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Abstract 
The role of DOT1L in MLL-AF4 leukaemia 

DOT1L is a methyltransferase which has been shown to methylate H3K79 (Ng et al. 2002; 

Feng et al. 2002; Lacoste et al. 2002). DOT1L and H3K79me have been shown to be involved 

in active transcription and in particular has been shown to be important for MLL-AF4 

leukaemia, where high levels of H3K79me are found at MLL-AF4 gene targets (Krivtsov et al. 

2008; Bernt et al 2011). The exact mechanism of how DOT1L is recruited to MLL-AF4 gene 

targets leading to high levels of H3K79me is currently unknown, especially as it has been 

demonstrated that AF4 and DOT1L exist in mutually exclusive complexes (Leach et al. 2013; 

Yokoyama et al. 2004; Biswas et al. 2011). In addition to the recruitment mechanism of 

DOT1L, the function of H3K79me remains unclear. In this thesis, the recruitment mechanism 

of DOT1L at MLL-AF4 gene targets was investigated using the in vivo TetR-recruitment 

system (Blackledge et al. 2014). Using this, it was found that DOT1L complex members AF9, 

ENL and AF10 were sufficient for DOT1L recruitment, in addition to PAF1, a member of the 

PAF1 elongation complex. To investigate the function of H3K79me at MLL-AF4 gene targets, 

it was necessary to identify a set of gene targets which were dependent upon H3K79me for 

transcription. To do this, the DOT1L inhibitor, EPZ-5676, was employed to treat an MLL-AF4 

leukaemia cell line (SEM) followed by Nascent RNA seq and ChIP rx seq. From this a set of 

hypersensitive MLL-AF4 gene targets were identified. Importantly, Capture-C, ATAC seq and 

ChIP seq revealed a subset of hypersensitive targets with a putative intragenic enhancer. 

Following EPZ-5676 treatment, Capture-C revealed a disruption in the interaction between the 

putative intragenic enhancer and promoter of some MLL-AF4 hypersensitive genes targets. 

This provides evidence for a novel, context dependent role of H3K79me which may be 
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involved in enhancer-promoter interactions and function at a subset of hypersensitive MLL-

AF4 gene targets. 
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Chapter 1 – Introduction 
 

1.1 Overall summary and main objectives 
 

DOT1L is a histone H3K79 methyltransferase which is linked to active gene regulation (Steger 

et al. 2008). Most active genes are marked with H3K79me at the 5’ end of the gene body. It is 

unclear how DOT1L and H3K79me contribute to transcription. Importantly, we do know that 

DOT1L and H3K79me are pivotal in MLL rearranged (MLL-r) leukaemia (Bernt & Armstrong 

2011; Krivtsov et al. 2008; Aniruddha J Deshpande et al. 2013; M.-J. Chang et al. 2010). MLL-

r leukaemia arises from a chromosome translocation between MLL, on chromosome 11 and 1 

of over 121 identified MLL fusion partners (Meyer et al. 2013). This generates an MLL fusion 

gene, which is translated into an MLL-fusion protein (MLL-FP). MLL-FPs bind to gene targets 

via the MLL portion of the fusion, and it is thought to recruit elongation factors to gene targets 

where it causes aberrant upregulation of transcription. High levels of H3K79me are observed 

at MLL-FP gene targets (Krivtsov et al. 2008; Bernt et al 2011; Kerry et al. 2017). Following 

the perturbation of DOT1L, expression of MLL-FP gene targets is downregulated and the 

leukaemia is abrogated (Daigle et al. 2013; Daigle et al. 2011). This suggests DOT1L plays an 

important role in contributing to the transcription of MLL-FP gene targets. Therefore, MLL-r 

leukaemia’s present as an excellent model system to understand the functional role of DOT1L 

and H3K79me in transcription. Furthermore, MLL-r leukaemia caused by MLL-AF4, have a 

particularly poor prognosis (Meyer et al. 2013). Even though this is a common MLL-FP, it is 

under-studied compared to other MLL-FPs. Most other common MLL-FPs contain a fusion 

partner which can biochemically interact with DOT1L, potentially suggesting a direct 
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recruitment mechanism to gene targets (Mohan et al. 2010; Biswas et al. 2011; Leach et al. 

2013). However, AF4 and DOT1L have not been shown to interact biochemically (Leach et al. 

2013; Biswas et al. 2011;Yokoyama et al. 2010; Lin et al. 2010). Therefore, the recruitment 

and function of DOT1L and H3K79me at MLL-AF4 gene targets is complicated and very 

poorly understood. 

This DPhil project aims to understand how DOT1L is recruited to MLL-AF4 gene targets and 

furthermore, how H3K79me contributes to transcription of MLL-AF4 gene targets which are 

dependent upon DOT1L function. Understanding the molecular mechanism of DOT1L at 

MLL-AF4 gene targets will not only improve to our understanding of how DOT1L might 

control transcription of MLL-AF4 gene targets, but may also provide insight into the general 

function of DOT1L and H3K79me in transcription. Finally, given the poor prognosis of MLL-

r leukaemias, more targeted and effective treatment is urgently required and should be 

facilitated by a greater understanding of the molecular mechanism of MLL-AF4 leukaemia. 

1.2  Basic organisation of DNA 
 

To understand how transcription is controlled, it is important to discuss how DNA is packaged 

into the nucleus and how this might influence gene regulation. In order to accommodate the 

vast amount of DNA humans have in the nucleus of each cell, the DNA has to be packaged in 

the form of chromatin. The basic subunit of chromatin is a nucleosome, composed of ~145bp 

of DNA wrapped around an octamer of core histones comprising of doublets H2A, H2B, H3 

and H4 and linked together by histone H1 (Richmond et al. 1997; Thoma et al. 1979).  

Each core histone has a central globular domain and an unstructured, tail domain which extends 

beyond the boundary of the nucleosome globular core (Luger & Richmond 1998). Residues in 
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the histone core and on the tail, can be post-translationally modified. Furthermore, nucleosome 

remodeling and histone modifications are tightly associated with transcription regulation. 

Despite the classic solenoid model of chromatin high order structure, recent in vivo studies 

have emerged which demonstrate the 10nm fibre is packaged as a randomized polymer in the 

nucleus (Ou et al. 2017). 

1.3  Spatial organisation of chromatin 
 

Even though DNA is packaged into the nucleus as chromatin, 3D chromatin structure exists 

which is important for gene regulation. It has been observed that heterochromatin and 

euchromatin occupy different spatial regions of the nucleus (Lieberman-Aiden et al. 2009; 

Tamaru 2010). It has recently been suggested that HP1α promotes phase separation of 

heterochromatic regions, which can exclude factors associated with active genes, this may 

suggest a potential mechanism of separation between euchromatin and heterochromatin 

(Larson et al. 2017; Strom et al. 2017).  

In addition to the broad separation of active and repressed chromatin, more localised structural 

domains of metazoan chromosomes have been observed called topological associated domains 

(TADs) (Lieberman-Aiden et al. 2009; Dixon et al. 2012; Hou et al. 2012; Sexton et al. 2012). 

TADs have been shown to contain clusters of genes and enhancer elements, delimited by 

boundary elements such as CTCF and Cohesin (Nichols & Corces 2015; Ghirlando & 

Felsenfeld 2016; Dixon et al. 2012; Hadjur et al. 2009; Mishiro et al. 2009; Nativio et al. 2009; 

Tang et al. 2015; Handoko et al. 2011). The interactions between enhancers and promoters 

within TADs have been shown to differ between cell types and at different stages of 

differentiation (Beagan et al. 2016; Dixon et al. 2015; Chandra et al. 2015). For example, the 

α-globin locus lies within a TAD that contains enhancer elements which regulate the α-globin 
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genes (Hay et al. 2016; Anguita et al. 2002; Davies et al. 2016; Hughes et al. 2013; Hanssen et 

al. 2017). The interactions between enhancers and promoters of the a-globin genes are observed 

in an erythroid tissue specific manner (Hughes et al. 2013).  

The purpose of TADs has been primarily thought to bring widely separated functional 

elements, such as enhancers and promoters, into close spatial proximity to further control gene 

regulation as well as regulating and containing enhancer function (Hnisz et al. 2016; Dowen et 

al. 2014; Hanssen et al. 2017; Narendra et al. 2016; Oti et al. 2016). This could bring chromatin 

proteins and RNA polymerase II (RNAPII) into a local compartment where interactions can 

occur more frequently (Mitchell & Fraser 2008). Disruptions in TAD boundaries have been 

shown to causes mis-regulation of transcription (Lupiáñez et al. 2015; Amano et al. 2009; 

Niedermaier et al. 2005; Sagai et al. 2005; Lettice et al. 2011; Giorgio et al. 2015) . This has 

been identified in some cases as a driver of human disease, demonstrating the importance of 

spatial chromatin organization in transcription control (Flavahan et al. 2016; Franke et al. 2016; 

Hnisz et al. 2016).  

1.4  Role of Trithorax (Trx) and Polycomb group (PcG) proteins in gene 

regulation 
 

Transcription is, in part, modulated by a variety of different chromatin proteins which bind to 

DNA or are stabilised at a gene target by other proteins or histone modifications. The spatial 

organization of chromatin may create pockets whereby such chromatin proteins and 

transcription factors are sequestered within a TAD, increasing the tight regulation of 

transcription (Mitchell & Fraser 2008; Osborne et al. 2004; Osborne et al. 2007) . 
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A classic example of how chromatin proteins control transcription was originally observed in 

Drosophila melanogaster. Two classes of chromatin proteins important for the control of the 

expression patterns of homeotic genes (Hox) during development were identified (Ingham 

1998; Ingham 1981; Lewis 1978). These are the Trithorax group proteins (TrxG) and Polycomb 

group proteins (PcG). TrxG proteins were shown to maintain active transcription, whereas, 

PcG proteins were shown to maintain a repressed transcription state. Many studies have 

demonstrated an antagonism between TrxG and PcG complexes which may modulate or 

respond to the active or repressed state of the gene (Tie et al. 2009; Tie et al. 2014; Schmitges 

et al. 2011; Yuan et al. 2011). Mutation of these proteins were shown to give rise to 

developmental defects, particularly in the anterior-posterior positioning indicative of mis-

expression of Hox genes (Ingham 1981; Ingham 1998; Lewis 1978). 

Since their discovery in D.melanogaster, TrxG and PcG homologue proteins have been 

identified in humans. SET domain containing MLL1, along with others, have been shown to 

be homologous to D.melanogaster Trx (Gu et al. 1992; Yu et al. 1998). Polycomb Repressive 

Complexes 1 and 2 (PRC1/PRC2) are homologous to PcG proteins (Lee et al. 2006; Boyer et 

al. 2006). Due to the pivotal role of TrxG and PcG proteins in maintaining proper gene 

regulation, it is unsurprising that mutations and mis-regulation of proteins homologous to Trx 

and PcG can lead to human disease including cancer (Sauvageau & Sauvageau 2010; 

Varambally et al. 2002; Morin et al. 2010; Comet et al. 2016; Zinzalla 2016; Kadoch & 

Crabtree 2015). 

1.5  Histone modifications in gene regulation 
 

MLL1 and PRC2 are known to have methyltransferase activity, being able to methylate, 

H3K4me3 and H3K27me3, respectively (Klymenko et al. 2006; Rea et al. 2000; Shen et al. 
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2008; Cao et al. 2002). Histone modifications are an example of an epigenetic modification 

which have been shown, in some cases, to correlate with transcription regulation (Steger et al. 

2008; Pokholok et al. 2005; Rao et al. 2005). The proposed function of histone modifications 

is not completely understood; however, many histone modifications have been shown to act as 

platforms for ‘reader’ proteins, which bind to specific modified residues. One example of this 

is the binding of multiple factors, such as BPTF and TAF3 to H3K4me3 (Lauberth et al. 2013; 

Wysocka et al. 2006; Ruthenburg et al. 2011; Li et al. 2006). The binding of reader proteins to 

histone modifications is low affinity relative to some protein:protein interactions as well as 

DNA:protein interactions observed in vitro. One example of this is the binding of chromatin 

protein AF9 to acetylated lysine residues (KD = 30-50µM) compared to the interaction between 

AF9 and AF4 (KD =1.6nM) (Leach et al. 2013; Li et al. 2014). Nevertheless, low affinity 

interactions may in part contribute to a high affinity stabilisation of protein complexes which 

can be created by the additive effect of multivalent interactions (Ruthenburg et al. 2011). 

Another proposed function of histone modifications is the ability to cause changes in 

nucleosome structure, for example, lysine acetylation has been demonstrated to disrupt inter-

nucleosome interactions via loss of positive charge (Fingerman et al. 2007; Chodaparambil et 

al. 2007; Shogren-Knaak et al. 2006). Although this does not rule out the possibility of novel 

functions of histone modifications, the role of histone modifications as platforms and regulators 

of chromatin accessibility may be pivotal in contributing to gene regulation. 

1.6  DNA methylation and PcG/TrxG protein recruitment 
 

DNA methylation occurs at CpG dinucleotides in the human genome and is catalysed by DNA 

methyltransferases (DNMTs) (Ehrlich et al. 1982; Okano et al. 1999; Holliday & Pugh 1975). 

Furthermore, promoters are often associated with conserved, high frequency sites of CpG 
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dinucleotides (CpG islands, or CGIs), which are often unmethylated (uCGIs) at active genes 

(Bird et al. 1985; Blackledge et al. 2010; Thomson et al. 2010; Long et al. 2013; Illingworth et 

al. 2010). Although DNA methylation can occur in the gene body of active genes (Hellman & 

Chess 2007; Ball et al. 2009), DNA methylation observed at CGIs at promoters is associated 

with gene repression. An examples of this is at silenced genes on the X-chromosome (Venolia 

& Gartler 1983). 

DNA methylation has also been shown to collaborate with repressive histone modifications 

such as H3K9me at repressed heterochromatin (Mikkelsen et al. 2007; Smallwood et al. 2007; 

Espada et al. 2004; Fuks et al. 2003; Fujita et al. 2003; Sarraf & Stancheva 2004; Ikegami et 

al. 2007; Lehnertz et al. 2003; Karimi et al. 2011). H3K9me is generally associated with 

constitutive heterochromatin, although it has also been observed in repressed regions of 

euchromatin (Tachibana et al. 2005; Bilodeau et al. 2009). There are multiple KMTs which are 

responsible for H3K9 mono-, di- or tri-methylation in humans. G9a and GLP have been shown 

to methylate and bind to H3K9me1/2 (Collins et al. 2008; Tachibana et al. 2005). SETDB1 and 

SUV39H1/2 have been shown to methylate and bind to H3K9me2/3 (Bilodeau et al. 2009; 

Karimi et al. 2011). HP1a is a protein shown to bind H3K9me and recruit DNA 

methyltransferases, thus providing an example of how epigenetic modifications and chromatin 

proteins can collaborate to maintain the state of chromatin (Lachner et al. 2001; Fuks et al. 

2003; Lehnertz et al. 2003).  

70% of promoters are associated with unmethylated CpG islands which are linked with 

increased chromatin accessibility and are associated with gene activation (Bird et al. 1985; 

Blackledge et al. 2010; Saxonov et al. 2006; Long et al. 2013). Both PRC and MLL complexes 

contain ZF-CXXC domain proteins, such as KDM2B and MLL, respectively. Both KDM2B 
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and MLL can bind to CpG islands (Birke et al. 2002; Cierpicki et al. 2010; Farcas et al. 2012; 

He et al. 2013). As these complexes have been classically linked with maintaining either active 

or repressive transcription states, it is interesting to consider how this might occur. One 

proposed mechanism is via competitive binding of CpG islands in a chromatin sampling 

mechanism (Klose et al. 2013). The antagonism between activating and repressive signals at 

gene targets could perhaps be extrapolated when understanding how transcription is controlled 

more generally, whereby activating chromatin proteins and modifications potentially 

antagonise their repressive counterparts. 

1.7  Transcription factor binding 
 

Transcription factors are DNA binding proteins which can bind to short, specific DNA 

sequences primarily at enhancers and promoters (Wunderlich & Mirny 2009; Small et al. 1992; 

Yuh et al. 1994; Sandmann et al. 2007; Spitz & Furlong 2012). It has been demonstrated that 

transcription factors may contribute to transcription by facilitating the recruitment of Mediator 

and co-activator proteins such as P300, at enhancers and promoters (Johnson et al. 2002; 

Stumpf et al. 2006; Esnault et al. 2008; Bedford et al. 2010). Furthermore, transcription factors 

have been shown to be important in facilitating enhancer-promoter interactions (Nolis et al. 

2009; Drissen et al. 2004; Bertolino & Singh 2002; Szutorisz et al. 2005; Vakoc et al. 2005; 

Levasseur et al. 2008). In contrast, some transcription factors have been demonstrated to have 

repressive roles in transcription (Brenner et al. 2005; Kurland & Tansey 2008; Peukert et al. 

1997). 

The recruitment of transcription factors to specific binding sites has been shown to occur via 

facilitated diffusion in E.coli (Elf et al. 2007; Bauer & Metzler 2012; Cartailler & Reingruber 

2015). This mechanism describes a searching mechanism whereby transcription factors bind 
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transiently at non-specific sites and more stably at specific DNA sequences (Hammar et al. 

2012). Unlike E.coli, human DNA is packaged into nucleosomes, meaning the mechanism of 

transcription factor binding may be different. For most transcription factor binding in humans, 

it seems that a pre-existing level of chromatin accessibility is required for the binding to 

specific sites (Biddie et al. 2011; Guertin & Lis 2010). Furthermore, when cells are undergoing 

differentiation, replication has been shown to be important for initial transcription factor 

binding for certain key transcription factors, following a delay in H3K27me3 accumulation and 

more accessible chromatin (Petruk et al. 2017). This window of opportunity may be important 

for differentiation, where genes normally repressed could be activated due to transcription 

factor binding.  

Combinatorial transcription factor binding at enhancers and promoters has been shown to be 

important in regulating tissue specific genes (Pilon et al. 2011; Lin et al. 2010). The 

mechanisms of combinatorial binding are complex but briefly, they may occur via direct 

transcription factor:transcription factor binding at DNA or by indirect DNA co-occupancy 

(Jolma et al. 2013; Walhout 2006; Arnosti et al. 1996; Wilson et al. 2010; Voss et al. 2011). 

Transcription factors that can promote the binding of other transcription factors, by creating a 

more accessible chromatin state, are termed ‘pioneer factors’ and are often associated with the 

control of important tissue specific genes (Adam et al. 2015; Iwafuchi-Doi & Zaret 2016). 

Some transcription factors have been demonstrated to compete with nucleosomes for the 

binding of DNA, one example is FOXA1, which has been shown in vitro and in vivo to bind 

DNA via competition with nucleosomes (Holmqvist et al. 2005; Iwafuchi-Doi et al. 2016). 

This mechanism may promote binding of other transcription factors via increased chromatin 

accessibility. One way this might be achieved is via the recruitment of nucleosome remodeling 



   24 

 

complexes. This has been recently demonstrated, where OCT4 has been shown to recruit 

BRG1, part of the SWI/SNF chromatin remodeling complex, to gene targets in mouse 

embryonic stem cells (King & Klose 2017).  

1.8  Enhancer function 
 

Enhancers have been characterized as elements which activate transcription of a gene from a 

distance and independent of orientation (Banerji et al. 1981; Benoist & Chambon 1981). This 

has been demonstrated more definitively using 3C technology, where physical enhancer-

promoter interactions have been observed (Tolhuis et al. 2002; Deng et al. 2012). Several 

characteristics have been associated with enhancers including DNA hypersensitivity, 

transcription factor binding and the presence of histone modifications H3K27ac and H3K4me1 

(Creyghton et al. 2010; Heintzman et al. 2009; Heintzman et al. 2007; Xi et al. 2007; Thurman 

et al. 2012; Nord et al. 2013).  

H3K27ac is predominantly catalysed by P300 and CREB Binding Protein (CBP) in humans 

(Tie et al. 2009; Garcia et al. 2007; Suka et al. 2001). Proteins which contain bromodomains 

and YEATS domains, such as BRD4 and AF9/ENL, have been demonstrated to bind acetylated 

lysine residues such as H3K27ac (Li et al. 2014; Erb et al. 2017; Wan et al. 2017).  H3K4me1 

is predominantly catalysed by MLL3 (KMT2C) and MLL4 (KMT2D) in humans (Herz et al. 

2012; Hu et al. 2013; Lee et al. 2013; Tie et al. 2014). Although H3K4me1 does mark enhancer 

elements, it is not always indicative of an active enhancer (Creyghton et al. 2010). The presence 

of both H3K4me1 and H2K27ac has been demonstrated to be more indicative of an active 

enhancer (Creyghton et al. 2010). Interestingly, it has recently been demonstrated that 

catalytically inactive MLL3/4 does not affect transcription, whereas knockout of MLL3/4 did 

lead to the downregulation of transcription (Dorighi et al. 2017). Furthermore, MLL3/4 have 
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recently been demonstrated to be important for long-range chromatin interactions within TADs 

(Yan et al. 2017). This suggests that although H3K4me1 can be used as an indicator of enhancer 

presence, it’s possible that MLL3/4 act as architectural proteins at enhancers which may be 

functionally more important than the methyltransferase activity. 

Interestingly, a class of enhancers has been identified as ‘super-enhancers’; these were 

characterised as enhancers which demonstrated high levels of Mediator, H3K27ac and 

H3K4me1, by at least one order of magnitude more than a typical enhancer. Furthermore, they 

were shown to be bound by developmentally important transcription factors  and appear 

important for oncogenic transformation (Hnisz et al. 2013; Whyte et al. 2013). 

1.9  Transcription initiation 
 

The process of transcription is very complex and mediated by a multitude of different proteins. 

Therefore, to generate a clear and simple framework of the events which take place during 

transcription the process can be split into different stages and explained in a step-wise, 

deterministic manner (Figure 1.1). However, it is important to keep in mind that the protein 

interactions and associated functions which control transcription, and the order in which they 

take place, is extremely dynamic.  

To initiate transcription, RNAPII is recruited to the promoter of the gene by the Pre-initiation 

complex (PIC which contains 6 protein subunits TFIIA, TFIIB, TFIID, TFIIE, TFIIF and 

TFIIH (Kostrewa et al. 2009; He et al. 2013; Tsai & Sigler 2000; Parvin & Sharp 1993; 

Verrijzer et al. 1995). The promoter contains multiple sequences which are recognised by 

members of the PIC (Deng & Roberts 2005; Kim et al. 1993). One example of this is the TATA 

box, which is usually recognized by the transcription factor TATA binding protein (TBP) part 
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of the TFIID complex (Kim et al. 1993; Littlefield et al. 1999). CpG islands have also been 

demonstrated as important docking sites at promoters for CXXC-containing proteins which can 

contribute to transcription initiation (section 1.6). One of these proteins is MLL which deposits 

H3K4me3, a histone modification associated with active promoters (Chang et al. 2010; 

Lauberth et al. 2013; Vermeulen et al. 2007). Components of the multi-subunit Mediator 

complex have also been identified to interact with both the PIC and RNAPII, suggesting a role 

for Mediator in PIC complex formation and RNAPII recruitment (Baek et al. 2006; Esnault et 

al. 2008; Jishage et al. 2012; Johnson et al. 2002; Seizl et al. 2011; Plaschka et al. 2015). 

 An important stage which must occur for RNAPII to leave the promoter and move along the 

DNA is the separation of the DNA strands to allow “transcription bubble” formation (Holstege 

et al. 1997; Revyakin et al. 2004). TFIIH, comprised of two DNA helicases and CDK7, has 

been shown to control this stage (Flores et al. 1992; Glover-Cutter et al. 2009; Shiekhattar et 

al. 1995). TFIIH helicases have been demonstrated to separate the DNA strands, endorsing 

RNAPII promoter clearance (Fishburn et al. 2015). The kinase subunit, CDK7, has been 

demonstrated to phosphorylate Serine 5 on the C-terminal repeat domain (CTD) of RNAPII, 

further contributing to RNAPII promoter clearance (Feaver et al. 1994; Hengartner et al. 1998).  

1.10 Transcription elongation 
 

The initial transition of RNAPII into the gene often leads to the production of short abortive 

transcripts (Rougvie & Lis 1988). The transition into productive transcription elongation has 

been shown to be regulated by the DRB sensitivity-inducible factor (DSIF), Negative 

elongation factor (NELF) and the Positive transcription elongation factor (P-

TEFb)(Yamaguchi et al. 1999; Wada et al. 1998; Peterlin & Price 2006; Marshall & Price 

1995). P-TEFb is comprised of Cyclin Dependent Kinase 9 (CDK9) and Cyclin T1/T2. P-TEFb 
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has been shown to be recruited to gene targets via an interaction with BRD4 (Peng et al. 1998; 

Marshall & Price 1995; Jang et al. 2005; Yang et al. 2005; Peterlin & Price 2006; Yamada et 

al. 2006), although recent conflicting evidence does suggest P-TEFb may be recruited 

independently of BRD4 (Winter et al. 2017). CDK9 has been shown to phosphorylate Serine 

2 of RNAPII CTD (Marshall et al. 1996), however, it has been suggested that CDK12 may also 

phosphorylate serine 2 (Yu et al. 2015). In addition to this, CDK9 has been shown to 

phosphorylate both DSIF and NELF, leading to the dissociation of DSIF and the conversion of 

NELF into an apparent positive elongation factor (Yamaguchi et al. 1999; Wada et al. 1998; 

Fujinaga et al. 2004). This cascade of phosphorylation events leads to the pause release of 

RNAPII and productive transcription elongation. This stage of transcription has been suggested 

to be a rate limiting stage of many developmentally important gene targets in which RNAPII 

is poised at proximal promoter regions (Krumm et al. 1995; Liu et al. 2014). This potentially 

allows for the rapid generation of full length transcripts following signaling cues. 
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Figure 1-1. Stages of Transcription. Initiation: TFIID, containing TBP and TBP-like proteins, bind to specific 

promoter sequence. Other components of the PIC are recruited to the promoter, as well as components of the mediator 

complex and RNAPII. H3K4me3 is also located at the promoter region and can help mediate RNAPII stabilization. 

Promoter pausing: TFIIH phosphorylates RNAPII serine 5. RNAPII creates abortive transcripts and is bound by 

negative regulation factors DSIF and NELF. Productive elongation: P-TEFb is recruited via BRD4 (via binding to 

acetylates lysine residues). P-TEFb phosphorylates RNAPII serine 2, NELF and DSIF. NELF and DSIF release 

RNAPII. RNAPII begins to create full length transcripts. P-TEFb can recruit elongation complexes to the gene body. 
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1.10.1 Elongation complexes - EAP/AEP/SEC 

 

P-TEFb has been shown to be part of a large protein complex comprising other proteins which 

have been demonstrated to enhance transcription elongation and interestingly contain MLL 

fusion partners and DOT1L (Section 1.16) (Biswas et al. 2011; Yokoyama et al. 2010; Mueller 

et al. 2007; Lin et al. 2010). One such MLL fusion partner, ENL, was used to purify the ENL 

Associated Protein (EAP) complex. This macromolecular complex contains ENL, AF4, AFF4, 

BCoR, CBX8, DOT1L, P-TEFb, LAF4 and RING1 (Mueller et al. 2007). It has been observed 

that the purified proteins were not present in equi-molar concentrations, suggesting the 

presence of multiple different sub-complexes with ENL as a common subunit (Mueller et al. 

2007).  

Further to this, the AF4, ENL P-TEFb (AEP) complex and Super Elongation Complex (SEC) 

were purified (Yokoyama et al. 2010b; Lin et al. 2010). Neither complex contained DOT1L, 

demonstrating that even though DOT1L and ENL can interact, DOT1L and AF4 are mutually 

exclusive (Figure 1.2). Supporting this, it was observed via NMR spectrometry that AF4 and 

DOT1L compete for the same binding surface on AF9 and ENL (Leach et al. 2013), providing 

structural evidence for why DOT1L and AF4 do not co-purify, even though they both interact 

with AF9/ENL. Figure 1.3 describes the known interacting domains of AF4, which include 

interactions with other members of the purified elongation complexes such as P-TEFb, AF9, 

ENL and AFF4. 
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Proteins associated with transcription elongation have been shown biochemically to interact 

with proteins associated with different stages of transcription. An example of this includes the 

biochemical purification of AF9 with TBP, demonstrating a potential overlap between 

transcription initiation and elongation complexes (Biswas et al. 2011). Additionally, the 

Mediator subunit MED26 has been demonstrated to interact with AF9 and ENL, members of 

the SEC (Takahashi et al. 2011; Biswas et al. 2011). 

