3.912773051 



 282 

Gene Name pvalue qvalue Methylation Difference (%) 
Ugt1a1 1.85E-07 1.39E-06 -10.45234958 
Vps37c 2.16E-07 1.45E-06 -5.175844764 
Grk4 2.37E-07 1.72E-06 -7.785294 
C1qc 2.76E-07 1.96E-06 -8.586878154 

Ppp2r2d 2.96E-07 2.08E-06 -7.275260721 
Anapc5 3.22E-07 2.05E-06 -11.34018213 
Siglece 3.53E-07 2.43E-06 -11.56716418 

BC049352 4.18E-07 2.81E-06 16.89094573 
Dnase1l1 4.84E-07 3.20E-06 6.080014794 

Ctrl 4.97E-07 3.27E-06 -19.1576087 
Kcnmb4 5.75E-07 3.71E-06 -2.739186183 
Arhgef11 6.91E-07 4.36E-06 -2.631360172 

Abcb7 7.09E-07 4.45E-06 7.598612437 
Ms4a7 7.37E-07 4.61E-06 -13.22393822 
Trim5 8.59E-07 5.27E-06 -12.2526445 
Il2rb 9.02E-07 5.48E-06 -6.721343142 

Zfand6 9.30E-07 5.62E-06 -13.82972282 
H2-Eb2 9.34E-07 5.65E-06 -11.71088815 
Cmc4 9.67E-07 5.82E-06 -6.331605396 

Magohb 1.13E-06 6.66E-06 -9.638623787 
Aif1 1.13E-06 6.06E-06 -18.59628968 

Tnfrsf26 1.22E-06 7.11E-06 -10.20705509 
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Appendix E Genes Significantly Differentially Expressed And Differentially Methylated  
Gene Meth. 

pvalue 
Meth. 
qvalue 

Meth. 
Difference 

RNA 
logFC 

RNA 
P.Value 

RNA 
adj.P.Val 

Pgam1 0.00612 0.00883 -2.87130 -1.09969 0.00004 0.00267 
Cd81 0.00547 0.00753 -6.71936 1.12530 0.00000 0.00056 
Ctsg 0.00407 0.00691 9.99782 -2.17137 0.00003 0.00240 
Stx11 0.00344 0.00598 1.10345 1.40876 0.00001 0.00130 
Gmfg 0.00334 0.00584 12.08619 -1.57373 0.00000 0.00045 
Cd96 0.00319 0.00502 -6.32746 -1.55292 0.00021 0.00686 
Gas2l1 0.00276 0.00453 -1.73400 2.36182 0.00012 0.00478 
Dlg3 0.00274 0.00416 -12.92949 -1.77803 0.00017 0.00621 
Tspo2 0.00222 0.00413 -17.50574 3.30535 0.00003 0.00227 
Lcn4 0.00267 0.00380 -8.89039 -3.91316 0.00000 0.00085 
Rcsd1 0.00181 0.00318 16.50678 -1.20878 0.00001 0.00103 
Ly6d 0.00181 0.00312 -7.17028 -3.44097 0.00020 0.00667 
Hebp1 0.00124 0.00255 1.66260 2.46410 0.00002 0.00175 
Hmgcs1 0.00122 0.00231 -9.85487 -1.13474 0.00000 0.00049 
Hsd11b2 0.00077 0.00156 -3.04984 3.71799 0.00022 0.00689 
Runx2 0.00052 0.00122 1.12768 -2.62098 0.00015 0.00571 
Slc22a3 0.00055 0.00109 -6.21547 3.96402 0.00020 0.00660 
Ms4a6c 0.00034 0.00078 -7.90091 -1.73779 0.00000 0.00026 
Rpl13a 0.00022 0.00059 -2.85594 -0.32911 0.00020 0.00661 
Hmgb3 0.00021 0.00054 -6.30740 1.68272 0.00001 0.00130 
Prtn3 0.00014 0.00037 11.29205 -1.62066 0.00037 0.00935 
Ak3 0.00004 0.00015 -3.31755 1.09301 0.00020 0.00665 
Pla2g12a 0.00000 0.00002 -12.74510 1.58253 0.00003 0.00209 
Apobec1 0.00000 0.00000 -4.94325 -0.85401 0.00038 0.00952 
Fut7 0.00000 0.00000 -6.30063 -2.76908 0.00000 0.00026 
Kdelc1 0.00000 0.00000 -4.24400 3.15998 0.00038 0.00952 
Gdf3 0.00000 0.00000 -8.07419 4.44938 0.00009 0.00415 
Serpinb1a 0.00000 0.00000 15.38759 -1.58954 0.00003 0.00221 
Hdgf 0.00000 0.00000 -9.26327 1.19976 0.00009 0.00408 
Dntt 0.00000 0.00000 -13.50575 -3.42289 0.00003 0.00222 
Cul4a 0.00000 0.00000 -43.37242 1.01557 0.00038 0.00953 

  
 
 
 