 

 

 

 

Figure 1-2. AF4 and DOT1L are found in mutually exclusive complexes. (Yokoyama et al., 2010; Lin et al., 

2010; Biswas et al., 2011; Leach et al., 2013). 

Figure 1-3. Domains of AF4 shown to interact biochemically with interacting proteins. Right of the 

dashed line represents the portion of AF4 found in the TetR-AF4 fusion protein (Chapter 3) and in 

MLL-AF4 leukaemia (Biswas et al. 2011; Okuda et al. 2015; Leach et al. 2013; C. Lin et al. 

2010;Yokoyama et al. 2010a). 
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The complex nature of interactions occurring between proteins associated with transcription is 

highlighted by the multitude of different interactions observed biochemically. These 

differences in biochemically purified complex compositions could be due to differences in 

purification method and the type of cells used. For example, the EAP complex was purified 

from 293T cells (Mueller et al. 2007) whereas the AEP complex was purified from K562 cells 

using different methods (Yokoyama et al. 2010). Furthermore, even though biochemical 

purifications do provide an initial understanding of a complex in vitro, it cannot be used to 

fully understand the complex nature of these interactions in vivo, at a gene target. Therefore, 

further clarification in vivo is needed if we are to understand how these complexes may 

assemble at gene targets and contribute to transcription elongation.   

1.10.2 PAF1 complex 

 

Another complex which has been associated with transcription elongation, and has also been 

linked with DOT1L and H3K79me, is the Polymerase Associated Factor 1 (PAF1) complex. 

The PAF1c is a multi-protein complex originally identified in S.cerevisiae (Shi et al. 1997; 

Wade et al. 1996; Mueller & Jaehning 2002). In humans, the core PAF1 complex (PAF1c) 

comprises PAF1, LEO1, CTR9, RTF1, CDC73 and SKI8 and has also been shown to interact 

with RNAPII and promote transcription through chromatin templates in vitro (Kim et al. 2010). 

Additionally, PAF1c, has been demonstrated biochemically to interact with other transcription 

elongation complexes, including AF9 and ENL, via the YEATS domain (Figure 1.4A) 

(Squazzo et al. 2002; Xu et al. 2017; He et al. 2011). This suggests there is a link between 

PAF1 and the SEC, however it is not clear whether this interaction is functional in vivo 

(Squazzo et al. 2002; Xu et al. 2017; He et al. 2011).  
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In S.cerevisiae and humans, it has also been demonstrated that members of the Paf1c interact 

with the Rad6/Bre1 complex, responsible for H2B ubiquitination (Kim et al. 2009; Van Oss et 

al. 2016; Wood et al. 2003; Ng et al. 2003). Interestingly, H2BK123ub has been demonstrated 

as a pre-requisite for high levels of H3K79me and H3K4me in both S.cerevisiae and humans 

(Briggs et al. 2002; Dover et al. 2002; Sun & Allis 2002; Kim et al. 2009; McGinty et al. 2008). 

Additionally, Paf1c knockout studies have shown a reduction in H2Bub and H3K79me (Ng et 

al. 2003; Xiao et al. 2005; Wood et al. 2003; Krogan et al. 2003; Van Oss et al. 2016). The 

mechanism of this and whether this occurs in humans is unclear. 

1.11 DOT1L and H3K79 methylation 
 

Dot1 was first identified in S.cerevisiae in a genetic screen for proteins whose overexpression 

disrupted telomeric silencing. This was further shown to occur via antagonism with Silent 

Information Regulator (Sir) proteins (Singer et al. 1998). Later studies identified DOT1 as a 

histone methyltransferase (Ng et al. 2002; Feng et al. 2002; Lacoste et al. 2002). Homologous 

DOT1 methyltransferases have been identified in many other species demonstrating high 

conservation of DOT1  

 

Figure 1-4. Identified biochemical interacting domains of (A) AF9 and ENL (B) DOT1L. DOT1L bind to same 

binding domain of AF9/ENL rendering these interactions mutually exclusive (He et al. 2011; Li et al. 2014; Wan 

et al. 2017; Leach et al. 2013; Kuntimaddi et al. 2015; Okada et al. 2005) 
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DOT1L (human DOT1) is responsible for catalysing mono-, di- and tri methylation of H3K79 

in a non-processive manner, dissociating and associating again to deposit di- and tri- H3K79me 

(Frederiks et al. 2008; Feng et al. 2002). The catalytic domain of DOT1L, corresponding to 

amino acids 1-416, has been shown to uniquely differ from other lysine methyltransferases 

(KMTs) as it does not contain a SET domain (Figure 1.4B). (Min et al. 2003; Feng et al. 2002). 

Furthermore, H3K79 is a residue located in the global core of H3 (Richmond et al. 1997). This 

may mean this residue is potentially difficult to access which is of particular importance for 

DOT1L mediated methylation of H3K79 (Lu et al. 2008; Botuyan et al. 2006). However, 

studies have demonstrated that other neighbouring residues, such as H2BK123ub may enhance 

H3K79me by facilitating accessibility (Altaf et al. 2007; Jack & Hake 2014).  

1.11.2 Readers and Erasers of H3K79 methylation 

 

Most identified modified histone residues, which are associated with transcription, are 

associated with reader and eraser proteins. Two proteins, both implicated in the DNA damage 

response, identified as reader proteins of H3K79me are Survivor of motor neurone (SMN) and 

p53 binding protein (53BP1) (Botuyan et al. 2006; Huyen et al. 2004; Sabra et al. 2013). 

Although the affinity of 53BP1 for H3K79me is much lower compared to the affinity for 

H4K20me2 (H3K79me KD = 2mM and H4K20me2 KD = 2.2µM), it is possible that H3K79me 

may play a minor role in the recruitment of 53BP1 to double strand breaks (DSBs) in the DNA 

repair pathway (Botuyan et al. 2006; Wakeman et al. 2012). In addition to this, there is no 

currently identified demethylase for H3K79me. This is supported by the fact that loss of 

H3K79me, following DOT1L inhibition and knockdown, can take up to several days (Daigle 

et al. 2013). This might suggest that H3K79me is diluted via histone turnover during cell 

division and histone recycling mechanisms. 
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1.11.3 DOT1L complex and recruitment mechanism 

 

DOT1L has been purified in several multi-protein complexes associated with transcription 

elongation (Yokoyama et al. 2010; Biswas et al. 2011; Monroe et al. 2011; Mueller et al. 2007). 

One of these complexes, termed the DOTCOM complex, was purified from HEK293T cells 

using a Flag-tagged DOT1L followed by Multidimensional Protein Identification Technology 

(MUDPIT) analysis. This gave rise to the identification of a 2MDa protein complex comprising 

of DOT1L, AF10, AF17, ENL, AF9, SKP1, TRRAP and β-catenin (Mohan et al. 2010) (Figure 

1.5). 

 

 

 

 

 

When considering the recruitment mechanism of DOT1L to genes, it is possible that DOTCOM 

members can contribute to a stable binding site for DOT1L. Biophysical studies have 

demonstrated that AF9 and ENL can interact with three independent binding sites of DOT1L, 

suggesting multiple AF9 or ENL proteins can interact with one DOT1L protein molecule 

simultaneously (Kuntimaddi et al. 2015) (Figure 1.4B). This perhaps increases the binding 

affinity of DOT1L at a gene target via multivalent interactions (Ruthenburg et al. 2011). In 

addition, AF10 and AF17 could also contribute to the stabilisation of DOT1L via the OM-LZ 

Figure 1.5. Composition of the ‘DOTCOM’ complex (Mohan et al. 2010) 
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domain (Chen et al. 2012; Deshpande et al. 2011; Okada et al. 2005). However, exactly how 

DOT1L is specifically recruited to a gene in vivo, likely by some of the purified DOTCOM 

components, is unknown. 

The observed biochemical purification of DOT1L and members of the wnt signalling pathway, 

Skp1, TRRAP and β-catenin is controversial. Although it was demonstrated that knockdown 

of DOT1L in D.melanogaster led to the decrease in expression of important wingless gene 

targets (Mohan et al. 2010), more recent studies have demonstrated that DOT1L and H3K79me 

are not essential for the maintenance of wnt gene target expression in human cells (Ho et al. 

2013; Gibbons et al. 2014). This demonstrates how biochemical purifications can identify 

artefactual interactions which may have no biological relevance in vivo. 

Even though it was demonstrated biochemically that AF9, ENL, AF10 and AF17 can interact 

with DOT1L, it is important to understand whether these interactions are important for DOT1L 

function in the cell. To test this, siRNA knockdowns of DOT1L complex members were carried 

out to determine the effect upon H3K79me. Upon knockdown of ENL and AF10, a reduction 

in H3K79 methylation was observed, in addition to a decrease of transcription of DOT1L target 

genes (Mueller et al. 2007; Deshpande et al. 2014). This suggests the interaction of DOT1L 

with DOT1L complex members are important for H3K79me, potentially contributing to the 

recruitment mechanism of DOT1L.  

1.12 Functional mechanisms of DOT1L and H3K79me in transcription 
 

DOT1L and H3K79me have primarily been associated with active transcription, with over 90% 

of the S.cerevisiae genome shown to be H3K79 methylated and to be actively transcribed 

(Turner 2002; Steger et al. 2008; van Welsem et al. 2008). Furthermore, in D.melanogaster 
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and humans H3K79me was restricted to the euchromatic compartment (Schübeler et al. 2004; 

Steger et al. 2008).  

H3K79me2/3 is found at the 5’ end of the gene body of actively transcribing genes in mammals, 

suggesting DOT1L is specifically involved in transcription elongation (Steger et al. 2008). This 

is further supported by in vitro data demonstrating DOT1L and H3K79me associated with 

transcription elongation complexes (Mohan et al. 2010; Biswas et al. 2011; Kim et al. 2010; 

Mueller et al. 2007; Leach et al. 2013; Kuntimaddi et al. 2015). Furthermore, transcription was 

severely impaired following Dot1l knockout, suggesting DOT1L and H3K79me is functionally 

important in transcription (Steger et al. 2008). Exactly how DOT1L and H3K79 methylation 

contribute to transcription elongation remains unclear, however, models of DOT1L function in 

S.cerevisiae and human MLL-rearranged leukaemia cells have been proposed. 

1.12.1 DOT1L and SIR protein antagonism 

 

The histone deacetylase, Silent information regulator 2 (SIR2) has been shown to antagonise 

DOT1 to control telomeric silencing in S.cerevisiae (Altaf et al. 2007; Fingerman et al. 2007; 

Kitada et al. 2012). One specific residue which can be acetylated is H4K16. H4K16 has been 

shown to be located close to H3K79 and it has been suggested that DOT1 activity antagonises 

the deacetylation of H4K16ac by Sir2 (Fingerman et al. 2007; van Welsem et al. 2008; Altaf 

et al. 2007). Furthermore, it was demonstrated that deacetylation of H4 is correlated with a 

decrease in H3K79me (Osborne et al. 2009). This suggests that antagonism between Sir2 and 

DOT1 may contribute to the maintenance of active or repressed transcription and telomeric 

silencing in S.cerevisiae. 
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Moreover, recent studies in human MLL-AF9 leukaemia cell lines have demonstrated that 

DOT1L and H3K79me may antagonise SIRTUIN 1 (SIRT1) at some MLL-fusion protein 

(MLL-FP) gene targets (Chen et al., 2015). Following inhibition and shRNA mediated 

knockdown of DOT1L, loss of H3K79me was coupled with the loss of H3K27ac and H3K9ac 

(Chen et al. 2015). Furthermore, an increase in SIRT1 occupancy was observed. This was 

coupled with an increase in repressive H3K9me3, potentially catalysed by SUV39H1. 

Interestingly SIRT1 and SUV39H1 have been biochemically purified together in a separate 

study, suggesting a potential functional interaction (Vaquero et al. 2007). This suggests that 

DOT1L may play a role at some gene targets via antagonism of repressive chromatin proteins 

and modifications (Chen et al., 2015).  

1.12.2 DOT1L and BRD4 co-regulate a subset of MLL-FP gene targets 

 

Another recently proposed model of DOT1L function has indicated that DOT1L may create a 

more permissive chromatin environment at MLL-FP gene targets co-regulated by BRD4. The 

permissive landscape of these targets was shown to promote CREB1 binding (Gilan et al. 

2016). Following DOT1L methyltransferase inhibition, BRD4 and CREB1 binding was lost. 

CREB1 has been shown to recruit acetyltransferases CBP and P300. Moreover, H4K5ac was 

shown to be lost following DOT1L inhibition. Therefore, H3K79me potentially creates a 

permissive chromatin landscape whereby CREB1 can bind to the gene, recruit P300/CBP, thus 

promoting H4K5ac leading to BRD4 recruitment. 

Interestingly, the two models of DOT1L function described are not mutually exclusive and 

both could occur in concert. This would suggest that DOT1L can antagonise repressive 

modifications at the same time as promoting an active chromatin state for transcription factor 

binding. Even though these models depict what the function of DOT1L in transcription might 
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be, it is unclear whether these mechanisms could be used to describe DOT1L function at all 

gene targets or whether this is limited to the subset of gene targets studied. 

1.13 DOT1L role in embryonic development 
 

So far, it has been demonstrated that DOT1L is important for transcription of some genes but 

this does not explain whether DOT1L target genes are important for tissue specificity or 

development, that are both important aspects of understanding the function of DOT1L.  

Several models investigating the role of DOT1L in mammalian embryogenesis have been 

studied, both in vitro and in vivo using mESCs. This has been modelled using separate 

approaches including a Cre/LoxP system to inactivate Dot1l methyltransferase activity as well 

as shRNA knockdown (Jones et al. 2008; Barry 2010; Feng et al. 2010). Both approaches 

demonstrated severely impaired cellular proliferation and cell cycle arrest at the G2/M stage 

following differentiation induction. DOT1L is essential for normal embryonic development, 

since homozygous knock out of Dot1l in transgenic mice is embryonic lethal between E10.5 

and E13.5 due to severe anaemia (Feng et al. 2010; Jones et al. 2008). Pre-E10.5 Dot1l null 

embryos displayed severe anaemia, abnormal blood vessel formation and proliferation defects 

in erythroid progenitors, supporting an important role for DOT1L for normal blood 

development. 

1.14 DOT1L role in adult haematopoiesis 
 

In addition to embryonic haematopoiesis, DOT1L has been shown to be important for adult 

haematopoiesis. This was shown using ubiquitous Dot1l knockout in adult mice (Bernt et al. 

2011; Nguyen et al. 2011). Mice died 8-12 weeks following Dot1l knockout and displayed 
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severe anaemia and depletion of haematopoietic stem cells (HSCs) and progenitors. In addition 

to this, Dot1l knockout was performed specifically in the haematopoietic compartment (Jo et 

al. 2011). Although the age of death of these mice was not reported, anaemia, hypocellularity 

of the bone marrow and a reduction in haematopoietic progenitors were observed. These 

studies together suggest that DOT1L has a role in maintenance of normal adult haematopoiesis. 

As DOT1L has been shown to play an important role in haematopoiesis in both embryogenesis 

and adults, it is perhaps not surprising that mis-regulation of DOT1L has been strongly 

implicated in several types of leukaemia, including acute myeloid leukaemia (AML) and acute 

lymphoblastic leukaemia (ALL). 

1.15 Acute Lymphoblastic Leukaemia (ALL) and MLL-r leukaemia 
 

ALL is the commonest childhood cancer. Although ~90% of childhood ALL is curable by 

chemotherapy, this treatment also has major side effects (Hunger & Mullighan 2015).  The 

remaining 10% of ALL is particularly aggressive and is mainly caused by rearrangements 

involving the MLL gene (Pieters et al. 2007; van der Linden et al. 2009). Clearly, new therapies 

are required to treat this subset. Additionally, more effective and less damaging therapies are 

also required for the 90% of ALLs which can be treated with standard chemotherapy. To 

develop new, and better, therapeutic strategies, the molecular mechanisms which drive 

leukaemias needs to be investigated on a disease-by-disease basis. DOT1L has been shown to 

be a key driver in MLL-r leukaemia (Bernt & Armstrong 2011; Krivtsov et al. 2008). Therefore, 

understanding the molecular mechanism of DOT1L in these leukaemias is important for 

identifying new therapies. 

MLL was originally identified from MLL-r leukaemia patient samples and cell lines (Ziemin-

van der Poel et al. 1991; Djabali et al. 1992; Tkachuk et al. 1992). MLL-r leukaemia accounts 
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for approximately 70% of infant leukaemias and, as mentioned, around 10% of childhood 

leukaemias as well as some adult leukaemia (Meyer et al. 2013). MLL-r leukaemia arises 

following a chromosome translocation between MLL, on chromosome 11, with 1 of over 121 

fusion partners. This creates an in-frame MLL fusion gene composed of the N-terminus of 

MLL (MLL-N) and the C-terminus of the fusion partner. This is translated into an MLL-FP. 

85% of translocations fuse MLL with either AF4, AF9, AF10, AF6, ENL or ELL (Meyer et al. 

2013). The breakpoints of MLL span a roughly 8.3kb region, which retains the AT hooks and 

CXXC domain of MLL and leads to the loss of all other domains, including the 

methyltransferase domain (Thirman et al. 1993). 

Numerous studies have been carried out which show that MLL-FPs can bind to and upregulate 

common gene targets including the HOXA gene cluster and MEIS1 (Zeisig et al. 2003; Milne 

et al. 2010; Bach et al. 2010; Milne et al. 2005; Rozovskaia et al. 2001; Orlovsky et al. 2011; 

Armstrong et al. 2002). Even though common gene targets have been observed, unique gene 

targets have also been identified in leukaemia driven by different MLL-FPs (Stam et al. 2010; 

Stumpel et al. 2009). For example, two sub-types of MLL-AF4 leukaemia can be differentiated 

on the basis of expression vs lack of expression of HOXA genes (Stam et al. 2010). Differential 

gene targets between MLL-FPs has been further verified with genome wide overlaps between 

MLL-AF9 and MLL-AF4 gene targets (Guenther et al. 2008a; Bernt et al. 2011).  

1.15.2 MLL-AF4 leukaemia 

 

Up to 50% of infant MLL-r ALL and 70% of adult MLL-r ALL are caused by MLL-AF4, the 

most prevalent MLL-FP (Meyer et al. 2013). The rapid disease onset and aggressive nature of 

MLL-AF4 ALL contributes to a very poor survival rate compared to other MLL-r leukaemias 

(Pui et al. 2003). Even though extensive research has been carried out for MLL-FP leukaemia, 
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most of this has been carried out for MLL-AF9 and MLL-ENL leukaemia. However, treatments 

and understanding of the molecular mechanisms underlying MLL-AF4 leukaemia are still 

lacking, indicating why further research to understand the molecular mechanisms driving 

MLL-AF4 leukaemia is necessary. 

1.16 Recruitment of MLL-FPs 

 

MLL-N has been shown to biochemically interact with Menin and Lens epithelium-derived 

growth factor (LEDGF) which have been shown to be important for MLL-FP recruitment to 

gene targets (Caslini et al. 2007; Y.-X. Chen et al. 2006; Hughes et al. 2004; Yokoyama et al. 

2005; Milne, Martin, et al. 2005). Menin has been demonstrated to connect the interaction 

between MLL and LEDGF (Yokoyama & Cleary 2008). LEDGF contains a PWWP domain 

which has been shown to bind to H3K36me2/3 (Hughes et al. 2004; Botbol et al. 2007). 

Interestingly, the minimal domain of MLL to mediate HOXA9 activation did not contain the 

Menin binding domain but did contain the CXXC domain. This suggests that alternative 

mechanisms of MLL-FP recruitment may be possible via the CXXC domain which has been 

shown to interact with unmethylated CpG islands and PAF1 complex (Milne et al. 2010). 

Perturbation of both PAF1 and CpG island interactions led to a complete loss of MLL binding, 

suggesting both may be in part responsible for MLL recruitment. Recently, it has been shown 

that PAF1 co-localises with MLL-FPs at only a subset of gene targets and PAF1 is not sufficient 

to recruit MLL-AF4 using the TetR system which may indicate that PAF1 is not required for 

MLL-FP recruitment genome wide (Kerry et al. 2017; Milne et al. 2010).  
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1.17 Models of MLL-AF4 leukaemia  
 

Although MLL-AF4 is the most common MLL-FP and gives rise to an aggressive leukaemia, 

it has been very difficult to generate mouse models which faithfully recapitulate the human 

pro-B ALL phenotype typically observed in patients. Several different experimental 

approaches have been taken to study this. MLL-AF4 knock-in mouse models were initially 

attempted via mESC engraftment but did not recapitulate the ALL phenotype observed in many 

MLL-AF4 patients, instead a B-lymphoma was produced (Chen et al., 2006; Metzler et al., 

2006). Interestingly, following Mll-AF4 expression in B or T-cell progenitors, a B-lymphoma 

was always produced, suggesting that Mll-AF4 is sufficient to cause lineage reassignment 

(Metzler et al. 2006).  Moreover, targeting more primitive cell types using Lmo2-Cre gave rise 

to embryonic lethality suggesting the target cell type is probably not an early stem cell (Metzler 

et al. 2006). Conversely, MLL-AF4 infant leukaemia, thought to arise in utero, is often 

considered as a separate disease to MLL-AF4 childhood or adult leukaemia (Sanjuan-Pla et al. 

2015). Therefore, to try and recapitulate this, Mll-AF4 was expressed in early haematopoietic 

cells in the mouse embryo (Barrett et al. 2016). This gave rise to a long latency B-lymphoma, 

again not recapitulating the phenotype observed in the human infant disease. MLL-AF4 

leukaemia has been shown to have very few co-operating mutations, however, some cases do 

have co-existing activating KRAS mutations and/or high expression of FLT3 (Chillón et al. 

2012; Armstrong et al. 2004; Taketani et al. 2004; Liang et al. 2006). However when both 

MLL-AF4 and KRAS or FLT3 were overexpressed in mESCs or human CD34+ cord blood 

cells, enhanced proliferation but not an acute leukaemia was observed (Sanjuan-Pla et al. 2015; 

Tamai et al. 2011; Montes et al. 2011; Montes et al. 2014; Prieto et al. 2016).  Surprisingly, 

when the reciprocal fusion protein AF4-MLL, sometimes detected in patients, was transduced 

into Lin-/Sca1+ murine cells, a pro-B-ALL phenotype was observed (Andersson et al. 2015; 
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Bursen et al. 2010). Even though this faithfully recapitulates the human disease it perhaps does 

not account for the many patients which do not express the reciprocal fusion protein and the 

leukaemic capability of MLL-AF4 alone (Kowarz et al. 2007; Thomas et al. 2005; Kumar et 

al. 2011). Interestingly, it has recently been shown that murine Af4 produces higher viral titres 

and transduces more efficiently than human AF4 (Lin et al. 2016). Using this approach, human 

CD34+ cells were retrovirally transduced with MLL-Af4 and successfully generated a pro-B 

cell ALL in xenografts (Lin et al. 2016). Interestingly, this leukaemia did not express HOXA9 

but did express other MLL-FP gene targets including RUNX1, suggesting this model 

recapitulates a pro-B MLL-AF4 leukaemia which does not express HOXA9 observed in some 

patients (Stam et al. 2010). Taken together, these data suggest that after many attempts to model 

MLL-AF4 leukaemia we are now perhaps getting closer to this, however, there are many 

aspects of MLL-AF4 leukaemogenesis which are still unclear including understanding the 

nature of the leukaemia initiating cell and the differences which may occur between infant, 

childhood and adult MLL-AF4 leukaemia. This highlights the importance of further 

understanding the molecular mechanisms driving MLL-AF4 leukaemia. 

1.18 Molecular mechanisms of MLL-FP gene activation 
 

There are many stages of transcription which could be controlled by MLL-FPs which could 

lead to the abnormal upregulation of genes. Many of the most common fusion partners have 

been shown to interact with protein complexes associated with different stages of transcription 

(Okuda et al. 2016; Biswas et al. 2011). Therefore, it is thought that aberrant recruitment of 

proteins which can interact with the fusion partner, can contribute to the gene activation 

mechanism of MLL-FP gene targets. Two most widely reported mechanisms include MLL-FP 

gene activation via P-TEFb recruitment or DOT1L recruitment. 
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1.18.1 Role of BRD4 and P-TEFb in MLL-FP leukaemia 

 

P-TEFb has been shown to interact biochemically with common MLL fusion partners including 

AF4 (Yokoyama et al. 2010; Mueller et al. 2007). Therefore, it is possible that MLL-AF4 may 

function via recruitment of P-TEFb. MLL-FP leukaemia has been shown to be sensitive to 

inhibition of CDK9, suggesting that P-TEFb plays a role in MLL leukaemogenesis (Mueller et 

al. 2009). Furthermore, inhibition of BRD4, shown to recruit P-TEFb, leads to abrogation of 

MLL-r leukaemias both in vitro and in vivo (Dawson et al. 2011). In contrast, it has been 

demonstrated that leukaemic transformation was not achieved via expression of MLL-fused to 

the P-TEFb interacting domain of AF4 (Yokoyama et al. 2010). Additionally, following MLL-

AF4 knockdown, P-TEFb binding was not affected at key MLL-AF4 gene targets such as BCL2 

and RUNX1 suggesting P-TEFb is not important in regulating these important MLL-AF4 gene 

targets (Benito et al. 2015; Wilkinson et al. 2013).  

1.18.3 Role of DOT1L in MLL-FP leukaemia 

 

It has been observed that over 95% of MLL-FP gene targets generally have aberrantly high 

levels of H3K79me in the gene body in comparison to other non-MLL-FP targets which exhibit 

similar expression levels (Bernt et al. 2011; Guenther et al. 2008; Krivtsov et al. 2008). 

Furthermore, a 7 fold increase in H3K79me was observed at HOXA9 and MEIS1 following 

MLL-ENL binding (Milne et al. 2005). This suggests that high levels of H3K79me observed 

at MLL-FP genes is a direct consequence of MLL-FP binding. 

Moreover, it has also been demonstrated that DOT1L and H3K79me are important for the 

expression of MLL-FP gene targets in vivo. Following DOT1L knockout, HOXA9 and MEIS1 

were downregulated (Bernt et al., 2011). H3K79me is ubiquitously expressed and marks most 
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active genes. Interestingly, loss of H3K79me lead to the differential expression of a subset of 

genes, enriched for MLL-FP gene targets (Bernt et al. 2011; Kerry et al. 2017; Krivtsov et al. 

2008; Gilan et al. 2016). The reason why some genes are more reliant upon DOT1L compared 

to others is poorly understand. Whether the mechanisms used to describe DOT1L function can 

account for this specificity is unknown. 

Several studies have specifically focused upon the regulation of MLL-AF4 gene targets via 

H3K79me2/3. BCL2 and RUNX1 have recently been identified as genes which are directly 

bound by MLL-AF4 in SEM cells, an MLL-AF4 expressing cell line. Following MLL-AF4 

siRNA knockdown and DOT1L inhibition, BCL2 and RUNX1 were downregulated (Godfrey 

et al. 2016; Benito et al. 2015; Wilkinson et al. 2013). Interestingly, H3K27ac was also depleted 

at the BCL2 promoter and enhancer following MLL-AF4 siRNA knockdown. This suggests 

that MLL-AF4 is both modulating H3K79me2/3 and H3K27ac, which may contribute to the 

downregulation of genes (Godfrey et al. 2016). PROMININ 1 (PROM1), which encodes the 

cell surface marker CD133, is also regulated via MLL-AF4 and following MLL-AF4 shRNA 

mediated knockdown, downregulation of PROM1 was observed. The mechanism of MLL-AF4 

gene activation of PROM1 is unclear, although high levels of H3K79me2/3 are observed in the 

gene body of PROM1 (Mak et al. 2012; Guenther et al. 2008; Thomas et al. 2005).  

BCL2, RUNX1 and PROM1 are all examples of MLL-AF4 spreading targets (Kerry et al. 

2017). Spreading targets, also identified in other MLL-FP leukaemia, were characterised by 

the spread of large domains of MLL-AF4, Menin, H3K79me3 and unmethylated CpG islands 

in the gene body coupled with high levels of gene expression. Interestingly, these gene targets 

were shown to be particularly important for the leukaemia and were also hypersensitive to 

DOT1L inhibitor treatment (Kerry et al. 2017).  
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Even though spreading MLL-AF4 gene targets seem to be dependent upon DOT1L, it is unclear 

how DOT1L is recruited to these targets. AF4 and DOT1L have been observed to be mutually 

exclusive (Leach et al. 2013; Yokoyama et al. 2010). Therefore, the mechanism of DOT1L 

recruitment to MLL-AF4 gene targets is not as simple as perhaps the recruitment of DOT1L to 

MLL-AF9 gene targets where DOT1L interacts directly with the AF9 fusion partner. 

Therefore, further investigation is required to understand the recruitment mechanism of 

DOT1L to MLL-AF4 gene targets. 

1.19 DOT1L inhibitors are effective against MLL-r leukaemia and other cancers 
 

MLL-r leukaemia is thought to be a disease which is highly dependent upon transcription of 

MLL-FP gene targets. Molecular studies of DOT1L in MLL-FP leukaemia have highlighted 

that DOT1L plays a pivotal role in MLL-FP gene regulation. Therefore, specific inhibitors 

which block the methyltransferase activity of DOT1L were developed to assess whether this 

would be an effective therapeutic strategy for treating MLL-r leukaemia. 

EPZ-5676, now in clinical trials, and SGC0946 are both small molecule inhibitors which bind 

to the SAM binding pocket of DOT1L blocking the methyltransferase activity (Yu et al. 2012; 

Daigle et al. 2013). Both EPZ-5676 and SCG-0946 were shown to abrogate MLL-r leukaemias 

via inhibition of proliferation and induction of apoptotic pathways in vivo and these effects 

have been shown on leukaemic cells in vitro (Daigle et al. 2011; Daigle et al. 2013; Deshpande 

et al. 2013; Chen et al. 2012).  

Furthermore, it has emerged that DOT1L inhibitors could be an effective treatment against 

other types of leukaemia and cancers. Examples of this include AML containing IDH1/2 and 

DMNT3a mutations and leukaemias driven by MLL-PTD and CALM-AF10 which are all 
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sensitive to EPZ-5676 treatment (Rau et al. 2016; Sarkaria et al. 2014; Chen et al. 2012; Meyer 

et al. 2013; Kühn et al. 2015). Moreover, DOT1L inhibitors have also been reported to have 

anti-proliferative effects against Oestrogen Receptor (ER)+ breast cancer cell lines (Zhang et 

al.; Cho et al. 2015).  

1.20 DOT1L inhibitors in combinatorial therapy for MLL-r leukaemia 
 

Even though DOT1L inhibitors are in clinical trials, it is already clear that many leukaemias 

are resistant to these drugs or relapse after an initial therapeutic response (Campbell et al. 

2017). This suggests that individually DOT1L inhibitors may not be as effective in the clinic 

as first thought. As DOT1L is clearly important for MLL-r leukaemia, this may call for the 

development of better DOT1L inhibitors. Alternatively, current DOT1L inhibitors may be 

useful in combinatorial treatment. This has been demonstrated with treatment of EPZ-5676 

coupled with other chemotherapeutic agents or DNMT inhibitors led to an anti-proliferative 

effect upon MLL-FP cell lines (Klaus et al. 2014).  

In addition, other small molecule inhibitors have been shown to act either synergistically or 

additively with EPZ-5676. One example of this is ABT-199; a BH3 mimetic which specifically 

targets BCL2 (Vandenberg & Cory 2013; Souers et al. 2013; Benito et al. 2015). As BCL2 is 

an important MLL-AF4 gene target, SEM cells were treated with EPZ-5676 and ABT-199. An 

enhanced anti-proliferative effect was observed using a combination of these inhibitors (Benito 

et al. 2015). Other epigenetic inhibitors, such as JQ1 and I-BET,  which target the BET family 

of bromodomain proteins, and MI-2-2, a menin inhibitor, have been shown to have enhanced 

anti-proliferative effect upon MLL-r leukaemias when used in combination with DOT1L 

inhibitors (Gilan et al. 2016; Dafflon et al. 2017). Taken together, this data suggests that 

combinatorial treatments with DOT1L inhibitors and other epigenetic drugs may be an 
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effective treatment approach for MLL-r leukaemias. Therefore, understanding further how 

DOT1L regulates this leukaemia is key to understanding which combinatorial therapies may 

be most effective. 

The aims of this DPhil project are: 

1. How is DOT1L recruited to MLL-AF4 gene targets 

2. Which gene targets are dependent upon DOT1L function in MLL-AF4 leukaemia 

3. What is the function of DOT1L and H3K79me at MLL-AF4 gene targets 
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Chapter 2 - Materials and Methods  
 

2.1 Tissue Culture methods  
 

2.1.1 Media and growth conditions of leukaemia cell lines 

 

All media was supplemented with 10% Heat-inactivated Fetal Bovine Serum (FBS #10500-

064, Gibco, Life Technologies), 1% GlutaMax (#A12860-01, Gibco, Life Technologies) 

(Table 2.1). 

Table 2-1. Media and components used for cell culture 

All cell lines were grown at 37°C and 5% CO2 (Table 2.2).  All cells grown in suspension, 

including SEM, MV4;11 and RS4;11 cells, were maintained between 0.5x106-2x106 cells/ml. 

Cell densities were determined using a haemocytometer in addition to using Trypan blue 

staining to determine live cells. Based upon cell densities cells were passaged usually every 2-

3 days. 

 

 

Media type Media component 

IMDM [+]L-Glutamine, [+]25mM HEPES (#21980-032, 

Gibco, Life Technologies) 

DMEM [+]4.5g/L D-Glucose, [+]L-Glutamine, [-]Pyruvate 

DMEM (#41965-039, Gibco, Life Technologies) 

RPMI [+]L-Glutamine (#21875-034, Gibco, Life 

Technologies) 

OPTIMEM Reduced Serum Medium (#51985-026, Gibco, Life 

Technologies). 
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2.1.2 Growth conditions of mouse embryonic stem cells (mESCs) 

 

mESCs were grown in round 10cm dishes and passaged at a 1:10 ratio. The dishes were coated 

for 10 minutes in 0.1% PBS-Gelatin (made in-house and autoclaved (Gelatin Solution, Type 

B, 2% in H2O, #G1393-100ML, Sigma, Life Science; PBS pH7.4, #10010-015, Gibco, Life 

Technologies). Gelatin was then aspirated and 10ml of DMEM plus appropriate supplements 

were added to the dish pre-emptively. mESCs were passaged at 90% confluency and diluted 

1/10 using diluted 0.1% trypsin diluted in PBS (0.5% Trypsin-EDTA (10X), #15400-054, 

Gibco, Life Technologies). This was then incubated for 3 minutes and quenched with FBS 

supplemented DMEM.  

2.1.3 Human Fetal Bone Marrow Samples (FBM) 

 

Human Fetal Bone Marrow cells (FBM) were processed by Sorcha O’Byrne in the laboratory 

of Irene Roberts and Andi Roy. Second trimester FBM cells were used for H3K79me3 ChIP 

seq experiments and were attained through the Human Developmental Biology Resource 

(www.hdbr.org). FBM cells were extracted by repetitive flushing of fetal long bones with 

DMEM. FBM cells were then red cell depleted by density gradient separation with Ficoll-

Paque Premium (GE Healthcare) to isolate Mono-Nuclear cells (MNCs). MNCs were then 

fixed as per the ChIP seq protocol and stored at -80ºC. 
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2.1.4 Patient-derived MLL-AF4 primograft cells 

 

Patient-derived MLL-AF4 primograft cells L826 patient cells were obtained from Newcastle 

Haematological BioBank and are covered by a generic approval given by the Newcastle & 

North Tyneside Ethics Committee (REC reference number: 07/H0906/109+5). The mouse 

transplantation experiments are covered by a Home Office Project licence PPL 60/4552. L826 

cells were initially derived from a diagnostic ALL patient sample, which were engrafted into 

NSG mice recipients prior to isolation from the spleen. Cells were thawed and maintained in 

RPMI with 20% serum before being fixed for ChIP seq experiments. 

2.1.5 Mycoplasma testing 

 

All cell lines generated or obtained were tested for mycoplasma using the Lonza MycoAlert 

mycoplasma detection kit. All cell lines used in this thesis were mycoplasma free. 
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Table 2-2. Cell line information 

 

2.1.6 Freezing and recovering cells 
 

All cell types were frozen down at a density of 1x107 in 10% Dimethyl-Sulphoxide (DMSO 

Hybri-MAX®, #D2650, Sigma, Life Science). Cells were spun at 1000rpm for 5 minutes and 

resuspended in warm media plus 10% DMSO and aliquoted into freezing vials. Cells were 

transferred to a freezing unit and stored at -80°C until being stored long term in liquid nitrogen 

cryo-storage. Upon recovery, cells were transferred from liquid nitrogen on dry ice and thawed 

Cell line Species Sub-

type/phenotype 

Media Supplements 

Embryonic 

Stem Cells 

Mouse E14, TOT2N 

variant 

(Blackledge et 

al., 2014) 

DMEM 10% FBS, 1% GlutaMax, 1% Penicillin (100Units/ml), 

Streptomycin (100Units/ml), 1% LIF (made in house), β-

mercaptoethanol 

SEM Human MLL-AF4 Pre-

B cell ALL 

IMDM  10% FBS, 1% GlutaMax 

MV4;11 Human MLL-AF4 

Monocytic AML 

IMDM   10% FBS, 1% GlutaMax 

RS4;11 Human MLL-AF4 Pre-

B cell ALL 

RPMI  10% FBS, 1% GlutaMax 

  

MLL-AF4 

primograft 

cells 

Human MLL-AF4 ALL IMDM   10% FBS, 1% GlutaMax 
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at room temperature. Cells were then spun at 1000rpm for 5 minutes to remove DMSO and 

resuspended into the necessary volume of media and incubated. 

 

2.2 RNAi and cell transfection methods 
 
 

2.2.1 siRNA knockdown assays using electroporation 

 
 

siRNA knockdown assays were performed using a rectangle pulse EPI 2500 electroporator 

(Fischer Heidelberg, Germany (Martinez et al. 2004)), 5x106 cells at 350V for 0.1 seconds in 

a 2mm cuvette. All siRNA knockdown assays carried out in this thesis were upon SEM cells 

using 2µg of siRNA (Table 2.3). Following electroporation, incubation at room temperature 

for 15 minutes was carried out. The cells were then transferred back into 5ml of warm IMDM 

(supplemented with 10% FBS and 1% GlutaMax). Cells were then cultured for 48 hours. After 

48 hours, cells were counted and the electroporation was repeated. Following an additional 48 

hours, cells were harvested and processed for downstream applications.  

Table 2-3. Specific siRNAs used 

 

 

 

 

 

 

 

 

 

 

siRNA target Company/Catalogue number 

DOT1L Ambion/s39010/s39012 

AF9 Ambion/s8826/s8828 

ENL Ambion/s8820/s8822 

PROM1 Ambion/s16879/s16880 

Negative targeting control Ambion/4390847 
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2.2.2 Lipofectamine transfection and generation of stable mESC lines 

 

 

mESCs were grown to 60% confluency in a 10cm dish. Media was removed and the cells were 

washed using PBS. Cells were replenished with 9ml of fresh media. 28µg of DNA (as per the 

lipofectamine 2000 protocol) and 80µl of lipofectamine 2000 (#11668-019, Invitrogen, Life 

Technologies) were mixed together with 1ml of optimem. This mixture was incubated for 5 

minutes at room temperature. Following incubation, the mixture was gently pipetted onto 

mESCs. Cells were incubated for 48 hours and were either harvested for downstream 

applications or selected to make a stable cell line. For stable selection, 1µg/ml of puromycin 

(Sigma) was added to the cells. After 24 hours, media and puromycin were replenished and 

cells were washed. Puromycin selection was continued for 7-10 days until colonies formed. 

Colonies were picked and resuspended into 150µl media (+1µg/ml puromycin) in a gelatinised 

96-well dish. Cells were passaged and expanded to a 6-well dish. Western blot analysis was 

performed to verify the expression of the integrant. 

 

2.2.3 Generation of inducible shRNA SEM cell lines 

 

SEM cells were lentivirally transduced using spinoculation with inducible shRNA plasmid. 

This work was carried out by Ryan Beveridge (funded by the BRC). Following 24 hours, cells 

were selected for using 1µg/ml puromycin. Cells were plated onto methylcult media (H4100; 

STEMCELL technologies) for 14 days and colonies were picked and expanded. Following 

expansion, clones were induced with 2µg/ml doxycycline followed by FACs analysis to 

determine GFP expression, and processed for downstream applications. 
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2.3 EPZ-5676 assays 
 

2.3.1 EPZ-5676 treatment 

 
 

Cells were seeded at 0.2x106 cells/ml in 50ml of media. Cells were treated with EPZ-5676 

(Epizyme) 0.5µM, 1µM and 2µM or with 0µM (DMSO only) control. Cells were grown for 7 

days, with a change of fresh media and EPZ-5676 at day 3 and 6, where the cells were counted 

and split to 0.5x106cell/ml and 0.7x106cells/ml, respectively. At day 7, EPZ-5676 treated cells 

were harvested and processed for downstream applications.  

 

2.3.2 Cell viability assay following EPZ-5676 treatment 

 

Cells were assayed for viability using the Cell Titre Glo 2.0 kit (Promega G9241) as per the 

manufacturer’s protocol. Cells were grown as indicated in section 2.3.1. 1x106 cells were 

aliquoted into a 96 well opaque plate. An equal volume of Cell Titre glo reagents was added to 

the wells. A medium only well was used as a background control. Reagent plus cells were 

mixed and incubated at room temperature for 10 minutes. Following this, the luminescence 

was read and analysed. 

2.3.3 Colony assay coupled with EPZ-5676 treatment 

 

SEM cells were treated with EPZ-5676 for 7 days (section 2.3.2). At day 7, SEM cells were 

plated at a density of 1x103 cells, in triplicate in Methylcult media (supplemented with 20% 

FBS). All colonies were grown for 14 days (37°C, 5% CO2) and counted. 
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2.4 Cloning methods 
 

2.4.1 Polymerase Chain Reaction (PCR)  

 

 

All PCR used in the cloning part of this project was done using KAPA HiFi HotStart mix. 10ng 

plasmid DNA was mixed with 1.5µL 10mM forward/reverse primers and 12.5µL 2X KAPA 

HiFi HotStart Ready Mix and rest with water to a total of 25µl. This was then ran using the 

thermos cycler (T100 Thermal Cycler, Bio-RAD) (Table 2.4). 

Table 2-4. PCR amplification programme 

 

 

 

 

 

 

 

 

 

 

 

This programme is a rough guide to what is generally used but can vary depending upon the 

template being amplified and the primers used. Depending upon downstream application, PCR 

products were purified either using the Qiagen PCR purification kit (Cat No: 28104) or Qiagen 

gel extraction kit (Cat No: 28104) as per the manufacturer’s protocol. 

 

 

 

Step Temperature (°C) Time (min) Cycles 

1 95 3.00 1 

2 98 0.20  - 

3 65 0.15  - 

4 72 1.00 Repeat step 2-4 x30 

5 72 2.00 1 

6 4 Hold  - 
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2.4.2 Restriction enzyme digestion 

 
 

Depending upon the restriction enzyme used and company (either NEB or Thermo scientific) 

conditions for each reaction varied to follow the manufacturer’s protocol. Usually, 1µg of DNA 

was used in the reaction. The correct size fragment was isolated using a TAE agarose gel of an 

appropriate percentage and purified using Qiagen gel extraction kit. To ligate a vector and 

insert following restriction digest, T4 DNA ligase (400,000units/mL, #M0202S, NEB) was 

used overnight at 16°C. Different ratios of Vector:Insert were used depending upon the size of 

each. 

 

2.4.3 Ligation Independent cloning (LIC) 

 

The vector was initially digested with restriction enzyme BaeI (Table 2.5). 

Table 2-5. LIC digestion reaction mix 

Component Amount  

LIC vector 5µg 

10x cutsmart buffer 1x (5µl) 

BaeI (NEB #R0613L) 1µl 

SAM (NEB #B9003S) 1µl 

MQ Up to 50µl 
 

The reaction was incubated at 25°C overnight and supplemented with an extra 1µl of both BaeI 

and SAM during this incubation. The correct size band was then excised using Qiagen gel 

extraction kit. The insert was PCR amplified and purified using primers containing 15bp LIC 

sites, complementary to sites flanking the BaeI-digestion sites on the LIC vector. The LIC 

reaction was then carried out on both vector and insert (Table 2.6). 
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Table 2-6. LIC reaction mix 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This reaction was carried out for 30 minutes at 22°C followed by 20 minutes at 75°C for heat 

inactivation. This reaction uses the 3’ to 5’ exonuclease activity of T4 DNA polymerase to give 

rise to complementary overhangs between vector and insert. The addition of dGTPs or dCTPs 

prevents the exonuclease activity from chewing back the DNA more than the 15bp overhang. 

The fragments are then purified using Qiagen PCR purification kit. The vector and insert were 

then incubated together using different molar ratios at room temperature for 30 minutes. The 

ligation mix was then transformed into chemically competent bacteria. 

 

Vector reaction Volume (µl) Insert reaction Volume 

(µl) 

T4 DNA polymerase 

(NEB#M0203L) 

3 T4 DNA polymerase 3 

dGTPs (Thermo#R0161) 2 dCTPs (Thermo 

#R0151) 

2 

Buffer 2.1 (NEB#B7202S) 5 Buffer 2.1 5 

Vector 10 Insert 10 

Water 25 Water 25 

  50µl total   50µl total 
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2.4.4 Site directed mutagenesis  

 

Site directed mutagenesis was carried out for on TetR-AF9 plasmid following NEB Q5 site 

directed mutagenesis protocol (Cat. no. E0554). 

2.4.5 Bacterial transformations 

 
 

High transformation efficiency E.coli HST08 strains (Stellar Competent Cells, #636763, 

Clontech Laboratories Inc.) were thawed on ice. 5µL DNA from ligation reactions was added 

to 50µL cells and incubated on ice for 30 minutes. Maxiprep or miniprep DNA was used at 

much lower concentrations. The bacteria were heat-shocked at 42˚C for 45 seconds and 

immediately incubated on ice for 2 minutes. 450µl of SOC media was added to the bacteria 

and this was incubated at 37°C for 1 hour at 220rpm. 50µl of bacteria was spread onto agar 

plates containing 50µg/ml of the appropriate antibiotic. Plates were then incubated at 37°C 

overnight. Colonies were then pick and grown and DNA was purified using either the Qiagen 

miniprep or maxiprep kit as per the manufacturers protocol. 

 

2.5. Protein methods  
 
 

2.5.1 Whole cell extracts 

 
 

Whole cell extracts were performed upon 1x106 cells. Cells were washed using PBS and 

resuspended in 2x NuPAGE® LDS Sample Buffer (NP0008). Samples were heated at 95°C 

for 5 minutes, cooled and sonicated using a Bioruptor (Diagenode) at high frequency, 30s 

on/30s off for 5 minutes. Samples were stored at -20°C for downstream applications, such as 

western blotting. 
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2.5.2 Salt soluble cell extraction 

 
 

1x106 cells were washed with PBS and pelleted.  Cells were resuspended in 50µl of BC300 

(20mM Tris HCl pH 7.5; 20% glycerol; 300mM KCl; 5mM EDTA) + 0.5% NP40 + Protease 

inhibitor cocktail (Roche) and incubated on ice for 30 minutes. Cells were then spun down at 

13000rpm for 10 minutes at 4°C. 50µl of 2 x NuPAGE LBS sample buffer plus 0.1% β-

mercaptoethanol was then added to the supernatant. The pellet was retained for histone acid 

extraction protocol if required. 

 

2.5.3 Histone acid extraction 

 
 

The pellet was retained (Section 2.5.2) from 1x106 cells. 50µl of 0.4M HCl was added to the 

pellet and incubated on ice for 30 minutes. This was spun at 13000rpm for 5 mins at 4°C. 1ml 

ice cold acetone was added to the supernatant and stored at -20°c overnight. The sample was 

then spun at 13000rpm, 5 minutes, 4°C and the acetone removed. The pellet was then washed 

x2 with ice cold acetone and spun down 13000rpm, 5minutes, 4°C. The pellet was then airdried 

at room temperature and resuspended in NuPAGE LBS sample buffer plus 4mol Urea to aid 

resuspension. This was then stored at -20°C or ran immediately on an SDS-PAGE gel. 

 

2.5.4 SDS PAGE 

 

Pre-cast 4-12% Bis-Tris gels (Novex, Life Technologies) were used for proteins up to 200kDa 

with exception of histone protein detection where 12% Bis-Tris gels were used. 1X MOPS 

SDS Running Buffer (NuPAGE® MOPS SDS Running Buffer (20X), #NP0001, Novex, Life 

Technologies) was used for detection of non-histone proteins. 1x MES SDS Running buffer 

was used for the detection of histone proteins (NuPAGE MES SDS Running buffer (20X) 

#NP0002, Novex, Life technologies). Gels were run at 180V for approximately 1 hour. The 
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protein molecular weight ladder used was the Precision Plus Protein Kaleidoscope (Biorad 

#110375). 

2.5.5 Western blotting 

 

Proteins were transferred to a PVDF membrane (Immobilon®-P Transfer Membrane, 

#IPVH00010, EMD Millipore) using a wet transfer setup. Gel and membrane were sandwiched 

between filter paper and 2x sponges and submerged in a tank filled with transfer buffer 

(192mM glycine; 25mM Trizma® base; 10% methanol). 100V was supplied to the tank for 1 

hour at 4°C. For DOT1L western blotting, 0.05% SDS was added to the transfer buffer to 

encourage optimal transfer. The transfer was also performed overnight at 25V, 4°C. 

Following transfer, membranes were incubated in Ponceau stain (SIGMA-ALDRICH P-7170-

1L) for 5 minutes and washed x3 in 100% methanol. The membrane was then dried, re-hydrated 

and blocked in 5% milk for 1 hour. Membranes were then incubated with antibody overnight 

at 4°C. The following day the membrane was washed for 5 minutes x3 in 0.05% TBS-Tween 

and subsequently incubated in 5% milk with the appropriate secondary antibody. The 

membrane was then washed for a further 5 minutes x3 with 0.05% TBS-tween and then probed 

using ECL. (ECL Prime Western Blotting Detection Reagent, #RPN2232, Amersham, GE 

Healthcare) Solutions A & B were mixed in a 1:1 ratio and added over the membrane and 

incubated for 5 minutes. Excess solution was removed and the membrane was developed using 

chemiluminescence film (Amersham Hyperfilm ECL, #28906837, GE Healthcare) and 

Xograph Imaging. 
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Table 2-7. Antibody information 

Antibody name Ordering information Species Working concentrations 

(W.B = western blot) 

DOT1L Bethyl A300-593A/594A Rabbit  1:1000 W.B and 1:5000 ChIP 

AF9 Bethyl A300-597A Rabbit  1:5000 W.B and ChIP 

ENL Bethyl A302-267A Rabbit  1:5000 W.B and ChIP 

AF17 Bethyl A302-198A Rabbit  1:5000 ChIP 

PAF1 Bethyl A300-172A Rabbit  1:5000 W.B and ChIP 

TetR (FS2) Klose lab Rabbit  1:1000000 W.B and 1:5000 

ChIP 

AF4 Abcam ab31812 Rabbit  1:5000 ChIP 

AFF4 Bethyl A302-538A Rabbit  1:5000 ChIP 

H3K79me3 Diagenode C15410068 Rabbit  1:10000 W.B and 1:5000 ChIP 

H3K27ac Diagenode C15410196 Rabbit  1:10000 W.B and 1:5000 ChIP 

H3K9ac Abcam ab4441 Rabbit 1:10000 W.B and 1:5000 ChIP 

H3K9me2 Abcam ab1220 Mouse  1:10000 W.B and 1:5000 ChIP 

H3K9me3 Abcam ab8988 Rabbit  1:10000 W.B and 1:5000 ChIP 

CBX8 Bethyl A300-882 Rabbit  1:5000 ChIP 

TBP Bethyl A301-229A Rabbit  1:5000 ChIP 

RNAPII serine 2 phos  Abcam ab5095 Rabbit  1:2000 ChIP 

H3 Abcam ab1791 Rabbit  1:1000000 W.B 
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2.6 Chromatin Immunoprecipitation (ChIP)  

 

2.6.1 Fixation 

 

Cells were counted, spun down (1000rpm, 5 minutes) and washed with PBS. All ChIP qPCR 

experiments were carried out on 1x107 cells unless indicated otherwise. For ChIP seq 

experiments 4x107 SEM cells were used (fixed as separate 1x107 cell pellets). Cells were then 

either double or single (histone modifications only) fixed. 

For double fixation, cells were fixed in 1mL 2mM disuccinimidyl glutarate (DSG, #80424-

50MG-F, Sigma) and rotated at room temperature for 30 minutes. This was followed by 

centrifugation (13000rpm, 1 minutes) and removal of DSG. The pellet was then resuspended 

in 1mL 1% formaldehyde (FA) and rotated at room temperature for 30 minutes. For single 

fixation, cells were fixed in 1mL 1% FA and rotated at room temperature for 10 minutes. Fixed 

material was spun (13,000rpm, 1 minute) and the pellet was rinsed in PBS before being frozen 

on dry ice.  

 

2.6.2 Day 1 

 

Fixed pellets were thawed on ice and resuspended in 100µL SDS lysis buffer (50mM Tris-HCl 

pH8.1; 10mM EDTA; 1% SDS) plus 1:1000 protease inhibitor cocktail and syringe-passage 

through a 27-gage (27G) needle. Lysed sample was transferred to a small Covaris tube 

(microTUBE AFA Fiber Pre-Slit Snap-CAP 6x16mm, #520045, Covaris Inc) for use in a 

H4 Abcam ab10158 Rabbit 1:1000000 W.B 

GAPDH Bethyl A300-641 Rabbit  1:10000 W.B and 1:5000 ChIP 

Anti-Rabbit HRP (2°) Sigma A6667 Goat  1:10000 W.B 

Anti-Mouse HRP (2°) Sigma A4416 Goat  1:10000 W.B 
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Covaris sonicator (S220, Covaris Inc.). Tubes were loaded into the degassed water at 4˚C and 

run using the Covaris SonoLite software. The parameters used were: Duty cycle = 10% 

Intensity = 5 Cycles / burst = 200 Duration = 300s. For single-fixed material this setup was run 

once whereas for double-fixed material this was done twice. After sonication, samples were 

transferred to Eppendorf tubes and spun at 13,000rpm for 10 minutes at 4˚C.  

Supernatant was retained and diluted 1:10 in ChIP dilution buffer (16.7mM Tris-HCl pH8.1; 

167mM NaCl; 1.2mM EDTA; 0.01% SDS; 1.1% Triton X-100 (#X100-100ML, Sigma)) 

(CDB). Protein A/G Dynabeads (#10001/4D, Novex, Life Technologies) were resuspended in 

CDB and added to the chromatin in CDB for pre-clearing. This was incubated at 4˚C for 30 

minutes, with rotation. After pre-clearing, samples were spun at 3,200rpm for 2 minutes and 

chromatin was split into 1mL aliquots with 2, aliquots of 50µL being retained for input material 

and for sonication efficiency testing. Antibodies were added to the 1mL aliquots and incubated 

with rotation at 4˚C overnight (See table 2.7 for antibodies and dilutions). 

 

2.6.3 Day 2  

 

10µL of Protein A/G Dynabeads (resuspended in CDB) were added to each 1mL ChIP aliquot 

and incubated at 4˚C for 3-5 hours, with rotation. Beads were washed twice in RIPA wash 

buffer (50mM HEPES-KOH pH7.6; 500mM LiCl; 1mM EDTA; 1% NP-40; 0.7% Na-

Deoxycholate) using a magnetic stand, the material was transferred into a new tube following 

the first wash. Beads were washed in TE + 50mM NaCl and spun at 3200rpm for 2 minutes. 

Following this, supernatant was removed and beads were eluted in 105µL elution buffer and 

incubated at 65˚C for 30 minutes. Beads were spun at 13000rpm for 1 minute and 100µL eluted 

material was transferred to new Eppendorf tubes. Samples were then incubated at 65°C 

overnight for de-crosslinking. Input samples were diluted to 100µL and put at 65˚C overnight.  
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2.6.4 Day 3 

 

 1µL RNAse A (10mg/mL, #EN0531, Thermo Scientific) was added to each sample and 

incubated at 37˚C for 30 minutes. 1µL Proteinase K (20mg/mL, #EO0491, Thermo Scientific) 

was added to each sample and incubated at 45˚C for 30 minutes. DNA was extracted using the 

Qiagen PCR Purification kit and eluted in 200µl water for ChIP qPCR. For ChIP seq 

experiments, DNA was eluted into 51µl and samples were quantified using the qubit DNA 

quantification protocol as per manufactures protocol. Samples were stored at -20˚C. 

 

2.6.5 RT-qPCR  

 

ChIP material or cDNA was used in Real Time Quantitative Polymerase Chain Reaction (RT-

qPCR) for the detection of gene targets or gene expression, respectively. For SYBR green 

primers, 5µL of DNA was added to 20µL reaction mix (12.5µL Fast SYBR® Green Master 

Mix (#4385612, Applied Biosystems); 0.25µL forward primer (10µM); 0.25µL reverse primer 

(10µM); 7µL water) in a single well of a 96-well PCR plate (MicroAmp Fast Optical 96-well 

Reaction Plate, #4346906, Applied Biosystems). For TaqMan primers, 5µL DNA was added 

to 15µL reaction mix (10µL TaqMan® Fast Advanced Master Mix (#4444557, Applied 

Biosystems); 1µl primer/probe mix (Invitrogen) 4µL water) in a single well. Plates were sealed 

with film (MicroAmp Adhesive Film, #4311971, Applied Biosystems) and spun at 1000rpm 

for 1 minute before being run on a RT-qPCR machine (7500 Fast Real Time PCR System, 

Applied Biosystems). Reactions were run using the following RT-qPCR program (ΔΔCT; Fast; 

DNA) (Table 2.8). 
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Table 2-8. qPCR protocol 

 

 

Primers for RT-PCR were designed and ordered using IDT primer quest tool (SYBR green 

only). Primer lengths of between 20-25bp and a melting temperature of between 55-60°C were 

chosen in addition to a product size of 100bp. ChIP qPCR input material was used to validate 

the efficiency of primers before use.  Melt cure analysis of all new primers was carried out to 

validate no off-target binding and primer dimers. Primer sequences used in this thesis are 

available upon request. 

 

2.6.6 ChIP rx 

 

ChIP rx was performed exactly as described for ChIP seq experiments apart from the addition 

of Drosophila melanogaster S2 cells (kindly provided by the Fulga lab) during the lysis step of 

the protocol. S2 cells were fixed as described above for ChIP qPCR and ChIP seq applications 

and added to the human samples prepared for ChIP seq in a 1:4 ratio during the lysis step, 

before sonication. The normal ChIP seq protocol was followed from this point onwards. ChIP 

Temperature (⁰ C) Time (s) Cycles 

95 20 1 (initial denaturation) 

95 3 40 (Denaturation, Annealing and 

extension) 60 30 

95 15 1 (Melt curve stage, optional) 

60 60 

95 15 

60 15 
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rx was performed on SEM cells treated with EPZ-5676. ChIP rx was validated using dm3 

specific primers (available upon request). 

 

2.6.7 Preparation of libraries for ChIP seq and ChIP rx  

 

Following QC of the ChIP experiment (including qubit quantification and qPCR) next 

generation sequencing libraries were made. The NEBNext® Ultra™ DNA Library Prep Kit for 

Illumina® (Cat no. E7370L) and NEBNext Multiplex oligos for illumina (Cat. no. 

E7335L/E7500L) were used for preparing all ChIP seq and ChIP rx libraries, as per 

manufactures instruction.  

2.7 RNA methods 
 

2.7.1 Total RNA Extraction 
 

RNA was extracted using 1x106 cells. To extract whole cell RNA the Qiagen RNeasy Mini Kit 

(#74106) was used as per the manufacturer’s instructions. RNA was quantified using the 

NanoDrop (Thermo scientific) and stored at -80˚C.  

 

2.7.2 Generation of cDNA 
 

8µL RNA was mixed with 1µL dNTP Mix (10mM, #18427-013, Invitrogen) and 1µL 

random hexamers (50µM, #S06405, Roche) and placed at 65˚C for 5 minutes before being 

snap-cooled on ice for 2 minutes. When working with multiple samples, the same amount of 

RNA was inputted into the cDNA reaction. The mixture was added to 10µL reaction master 

mix (Table 2.9). The reaction was run using a thermocycler (BioRad) (Table 2.10). 
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Table 2-9. RT-PCR reaction mix 

 

 

 

 

 

 

 

 

 

Table 2-10. RT-PCR protocol 

 
 

 

 

 

 

 

 

 

 

 

 

The PCR reaction mixture was diluted with 200µL water and cDNA was stored at -20˚C for 

downstream applications.  

Component Amount 

5x First strand buffer (Invitrogen #02321) 4µl (1x) 

0.1M DTT (Invitrogen #00147) 2µl 

RNaseOUT (40 units/µl Invitrogen #51535) 1µl 

Superscript III reverse transcriptase (200 

units/µl Invitrogen #56575) 

1µl 

MQ water 2µl (10µl total) 

Step Temperature (°C) Time (min) Cycles 

1 95 3.00 1 

2 98 0.20  - 

3 65 0.15  - 

4 72 1.00 Repeat step 2-4 x30 

5 72 2.00 1 

6 4 Hold  - 
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2.8 Nascent RNA extraction 
 

1x108 cells were treated with DMSO, 0.5µM, 1µM and 2µM of EPZ-5676 and harvested on 

day 7 (section 2.3), for nascent RNA extraction.  

 

2.8.1 Trizol RNA preparation 

 

 

50µM of 4-thiouridine (Sigma, T4509 4-thiouridine, 100mg) was added to the cells in media. 

Cells were incubated for 1 hour to allow labelling of nascent transcripts to occur. Cells were 

spun down, 1000rpm for 5 minutes. Media was removed and 10ml TriZol (Thermo Scientific 

#15596026) was added to the cell pellet, shaken vigorously and incubated at room temperature 

for 5 minutes. 2ml Chloroform was added to the TriZol mixture and vigorously shook for 15 

sec, followed by a 3 minute incubation at room temperature. Samples were centrifuged at 

13,000xg for 15 minutes at 4°C. The aqueous upper phase was transferred into a fresh 15ml 

falcon and 1x volume of isopropanol was added. Samples were mixed and incubated at room 

temperature for 10 minutes, and spun at 13,000xg, 10 minutes at 4°C. The supernatant was 

removed, and the pellet was washed with 10ml of 75% ethanol. Samples were centrifuged 

13,000 g for 10 minutes at 4°C and the ethanol was removed. Samples were resuspended in 

87ul of RNase free water and incubated at 65°C for 10 minutes. Samples were treated with the 

TURBO DNA-free™ Kit (Thermo-fisher #AM1907) following the manufactures instructions.  
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2.8.2 Biotinylation assay 

 

A Biotinylation reaction mix was generated (Table 2.11). 

Table 2-11. Biotinylation reaction mix 

Component Amount 

RNA 100µg 

1mg/ml Biotin-HPDP 

(pierce, 50mg EZ-link Biotin-HPDP #21341) 

200µl 

10x Biotinylation buffer 

(100mM Tris pH 7.4;10mM EDTA) 

100µl 

RNAse free water 700µl 

 

The reaction was incubated at room temperature for 1.5 hours with rotation. Following this, an 

equal volume of Chloroform/Isoamylalcohol (24:1) was added, mixed vigorously and 

incubated for 2–3 minutes at room temperature in phase lock gel heavy tubes (Eppendorf 0032 

005.152). Samples were centrifuged at 130000xg for 5 minutes. This step was then repeated 

and then transferred into a 1.5ml tube. Precipitation of RNA was carried out by adding 1:10 

reaction volume of 5M NaCl, 1x volume isopropanol and centrifuged at 13 0000g for 20 

minutes at 4°C. Supernatant was removed and pellets were washed with 75% ethanol and 

resuspended in 100µl 1x TE. 
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2.8.3 Isolation of labelled RNA  

 
 

RNA samples were heated to 65°C for 10 minutes. Samples were mixed with 100µL 

streptavidin beads (µMacs Streptavidin Kit, Miltenyi, Order No. 130-074- 101) and incubated 

with rotation for 15 minutes. uMacs columns were then equilibrated on a magnetic stand using 

wash buffer (100mM Tris pH 7.5; 10mM EDTA; 1M NaCl; 0.1% Tween20). RNA samples 

were then added directly to the column and flow through discarded. Columns were washed 3x 

900µl, 65°C wash buffer and then 3x with room temperature wash buffer. RNA was eluted into 

700µl buffer RLT by adding 10µl 100mM DTT. This step was repeated. The RNeasy MiniElute 

cleanup kit (#74204) was used as a final step as per the manufacturer’s instructions and eluted 

with 40µl RNAse free water.   

 

2.8.4 Nascent RNA sequencing library prep 

 
 

Nascent RNA seq libraries were prepared using NEBNext Ultra directional RNA library prep 

kit for illumina and NEBNext Multiplex olgios for illumina (Cat. no. E7335L/E7500L) (NEB 

#E7530), following manufacturer’s instructions. 

 

2.9 ATAC seq 
 
 

The ATAC seq protocol was adapted from (Buenrostro et al. 2013). 50 000 SEM cells were 

harvested and washed in PBS and resuspended gently in 50µl cold lysis buffer (10mM Tris-

HCl, pH 7.4; 10mM NaCl; 3mM MgCl2; 0.1% IGEPAL CA-630). Cells were spun down 

immediately at 500xg for 10min at 4°C. The supernatant was discarded and the pellet was set 

on ice and resuspended in a transposase reaction mix (Table 2.12). 
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Table 2-12. Transposase reaction mix 

Component Amount 

2x TD Buffer (Illumina Cat #FC-121-1030)  25μL  

Tn5 Transposes (Illumina Cat #FC-121-1030)  2.5μL  

Nuclease Free H2O 22.5μL  

 

The reaction was incubated at 37°C for 30 minutes. DNA was purified using a Qiagen 

MinElute Kit as per manufactures instruction. DNA was eluted in 10µL 10mM Tris pH 8. 

 

2.9.1 ATAC seq library preparation 
 

The DNA fragments were amplified in a PCR reaction (Table 2.13). The amplified library was 

purified using Qiagen PCR clean up kit and eluted in 20µL water. 

 

Table 2-13. ATAC library prep reaction mix 

Components Amount 

Transposed DNA 10µl 

Customised universal primer 2.5µl 

Customised index primer 2.5µl 

2x NEBNext high-fidelity 2x PCR master mix 25µl 

Nuclease free water 10µl 
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Table 2-14. ATAC library prep PCR amplification protocol 

 

 

 

 

 

 

2.10 Capture-C 
 

For in-depth description of this protocol please refer to (Davies et al. 2016). 

2.10.1 3C library preparation 

 
2x107 SEM cells were fixed with 2% formaldehyde for 10 minutes with rotation. The fixed 

cells were then resuspended in lysis buffer and frozen at -80°C. The cell pellet was then thawed 

and lysis buffer removed. The pellet was resuspended in DpnII buffer and dounce 

homogenisation was performed with a total of 50 strokes. The homogenate was then spun down 

and supernatant discarded. The pellet was resuspended in DpnII buffer and digestion reactions 

were set up with the DpnII enzyme. Necessary controls were also set up with undigested 

chromatin. Digests were incubated overnight at 37°C, shaking. Additional DpnII was added 

twice throughout the digest. Following this, a ligation reaction was then carried out, adding 

DNA ligase and ligation buffer to the reaction and overnight incubation. The material was then 

de-crosslinked (65ºC, overnight) and then DNA was extraction using a phenol-chloroform 

extraction method. 

 

 

Step Time (min) Temperature (ºC) 

1 5.00 72 

2 0.30 98 

3 0.10 98 

4 0.30 63 

5 1.00 72 (Repeat steps 3-5 x12) 

6 Hold 4 
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2.10.2 Addition of Illumina sequencing adapters 
 

10-12µg of 3C library was sonicated using the following settings: Duty cycle: 10%, Intensity: 

5, Cycles per burst: 200, Time: 360 seconds. This was followed by an Ampure XP SPRI bead 

clean at a 1:1.9 ratio of material to beads as per manufacturer’s protocol. Libraries were then 

made using the NEBNext DNA library preparation kit, as per the manufacturer’s protocol.  

 

2.10.3 Capture step 

 
 

Capture probe oligonucleotides (see table 2.15 for list of capture oligos used in this experiment) 

are reconstituted to 2.9nM total concentration. 1-2µg of differentially indexed samples were 

mixed at a ratio of 1:1 to generate a pooled library. The hybridisation reaction was then 

performed. 1-2µg of pooled indexed library was mixed with 5µg of COT DNA (Nimblegen), 

1nmol of TS-HE Universal Oligo and 1nmol TS-HE, all supplied from the Nimblegen kit. This 

mixture was vacuum centrifuged at 50ºC until all liquid was evaporated. To this, 7.5µl 2x 

hybridisation buffer and 3µl hybridisation component was added (per library in the pooled 

sample). This was then denatured at 95ºC for 10 minutes and added to Biotinylated capture 

oligos at 47ºC for 72 hours. Following 72 hours material was washed using Nimblegen wash 

kit.  Streptavidin beads were prepared and washed and added to captured material (100µl per 

library in the pooled sample). This was mixed at 47ºC, 600rpm for 45 minutes. This material 

was then washed using Nimblegen wash buffers. DNA was then amplified (on the beads) using 

KAPA HiFi HotStart ready mix, followed by an Ampure XP SPRI bead clean up. 
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Table 2-15. List of oligo probes and positions used in Capture-C experiments 
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2.10.4 Double Capture 

 
 

Up to 2µg of DNA from the first capture was used and the protocol from the first capture was 

repeated. This time only a single volume of hybridisation reaction is used. The reaction was 

incubated at 47ºC for 24 hours. This was followed by a second round of PCR amplification and 

bead clean up. The final Capture-C library was then quantified using KAPA library 

quantification kit and stored at -20ºC for sequencing. 

 

2.11 Sequencing 
 

Prior to sequencing all libraries were quality controlled by analysis on a 2200 TapeStation 

instrument (Agilent technologies) as per the manufactures instructions to check for 

amplification and lack of adapter dimer. Libraries were quantified using KAPA Universal 

Complete Kit (KK4824, Kappa Biosystems) as per manufactures instruction. All libraries were 

sequenced using the NextSeq 500 platform (illumina), using paired end reads. For ChIP seq 

and ATAC seq, a 75 cycles high kit was used. For Nascent RNA seq a 150 cycles high kit was 

used. For Capture-C, a 300 cycles high kit was used. 

2.12 Bioinformatics analysis of ChIP seq, ChIP rx and ATAC seq data 
 

2.12.1 Mapping and quality control 
 

Pair-ended ChIP seq/ATAC seq data was mapped using a pipeline developed by Jelena 

Telenius. Version 10.1 of the “DnaseANDChIP” pipeline was used. In summary, the pipeline 

performs quality control checks of ChIP seq fastq files, trims adaptors and merges reads if 

required. Reads were then mapped to hg19 (or hg19 and dm3 for ChIP rx seq) and duplicates 

were removed. It employs the following modules: samtools/0.1.19, bedtools/2.17.0, 

fastqc/0.10.1 bowtie/1.0.0, cutadapt/1.2.1 and trim_galore/0.3.1. ATAC seq data was mapped 
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against hg19 with the same parameters except the distance between paired end reads was set to 

1000bp using different illumina adapters. 

 

2.12.2 Visualisation of data 

 
 

The HOMER tool (vs 4.7) (Heinz et al. 2010) was used for generation of bigwig files for 

visualisation in the UCSC genome browser. For HOMER to process the data, the bam file must 

be converted into a TagDirectory. This was performed using the makeTagDirectory tool. To 

visualise the data on UCSC, bed graph or bigwig files were generated from the Tag directories. 

This was done using the makeUCSCfile tool or makebigWig tool. Importantly, all files were 

normalised to 1x107 million reads, except from ChIP rx files which were normalised using 

calculated normalisation factor. 

 

2.12.3 Determination of the Normalization Factor in ChIP rx.  

 
 

For a detailed description of the basis and derivation of the ChIP rx normalisation factors, 

please refer to Orlando et al., 2014. In brief, the D.melanogaster normalisation factor is 

calculated based upon the number of reads mapping to dm3 in each sample. Because the same 

amount of S2 cells were added to each sample, the resulting signal should be equilibrated across 

experiments. The reference normalisation factor is calculated as 1/number of reads mapping to 

dm3 per million. This contrasts with traditional normalisation which used 1/number of reads 

mapping to hg19 per million. 

 

2.12.4 Peak calling 

 
 

H3K79me2/3 peak calling was performed by Ross Thorne for SEM, FBM and MLL-AF4 

patient samples. This was done using the Homer package and the findPeaks command. 
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Furthermore, the histone modification -style histone flag was used to identify broad domains 

of H3K79me. 

 

2.12.5 Nascent RNA-seq analysis 

 

Quality control using the fastQC package was performed 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc), reads were aligned using STAR 

(Dobin et al., 2013) against hg19. Gene expression levels were quantified as number of reads 

using the featureCounts function from the Subread package with default parameters (Liao et 

al. 2014). The read counts were used for the identification of global differential gene expression 

between specified populations using the edgeR package (Robinson et al. 2010). RPKM values 

were also generated using the edgeR package. Genes were considered differentially expressed 

between samples if they had an adjusted p-value (FDR) of less than 0.05. 

2.12.6 Capture-C analysis 

 

Capture-C data was analysed using an in-house pipeline generated by Jelena Telenius, James 

Davies and Marieke Oudelaar. Capture-C probes were designed using the CapSequm tool 

(http://apps.molbiol.ox.ac.uk/Cap) 

 

 

 

 

http://apps.molbiol.ox.ac.uk/Cap
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Chapter 3 - DOT1L complex stabilisation at 
MLL-AF4 gene targets 
 

3.1 Introduction 
 

3.1.1 Understanding protein interactions and recruitment 

 

The concept of recruitment is often used in the field to refer to the localisation of specific 

proteins at specific genes. However, the use of the word “recruitment” would seem to imply 

that this must be a directed or deterministic process at the molecular level. It has been shown 

that transcription factors find binding sites via stochastic facilitated diffusion, constantly 

sampling the DNA (Hammar et al. 2012; Hammar et al. 2014; Elf et al. 2007; Marklund et al. 

2013). This mechanism is driven by non-specific interactions which have short residency times 

and specific interactions which have comparatively longer residency times (Elf et al. 2007; 

Hammar et al. 2012). This suggests that the recruitment of a protein at a gene may be a 

consequence of stochastic facilitated diffusion until pausing at a specific binding site leads to 

a stable binding event. Therefore, to understand recruitment, it is important to consider that 

stable binding and increased residency time of a protein at a specific binding site is generated 

via the dissociation constant or KD which can potentially be established through multiple 

interactions (Ruthenburg et al. 2011).  

The binding strengths of protein interactions are measured in vitro by a dissociation constant 

(KD) concentration at which a protein:protein interaction is half maximal. Higher affinity 

interactions are associated with a lower KD value and lower affinity interactions are associated 

with a higher KD value. Unless the affinities of different protein interactions are compared in a 

context dependent manner it is difficult to gain insight into the biological relevance of the in 
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vitro calculated KD. One of the higher affinity interactions observed in the context of 

transcription is the interaction between a transcription factor and DNA, although binding 

affinities vary depending upon the specific transcription factor, reports have indicated that the 

interaction between a transcription factor and DNA can occur at pM-nM KD (Wang et al. 2009). 

In comparison, protein:protein interactions are of lower affinity, an example of this is the 

measured affinity of the interaction between AF9 and DOT1L, which has an observed KD of 

1.6nM (Leach et al., 2015). Furthermore, the interactions between the YEATS domain of AF9 

and ENL and H3 acetylated lysine residues is much weaker, with a KD of 30-50µM (Wan et 

al., 2017, Andrews et al., 2016). This demonstrates the variety of different binding affinities 

which might occur at a gene during transcription. Therefore, it might be assumed that a TF is 

more stably bound, with higher affinity, at a gene compared to a protein:protein interaction at 

a gene. However, it has been demonstrated that multiple lower affinity interactions, may 

together create a higher affinity, stable binding site for a protein, a concept referred to as 

multivalency (Ruthenburg et al. 2011). The stable binding of a protein at chromatin then 

enables functionality at a gene, for example, the recruitment of DOT1L enables it to methylate 

H3K79 of spatially close histones. 

3.1.2 Studying protein interactions 

 

Studying protein interactions which occur at genes is challenging because transcription is a 

very complex process controlled by many different proteins. Therefore, to observe individual 

protein interactions in detail it is important to study these interactions in relative isolation of 

transcription, whilst still maintaining the physiological relevance which is key to understanding 

whether these interactions are occurring at DNA within the nucleus of cells. There are many 

different in vitro techniques which are used to analyse protein:protein interactions, and 

although they can be used to initially identify and test interactions in vitro, the interactions 
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which are identified lack cellular context and furthermore, it is difficult to identify whether any 

of the interactions are artefacts of the techniques used. 

3.1.3 The Tet Repressor (TetR) system 

 

One system which does address whether interactions demonstrate cellular context in 

mammalian cells in vivo is the TetR system. Forms of the TetR system have been used coupled 

with immunofluorescence, however, a novel system has now been generated in mES cells using 

ChIP qPCR as a detection tool (Pollex et al. 2013; Blackledge et al. 2014). This novel TetR 

system depends upon the interaction between the TetR and the Tet Operator (TetO). The TetO, 

comprising 14 TetO repeats, was integrated into the mESC genome on chromosome 8, a gene 

desert region. The TetO array flanked by human chromatin from chromosome 7 contains no 

genes, CpG islands or histone modifications (histone modifications tested include H3K4me3, 

H3K27me3, H3K9ac, H2AK119ub, H3K36me3, H4K20me2 and H3K9me3) and is not bound 

by RNAPII (Blackledge et al. 2014). A protein of interest (X) can be tethered to the TetR and 

stably expressed, meaning that the TetR-X fusion is stably bound at the TetO with high affinity 

(Figure 3.1). Therefore, it is possible, to ask which recruited protein (Y) is detectable at the 

TetO due to anchoring protein X. This system allows testing whether anchoring a specific 

protein is sufficient for the stable assembly of a complex free from the potential added 

complexities of transcription at a gene locus.   
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Another important advantage of this system is that, upon doxycycline treatment, TetR-X can 

no longer bind to the TetO. This serves as an important control for demonstrating the 

recruitment of protein Y is due to the presence of TetR-X. Furthermore, it can also be used to 

understand the binding dynamics of the recruited proteins following the loss of the original 

tethered protein. To interpret TetR ChIP qPCR results, an amplified ChIP qPCR signal 

determines that a protein is detectable at the TetO. An absence of amplified signal determines 

that a protein may not be detectable at the TetO, although it is difficult to definitively rule out 

the absence of a protein using this method, this may be due to problems with crosslinking or 

antibody quality. The differences in ChIP signal observed in the different systems used may be 

due to variation of the ChIP protocol and therefore, the TetR system will be used in a binary 

fashion to determine the detectability of a protein or not.  

3.1.4 Understanding DOT1L recruitment 
 

DOT1L is a chromatin modifying protein which is involved in active transcription, however, 

it is unclear how DOT1L contributes to transcription (Steger et al. 2008). A key aspect in 

understanding the function of DOT1L in transcription is understanding which proteins it can 

interact with and how it is recruited to genes requiring H3K79me. DOT1L has no identified 

DNA binding domain. So, it is likely that other proteins present at a gene are required to 

Figure 3-1. Schematic diagram of TetR system. TetR-X is bound at the TetO array and recruits 

protein Y. 
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generate a high affinity binding site for DOT1L. Very little is known about how a high affinity 

binding site is created for DOT1L, as none of the biochemically purified complex members of 

DOT1L (AF9, ENL, AF10 or AF17) have been demonstrated to bind to DNA (Mohan et al. 

2010). β-catenin is a DNA binding protein which has been co-purified with DOT1L (Mohan et 

al. 2010). However, this interaction has more recently been shown to be non-specific (Ho et al. 

2013). Another context in which DOT1L has been shown to interact with a DNA binding 

protein is in MLL-r leukaemia, where a member of the DOT1L complex is often fused to MLL 

(i.e.MLL-AF9). MLL-FPs can bind to DNA and so this is one way in which DOT1L could be 

directly recruited to a gene, although this has yet to be confirmed in vivo. MLL-AF4 leukaemia, 

is another MLL-r leukaemia where high levels of DOT1L and H3K79me3 have been found at 

MLL-AF4 gene targets. Furthermore, gene regulation of MLL-AF4 gene targets is highly 

dependent upon DOT1L and H3K79me (Krivtsov et al. 2008). Interestingly, AF4, has not been 

co-purified with DOT1L (Yokoyama et al. 2010). Moreover, further in vitro investigation has 

demonstrated that AF4 and DOT1L bind to AF9 in a mutually exclusive interaction (Figure 

3.3) (Leach et al. 2013). Therefore, even though MLL-AF4 leukaemias are highly dependent 

upon DOT1L, DOT1L is not known to interact with AF4. The high levels of H3K79me3 

observed at MLL-AF4 gene targets could be explained in several ways: firstly, it is possible 

that MLL-AF4 is in some way increasing the activity of DOT1L or secondly, it might create a 

high affinity, more stabilised binding site for DOT1L. Furthermore, a combination of both 

mechanisms may also exist. In this chapter, it is investigated whether MLL-AF4 is responsible 

for the recruitment of DOT1L and what the mechanism of stabilisation may be.  
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As many interactions have been observed biochemically with DOT1L and MLL-AF4 in vitro, 

a network of hypothesised interactions which might occur in vivo can be established (Figure 

3.2-3). Using this it is possible to create a framework which can be tested to understand the 

mechanism of DOT1L recruitment at MLL-AF4 gene targets. 

3.2 Aims 

1. To determine whether components of the DOT1L complex are sufficient to create 

a stable binding site for DOT1L in vivo. 

2. To determine if DOT1L recruitment is sufficient for H3K79me in the absence of 

transcription. 

3. To determine if MLL-AF4 is sufficient for DOT1L recruitment in vivo. 

Figure 3-2. Network of in vitro biochemically purified interactions. Protein:protein interactions associated with 

DOT1L and DOT1L core complex members (AF9, ENL, AF10 and AF17) observed via biochemical purifications. 

AF4:ENL/AF9 and ENL/AF9:DOT1l have been observed as mutually exclusive interactions (Biswas et al. 2011; 

Mohan et al. 2010; Leach et al. 2013; Milne et al. 2010; Sobhian et al. 2010; He et al. 2011; Yokoyama et al. 2010). 
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3.3 Results 
 

3.2.1 DOT1L complex members are sufficient for DOT1L recruitment to chromatin 

 

To test whether DOT1L complex members are sufficient for DOT1L recruitment, TetR fusion 

proteins were generated with AF9, ENL and AF10. Most of the work presented in this thesis 

concerns human MLL-AF4 and DOT1L, but the TetR system is based in mESCs. It was 

therefore necessary to consider whether it was appropriate to use human fusion proteins in 

these cells. Mouse protein sequences of DOT1L complex members were compared to the 

human protein sequence. All mouse complex members had above 70% identity to their human 

counterpart (Table 3.1). 

  

 

 

 

In addition to this human AF9, ENL and AF10 are all sufficient to create leukaemia in a mouse 

when fused to mouse or human MLL indicating human versions of these proteins are functional 

in the mouse (Chen et al., 2010, Demartino et al., 2002, Krivstov et al., 2006, Somervaille et 

al., 2006, Takacova et al., 2012). Due to this similarity, it was reasoned that human 

protein:protein interactions would likely be conserved between each human protein and the 

endogenous mouse homologues of its binding partners. Therefore, human proteins were used 

Table 3-1. List of % amino acid identity of human vs mouse DOT1L complex members in addition to AF4 and 

PAF1. 
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in all TetR fusions unless otherwise indicated. All TetR fusions were generated using cDNA 

already present in the lab or cDNA made by RT-PCR amplification from SEM RNA.  

Figure 3-3. Identified biochemical interacting domains of (A) AF9 and ENL (B) DOT1L. DOT1L bind to same 

binding domain of AF9/ENL reandering these interactions mutually exclusive (He et al. 2011; Li et al. 2014; Wan 

et al. 2017; Leach et al. 2013; Kuntimaddi et al. 2015; Okada et al. 2005). 

3.2.1 AF9 is sufficient for Dot1l recruitment 

 

AF9, and its orthologue ENL, are YEATS domain proteins which share many similarities in 

protein domain structure (Figure 3.3). AF9 and ENL have been shown in vitro to interact with 

DOT1L via the ANC homology domain (AHD) (Figure 3.3). At the beginning of this project, 

the most widely available biochemical and structural data of a DOT1L interacting protein was 

AF9. Therefore, AF9 was chosen to study DOT1L recruitment initially. A TetR-AF9 fusion 

was synthesised using the AHD domain of AF9 and stably expressed in mESCs containing a 

TetO array (Figure 3.4A). The expression of TetR-AF9 was confirmed by western blot analysis 

(Figure 3.4B).  

To test whether TetR-AF9 was bound at the TetO, ChIP qPCR for TetR (using an antibody 

recognising an N-terminal FS2 tag) and AF9 was carried out in the TetR-AF9 mESC cell line. 

TetR and AF9 were both detectable at the TetO (Figure 3.4C-D).  As an important control, in 
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all experiments, TetR fusions were compared to a cell line stably expressing TetR-only. In this 

example, TetR is detectable in TetR-only cells, but AF9 is not (Figure 3.4C-D). 

 

 

  

Figure 3-4. Validation of TetR AF9 system (A) Schematic of TetR-AF9 bound at the TetO. Numbers represent in Kb 

the distance from the TetO. (B) Western blot analysis demonstrating the expression of 6 clonal cell lines plus 

untransfected control (C-D) ChIP qPCR using antibody against TetR (N-terminal FS2 tag) and AF9 demonstrating 

TetR-AF9 bound in the TetR-AF9 cell line (full line) compared to TetR only cell line (dashed line). Error bars in C-

D represent standard deviation from three biological replicates. 
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To test whether AF9 was sufficient for stable of binding of Dot1l at DNA, ChIP qPCR was 

carried out for Dot1l. Dot1l was detectable at the TetO demonstrating that the affinity of the 

AF9 Dot1l interaction is sufficient for Dot1l stabilisation at DNA (Figure 3.5A). In addition to 

Dot1l binding specifically at the TetO, H3K79me3 was detected at the regions spanning the 

TetO up to +/-5kb from the TetO (Figure 3.5B). The dip in H3K79me3 at the TetO is likely 

due to this region being nucleosome depleted, which has been observed with other histone 

modifications, H3K27me3 and H2AK119ub (Blackledge et al. 2014). This demonstrates that 

Dot1l recruitment to DNA, in the absence of gene regulation, is sufficient for the functional 

methyltransferase activity of Dot1l in the absence of transcription at chromatin. In addition to 

this, H3K79me3 is detected within the regions spanning the TetO (where Dot1l is not 

detectable). This suggests a dynamic interaction of the TetO with the surrounding chromatin. 

Internal controls for H3K79me3 ChIP qPCR were carried out at H3K79me3 marked genes, 

SOX2 and OCT4. Of note, the recovery of H3K79me3 at SOX2 and OCT4 was higher than 

that observed at the TetO, suggesting H3K79me3 levels are higher at natural gene targets 

(Figure 3.5C). 

Following six hours of 2µg/ml doxycycline treatment, which disrupts the interaction between 

the TetR and TetO, TetR-AF9 is no longer detectable by ChIP qPCR (Figure 3.5D-E). 

Additionally, Dot1l is no longer detectable at the TetO (Figure 3.5F), suggesting a requirement 

for the continued presence of AF9. Interestingly, H3K79me3 is still detectable after six hours’ 

doxycycline treatment (figure 3.5G), suggesting that H3K79me3 is maintained following loss 

of Dot1l. 
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Figure 3-5. AF9 is sufficient for Dot1l recruitment (A) ChIP qPCR for Dot1l at the TetO in the TetR-AF9 cell 

line (full line) compared to TetR only cell line (dashed line) (B) H3K79me3 is detectable at the TetO by ChIP 

qPCR in the TetR-AF9 cell line (full line) compared to TetR only cell line (dashed line) (C) H3K79me3 ChIP 

qPCR at Sox2 and Oct4 (D-F) TetR , AF9 and Dot1l ChIP qPCR in the TetR-AF9 cell line following six hours 

doxycycline treatment (full line represents TetR-AF9 cell line, dashed line represents TetR-AF9 cell line plus 

doxycycline). (G) H3K79me3 ChIP qPCR in the TetR-AF9 cell line following six hours doxycycline treatment. 

In all figures, error bars represent standard deviation of three biological replicates where available. 
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To determine the length of time H3K79me3 is stable after removal of Dot1l, H3K79me3 ChIP 

qPCR was performed at a series of time points following doxycycline treatment. H3K79me3 

remained detectable up to 48 hours post doxycycline treatment and was undetectable at 72 

hours, compared to minus doxycycline control (Figure 3.6A-D). A demethylase for H3K79me 

has not been identified and therefore loss of H3K79me may be due to nucleosome turnover and 

recycling rather than an active process of removal. In fact, H3K79me3 was depleted from 

MLL-ENL gene targets 48 hours following the loss of MLL-ENL binding (Milne et al. 2005). 

To observe H3K79me3 dynamics at the TetO using an alternative approach, the TetR-AF9 cell 

line was treated with 2µM of DOT1L methyltransferase inhibitor, EPZ-5676. H3K79me3 was 

analysed via ChIP qPCR over a time course assay compared to a 0µM control (Figure 3.6E-

G). H3K79me3 was still detectable following 96 hours of EPZ-5676 treatment (Figure 3.6E-

G). This suggests there is difference between loss of H3K79me3 following doxycycline 

treatment and EPZ-5676 treatment. Further repeats of this experiment would be needed to 

confirm this. Nevertheless, this difference, if significant, could be due to the relatively low 

efficiency of EPZ-5676 inhibition, supported by data in this thesis (Chapter 4) and published 

reports (Daigle et al. 2013). 
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Figure 3-6. H3K79me3 dynamics at the TetO. (A-D) H3K79me3 ChIP qPCR in the TetR-AF9 cell line 

following 6, 24, 48 and 72 hours 2µg/ml doxycycline treatment (dashed line) compared to TetR-AF9 no 

doxycycline control (filled line) (E-G) H3K79me3 ChIP qPCR in the TetR AF9 cell line following 48, 

96 and 168 hours of 2µM EPZ-5676 treatment (dashed line) compared to TetR-AF9 cell line untreated 

control (filled line). Error bars represent standard deviation of three biological replicates. All other 

figures are n=1 
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3.2.2 AF9 D546R mutation abolishes Dot1l binding 

 

To further investigate whether Dot1l recruitment was specifically due to the AF9 interaction, 

a TetR-AF9 mutant (D546R) which changes an aspartic acid residue to an arginine residue, 

was generated. This mutation changes the conformation of the DOT1L binding pocket of AF9, 

abolishing the interaction between AF9 and DOT1L (Kuntimaddi et al. 2015). TetR-AF9 was 

still detectable, as in the wild-type TetR-AF9 cell line, at the TetO by ChIP qPCR (Figure 3.7A-

B, 5E-F). However, Dot1l and H3K79me3 were not detected by ChIP qPCR in the TetR-AF9 

D546R cell line at the TetO or surrounding regions, compared to the wildtype TetR-AF9 cell 

line (Figure 3.7C-D, 5G-H). This is supported by published NMR structural data of AF9 and 

DOT1L (Leach et al., 2015) and it is likely that AF9 and DOT1L interact directly in vivo.  

 3.2.3 ENL and AF10 are sufficient for DOT1L recruitment 

 

DOT1L has been shown to biochemically interact with other proteins in the DOT1L complex 

such as ENL and AF10 (Mohan et al. 2010; Deshpande et al. 2014; Leach et al. 2013). In 

addition to this, both ENL and AF10 are common fusion partners of MLL and therefore may 

be directly responsible for DOT1L recruitment at MLL-ENL and MLL-AF10 gene targets in 

vivo (Deshpande et al. 2014; Zeisig et al. 2005). To test whether ENL and AF10 were sufficient 

for DOT1L recruitment in vivo, TetR-ENL and TetR-AF10 fusion proteins were generated, 

using the AHD domain of ENL and full length AF10, and transiently transfected in mESCs 

containing the TetO array. 

Both TetR-ENL and TetR-AF10 were detectable at the TetO by ChIP qPCR (Figure 3.8A, 

3.8F-G). There is currently no good available antibody for AF10 for ChIP applications, 

therefore, the presence of TetR-AF10 was determined using TetR and Af17 (another member 
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of the DOT1L complex which AF10 has been shown to interact with) ChIP qPCR (Figure 

3.8A-B). In both the TetR-ENL and TetR-AF10 fusions, Dot1l and H3K79me3 were detectable 

(Figure 3.8C-D, 3.8H-I). These data suggest both ENL and AF10 are sufficient for the 

functional recruitment of Dot1l and other DOT1L complex members to chromatin in vivo.  
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Figure 3-7. AF9 D546R disrupts Dot1l binding. (A-B) TetR-AF9 is detectable at TetO in TetR-AF9 cell line by ChIP 

qPCR for TetR and AF9 (C-D) Dot1l and H3K79me3 in TetR-AF9 cell line by ChIP qPCR (E-F) ChIP qPCR for TetR 

and AF9 in TetR-AF9 D546R transfected mES base cells (containing TetO) (G-H) Dot1l and H3K79me3 are not 

detectable in TetR-AF9 D564R transfected mES base cells. Error bars represent standard deviation of two biological 

replicates. 

 



   95 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-8. ENL and AF10 are sufficient for Dot1l recruitment. (A) TetR ChIP qPCR in TetR-AF10 transiently 

transfected mES base cells (B) AF17 ChIP qPCR in TetR-AF10 transiently transfected mES base cells (C-D) Dot1l 

and H3K79me3 ChIP qPCR in TetR-AF10 transfected mES base cells. (E) H3K79me3 ChIP qPCR at control gene 

targets Sox2 and Oct4 in TetR-AF10 transfected mES base cells (F-G) TetR and ENL ChIP qPCR in TetR-ENL 

transiently transfected mES base cells (H-I) Dot1l and H3K79me3 ChIP qPCR in TetR-ENL transiently transfected 

mES base cells (J) H3K79me3 ChIP qPCR at control gene targets SOX2 and OCT4 in TetR-ENL transient cells. All 

error bars represent standard deviation of 3 biological replicates. 
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3.2.4 AF4 is not sufficient for DOT1L recruitment to chromatin 

 

To determine whether AF4 is sufficient for recruitment of Dot1l in the TetR system, the domain 

of AF4 found in the MLL-AF4 fusion protein, which retains the AF9/ENL and AFF4 binding 

domains, was fused to TetR (Figure 3.9).  

Efforts at establishing a stable cell line were made, however, this was not possible due to cell 

death, potentially due to toxicity of human AF4 (Lin et al. 2016). As an alternative, transient 

transfections followed by ChIP qPCR were carried out. Initially, to test whether AF4 

maintained its binding ability when fused to TetR, ChIP qPCR was carried out for Af9 and Enl. 

TetR-AF4, Af9 and Enl were all detectable at the TetO (Figure 3.10A-D). To test whether AF4 

is sufficient for DOT1L recruitment, Dot1l and H3K79me3 ChIP qPCR was carried out. 

Neither Dot1l nor H3K79me3 were detectable at the TetO or regions spanning the TetO, 

Figure 3-9. Domains of AF4 shown to interact biochemically with interacting proteins. Right of the dashed 

line represents the portion of AF4 found in the TetR-AF4 fusion protein (Short TetR-AF4 fusion contains 

amino acids 561-902) and in MLL-AF4 leukaemia (Biswas et al. 2011; Okuda et al. 2015; Leach et al. 2013; 

C. Lin et al. 2010;Yokoyama et al. 2010a). 
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suggesting AF4 is not sufficient for DOT1L and H3K79me3 recruitment (Figure 3.10E-F). As 

a positive control, H3K79me3 was detectable at SOX2 and OCT4 in this experiment (Figure 

3.10G). However, as the transfection efficiency of mESCs using lipofectamine is around 10% 

(data not shown), it cannot be excluded that Dot1l and H3K79me3 were present at levels too 

low for detection by ChIP. 
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Figure 3-10. AF4 is not sufficient for DOT1L recruitment (A-B) ChIP qPCR for TetR and AF4 at the TetO in TetR-

AF4 transiently transfected mES base cells (C-D) ChIP qPCR for Af9 and Enl at the TetO in TetR-Af4 transfected 

cells (E-F) ChIP qPCR for Dot1L and H3K79me3 at the TetO in TetR-AF4 transfected mES base cells. Error bars 

on all figures represent standard deviation from three biological replicates 
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The TetR-AF4 fusion contains an AF9/ENL binding domain in addition to an AFF4 binding 

domain, which in turn can interact with P-TEFb (Figure 3.9). One potential reason why AF4 is 

toxic to the cells is that P-TEFb may be sequestered by the TetR-AF4 fusion away from genes 

where it is required for transcription. To address this problem, a truncated version of AF4, 

which contained only the AF9 and ENL binding domain, was fused to the TetR (Figure 3.9, 

amino acids 561-902). Supporting this explanation, a stable cell line was successfully generated 

and TetR-AF4 (561-902) was detectable at the TetO (Figure 3.11A). In addition to this, Enl 

was also detected at the TetO, suggesting truncated AF4 can still interact with Enl (Figure 

3.11B). Dot1l and H3K79me3 were again not detectable in this system, suggesting that this 

domain of AF4 does not recruit Dot1l (Figure 3.11C-D). Moreover, H3K79me3 ChIP qPCR at 

SOX2 and OCT4 demonstrated this ChIP was successful (Figure 3.11E). Note that it cannot be 

ruled out that other domains of AF4 may be sufficient for DOT1L recruitment. Nevertheless, 

these data suggest that MLL-AF4 may not directly stabilise DOT1L at gene targets, at least to 

the same degree as AF9 and ENL. Given the important role of DOT1L at MLL-AF4 target 

genes, this suggests there is no direct link between MLL-AF4 and DOT1L, therefore, other 

protein complexes recruited by MLL-AF4 may be responsible for DOT1L stabilisation. 
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Figure 3-11. TetR-AF4(561-902) is not sufficient for DOT1L recruitment (A) ChIP qPCR for TetR at the TetO in stably expressing 

TetR-AF4 (561-902) cell line (B) ChIP qPCR for Enl at the TetO in TetR-AF4 (561-902) cell line (C-D) ChIP qPCR for Dot1l and 

H3K79me3 at the TetO in the TetR-AF4 (561-902) cell line (E) H3K79me3 ChIP qPCR at SOX2 and OCT4 in the TetR-AF4 (561-902) 

cell line. Error bars in all figures represent standard deviation from three biological replicates. 
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3.2.5 PAF1 is sufficient for DOT1L recruitment 

 

As AF4 is not sufficient for DOT1L recruitment but is sufficient for the recruitment of DOT1L 

complex members, it is possible that MLL-AF4 could recruit DOT1L to gene targets via an 

indirect mechanism. To explore whether an indirect mechanism of DOT1L recruitment may be 

orchestrated by MLL-AF4, biochemical interactions of AF4 and DOT1L were revisited and 

investigated in vivo (Figure 3.2). It has been demonstrated that AF9 and ENL can interact 

biochemically with TBP, part of the SL1 complex (Biswas et al. 2011). It has been proposed 

that at MLL-AF4 gene targets, the SL1 complex is important for gene activation (Okuda et al. 

2015). In addition to this, PAF1, part of the PAF1 elongation complex, has been shown in vitro 

to interact with AF9 and ENL, and MLL (Kim et al. 2010; Van Oss et al. 2016; He et al. 2011; 

Milne et al. 2010). Furthermore, PAF1 has been linked to H3K79me in yeast, whereby a 

reduction of H3K79me is observed following PAF1 knockdown (Krogan et al., 2003 and Wood 

et al., 2003). As these protein complexes can potentially interact with MLL-AF4 and the 

DOT1L complex, it is possible that they could contribute to a stable binding site for DOT1L at 

MLL-AF4 gene targets. 

If Paf1 and Tbp could contribute to DOT1L stabilisation at MLL-AF4 gene targets, it might be 

expected that they can interact with AF4 and AF9 in vivo. To address this, Tbp and Paf1 ChIP 

qPCR was performed in the TetR-AF4 and TetR-AF9 cell lines. AF9 was sufficient for both 

Paf1 and Tbp recruitment to chromatin in the TetR system, with Tbp binding abolished 

following doxycycline treatment (Figure 3.12A-B). Similarly, AF4 was sufficient for Paf1 

recruitment to chromatin in the TetR system (Figure 3.12C).  
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PAF1 has been shown to interact with the YEATS domain of AF9. DOT1L and AF4 have been 

demonstrated to interact with the AHD domain of AF9. This suggests that these interactions 

can occur simultaneously. Therefore, it is possible that both AF9 and PAF1 can be recruited 

directly via the MLL-AF4 fusion protein. To test whether PAF1 was sufficient for DOT1L and 

AF9 recruitment, a stable cell line was generated using a TetR-PAF1 fusion, already present in 

the lab, which contained full length PAF1. Initially, TetR-PAF1 and Af9 binding at the TetO 

was confirmed via TetR, PAF1 and Af9 ChIP qPCR (Figure 3.13A-B and E). To investigate 

Figure 3-12. AF9 and AF4 are sufficient for the recruitment of other transcription proteins (A) ChIP qPCR for Tbp at 

the TetO in the TetR AF9 cell line (full line) compared to TetR only cell line (dashed line) (B) ChIP qPCR for Paf1 at 

the TetO in the TetR AF9 cell line (C) ChIP qPCR for Paf1 at the TetO in the TetR-AF4 transfected mES base cell 

line. Error bars where available represent standard deviation of three biological replicates. 
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whether PAF1 was sufficient for Dot1l and H3K79me3 recruitment to chromatin, Dot1l and 

H3K79me3 ChIP qPCR were carried out in the TetR-PAF1 cell line. Both Dot1l and 

H3K79me3 were detectable at the TetO and absent following 48 hour doxycycline treatment 

(Figure 3.13C-D). Taken together, this suggests that PAF1 is sufficient for Dot1l and 

H3K79me3 recruitment to chromatin in vivo. Therefore, at a gene PAF1 and AF9 may stabilise 

DOT1L binding.  

Interestingly, PAF1 has been shown to interact with RNAPII, another DNA binding protein 

complex. Therefore, it is possible that DOT1L is additionally stabilised at MLL-AF4 gene 

targets via the PAF1-RNAPII interaction. Therefore, to test whether PAF1 was sufficient for 

RNAPII recruitment in vivo, Ser2Ph RNAPII ChIP qPCR was carried out in the TetR-PAF1 

cell line. RNAPII was detectable in the TetR-PAF1 cell line and binding was abolished 

following 48 hours doxycycline treatment (Figure 3.13F), suggesting that PAF1 is sufficient 

for RNAPII recruitment to chromatin in the absence of a gene. Moreover, this may aid in 

illustrating how a stable DOT1L binding site might be created, via the accumulation of multiple 

protein complex interactions. 
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Figure 3-13. PAF1 is sufficient for DOT1L recruitment. (A-B) TetR and PAF1 ChIP qPCR at the TetO in TetR-

PAF1 cell line (C-D) Dot1l and H3K79me3 ChIP qPCR at the TetO in TetR-PAF1 cell line (full line) compared 

to 2µg/ml 6 hours doxycycline treatment in TetR PAF1 cell line (dashed line) (E-F) Enl and RNAPII Serine2Ph 

ChIP qPCR at TetO in TetR-PAF1 cell line (full line) compared to 2µg/ml 6 hours doxycycline treatment in TetR-

PAF1 cell line (dashed line). Error bars where available represent standard deviation from three biological 

replicates. 
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One important consideration with the different TetR cell lines is whether they express the 

fusion protein to the same degree. To address this, whole cell extracts were prepared from 

1x106 cells from each cell line followed by western blotting. This analysis revealed that all cell 

lines express the respective TetR fusion protein to a similar degree demonstrating that binary 

recruitment of a protein in one system can be compared to another (Figure 3.14A). 

Furthermore, H3K79me3 levels are comparable across experiments at control genes (Figure 

3.14B). 

 

Figure 3-14. TetR fusion protein expression and H3K79me3 positive ChIP qPCR controls (A) Western blot 

analysis demonstrating the expression levels of all TetR fusion proteins from each stable cell line. Western blot 

membrane probed using anti-FS2 antibody and developed using ECL. (B) Positive controls for all H3K79me3 

ChIP qPCR performed at SOX2 and OCT4. 
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3.2.6 ENL may be necessary for DOT1L recruitment at natural gene targets 

 

Several proteins were successfully identified that are sufficient for DOT1L recruitment to the 

TetO. We wanted to expand this analysis to better understand how stable DOT1L binding is 

controlled at important gene targets. As ENL has been demonstrated to be sufficient for Dot1l 

recruitment in vivo (Figure 3.8) it was important to test whether ENL was necessary for DOT1L 

recruitment at genes in human MLL-AF4 leukaemia cells. To test this, siRNA mediated 

knockdown of ENL was carried out in SEM cells. Two different ENL siRNAs were tested, and 

both demonstrated a clear knockdown of ENL after 4 days of transfection on both the protein 

and RNA level (Figure 3.15A-B). However, ENL knockdown also had a pronounced effect 

upon DOT1L mRNA levels (Figure 3.15B), which suggests that ENL may regulate DOT1L at 

the level of transcription or RNA stability.  

Interestingly, ENL knockdown leads to a reduction in mRNA levels of the MLL-AF4 DOT1L-

dependent genes, PROM1 and BCL11A, (characterised by downregulation following DOT1L 

inhibition, see Chapter 4) (Figure 3.14B). To understand the effect of knockdown on DOT1L 

localisation to these genes, H3K79me3 ChIP qPCR was carried out 5 days post initial 

knockdown. A reduction in H3K79me3 was observed at PROM1 and BCL11A (Figure 3.15C), 

suggesting reduced DOT1L stabilisation. This is in line with data from the literature 

demonstrating ENL siRNA knockdown leads to a reduction in global and local H3K79me 

levels (Mueller et al., 2007). However, owing to the effect of ENL knockdown on DOT1L 

mRNA, it is possible that the reduction in H3K79me3 is due to lower DOT1L protein levels, 

rather than the loss of its interaction with ENL. 
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3.2.7 ENL is important for MLL-AF4 leukaemia 

 

As ENL knockdown seems to lead to downregulation of some DOT1L dependent genes, it was 

possible that ENL was also important for leukaemic growth of SEM cells. To determine this, 

siRNA knockdown of ENL coupled with colony assays were conducted. Interestingly, ENL 

knockdown demonstrated a 40% reduction in colony number in comparison to scrambled 

siRNA control (Figure 3.15D). This suggests that ENL is important for the maintenance of 

MLL-AF4 leukaemia, consistent with published data suggesting ENL is important for acute 

myeloid leukaemia, and may be involved in the regulation of important leukaemia gene targets, 

potentially via DOT1L and H3K79me (Wan et al., 2017 and Erb et al., 2017). 
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Figure 3-15. ENL may be necessary for DOT1L recruitment (A) Western blot analysis on WCEs made from SEM 

cells treated with two independent ENL siRNAs, using anti-ENL antibody and anti-GAPDH as loading control (B) 

qRT-PCR from RNA purified from SEM cells treated with two independent ENL siRNAs (Orange and Grey) and 

scrambled siRNA control (Blue). Gene expression normalised to YHWAZ. Error bars represent standard deviation 

of two biological replicates (C) H3K79me3 ChIP qPCR at DOT1L gene targets on SEM cells treated with scrambled 

and ENL siRNAs. Error bars represent standard deviation of two biological replicates. (D) Colony assay performed 

on SEM cells treated with scrambled and ENL siRNA knockdown. Error bars represent standard error between 

three technical replicates. p<0.05 following unpaired parametric t-test. 
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3.2.8 PAF1 does not affect H3K79me at MLL-AF4 gene targets following 5 days 

siRNA/shRNA knockdown 

As PAF1 has been demonstrated to be sufficient for Dot1l recruitment to TetO in vivo (Figure 

3.13) it was important to test whether PAF1 was necessary for DOT1L recruitment at genes in 

human MLL-AF4 leukaemia cells. To establish this, siRNA-mediated knockdown of PAF1 

was performed, with a reduction on both the protein and RNA levels observed after four days 

(Figure 3.16A-B) and with no effect on DOT1L expression (Figure 3.16B). However, there 

were no observed effects on the DOT1L dependent gene targets CDK6, BCL11A or PROM1 

(Figure 3.16B). To determine if PAF1 knockdown affected DOT1L recruitment, H3K79me3 

ChIP qPCR was performed four days after initial knockdown. Consistent with the expression 

analysis, no apparent effect was observed upon H3K79me3 levels at PROM1 or BCL11A 

(Figure 3.16C). This indicates that PAF1 may not be necessary for the recruitment of DOT1L 

at these specific genes or alternatively, the PAF1 knockdowns were insufficient. Given the 

stability of H3K79me, it is also possible that a longer knockdown is necessary to see the effect 

of PAF1 depletion on transcription of these genes.  
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Figure 3-16. PAF1 knockdown may not be necessary for DOT1L recruitment. (A) Western blot analysis 

WCEs of PAF1 siRNA treatment compared to scrambled siRNA control in SEM cells. Western blot 

membrane probed with anti-PAF1 antibody and anti-GAPDH as loading control (B) qRT-PCR analysis 

from RNA purified from SEM cells treated with scrambled siRNA control (blue) and PAF1 siRNA (green) 

normalised to internal control YHWAZ. Error bars represent standard deviation of two biological replicates 

(C) H3K79me3 ChIP qPCR at DOT1L gene targets in SEM cells treated with scrambled and ENL siRNAs. 

Error bars represent standard deviation between two biological replicates (D) Colony forming assay 

performed on SEM cells treated with scrambled control siRNA and PAF1 siRNA. Error bars represent 

standard error between three technical replicates. p<0.05 following unpaired parametric t-test. 
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Due to the potential need to observe the changes in H3K79me over a longer PAF1 knockdown 

time course, an inducible PAF1 shRNA approach was used (Zuber et al. 2011). The inducible 

PAF1 shRNA provides a method to observe the effect on H3K79me over a longer period 

without performing multiple electroporation experiments on the same cells. In addition to this, 

it provides a consistent level of knockdown which is comparable amongst biological replicates. 

SEM cells were lentivirally transduced with an inducible PAF1 shRNA construct and clonal 

lines were established (Chapter 2). Cell lines were induced with doxycycline (2µg/ml), and a 

minus doxycycline control was grown in parallel. PAF1 RNA levels were reduced to 20% after 

24 hours and remained low at 48 hours (Figure 3.17A). Similarly, a reduction on the protein 

level was observed after 24 hours, with the reduction maintained at 48 hours (Figure 3.17B). 

To determine whether reduction of PAF1 led to a decrease in binding at gene targets, ChIP 

qPCR for LEO1, a PAF1 complex member, was performed six days post shRNA induction, 

due to poor ChIP signal using a PAF1 antibody. LEO1 binding was reduced by approximately 

50% following PAF1 knockdown (Figure 3.17C). To determine the consequence of this on 

DOT1L recruitment, H3K79me3 ChIP qPCR was also carried out six days post shRNA 

induction. No reduction in H3K79me3 was observed at MLL-AF4 DOT1L-dependent gene 

targets (Figure 3.17D). These data perhaps indicate that further investigation would be required 

to verify the necessity of PAF1 in DOT1L recruitment. As this is not a complete knockdown 

and only a 50% reduction is observed in PAF1 complex occupancy at genes, it is possible that 

the effects on DOT1L recruitment cannot be observed. Additionally, it may be that a longer 

period is required to observe an effect upon H3K79me, due to the slow turnover of H3K79me, 

even if DOT1L recruitment is affected. 
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Figure 3-17. PAF1 shRNA knockdown does not lead to loss of H3K79me (A) qRT-qPCR of PAF1 following PAF1 

shRNA knockdown in SEM cells following 2µg/ml doxycycline compared to no doxycycline control, 24 and 48 hours 

post induction. Error bars represent 2 biological replicates. (B) Western blot analysis on WCEs from SEMs following 

48hr PAF1 shRNA knockdown (C)LEO1 ChIP qPCR following 48hr PAF1 shRNA knockdown in SEM cells at DOT1L 

gene targets (D) H3K79me3 ChIP qPCR in SEM cells 48 hours post PAF1 shRNA knockdown at DOT1L genes. 
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3.4 Discussion 
 

In this chapter, it has been shown that DOT1L complex members, AF9, ENL and AF10 are all 

sufficient for Dot1l and H3K79me recruitment to chromatin in vivo. As AF9, ENL and AF10 

have all been demonstrated to fuse to MLL in MLL-r leukaemia, it is probable that a direct 

recruitment mechanism of DOT1L occurs at these MLL-FP gene targets. AF17, another co-

purified protein with DOT1L, was not investigated in this project, but based upon its homology 

to AF10, it is likely that AF17 is also sufficient for DOT1L recruitment. As AF9, ENL and 

AF10 have all been demonstrated to fuse to MLL in MLL-r leukaemia, it is probable that a 

direct recruitment mechanism of DOT1L occurs at these MLL-FP gene targets. Furthermore, 

we have demonstrated that following DOT1L recruitment, a broad domain of H3K79me3 

domain can be established at a region of chromatin completely devoid of transcription. This 

highlights that DOT1L function is not dependent upon transcription. 

However, this does not fully explain how DOT1L can be recruited to MLL-AF4 gene targets. 

Importantly, we have shown, for the first time, that AF4 is not sufficient for Dot1l and 

H3K79me recruitment to chromatin in vivo, consistent with in vitro data demonstrating that 

AF4 and DOT1L are found in mutually exclusive protein complexes (Biswas et al. 2011; 

Yokoyama et al. 2010; Milne et al. 2005). However, it has recently been observed that MLL-

Af4 and DOT1L can interact via in vitro Co-IP experiments (Lin et al. 2016). This observation 

is surprising as this interaction has not been shown previously. One key difference between 

this observation and others, is that, mouse Af4 is fused to MLL. The sequence conservation of 

mouse and human Af4 is 70%. Therefore, it is possible that the 30% difference may account 

for why MLL-Af4 may recruit Dot1l. However, preliminary data from our lab has shown that 
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TetR-MLL-Af4 does not lead to the recruitment of DOT1L or H3K79me at the TetO in vivo 

(data not shown). 

As MLL-AF4 does not likely recruit DOT1L directly to gene targets, a potential indirect 

recruitment mechanism of DOT1L could exist. AF9 interacts with both AF4 and DOT1L, 

however, structural studies have demonstrated that both interactions involve the same binding 

pocket of AF9 (Leach et al., 2013). Thus, these binding events are mutually exclusive. The KD 

values of AF9 with either AF4 or DOT1L are 0.17nM and 1.6nM, respectively. Therefore, even 

though AF4 and DOT1L might compete for binding with AF9, it is possible that AF9 interacts 

with AF4 with higher affinity. Interestingly, since AF9, AF4 and DOT1L have intrinsically 

disordered domains (IDDs), it has been suggested that that the interaction of AF9 with either 

AF4 or DOT1L could occur dynamically and may overlap (Leach et al. 2013). This suggests 

that AF9 could in part contribute to the stability of DOT1L at MLL-AF4 gene targets whilst 

still interacting with MLL-AF4. However, our results with the TetR system demonstrate that 

AF4 cannot directly recruit Dot1l so this hypothesis does not seem likely. 

To investigate this further, we proposed that an indirect mechanism of DOT1L recruitment 

might occur at MLL-AF4 gene targets. Both TetR-AF4 and TetR-AF9 were sufficient for Paf1 

recruitment in vivo and furthermore, TetR-PAF1 was sufficient for DOT1L recruitment in vivo. 

Importantly PAF1 interacts with a different binding domain of AF9 compared to AF4 and 

DOT1L and therefore, could interact with both simultaneously. Interestingly, this raises the 

question why is not Dot1l not detectable in the TetR-AF4 system even though Af9 and Paf1 

are detectable? This could be due to Dot1l being below the detection threshold in the TetR-

AF4 system, due to the number of interactions which take place between AF4 and DOT1L 

(Figure 3.19).  
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In addition to this, PAF1 was also sufficient for Af9 and RNAPII recruitment and as RNAPII 

interacts directly with the DNA, this provides an additional explanation of how DOT1L might 

be stabilised at active gene targets. Interestingly, the PAF1 complex has been functionally 

associated with DOT1L via promotion of H2Bub, and although the link between H2Bub and 

H3K79me has not been addressed in this thesis, the recruitment of DOT1L via PAF1 may 

explain this observed connection (Xiao et al. 2005; Wood et al. 2003; He et al. 2011). Taken 

together, this suggests that DOT1L may be recruited to MLL-AF4 gene targets via an indirect 

mechanism involving PAF1 and members of the DOT1L complex, AF9 and ENL. Taking these 

data from this chapter together, an updated version of the in vitro biochemical interactions can 

be generated which highlights those interactions which occur in vivo at chromatin (Figure 

3.18). 

 

 

 

 

 

 

 

Figure 3-18. Network of proteins verified in vivo using the TetR system. Red arrows demonstrate 

interactions observed using the TetR system. Black arrows represent interactions not tested in this study. 
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3.4.4 A working model of DOT1L recruitment at MLL-AF4 gene targets 

 

Taking data from this chapter together, a working hypothesis can be generated to explain an 

indirect model for DOT1L recruitment at MLL-AF4 gene targets. As MLL-AF4 can interact 

directly with AF9 and ENL, this can potentially create a local concentration of AF9 and ENL 

at MLL-AF4 gene targets. Furthermore, MLL-AF4, along with RNAPII and other members of 

the PAF1 complex, may create a stabile binding site for PAF1, via the interaction with AF9 

and ENL. This increased stabilisation of proteins which are sufficient for DOT1L recruitment 

may lead to the recruitment of DOT1L at MLL-AF4 gene targets, leading to high levels of 

H3K79me observed within the gene body (Figure 3.19). 

 

 

 

 

 

Figure 3-19. Model of DOT1L recruitment at MLL-AF4 gene targets. MLL-AF4 may recruit DOT1L via ENL/AF9 and 

PAF1. This creates a stable binding site for DOT1L. Double sided arrow represent interactions which have been observed 

in the TetR system. PAF1 may further stabilise DOT1L via its interaction with RNAPII. This stabilisation may promote 

H3K79me in the gene body (curved arrow). 
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Chapter 4 – Defining a set of hypersensitive 
DOT1L gene targets in MLL-AF4 leukaemia 
 

4.1 Introduction 
 

MLL-AF4 leukaemias arise from a chromosome translocation which creates an MLL-AF4 

fusion protein (Moore et al. 2005). MLL-AF4 has been shown to bind and cause aberrant 

upregulation of gene targets leading to a block in differentiation and maintenance of a stem 

cell-like state, thus causing leukaemia. The mechanism by which MLL-AF4 leads to the 

upregulation of gene targets is poorly understood. 

One of the most prevalent models is that MLL-AF4 activates gene targets via H3K79me 

(Krivtsov et al. 2008; Okada et al. 2005). Interestingly, high levels of H3K79me3 have been 

observed at MLL-AF4 gene targets in comparison to equally expressed targets and relative to 

the same gene targets expressed in normal CD34/19+ cells (Bernt et al. 2011; Krivtsov et al. 

2008). In addition to the high levels observed, H3K79me is functionally important for the 

expression of certain MLL-AF4 gene targets, including BCL2 and RUNX1, which demonstrate 

reduced expression following DOT1L inhibition (Wilkinson et al. 2013; Benito et al. 2015)(See 

introduction). Furthermore, following the inhibition or knockdown of DOT1L, leukaemia is 

abrogated in MLL-r leukaemia cell lines, mouse and rat models (Krivtsov et al. 2008; Daigle 

et al. 2011; Daigle et al. 2013; Bernt et al. 2011). Due to the dependence of MLL-r leukaemias 

in general on DOT1L, EPZ-5676, a SAM analogue which blocks DOT1L methyltransferase 

activity, was developed and is currently in stage I clinical trials (Waters et al. 2014; Stein et al. 

2014). Taken together, H3K79me plays an important role in MLL-AF4 leukaemia. Even 

though it is known that H3K79me may be important in regulating a subset of MLL-AF4 gene 
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targets, how universal the requirement is for its activity is unclear (Krivtsov et al. 2008). By 

identifying DOT1L dependent gene targets in MLL-AF4 leukaemia, further investigation into 

the functional mechanism of DOT1L at MLL-AF4 gene targets can be carried out. 

4.2 Aims 
 

1. Optimisation of EPZ-5676 in MLL-AF4 ALL leukaemia cell line SEM to study DOT1L 

function at MLL-AF4 gene targets 

2. Identify a set of DOT1L dependent MLL-AF4 gene targets in SEM cells 

3. Compare DOT1L dependent gene targets to H3K79me gene targets in other cell types 

4.3 Results 
 

4.3.1 Inhibition of DOT1L leads to reduction in cell proliferation 

 

EPZ-5676 has been shown to have 37,000-fold selectivity for DOT1L compared to 15 other 

protein methyltransferases, and did not affect 8 other histone modifications tested by western 

blot from MLL-r leukaemia cell lines. This suggests off target effects on other protein 

methyltransferases are minimal (Daigle et al. 2013). Thus EPZ-5676 is an excellent molecular 

tool to study the specific function of DOT1L and H3K79me in the context of MLL-AF4 

leukaemia. As EPZ-5676 has been used in MLL-AF4 leukaemia cell lines extensively by 

several different labs, a literature review was carried out to investigate the conditions used in 

published data.   

Daigle et al., 2013 extensively characterized EPZ-5676 in the MLL-AF4 leukaemia cell line, 

MV4;11. Following 6-7 days of treatment with 1µM EPZ-5676, a quantitative ELISA 

demonstrated that around 80% of global H3K79me2 was lost (Daigle et al. 2013). In addition 
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to this, expression of known MLL-AF4 gene targets controlled by H3K79me, such as HOXA9 

and MEIS1, demonstrated an 80% reduction in expression after 6-7 days of 1µM EPZ-5676 

treatment. Finally, it was also demonstrated in this study that anti-proliferative effects were not 

observed until after day 7 of EPZ-5676 treatment, suggesting that any effect seen on the level 

of RNA at day 7 was not likely to be due to anti-proliferative or cell death secondary effects. 

In this chapter, SEM cells, an MLL-AF4 ALL cell line, is used as a model system. SEM cells 

were chosen due to the abundance of genomic data already held for SEM cells in our lab and 

in published databases. Viable, healthy cells produce more ATP than dying or non-proliferating 

cells. Therefore, to determine the effect of EPZ-5676 treatment on SEM cell viability, an ATP 

luciferase assay was employed. It is important to note that this assay does not identify the 

specific cause of a decrease in cell viability. For example, it does not reveal whether the cells 

are undergoing apoptosis or reduced proliferation. However, due to published data 

demonstrating both processes occur following EPZ-5676 treatment, an ATP assay gives a 

broad indication of when an affect upon cell viability in general may occur. SEM cells were 

treated with 2µM EPZ-5676 compared to 0uM (DMSO only) control for 13 days (Figure 4.1A). 

A reduction in proliferation was not observed until day 8 of EPZ-5676 treatment, with more 

obvious effects observed at day 9 (Figure 4.1A).  

To determine the dynamic range of the inhibitor, SEM cells were treated with a range of doses 

of EPZ-5676 of 0µM, 0.5µM (low), 1µM and 2µM (high). As no effect was observed on SEM 

cells until day 8 with 2µM EPZ-5676, it might be expected that at lower concentrations, 0.5µM 

and 1µM, an effect upon viability may be delayed. To test this, an ATP assay was carried out 

at day 9 of EPZ-5676 treatment (Figure 4.1B). As expected, 0.5µM and 1µM show very little 

effect upon proliferation at this timepoint, so a longer treatment at these concentrations may be 
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required for the effect on proliferation to become visible. As there is no effect until day 8 on 

cell viability following any concentration of EPZ-5676 tested (0.5µM, 1µM or 2µM), it was 

reasoned that a suitable timepoint to observe the effect of DOT1L inhibition on gene expression 

may be just before these effects become observable, at day 7. This minimises secondary effects 

related to a decrease in viability, whilst still maximising the effect EPZ-5676 has upon 

transcription. By using a range of dosages, initial changes in transcription can be observed in 

the lower concentrations in comparison to more pronounced changes in transcription which 

may occur in the higher concentration. 

4.3.2 DOT1L activity is important for leukaemogenesis of MLL-AF4 leukaemia 

 

To test whether the leukaemic phenotype of SEM cells was perturbed following treatment with 

EPZ-5676 a colony assay was employed following 7 days treatment with 2µM EPZ-5676 on 

SEM cells (see methods). Even though there is no obvious effect on proliferation of the bulk 

culture after 7 days of treatment (Figure 1A), plating these cells and growing them on 

methylcellulose for 14 days produced a large reduction in colony formation, with just 20% of 

the colonies formed compared to a 0µM control (Figure 4.1C). In addition, there was a marked 

difference in colony morphology. 0µM colonies displayed clear, round colonies, representing 

dividing, stem cell-like cells (Figure 1D). EPZ-5676 treated cells produced very sparse and few 

colonies, representing cellular differentiation (Gordon 1993) (Figure 4.1D). This suggests that 

treatment with EPZ-5676 led to an abrogation of the leukaemic phenotype in SEM cells. 
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Figure 4-1. SEM cells are sensitive to EPZ-5676 treatment. (A) CellTitre glo ATP assay displaying luminescence 

of SEM cells following 2µM EPZ-5676 treatment between day 7 and 12 of treatment (B) CellTitre glo ATP assay 

on SEM cells following 9 days of 0.5µM, 1uM and 2µM EPZ-5676 treatment. Error bars represent standard 

deviation of three biological replicates (C) Colony assay displaying colony numbers of SEM cells treated with 

0µM control and 2µM EPZ-5676. P<0.05 following unpaired parametric t-test (D) Differences in colony 

morphology between 0µM and 2µM EPZ-5676 treated SEM cells. 
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4.3.3 Inhibition of DOT1L leads to loss of H3K79 methylation 

 

As EPZ-5676 treatment for 7 days did not affect proliferation, it was necessary to determine 

how much of a reduction in H3K79me occurs. As described, published studies have shown a 

gradual and slow reduction in H3K79me following EPZ-5676 treatment of MV4;11 cells 

(Daigle et al. 2011). To address this, western blot analysis was carried out to determine the 

levels of bulk H3K79me3 following 7 days of EPZ-5676 treatment at 0µM, 0.5µM, 1µM and 

2µM (Figure 4.2A). H3K79me3 demonstrates a dose dependent decrease, with 0.5µM showing 

a subtle effect and 2µM showing a more obvious effect on bulk H3K79me3 levels. Therefore, 

treatment with a range of EPZ-5676 dosages coupled with collecting cells at the same timepoint 

may provide a way to distinguish the effects of transcription following the reduction of 

H3K79me3 to varying levels. 

To determine changes in the level of H3K79me3 at the gene level, H3K79me3 ChIP qPCR was 

carried out at 0µM, 0.5µM, 1µM and 2µM EPZ-5676 treated SEM cells (Figure 4.2B). 

H3K79me3 levels demonstrated a decrease in all treatment conditions in comparison to the 

0µM control, at BCL2, a known H3K79me3-dependent MLL-AF4 gene target. Notably, a large 

decrease in H3K79me3 is observed at 0.5µM (Figure 4.2B), despite the small change observed 

for 0.5µM at the bulk level as shown by western blot analysis (Figure 4.2A). This could be due 

to a locus specific effect at BCL2 which may not be representative of the effects occurring 

genome wide or differences in sensitivity between techniques. Furthermore, it is also possible 

that there is a low level of H3K79me3 genome-wide which contributes to the level observed at 

bulk histone. Despite this, a dose dependent decrease is observable between 0.5µM, 1µM and 

2µM, with an above-background level of H3K79me3 still being present at 2µM.  
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4.2.4 Loss of DOT1L activity causes reduced gene expression of downstream targets 

 

To determine whether the loss of H3K79me leads to a reduction in gene expression of specific 

MLL-AF4 gene targets, RT-qPCR was carried out following 7 days of 0.5µM, 1µM and 2µM 

EPZ-5676 treatment. A dose dependent decrease of the level of mRNA is observed for two 

known DOT1L sensitive targets; HOXA9 and BCL2 (Figure 4.2C). Levels of these two 

transcripts were reduced to 50-60% following 2µM treatment compared to the 0µM control.  
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Figure 4-2. H3K79me3 is lost following 7 days EPZ-5676 treatment (A) Western blot analysis of whole cell extracts 

taken from SEM cells treated with 0.5µM, 1µM and 2µM EPZ-5676 compared to 0µM control. Western blot 

membrane probed with anti-H3K79me3 antibody and anti-H4 is used as loading control. Representative of 3 biological 

replicates. (B) ChIP qPCR using antibodies against H3K79me3 in 0µM, 0.5µM, 1µM and 2µM treatments at BCL2. 

HOXC8 is also shown as a negative control for H3K79me3 signal (C) qRT-PCR generated using cDNA from SEM 

cells treated with 0.5µM, 1µM and 2µM EPZ-5676 for 7 days at BCL2 and HOXA9. Error bars are representative of 

three biological replicates. 
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4.3.5 EPZ-5676 treatment reveals up- and downregulated gene targets by nascent RNA seq 

 

Nascent RNA seq was chosen to identify genes which were dependent upon H3K79me. This 

technique was chosen because dynamic differential changes occurring at the level of 

transcription can be masked by steady state levels of RNA. In brief, nascent RNA seq uses 4-

thiouridine (4-SU) labelling of nascent transcripts for one hour followed by total RNA 

extraction (see methods for full details). Following this, the 4-SU-labelled transcripts are 

purified from the total RNA and sequenced. Nascent RNA sequencing was carried out 

following 7 days of EPZ-5676 treatment at 0µM, 0.5µM, 1µM and 2µM, in triplicate allowing 

for differential gene expression analysis using featureCounts and the edgeR statistical package. 

Differential gene expression analysis was performed by Emmanouela Repapi (Computational 

Biology Research Group). QC analysis for each experiment was undertaken including western 

blot, ChIP qPCR, and ATP assay to verify the inhibition and effect upon proliferation (data not 

shown).  

Following EPZ-5676 treatment, up-regulated, down-regulated and unchanged genes were 

observed in all concentrations in comparison to the 0µM control (Figure 4.3). Differentially 

expressed genes were defined as those whose expression showed a log2 fold change of more 

than 0.5 and an adjusted p-Value (FDR) of less than 0.05. With increasing concentrations of 

EPZ-5676, additional genes became differentially expressed. In the 0.5µM treatment, there 

were 278 gene targets downregulated and 708 targets upregulated. In the 1µM treatment, there 

were 583 downregulated gene targets and 1387 upregulated targets. Finally, in the 2µM, there 

were 2462 gene targets downregulated and 2600 upregulated gene targets. In all concentrations, 

there was a large proportion of insensitive gene targets (Figure 4.4B).  
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Figure 4-3. Nascent RNA seq reveals differentially expressed genes. SEM cells were treated for 7 days with 

0.5µM, 1µM and 2µM EPZ-5676. Nascent RNA was extracted and analysed to determine differentially expressed 

genes. Correlation plots displaying LogFC on Y-axis and the average logCPM on x-axis for each treatment 

compared to 0µM control. In red are differentially expressed genes (p<0.05) and in black are unchanged genes, 

with each point representative of one gene (N=3). 
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4.3.6 Downregulated gene targets are enriched for H3K79me targets 

 

It is possible that many of the differentially expressed genes observed were the result of 

secondary effects. Furthermore, as H3K79me3 is linked with gene activation, a prediction 

which could be made is that EPZ-5676 treatment will lead to the downregulation of genes, 

genome-wide. One caveat of RNA sequencing analysis is that it assumes that the vast majority 

of gene expression does not change and normalises the data from each sample to achieve this. 

Therefore, global changes in gene expression between samples, which might be biologically 

relevant, could be masked by normalisation and redistribution of the data. By adjusting the 

distribution profile, many downregulated genes may be mis-assigned as unchanged, and many 

unchanged genes may be mis-assigned as upregulated. Therefore, although genes which are 

downregulated are almost certainly downregulated it is difficult to pinpoint whether genes are 

upregulated and unchanged. To demonstrate this, exogenous normalisation, similar to that 

conducted using ChIP-rx, would be required. 

To control for these caveats, targets that were associated with detectable H3K79me levels and 

were therefore more likely to be directly regulated by DOT1L were focused upon to establish 

a core set of H3K79me gene targets. H3K79me2 and H3K79me3 ChIP seq datasets generated 

previously in the lab were peak called using homer software (see methods). H3K79me2 and 

H3K79me3 data sets identified 11547 and 9269 gene targets, respectively (Figure 4.4A). 

Differences may be due to technical differences in the ChIP protocol, such as antibody 

efficiency, or may suggest more gene targets are marked with H3K79me2 rather than the 

H3K79me3, consistent with current models of DOT1L as a non-processive methyltransferase 

(Frederiks et al. 2008a). Overlap between the two sets identified a core set of 9193 H3K79me 

targets common to both H3K79me2 and H3K79me3 datasets (Figure 4.4A). 
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Up-, down-regulated and insensitive gene targets from all EPZ-5676 treatment conditions were 

compared to the core set of H3K79me targets. In all conditions, 80-85% of downregulated gene 

targets were H3K79me targets (Figure 4.4B). In contrast, only a minority of the upregulated 

gene targets (18-34%) were H3K79me targets. Although this small subset of upregulated 

targets may be interesting, we chose to initially focus upon the downregulated gene targets, 

which is consistent with the association of H3K79me with gene activation (Steger et al. 2008). 

In addition, many upregulated gene targets seem to be low expressing targets which become 

upregulated by a small amount. Interestingly, a large proportion (56-62%) of the insensitive 

gene targets in all conditions were H3K79me targets. This could suggest that H3K79me is not 

sufficiently depleted at these targets to influence transcription or that only a subset of 

H3K79me genes are sensitive to the loss of H3K79me. 
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Figure 4-4. H3K79me2/3 marks a subset of downregulated genes. (A) Overlap between H3K79me2 and 

H3K79me3 ChIP seq data sets currently in the lab performed by Tom Milne and Erica Ballabio (B) Top: Number 

of genes in each category; upregulated, downregulated and insensitive H3K79me gene targets in 0.5µM, 1µM and 

2µM concentrations. Bottom: percentage of genes in each category; upregulated, downregulated and insensitive 

H3K79me gene targets in 0.5µM, 1µM and 2µM concentrations which are H3K79me direct targets. 
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4.3.7 Defining a set of hypersensitive DOT1L gene targets 

 

To study DOT1L function at MLL-AF4 gene targets, it is important to define a set of genes 

which are most responsive to EPZ-5676. To do this a set of ‘hypersensitive’ genes were defined 

as those genes which are downregulated in all dosages of inhibitor. 182 hypersensitive gene 

targets were downregulated in all treatments (Figure 4.5A).  Within the group of 182 

hypersensitive targets, 71% (130) were direct H3K79me targets (Figure 4.5B). Overall, 

although it still cannot be totally ruled out that some of these hypersensitive targets may be 

downregulated due to secondary effects, there is a much higher confidence that these 130 

targets are downregulated directly due to the loss of H3K79me. As these gene targets have 

been identified using nascent RNA sequencing, it is important to verify that the downregulation 

or insensitivity is not an artefact of the sequencing technique. To test this, qRT-PCR was 

performed using Nascent RNA at PROM1, a hypersensitive gene, and FLT3, an insensitive 

gene (Figure 4.5C).  

4.3.8 Hypersensitive targets have initial high H3K79me and high expression levels 

 

As a proportion of both hypersensitive and insensitive gene targets are marked by H3K79me, 

it is possible that there is something different about these two groups which determine that one 

is sensitive and one is not. One obvious difference could be that levels of H3K79me and levels 

of expression may be different between these two groups. To test this, the level of H3K79me 

and expression at 0µM were compared between the 130 hypersensitive H3K79me marked 

genes and H3K79me genes that were insensitive to 2µM EPZ-5676 (Figure 4.6A). From this 

analysis, hypersensitive H3K79me gene targets seem to have slightly higher levels of 

H3K79me than the insensitive targets. In addition to this, hypersensitive H3K79me gene 
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targets are slightly more highly expressed than the insensitive targets (Figure 4.6B). This may 

be significant in understanding why these targets are more sensitive to EPZ-5676 treatment. 

 

Figure 4-5. Identification of a subset of hypersensitive downregulated gene targets (A) Overlap between all 

downregulated gene targets from 0.5µM, 1µM and 2µM EPZ-5676 treatments reveals 182 hypersensitive gene 

targets. (B) Proportion of hypersensitive genes which are H3K79me2/3 direct targets. (C) qRT-PCR performed 

on cDNA generated from nascent RNA following 7 days EPZ-5676 treatment at hypersensitive gene PROM1 and 

insensitive gene FLT3. Error bars represent three biological replicates. 
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4.3.9 Hypersensitive gene targets are important for gene regulation 

 

EPZ-5676 treatment of SEM cells results in increased PARP cleavage, indicating initiation of 

programmed cell death (Godfrey et al. 2016). This suggests that differentially expressed genes 

identified following EPZ-5676 treatment may be important for maintenance of the leukaemia. 

To determine whether H3K79me marked hypersensitive genes (130) are enriched for certain 

molecular pathways or functions, a Metacore analysis was conducted. Hypersensitive genes 

were enriched for transcription and DNA binding functions, consistent with the role of DOT1L 

in active transcription (Table 4.1). This highlights that following EPZ-5676 treatment 

Figure 4-6. Hypersensitive gene targets demonstrate high levels of expression and H3K79me3 levels (A) 

Histogram demonstrating the level of H3K79me3 hypersensitive targets (orange) compared to insensitive gene 

targets from 2µM EPZ-5676 treatment (grey). Y-axis displays H3K79me3 signal and x-axis displays +/-

2000bp from the TSS (B) Box plot displaying logCPM of hypersensitive gene targets compared to insensitive 

targets from the 2µM EPZ-5676 treatment 
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downstream targets associated with transcription are affected which may contribute to the 

abrogation of the leukaemia. 

 

 

 

 

 

Table 4-1. Metacore analysis of H3K79me marked hypersensitive genes (Top) Process analysis 

(Bottom) Molecular function analysis. 
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4.3.10 A subset of hypersensitive genes are MLL-AF4 gene targets 

 

To further understand the role of DOT1L at MLL-AF4 gene targets it was important to identify 

the proportion of differentially expressed MLL-AF4 gene targets. To do this, a set of MLL-

AF4 bound genes (previously established in the lab using an overlap between ChIP seq datasets 

of MLL (N) bound targets and AF4 bound targets (Wilkinson et al. 2013; Kerry et al. 2017) 

were compared to the up-regulated, downregulated and insensitive gene targets in each EPZ-

5676 treatment (Figure 4.7A). A similar proportion (20-30%) of MLL-AF4 gene targets was 

observed in most categories and conditions. Slightly more were observed in the downregulated 

genes in 0.5µM and 1µM conditions of between 45-50%, with only 28% observed in the 

downregulated 2µM condition. This may be due to an increase in differentially expressed gene 

targets in the 2µM condition, with more non-MLL-AF4 gene targets becoming downregulated. 

To focus specifically on the directly DOT1L regulated MLL-AF4 gene targets, the overlap 

between MLL-AF4 gene targets and H3K79me marked hypersensitive genes were assessed. 

Strikingly, 66% of the hypersensitive H3K79me genes were bound by MLL-AF4 (Figure 

4.7B). Therefore, whilst in general MLL-AF4 gene targets are not enriched in the total 

downregulated genes compared to total up-regulated or total insensitive targets, hypersensitive 

targets are strongly enriched with gene targets bound by MLL-AF4. This highlights the 

potential importance of the hypersensitive targets for leukaemogenesis. Furthermore, as MLL-

AF4 gene targets have been observed to have extremely high levels of H3K79me (Krivtsov et 

al. 2008), this may explain the difference in levels of H3K79me observed in the hypersensitive 

targets (Figure 4.6A) which may in part come from the MLL-AF4 targets within this group. 

Amongst the hypersensitive MLL-AF4 gene targets were HOXA9, CDK6 and other targets, 

which have previously been shown to have high levels of H3K79me (Krivtsov et al. 2008; 

Bernt & Armstrong 2011; Okada et al. 2005). In addition, two of the most sensitive gene targets 
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identified were the MLL-AF4 targets PROM1, which encodes the cell surface marker CD133, 

and BCL11A, which encodes a transcription factor important for normal B cell development. 

PROM1 has been shown to be downregulated following AF4 knockdown as well as being 

sensitive to MLL-AF4 knockdown (Mak et al. 2012; Thomas et al. 2005; Kerry et al. 2017).  

Interestingly, other known MLL-AF4 gene targets, such as FLT3, were insensitive to EPZ-

5676 treatment and showed no differential change in nascent RNA level, suggesting MLL-AF4 

may contribute to the regulation of these genes via an alternative mechanism.  
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Figure 4-7. Proportion of hypersensitive targets are MLL-AF4 targets (A) Number of genes in each category; 

upregulated, downregulated and insensitive which are bound by MLL-AF4. MLL and AF4 ChIP seq 

performed in the lab by Tom Milne. Bottom: percentage of genes in each category: upregulated, 

downregulated and insensitive in 0.5µM, 1µM and 2µM concentrations which are MLL-AF4 direct targets 

(B) proportion of 182 hypersensitive targets (Figure 4.5A) which are bound by MLL-AF4. 
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4.3.11 H3K79me3 is lost genome-wide following EPZ-5676 treatment 

 

As there is a large proportion of H3K79me gene targets which are insensitive, one possibility 

is that EPZ-5676 treatment did not lead to full H3K79me depletion genome-wide. To address 

this, a quantitative H3K79me3 ChIP seq method was employed. 

4.3.11.1 Quantitative ChIP seq 

 

ChIP seq is traditionally normalised by Reads Per Million (RPM), which normalises for the 

total read count but does not always account for differences observed between samples, even 

when using the same antibody. For example, sample A may have 100% of histone modification 

present compared to sample B which only has 50% of the amount of histone modification 

present in sample A. These differences may be masked when using traditional normalisation 

because, even though sample B has overall less signal, it can be sequenced to a greater depth 

due to the lower complexity of the library being sequenced. Sample A, which has 100% 

modification will not be sequenced as deeply due to the larger amount of global modification 

and higher library complexity. Following normalisation to total number of reads, this may mean 

that sample A and B look very similar following sequencing (Figure 4.8A). To account for 

these differences, an external reference genome normalisation method can be used. By 

normalizing to a reference genome, which is present at the same amount in all samples, these 

differences in amount of modification can be revealed (Figure 4.8A). In addition to this, 

technical differences in the ChIP protocol are also accounted for as the reference DNA 

undergoes the same process within each sample. 
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4.3.11.2 Observing the loss of H3K79me3 using ChIP rx 

 

To observe global changes in H3K79me the ChIP rx method was used (described in Orlando 

et al., 2015). A known number of fixed D.melanogaster S2 cells are ‘spiked in’ at a 4:1 ratio 

(human vs D D.melanogaster at the lysis step of the ChIP protocol. The experiment is then 

processed as per the normal ChIP protocol (see methods). Following sequencing, a 

normalisation factor can be calculated based upon the number of D.melanogaster reads present 

in each sample. The input of each ChIP sample should give rise to a similar number of 

D.melanogaster reads, due to the constant number of D.melanogaster cells used in each ChIP. 

Differences observed in the number of D.melanogaster reads in the IP samples are due to 

differences in amount of material pulled down which is an indication of the differences in 

amounts of modification present. 

As the D.melanogaster cells are lysed at the same time as the human cells and taken through 

the IP, the antibody used in the IP must recognise the D.melanogaster histone modification. To 

test this, ChIP qPCR was carried out on S2 cells using an anti-H3K79me3 antibody. Primers 

were designed for known active and repressed genes in D.melanogaster. H3K79me3 was 

detectable by qPCR at the active gene (rp49) and not at the repressed gene (xm5a) (Figure 

4.8B).  

Following antibody verification, SEM cells were treated with 0.5µM, 1µM and 2µM EPZ-5676 

for 7 days, compared to 0µM control and single-fixed for ChIP. Following sequencing, reads 

were mapped and filtered to hg19 and dm3 using an in-house pipeline developed by Jelena 

Telenius. The normalisation factors were calculated and reads were normalised using the homer 
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makeUCSCfile command using the –norm flag. Traditional normalisation was also carried out 

to highlight the differences observed between these two methods. 

 

A genome wide analysis was carried out observing all genes in all treatments using both 

traditional and ChIP rx normalisation factors (Figure 4.9A-B). Using ChIP rx normalisation it 

can be observed that H3K79me3 is lost genome wide in 0.5µM, 1µM and 2µM conditions 

compared to the 0µM control. This loss is striking compared to the traditional normalisation 

which demonstrates very little change in H3K79me3, and even an increase in the 1µM 

Figure 4-8. Using ChIP rx to study loss of H3K79me following EPZ-5676 treatment. (A) Schematic describing the 

ChIP rx principle. Adapted from Orlando et al., 2014. (B) H3K79me3 ChIP qPCR in Drosophila S2 cells at an 

expressed gene (rp49) and a repressed gene (xm5a) from spike-in experiment with SEM cells treated with 0.5µM, 

1µM and 2µM EPZ-5676 for 7 days. 



   140 

 

treatment genome wide. This highlights the importance of using reference normalisation to 

demonstrate the loss of H3K79me genome wide which would be otherwise masked using 

traditional normalisation. Furthermore, this demonstrates that both sensitive and insensitive 

gene targets lose H3K79me3. This can be further illustrated by visualising the loss of 

H3K79me3 both at PROM1, a hypersensitive gene and FLT3, an insensitive gene (Figure 4.9C-

D). Again, the difference between traditional and ChIP rx normalised data can be clearly 

observed.  

Even though slight differences are observed between concentrations at the ChIP rx level, these 

changes contrast with those observed at the bulk histone level by western blot (Figure 4.2A). 

This could be due to sensitivity of ChIP seq compared to western blot analysis, or perhaps 

western blot detects a pool of H3K79me marked histones that are not incorporated into 

chromatin. Nascent RNA sequencing tracks demonstrate that although H3K79me3 is lost at 

both PROM1 and FLT3, only PROM1 expression is sensitive to the loss of H3K79me3 and 

FLT3 is insensitive, showing no reduction in transcription (Figure 4.10). 

 

 

 

 

 

 



   141 

 

 

Figure 4-9. H3K79me3 is lost genome wide following EPZ-5676 treatment (A-B) UCSC genome browser tracks 

display H3K79me3 levels at hypersensitive gene targets using a traditional normalisation method and ChIP rx 

normalisation method from SEM cells treated with 0.5µM, 1µM and 2µM EPZ-5676 (C-D) Histogram 

demonstrating genome wide difference in H3K79me3 following 7 days 0.5µM, 1µM and 2µM EPZ-5676 

treatment using traditional and ChIP rx normalisation methods. 
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Figure 4-10. Examples of sensitive and insensitive targets. UCSC tracks displaying Nascent RNA seq data, 

normalised to 1x107 reads, in 0µM control, 0.5µM, 1µM and 2µM EPZ-5676 treatments of SEM cells at PROM1 

and FLT3. 

4.3.12 DOT1L is important for the regulation of MLL-AF4 gene target, PROM1 

 

As the most downregulated gene target, PROM1, codes for the cell surface marker CD133, it 

was interesting to determine whether downregulation of this gene target leads to a reduction of 

CD133 on the cell surface, particularly because changes in nascent RNA are reduced but not 

completely lost. FACS analysis was carried out on SEM cells, showing a reduction in surface 

CD133 following EPZ-5676 treatment (Figure 4.11A, performed by Sorcha O’Byrne). 

Complementary to this, western blot analysis demonstrated a reduction of intracellular PROM1 

(Figure 4.11B). 

To determine whether CD133 was important for leukaemogenesis of MLL-AF4 ALL 

leukaemia (PROM1 is not expressed in MLL-AF4 AML), PROM1 siRNA knockdown coupled 

with colony assays was performed. FACS analysis demonstrated that CD133 was reduced 

following siRNA knockdown (data not shown), however no difference in colony formation or 

morphology was observed between scrambled siRNA control and PROM1 siRNA (Figure 
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4.11C). This suggests PROM1 may not necessary for the maintenance of MLL-AF4 ALL, 

however, it was possible that PROM1 levels had recovered to wildtype levels. To address this 

issue, PROM1 shRNA cell lines were generated. Unfortunately, the cells died within 24 hours 

of shRNA induction, therefore, whether expression had been reduced was unclear. 

Figure 4-11. CD133 expression is lost following EPZ-5676 treatment (A) CD133 FACS analysis of SEM 

cells treated with 2µM EPZ-5676 for 7 days (orange) compared to 0µM control (blue) and negative control 

(red) (B) Western blot analysis of WCEs generated from SEM cells treated with 2µM EPZ-5676 for 7 days 

compared to 0µM control. Western blot membrane probed with anti-PROM1 antibody, Anti-H3K79me3 and 

anti-GAPDH as loading control (C) Two independent PROM1 siRNA mediated knockdowns of SEM cells 

compared to scrambled siRNA control coupled with colony assays. Y-axis indicates number of colonies 

counted. Error bars represent standard error (n=3). 
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4.3.13 DOT1L knockdown validates hypersensitive gene targets 

 

Following identification of a set of hypersensitive gene targets using EPZ-5676, a 

complementary approach was needed to validate these targets. To do this a DOT1L specific 

siRNA was employed. SEM cells were treated with DOT1L siRNA for 6 days. After 2 days of 

knockdown, DOT1L levels were reduced on the protein level (Figure 4.12B) and RNA levels 

remain reduced at day 6 (Figure 4.12A). In addition to this H3K79me3 shows a clear reduction 

on the bulk histone level by western blot at day 4 and 6 (Figure 4.12C). This is further verified 

by H3K79me3 ChIP qPCR at day 6, demonstrating a loss of H3K79me3 at sensitive targets 

(PROM1, CDK6 and BCL11A) and an insensitive target (FLT3) compared to the scrambled 

siRNA control (Figure 4.12D). Interestingly, consistent with EPZ-5676 treatment, 

hypersensitive targets PROM1, BCL11A and CDK6 RNA levels were reduced following 

DOT1L knockdown by around 20% while the insensitive gene FLT3 did not show any 

reductions in total RNA level (Figure 4.12A). The disparity in the level of reduction between 

these sensitive gene targets in DOT1L knockdown and EPZ-5676 treatment may be due to the 

difference in nascent RNA vs total RNA changes. Moreover, a substantial level of H3K79me 

was still detectable by ChIP qPCR at BCL2 following DOT1L knockdown, compared to the 

near-complete loss following inhibition by EPZ-5676. Therefore, the residual amount of 

H3K79me may be enough for transcription to occur to a level close to normal. Nevertheless, a 

consistent change in expression of the sensitive gene targets is observed between EPZ-5676 

treatment and DOT1L knockdown, indicating these targets are most likely dependent upon 

DOT1L, rather than being affected by off-target effects of the EPZ-5676. 
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Figure 4-12. DOT1L knockdown validates hypersensitive genes (A) Following DOT1L mediated siRNA 

knockdown in SEM cells, qRT-PCR shows a reduction in DOT1L expression and hypersensitive genes relative 

to internal housekeeping gene YHWAZ relative to scrambled siRNA control. No reduction was observed in the 

insensitive gene FLT3. Error bars represent standard deviation of two biological replicates (B and C) Western blot 

analysis of WCEs and histone extraction of SEM cells treated with various timepoints of DOT1L siRNA 

knockdown compared to scrambled siRNA control. Western blot membrane probed using anti-DOT1L and anti-

H3K79me3 antibody with anti-GAPDH and anti-H3 as loading controls (D) H3K79me3 ChIP qPCR at PROM1, 

BCL11A, FLT3 and negative control region in SEM cells treated with DOT1L siRNA compared to scrambled 

siRNA control.   
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4.3.14 Verification of MLL-AF4 and H3K79 methylation targets in other MLL-AF4 cell lines 

 

One important consideration when studying gene regulation in cell lines is that over time 

mutations in other genes can accumulate. This may distort gene regulation, meaning they may 

not be representative of what is occurring inside the leukaemic cells of a patient with MLL-

AF4. In addition to this, even if the cell line does not accumulate additional mutations, the cell 

line was established from one patient and may not be typical of cells from other MLL-AF4 

patients. To investigate whether the identified hypersensitive genes were specific for SEM 

cells, two other MLL-AF4 cell lines; MV4;11 (MLL-AF4 AML) and RS4;11 (MLL-AF4 ALL) 

were treated for 7 days with EPZ-5676. RS4;11 cells demonstrated a loss of H3K79me3 and a 

reduction in gene expression of BCL2, PROM1 and BCL11A (Figure 4.13C-D). However, 

CDK6 and FLT3 were insensitive (Figure 4.13C-D). Furthermore, PROM1 is not expressed in 

myeloid cells and therefore was not detectable in MV4;11 cells, however, CDK6 and BCL2 

were downregulated and demonstrated loss of H3K79me3 by ChIP qPCR (Figure 4.13A-B). 

Interestingly, FLT3 was downregulated in MV4;11 cells, in contrast to RS4;11 and SEM cells. 

Taken together these data demonstrate, reassuringly, that there are similarities in DOT1L 

dependent gene targets between MLL-AF4 cell lines, further validating some of the 

hypersensitive targets observed in this chapter. However, cell line specific and ALL vs AML-

specific gene regulation is also occurring. 
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Figure 4-13. H3K79me3 hypersensitive targets are common to MLL-AF4 cell lines. (A) qRT-PCR in MV4;11 cells 

treated with 2µM EPZ-5676 and 0µM control for 7 days at sensitive and insensitive genes. (B) H3K79me3 ChIP 

qPCR performed in MV4;11 cells (ALL cell line) following 2µM EPZ-5676 (orange bars) and 0µM (Blue bars) for 

7 days. (C) qRT-PCR performed in RS4;11 cells following 2µM EPZ-5676 and 0µM control. (D) H3K79me3 ChIP 

qPCR performed in RS4;11 cells (AML cell line) following 2µM EPZ-5676 and 0µM control for 7 days. Error bars 

in all figures represent standard deviation from two biological replicates. 
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4.3.15 H3K79me gene targets are found in primary MLL-AF4 ALL cells and normal fetal 

bone marrow (FBM) cells 

 

Even though H3K79me genes targets have been identified in multiple MLL-AF4 cell lines, this 

does not address how similar these genes are compared to cells from patients with MLL-AF4 

leukaemia. This is particularly important when considering the treatment of MLL-AF4 

leukaemia and designing therapies that will not only work in cell lines, but importantly within 

patients. Interestingly, it has been suggested that MLL-AF4 infant ALL may arise in utero, 

potentially from the transformation of early foetal haematopoietic progenitor cells, found in the 

foetal bone marrow (FBM) (Barrett et al. 2016). MLL-AF4 leukaemia is dependent upon 

H3K79me (Krivtsov et al. 2008). Therefore, comparing H3K79me3 gene targets within FBM 

cells to MLL-AF4 leukaemia may provide some insight into the dynamics of H3K79me3 at 

genes pre- and post leukaemogenesis. 

To highlight important similarities or differences between H3K79me3 targets in leukaemia vs 

normal cells, H3K79me3 ChIP sequencing was performed upon (1) MLL-AF4 primograft 

cells, originally derived from a diagnostic ALL patient sample (2) human FBM cells (see 

methods). Following sequencing H3K79me3 gene targets were identified and compared 

between SEM cells, the MLL-AF4 primograft sample and FBM (Figure 4.14A). Specific 

examples demonstrate that shared and different gene targets between FBM and MLL-AF4 

leukaemia (patient sample and SEM) are present (Figure 4.14B). A total of 8870 marked 

H3K79me3 genes targets were observed in the MLL-AF4 patient sample, compared to 9193 

found in SEM cells. Reassuringly, 81% of SEM H3K79me genes were observed in the MLL-

AF4 patient cells, suggesting a strong similarity between the two. Even though this is compared 

to just one patient, the results indicate that H3K79me3 targets in SEM cells are generally 
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representative of MLL-AF4 ALL patient gene targets. 12,789 H3K79me3 gene targets were 

identified in FBM, around 40% more than observed in SEM cells or the patient sample. As 

FBM represents a population containing different cell types, this may explain the larger number 

of H3K79me3 genes observed. However, what is striking is that 93% of H3K79me3 found in 

SEM cells and the MLL-AF4 patient sample, are also found in FBM. As H3K79me marks 

normal gene targets which are not aberrantly controlled by MLL-AF4, it is likely that most of 

these targets are non MLL-AF4 genes. Nevertheless, it does indicate that gene targets which 

are regulated by MLL-AF4 in the leukaemia, may already be H3K79 methylated in the original 

cell.  
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Figure 4-14. H3K79me3 found in an MLL-AF4 patient sample and FBM cells. (A) Venn diagram 

representing overlap of H3K79me3 gene targets in SEM cells, MLL-AF4 patient cells and FBM cells 

(B) UCSC ChIP seq tracks demonstrating shared and independent H3K79me3 gene targets in FBM, 

SEM and patient sample. 
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4.4 Discussion 
 

4.4.1 DOT1L regulates a subset of gene targets 

 

In this chapter it has been observed that H3K79me3 controls a subset of hypersensitive MLL-

AF4 gene targets in MLL-AF4 leukaemia cell lines. There are two currently proposed 

mechanisms of DOT1L function at MLL-FP gene targets. One of these has described DOT1L 

as a SIRT1 antagonist and the other has proposed that H3K79me can modulate transcription 

factor binding and histone modification deposition (Chen et al. 2015; Gilan et al. 2016). As 

only a subset of H3K79me targets are downregulated following EPZ-5676 treatment, it is 

unclear whether these mechanisms can be used to describe the specificity of H3K79me function 

at hypersensitive MLL-AF4 gene targets without further analysis. This will be addressed in 

Chapter 5. 

Conversely, many gene targets remained insensitive to EPZ-5676 treatment despite the loss of 

H3K79me3. This suggests that MLL-AF4 may regulate these insensitive gene targets via a 

DOT1L and H3K79me independent mechanism. It also suggests that H3K79me is not 

generically required for transcription per se. As described in chapter 1, MLL-FPs have been 

demonstrated to regulate gene targets via different mechanisms. Examples includes via P-

TEFb, which is involved in early transcription elongation, or via the SL1 complex, involved in 

transcription initiation (Garcia-Cuellar et al. 2016; Okuda et al. 2015).  

The validation of downregulation observed when using the inhibitor is very important. This is 

because due to the nature of H3K79me3 and the relatively long residency time, off target 

secondary effects are likely. To validate the hypersensitive gene targets observed following 

EPZ-5676 treatment, a DOT1L siRNA was employed. DOT1L siRNA-mediated knockdown 

confirmed that a reduction of H3K79me3 led to the downregulation of specific hypersensitive 
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gene targets tested. Although the effect upon expression of hypersensitive genes such as 

PROM1 was subtle, this may be a consequence of remaining DOT1L and H3K79me still 

present at genes. Importantly, it is also plausible that other proteins, besides H3K79, are 

methylated by DOT1L. EPZ-5676 has been shown to specifically inhibit DOT1L 

methyltransferase activity by in vitro screening (Daigle et al. 2013) but it is possible it has other 

in vivo effects. Therefore, when using EPZ-5676 it may be more accurate to consider 

H3K79me as an output of DOT1L methyltransferase activity. 

4.4.2 Comparison of H3K79me gene targets in different cell types 

 

Following FBM H3K79me ChIP seq, a large proportion of H3K79me3 targets identified were 

also found in SEM and in MLL-AF4 ALL patient cells. It has been proposed that MLL-AF4 

infant ALL may arise via a translocation occurring within a foetal hematopoietic progenitor 

cell, found within the FBM population (Montes et al. 2011; Barrett et al. 2016). Following 

transformation, it is possible that H3K79me3 gene targets are then aberrantly maintained via 

MLL-AF4. Furthermore, MLL-AF4 may increase H3K79me at these gene targets, consistent 

with the high levels of H3K79me3 observed at MLL-AF4 gene targets (Krivtsov et al. 2008). 

This could occur via the increased stability of DOT1L binding at these targets by mechanisms 

described in chapter 3. 

Reassuringly, H3K79me3 gene targets observed in SEM display a large overlap with 

H3K79me3 gene targets in the MLL-AF4 ALL patient sample. Furthermore MLL-AF4 ALL 

cell lines, SEM and RS4;11, did show some similarities in H3K79me3 hypersensitive targets. 

Taken together, these data suggest that H3K79me3 hypersensitive genes observed in SEM cells 

are likely hypersensitive in MLL-AF4 ALL patients. Therefore, studying the function of 
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DOT1L and H3K79me in MLL-AF4 cell lines can be extrapolated to understanding what may 

be occurring at gene targets in patients with MLL-AF4 ALL. 
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Chapter 5 – Understanding the function of 
H3K79me at MLL-AF4 hypersensitive gene 
targets 
 

5.1 Introduction 
 

DOT1L and H3K79me play an important role in the transcription of many genes, including 

some which are directly bound by MLL-AF4 and may be important for the leukaemia 

(Identified in Chapter 4). Following a global reduction in H3K79me, only a subset of 

H3K79me-marked gene targets demonstrates a reduction in transcription. This suggests that 

only a subset of H3K79me marked gene targets are dependent upon H3K79me for 

transcription, thus H3K79me may play a specific regulatory role at these gene targets.  

Very little is known about exactly how H3K79me can contribute to transcription and much is 

speculated, in part due to the difficulty in studying H3K79me. Due to the location of H3K79me 

within the nucleosome core, in vitro reconstituted H3K79me modified nucleosomes are 

difficult to generate, precluding extensive biophysical and biochemical analyses. However, 

experiments have provided some evidence of how H3K79me can mechanistically contribute to 

transcription. 

As noted in the introduction, histone modifications have been demonstrated to act as platforms 

which chromatin proteins can bind and have been shown to biophysically alter nucleosome 

structure. Two reader proteins, 53BP1 and SMN, have been identified for H3K79me in vitro. 

Both proteins have been shown to interact with H3K79me via a tudor domain (Wysocki et al. 

2005; Sabra et al. 2013). Although neither 53BP1 or SMN are associated with transcription, 
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the existence of H3K79me-binding proteins suggests that this mark may be able to interact 

with a similar transcription-associated protein (Huyen et al. 2004). In addition to this, 

H3K79me has been shown to cause a conformational change on the surface of the nucleosome 

(Lu et al. 2008). Although it is inconclusive whether this might directly affect nucleosome 

structure, this could potentially affect transcription by modulating the accessibility of 

chromatin and directly controlling transcription factor binding.  

5.1.2 Current models of DOT1L function 

 

Two models have recently been proposed to explain the function of DOT1L in transcription. 

Whilst there are differences between these models, they mainly focus upon the interplay 

between H3K79 methylation and other histone modifying enzymes and the modifications 

associated with them. As described in chapter 1 in detail, one of these models suggests DOT1L 

may act as an antagonist to the H3K9 deacetylase, SIRT1, in MLL-AF9 leukaemia cell lines 

and is consistent with studies carried out in yeast demonstrating that DOT1L can antagonize 

Sir proteins (Takahashi et al. 2011; Chen et al. 2015). Following the loss of H3K79me, a 

reduction in H3K9ac and subsequent increase in H3K9me was observed, dependent upon the 

H3K9 methyltransferase, SUV39H1. This loss of activating histone modifications and gain of 

repressive histone modifications associated with facultative heterochromatin was proposed as 

a functional mechanism which may lead to the downregulation of H3K79me marked gene 

targets. 

In addition to this, it has been shown that DOT1L can act in co-operation with BRD4 in MLL-

FP cell lines (Gilan et al. 2016). This model suggests that H3K79me facilitates the binding of 

transcription factor CREB1. CREB1 has been shown to recruit the acetyltransferase p300, one 

of the substrates of which is H4. An important reader of acetylated lysine residues, including 
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H4K5ac, is BRD4. Following loss of H3K79me, H4K5ac and BRD4 binding are reduced at 

H3K79me gene targets, in addition to a reduction in CREB1 and P300 binding. Therefore, this 

model suggests that H3K79me facilitates transcription factor binding leading to the recruitment 

of P300 and thus BRD4. 

Taken together, these models suggest that following a loss of H3K79me, a reduction in histone 

acetylation and an increase repressive H3K9me is observed, potentially due to changes in 

transcription factor binding such as CREB1, and antagonism of repressive modifications 

directly by DOT1L and H3K79me. Loss of acetylation leads to the loss of BRD4 at these loci 

and may lead to a loss of other proteins such as AF9 and ENL, which also bind to acetylated 

lysine residues (Li et al. 2014; Wan et al. 2017; Erb et al. 2017). Disruption of interactions with 

multiple elongation components may therefore lead to a decrease in transcription.  

Data from this thesis and others have demonstrated that the requirement for H3K79me is not 

universal and only a subset of H3K79me gene targets are downregulated following DOT1L 

inhibition. This poses the question of what mediates this specificity. This question will be 

addressed in this chapter by comparing hypersensitive H3K79me marked MLL-AF4 gene 

targets vs insensitive H3K79me marked MLL-AF4 gene targets.  

5.2 Aims  
 

1. Determine the effects upon other histone modifications following EPZ-5676 

treatment. 

2. Investigate changes in chromatin accessibility following EPZ-5676 treatment. 

3. Understand whether chromatin structure is affected by loss of H3K79me. 
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5.2 Results 
 

5.2.1 Loss of H3K79me leads to changes in histone modifications 

 

According to the models described one of the ways transcription is affected is via changes in 

histone modifications. We therefore wanted to test as a first pass whether changes in histone 

modifications could dictate the specificity of the hypersensitive MLL-AF4 gene targets. If this 

was the case, we would expect that changes in histone modifications would only occur at the 

hypersensitive gene targets and not at the insensitive gene targets. 

Following treatment of SEM cells with EPZ-5676 for 7 days, global loss of H3K79me was 

detected by western blot analysis as expected (Figure 5.1A). No changes in the activating 

histone modifications H3K27ac and H3K9ac, or repressive modifications H3K9me2 and 

H3K9me3, were detected at the bulk histone level (Figure 5.1A). To test whether changes were 

observed on a gene-by-gene basis, ChIP qPCR was employed. Both H3K27ac and H3K9ac 

showed a reduction at hypersensitive gene targets, including PROM1 and BCL11A (Figure 

5.1B-C). In addition to this, an increase in H3K9me2 and H3K9me3 was observed at these loci 

(Figure 5.1D-E). However, these changes were not limited to hypersensitive gene targets, as 

similar effects were observed at insensitive gene targets, including FLT3 and ADAM10 (Figure 

5.1B-E). Furthermore, an increase in H3K9me2 and H3K9me3 was also observed at the silent 

gene target HOXC8 (Figure 5.1D-E). 

As an important control, it is worth establishing whether EPZ-5676 treatment affects the 

expression of any histone modifying enzymes, which could potentially lead to changes in 

histone modifications at gene targets. A table including the Log Fold Change (LogFC) of 

nascent RNA of histone modifying enzymes associated with the modifications examined in 

this thesis was compiled (Table 5.1). Even though there are observable changes in 4 enzymes 
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at the level of nascent RNA, most histone modifying enzymes do not show a change in gene 

expression upon EZP5676 treatment. Together these data suggest that both hypersensitive and 

insensitive gene targets display seemingly non-specific changes in histone modification upon 

loss of H3K79me. Although this analysis is not genome wide, decreases in H3K27ac, H3K9ac 

and increases in H3K9me2/3 seem to occur generally, therefore cannot alone explain the 

specificity of the observed downregulation of transcription. 

 

 

 

 

 

 

 

 

Table 5-1. Changes in nascent RNA levels of histone modifying enzymes.  
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Figure 5-1. Loss of H3K79me leads to a change in histone modifications (A) Western blot analysis on purified 

histones from SEM cells treated with 2µM EPZ-5676 for 7 days compared to 0µM control. (B-C) H3K27ac and 

H3K9ac ChIP qPCR following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells at sensitive (PROM1 (prom 

= promoter G.B= gene body), TAPT1, BCL11A, CDK6) and insensitive (FLT3, ADAM10) genes plus negative control 

(HOXC8). Error bars represent standard deviation from two biological replicates (D-E) H3K9me2 and H3K9me3 

ChIP qPCR following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells at sensitive (PROM1, TAPT1, 

BCL11A, CDK6) and insensitive (FLT3, ADAM10) genes plus negative control (HOXC8). Error bars represent 

standard deviation from two biological replicates. 
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5.2.2 Loss of H3K79me leads to subtle changes in chromatin accessibility 

 

So far, these results have indicated that changes in histone modifications due to loss of 

H3K79me appear to be general and non-specific. Therefore, this cannot explain specific 

transcription changes. To explain specific transcription changes, more general effects upon 

histone modifications must in some way translate into a specific effect at hypersensitive gene 

targets. What could provide specificity at gene targets? One possibility is specific transcription 

factor binding. Therefore, there are two possibilities. Firstly, H3K79me may promote 

chromatin accessibility and promote binding of transcription factors, and following loss of 

H3K79me transcription factor binding affinity is reduced, this is supported by published data 

(Gilan et al. 2016). Secondly, the general increase in repressive histone modifications across 

the genome, upon H3K79me reduction, may have a repressive effect upon transcription factor 

binding to particular regions, for example; at potential enhancers of hypersensitive genes. Both 

mechanisms could work synergistically and in both cases a loss of transcription factor binding 

would be expected following loss of H3K79me. To test this, ATAC seq was employed 

following EPZ-5676 treatment of SEM cells. 

5.2.3 Measuring chromatin accessibility using ATAC seq 

 

Assay for Transposase Accessible Chromatin (ATAC) seq is a method used to map chromatin 

accessibility genome wide (Buenrostro et al., 2015). Briefly, this technique relies upon the Tn5 

transposase to insert sequencing adapters into accessible regions of chromatin. Fragments 

generated can be sequenced, mapped and visualized on a genome browser, such as UCSC, to 

observe fragments which were accessible to the transposase at a population level. Therefore, 

visualised peaks represent DNA which is not bound by DNA binding proteins such as 

transcription factors or histones.  Peaks are often observed directly around a transcription factor 
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binding site, due to a lack of nucleosomes, and therefore even though the peak is truly 

displaying regions of chromatin accessibility it can be used to demonstrate where transcription 

factor binding is occurring.  

If H3K79me is modulating transcription factor binding and/or antagonising repressive 

chromatin proteins, which has been proposed in published data (Chen et al. 2015; Gilan et al. 

2016), then it would be expected that upon loss of H3K79me, chromatin accessibility would 

change. 

5.2.4 Hypersensitive and Insensitive gene targets display changes in chromatin accessibility 

 

ATAC seq revealed subtle but clear reductions in chromatin accessibility at some 

hypersensitive gene targets including PROM1, TAPT1, BCL11A, and ARID1B following 7 days 

of 2µM EPZ-5676 treatment (Figure 5.2 and 5.3). ATAC peaks were either lost or 

demonstrated a reduced intensity within the 5’ end of the gene body at these hypersensitive 

targets. The reductions in ATAC peaks overlapped with H3K27ac and H3K4me1 in the gene 

body. These modifications are associated with active enhancers and therefore may indicate 

these genes contain putative intragenic enhancers (Heintzman et al. 2009; Creyghton et al. 

2010). In addition to this, ATAC, H3K27ac and H3K4me1 also co-localise with MLL-AF4 

binding and H3K79me (Figures 5.8C and 5.9C). Some hypersensitive gene targets, such as 

MYC and BCL2, did not demonstrate prominent reductions in chromatin accessibility and 

ATAC peaks did not overlap with both H3K27ac and H3K4me1 in the 5’ end of the gene body 

(Figure 5.4). Insensitive gene targets such as FLT3 and LMO4 did not demonstrate any obvious 

changes in chromatin accessibility (Figure 5.5). In addition to this, no clear changes in 

chromatin accessibility were observed at the promoters of any gene targets observed suggesting 
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this change in chromatin accessibility within the gene body may be specifically occurring at 

intragenic enhancer regions. 

Although changes seemed, by eye, more prominent at a subset of hypersensitive targets which 

contained putative intragenic enhancers (as defined by histone modification and ATAC), there 

are small increases and decreases in ATAC signal at all gene targets, both hypersensitive and 

insensitive. This could be due to sensitivity and technical variation of the ATAC technique. 

The significance and quantification of the changes in chromatin accessibility at hypersensitive 

and insensitive gene targets has not been addressed in this thesis, which would require more 

biological replicates. Taking this into account, it can be suggested from this data that chromatin 

accessibility is reduced at some hypersensitive targets which may be indicative of reductions 

in transcription factor binding. 
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Figure 5-2. Reductions in chromatin accessibility observed at PROM1 and TAPT1 following EPZ-5676 treatment. 

(A) ATAC seq following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Blue windows represent 

reductions observed in chromatin accessibility corresponding with H3K27ac and H3K4me1 ChIP seq. 

Representative of 2 biological replicates (B) Magnified version of (A) representing ATAC and ChIP seq at 

PROM1 (C) Magnified version of (A) representing ATAC and ChIP at TAPT1. 
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Figure 5-3. Reductions in chromatin accessibility at hypersensitive gene targets following EPZ-5676 treatment. 

(A) ATAC seq following 7 days of 0µM and 2µM EPZ-5676 treatment of SEM cells at BCL11A. Blue windows 

represent reductions observed in chromatin accessibility corresponding with H3K27ac and H3K4me1 ChIP seq. 

Histogram represents zoomed in view of ATAC seq signal at BCL11A in 0µM (Orange) and 2 µM (Blue) 

Representative of two biological replicates (B) ATAC seq following 7 days of  0µM and 2µM EPZ-5676 treatment 

of SEM cells at ARID1B. Blue windows represent reductions observed in chromatin accessibility corresponding 

with H3K27ac and H3K4me1 ChIP seq. Histogram represents zoomed in view of ATAC seq signal at ARID1B in 

0µM (Orange) and 2 µM (Blue). Representative of two biological replicates. 
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Figure 5-4. No prominent changes in chromatin accessibility observed at some hypersensitive gene targets following 

EPZ-5676 treatment. (A) ATAC seq following 7 days of 0µM and 2µM EPZ-5676 treatment of SEM cells at MYC. 

ATAC seq peaks correspond to H3K27ac and H3K4me1 ChIP seq. Histogram showing zoomed in ATAC seq peaks for 

MYC in the 0µM (Orange) and 2µM (Blue) EPZ5676 treatment (B) ATAC seq following 7 days of 0µM and 2µM EPZ-

5676 treatment at BCL2. ATAC seq peaks correspond to H3K27ac and H3K4me1 ChIP seq. Histogram showing zoomed 

in ATAC seq peaks for BCL2 in the 0µM (Orange) and 2µM (Blue) EPZ5676 treatment. ATAC seq representative of two 

biological replicates. 
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Figure 5-5. No prominent changes in chromatin accessibility observed at insensitive gene targets following EPZ-5676 

treatment. (A) ATAC seq following 7 days of 0µM and 2µM EPZ-5676 treatment of SEM cells at FLT3. ATAC seq peaks 

correspond to H3K27ac and H3K4me1 ChIP seq. Histogram showing zoomed in ATAC seq peaks for FLT3 in the 0µM 

(Orange) and 2µM (Blue) EPZ5676 treatment (B) ATAC seq following 7 days of 0µM and 2µM EPZ-5676 treatment of 

SEM cells at LMO4. ATAC seq peaks correspond to H3K27ac and H3K4me1 ChIP seq. Histogram showing zoomed in 

ATAC seq peaks for LMO4 in the 0µM (Orange) and 2µM (Blue) EPZ5676 treatment. ATAC seq representative of two 

biological replicates. 
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5.2.5 Differential transcription factor binding may determine reductions in enhancer-

promoter interactions  

 

ATAC seq analysis indicates that loss of H3K79me at sensitive gene targets could affect 

transcription in part by altering transcription factor binding at these targets, but it does not 

indicate which specific transcription factors are involved. One way of identifying which 

transcription factors could potentially regulate a specific gene target is by analyzing the 

transcription factor motifs in the underlying DNA sequence of a gene target. To assess whether 

hypersensitive gene targets are enriched for specific transcription factor motifs a motif analysis 

was carried out on gene targets downregulated following EPZ-5676 treatment. This analysis 

includes all genes downregulated following 2µM EPZ-5676 treatment (including those which 

are not MLL-AF4 targets), as by using a larger set of gene targets sensitive to EPZ-5676 we 

may observe differences in transcription factor binding motifs more clearly. This analysis was 

also used to test whether, CREB1, a transcription factor whose binding has been shown to be 

modulated by H3K79me in MLL-r leukaemia cell lines (Gilan et al. 2016), was enriched at 

sensitive targets. It would perhaps be expected that if CREB1 was modulated by H3K79me, it 

would be enriched at genes targets dependent upon H3K79me. 

Several transcription factor binding motifs were found to be enriched at sensitive genes relative 

to all genes, and many of these transcription factors are known to be expressed in SEM cells. 

Interestingly, CREB1, was not enriched in this set of gene targets. Whilst this does not rule out 

a role for CREB1 at a subset of these gene targets, it does suggest that enriched transcription 

factors identified may be important for the transcription of a larger set of sensitive gene targets. 

Many of the motifs enriched included ETS family transcription factors, such as ETS1, FLI1 

and ERG, in addition to MYB, a transcription factor shown to be necessary for 

leukaemogenesis (Zuber et al. 2011) (Figure 5.6A). FPKM values were taken from Nascent 
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RNA seq to establish whether the enriched transcription factors were expressed in SEM cells 

(Figure 5.7B). From this, MYC, MYB and ETS transcription factors are both enriched and 

more highly expressed in SEM cells compared to other transcription factors (Figure 5.6B). 

Notably, transcription of the vast majority of these transcription factors is not affected by EPZ-

5676 treatment, arguing that these gene targets are not rendered hypersensitive merely by 

changes in expression of their regulators. This has not been investigated further in this thesis 

but could be addressed in future work.  
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Figure 5-6. Transcription factor motifs enriched in downregulated genes following EPZ-5676 treatment of SEM 

cells (A) P-values in order of significance of enriched transcription factor motifs in downregulated gene targets 

following 7 days 2µM EPZ-5676 treatment compared to all active genes. (B) Average Fragment Per Kilobase per 

Million (FPKM) values of transcription factors whose motifs were enriched in (A). Ordered to display the 

transcription factors most high expressed in SEM cells. Error bars represent standard deviation of three biological 

replicates. 
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5.2.6 Loss of H3K79me leads to a reduction of putative enhancer-promoter interactions 

 

As discussed earlier, there are two main possibilities of how H3K79me might function at the 

putative intragenic enhancers to modulate transcription factor binding. Firstly, it is possible 

that H3K79me promotes chromatin accessibility for transcription factor binding to occur. 

Secondly, H3K79me may antagonize repressive modifications. Repressive modifications have 

been demonstrated to create a local domain of inaccessible chromatin, in particular H3K9me 

has been associated with accumulation of HP1 and the phase separation of heterochromatin 

(Strom et al. 2017; Larson et al. 2017). This in turn may modulate chromatin accessibility and 

may impact transcription factor binding (Fitzgerald & Bender 2001). 

 Both proposed mechanisms are not mutually exclusive and both may lead to perturbation of 

transcription factor binding following loss of H3K79me. It is possible that disruption of 

transcription factor binding at the identified potential intragenic enhancers could account for 

the downregulation in transcription observed at hypersensitive targets. Enhancers have been 

shown to regulate transcription by physical interaction with the receptive promoter, and 

transcription factor binding at enhancers and promoters has been demonstrated to be important 

for this interaction, with the assistance of other co-factors (Nolis et al. 2009; Vakoc et al. 2005; 

Jing et al. 2008). Enhancer-promoter interactions contribute to the 3D structure and 

organisation of chromatin in the nucleus, known as TADs and smaller sub-TADs (Dixon et al. 

2012). Therefore, if transcription factor binding at intragenic enhancer regions is reduced 

following loss of H3K79me, the structure of the TAD or sub-TAD may be perturbed. 

 If the putative embedded enhancer elements identified in hypersensitive gene targets are 

dependent upon H3K79me for transcription factor binding and/or antagonism of repressive 

modifications, then it may be expected that following loss of H3K79me, the enhancer-promoter 
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interaction occurring within a domain may become less stable and therefore a decrease in 

frequency of this interaction may be observed. Furthermore, if this mechanism is specific only 

to hypersensitive gene targets which contain embedded enhancer elements, then no changes 

would be expected at insensitive gene targets.  

The structure of TADs has previously been studied at the globin locus using 3C techniques, 

including the high resolution Capture-C technique, coupled with ChIP seq analysis 

(Vernimmen et al. 2009; Kowalczyk et al. 2012; Hanssen et al. 2017). Therefore, Capture-C 

was employed here to determine the effect of loss of H3K79me, following EPZ-5676 treatment, 

on the overall TAD structure and the interactions occurring within the domain. 

5.2.7 Using Capture-C to study domain structure 

 

In brief, Capture-C relies upon the principles of digestion and re-ligation of DNA fragments 

which are physically close to each other, and uses an oligonucleotide probe to enrich for 

interactions with a specific capture point, typically a promoter or enhancer, followed by high-

throughput sequencing to identify interaction sites. Data gathered from the globin locus has 

shown that two main pieces of information can be uncovered using Capture-C (Hughes et al. 

2013). Firstly, it describes the extent of a domain, indicating where the boundaries are. 

Secondly, it highlights the frequency of interactions which occur with the capture point, within 

the defined domain. As Capture-C is performed on a population of cells, it describes the relative 

frequency of the interactions occurring with the capture point within a population of cells. 

Higher frequency interactions, indicated by relatively higher peak signal, are potentially 

indicative of more stable interactions, for example between enhancer and promoter elements. 

Lower frequency interactions, indicated by a lower peak signal, are potentially indicative of 
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more transient interactions within the domain and have been suggested to be a result of random 

‘sampling’ of the chromatin within a domain (Davies et al. 2016). 

5.2.8 Capture-C reveals reduced enhancer-promoter interactions at some hypersensitive gene 

targets 

 

Ten hypersensitive gene targets and twelve insensitive gene targets were investigated, for each 

of which a high-quality Capture-C probe was designed for the promoter. These gene targets 

were chosen based upon their importance for leukaemia and the level of downregulation at the 

nascent RNA level following EPZ-5676 treatment (Figure 5.7). For all 22 gene targets the 

overall domain structure was not perturbed following loss of H3K79me3 (Figure 5.8A-5.11A, 

S1-S14). This suggests that H3K79me does not affect the boundaries of the domains of any 

gene target, irrespective of transcription.  

 

 

 

 



   173 

 

Six of the ten hypersensitive gene targets demonstrated the presence of a putative intragenic 

enhancer (defined by ATAC, H3K27ac and H3K4me1 peaks in the gene body, Table 5.2), of 

which five (including PROM1, TAPT1, ARID1B and BCL11A) demonstrated a reduction of the 

high frequency interactions between the promoter and the intragenic enhancer by Capture-C, 

following 2µM EPZ-5676 treatment compared to the DMSO control (Figure 8A-9A, Table 

5.2).  

 

 

 

 

Figure 5-7. LogFC of hypersensitive and insensitive genes focused upon in this chapter. LogFC values calculated 

relative to 0µM control and averaged over three biological replicates.  LogFC over +/- 0.5 represents significant 

differential expression. 
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Table 5-2. Changes in 

Nascent RNA (LogFC), 

ATAC and Capture-C 

and presence of 

intragenic H3K27ac and 

H3K4me1 observed at 

hypersensitive and 

insensitive 

genes.Insensitive 
gene targets 

 

Table 5-3. Changes in 

Nascent RNA (LogFC), 

ATAC and Capture-C and 

presence of intragenic 

H3K27ac and H3K4me1 

observed at hypersensitive 

and insensitive genes. 

 

Table 5-4. Changes in 

Nascent RNA (LogFC), 

ATAC and Capture-C 

and presence of 

intragenic H3K27ac and 

H3K4me1 observed at 

hypersensitive and 

insensitive 

genes.Insensitive 
gene targets 

 

Table 5-5. Changes in 

Nascent RNA (LogFC), 

ATAC and Capture-C 

and presence of 

intragenic H3K27ac and 
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Table 5-2. Changes in Nascent RNA (LogFC), ATAC and Capture-C and presence of intragenic H3K27ac and 

H3K4me1 observed at hypersensitive and insensitive genes. 
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The presence of a putative intragenic enhancer was not observed in the other four 

hypersensitive gene targets, BCL2, MYC, JMJD1C and SUPT3H (Figure 5.10C, S2, S4, Table 

5.2). None of these four hypersensitive gene targets demonstrated an obvious reduction in high 

frequency interaction within the domain following EPZ-5676 treatment (Figure 5.10A, S2-S4, 

Table 5.2). This suggests that transcription at these hypersensitive gene targets may be 

controlled by H3K79me via an alternative mechanism. Finally, to determine whether 

reductions in chromatin interactions are specific to a subset of hypersensitive gene targets and 

not a general consequence of loss of H3K79me, Capture-C was performed at twelve insensitive 

targets following EPZ-5676 treatment. None of the twelve insensitive gene targets 

demonstrated the presence of an intragenic enhancer and no obvious changes in the high 

frequency interactions within the domains were observed (Figure 5.11, S5-14, Table 5.2). To 

verify this completely a genome wide analysis would be required to establish whether putative 

intragenic enhancers are specific to hypersensitive targets per se or whether any insensitive do 

display this feature, however, these results indicate that this effect may be unique to 

hypersensitive and/or intragenic enhancer-containing genes.  

 

 

 

 

 



   176 

 

 

 

Figure 5-8. High-throughput analysis depicting chromatin features at PROM1 and TAPT1.  (A) Capture-C from 

both PROM1 and TAPT1 promoters following 7 days 0µM control and 2µM EPZ-5676 treatment of SEM cells. 

Pink tracks represent subtraction of 2µM from 0µM treatment. All tracks represent average of 3 biological 

replicates. (B) ATAC seq at PROM1 and TAPT1 following 7 days 0µM and 2µM EPZ-5676 treatment of SEM 

cells, representation of two biological replicates. Blue windows represent changes in chromatin interactions and 

accessibility observed using Capture-C and ATAC seq. (C) ChIP seq tracks at PROM1 and TAPT1 for relevant 

chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, H3K4me1 and H3K4me3. ChIP seq 

generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure 5-9. High through-put analysis depicting chromatin features at ARID1B and BCL11A. (A and D) Capture-C 

from both ARID1B and BCL11A promoters following 7 days 0µM control and 2µM EPZ-5676 treatment of SEM cells. 

Pink tracks represent subtraction of 2µM from 0µM treatment. All tracks represent average of three biological 

replicates. (B and E) ATAC seq at ARID1B and BCL11A following 7 days 0µM and 2µM EPZ-5676 treatment of SEM 

cells, representation of two biological replicates. Blue windows represent changes in chromatin interactions and 

accessibility observed using Capture-C and ATAC seq. (C and F) ChIP seq tracks at ARID1B and BCL11A for relevant 

chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, H3K4me1 and H3K4me3. ChIP seq generated 

in the lab by E.Ballabio, J.Kerry and T.Milne.  
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Figure 5-10. High-throughput analysis of chromatin features at BCL2 and MYC (A and D) Capture-C from BCL2 and 

MYC promoters following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction 

of 2µM from 0µM treatment. All tracks represent average of three biological replicates. (B and E) ATAC seq at BCL2 

and MYC following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological 

replicates (C and F) ChIP seq tracks at BCL2 and MYC for relevant chromatin features including MLL-N, AF4-C, 

H3K79me3, H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure 5-11 High throughput analysis of chromatin features at FLT3 and LMO4 (A and D) Capture-C from FLT3 and 

LMO4 promoters following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction 

of 2µM from 0µM treatment. All tracks represent average of three biological replicates. (B and E) ATAC seq at FLT3 

and LMO4 following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C and F) ChIP seq tracks at FLT3 and LMO4 for relevant chromatin features including MLL-N, AF4-C, H3K79me3, 

H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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5.3 Summary 

In summary, a potential novel mechanism of H3K79me has been identified which may occur 

in a context dependent manner. The loss of H3K79me leads to the downregulation of a subset 

of H3K79me gene targets. Following this loss, changes in histone modifications at both 

sensitive and insensitive gene targets occur, indicating that these changes alone cannot explain 

the effects on transcription. Upon further investigation, reductions in chromatin accessibility 

were observed in the gene body of some hypersensitive gene targets and not at insensitive gene 

targets. Furthermore, putative intragenic enhancers, marked with H3K27ac, H3K4me1 and 

H3K79me, were identified in the hypersensitive gene targets which demonstrated a reduction 

in chromatin accessibility in the gene body. Following loss of H3K79me, a reduction in the 

interaction between the putative intragenic enhancer and promoter was observed at 

hypersensitive targets which demonstrated this feature. This suggests a possible new role for 

H3K79me as regulator of intragenic enhancer-promoter interactions, probably in a specific 

context.  
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5.4 Discussion 

 

5.4.1 A role of H3K79me in intragenic enhancer function 

 

H3K79me is classically associated with transcription elongation, with H3K79me being found 

in the gene body of most active genes (Steger et al. 2008). However, an additional role has 

been suggested in D. melanogaster, where H3K79me has been shown to be present at a subset 

of enhancers (Bonn et al. 2012). Here, it is shown that H3K79me may mark a set of intragenic 

enhancers, which are found within the gene body of a subset of gene targets. Importantly it is 

worth emphasising that physical perturbation is observed between the enhancer and promoter 

following loss of H3K79me, indicating that this is not just a correlation between H3K79me 

and putative enhancer localisation, it is a potential new functional mechanism of DOT1L and 

H3K79me. As H3K79me is found in the gene body of most active genes, it may therefore serve 

as a dual regulator of both elongation and enhancer function at these targets, due to the location 

of the enhancer.  

This raises an important question about the nature of the difference between intergenic and 

intragenic enhancers. Some hypersensitive gene targets which do not appear to have intragenic 

enhancers include BCL2 and MYC. Both BCL2 and MYC have intergenic distal enhancers 

(Godfrey et al. 2016; Uslu et al. 2014). No changes in interaction are observed between the 

intergenic enhancer and promoter of BCL2 or MYC by Capture-C.  Likewise, there are no 

differences in chromatin accessibility at BCL2 and MYC enhancers following EPZ-5676 

treatment. This could be due to the presence of H3K79me and other elongation complexes in 

addition to enhancer complexes at intragenic enhancers.  
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Even though BCL2 and MYC do not demonstrate the presence of an intragenic enhancer, these 

genes are still downregulated following EPZ-5676 treatment. This suggests that these targets 

are controlled by H3K79me by an alternative mechanism, such as ongoing antagonism of 

repressive chromatin proteins in the gene body, allowing transcription elongation to occur. 

Alternatively, there is always the possibility that they are regulated by an indirect effect due to 

the loss of H3K79me. 

One example of a protein that could affect elongation is AF9, a protein shown to interact 

directly with DOT1L and which is purified in the super elongation complex (Lin et al. 2011), 

that can also bind to H3K9ac (Wan et al. 2017; Li et al. 2014), as well as MED26, a subunit of 

the mediator complex (Takahashi et al. 2011; Biswas et al. 2011). As H3K9ac is reduced 

following loss of H3K79me, destabilisation of AF9 may influence mediator stabilisation. This 

highlights one way in which disrupting H3K79me may perturb the protein:protein interactions 

occurring between enhancers and promoters, especially when transcription elongation and 

enhancer-promoter interactions are brought into close proximity. It also emphasizes a way in 

which histone modifications may contribute to gene regulation in a context dependent manner. 

5.4.2 The context dependent role of repressive histone modifications 

 

Another way histone modifications could lead to the downregulation of gene targets in a 

context dependent manner is in the case of the accumulation of repressive H3K9me. H3K9me 

has recently been shown to cause phase separation of heterochromatin via recruitment of HP1, 

which may drive the formation of a heterochromatic state (Strom et al. 2017; Larson et al. 

2017). In addition to this, the repressive modification H3K27me3 has been shown to block 

transcription factor binding (Petruk et al. 2017). Therefore, the accumulation of repressive 
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modifications may lead to a chromatin structure which perturbs activating transcription factor 

binding at intragenic enhancers.  

In section 5.2.1 it was observed that most of the histone modifying enzymes that were checked 

were not perturbed at the level of nascent RNA following EPZ-5676 treatment. However, 4 

enzymes, including GCN5, HDAC1, G9A and SIRT3 were significantly de-regulated (Table 

5.1). Changes in the level of nascent RNA may be translated into de-regulation at the protein 

level. The changes in protein levels could provide a simple explanation of why changes in 

histone modifications are observed nonspecifically. In particular, SIRT3 showed an increase in 

expression and this may be partly responsible for the apparent global decrease in acetylation 

and increase in H3K9me seen at all targets tested including silent ones such as HOXC8. The 

fact that HOXC8 is not expressed or marked with H3K79me in SEM cells but an increase in 

H3K9me is observed following EPZ-5676 treatment is interesting. This further supports the 

non-specific changes in histone modifications are not responsible for specific changes in 

transcription observed.  

5.4.3 H3K79me and the modulation of transcription factors 

 

If H3K79me is ultimately modulating transcription factor binding at the subset of 

hypersensitive targets, it might be expected that specific transcription factors are found at these 

targets compared to insensitive genes. Whilst time constraints have not allowed this to be fully 

addressed in this thesis, preliminary analysis showed that one transcription factor motif which 

is enriched at the downregulated targets is the motif for ERG. ERG is an ETS transcription 

factor which has previously been implicated in acute leukaemia (Coskun et al. 2011) and has 

been shown to interact with the H3K9 methyltransferase SETDB1 (Yang et al. 2002). 

Therefore, H3K79me may antagonize SETDB1 which may prevent binding of repressive 
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transcription factors. In addition to this, it is also possible that H3K79me is stabilizing 

activating transcription factors, such as MYB, which is supported by the observed reductions 

in chromatin accessibility at the putative enhancer regions following EPZ-5676 treatment.  
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Chapter 6 – General Discussion 
 

MLL-AF4 leukaemia is the most prevalent MLL-r leukaemia. It is also understudied and has a 

very poor prognosis (Meyer et al. 2013). Understanding the mechanism by which MLL-AF4 

controls the transcription of genes is paramount to understanding the molecular mechanism of 

this disease, in the anticipation of identifying better therapeutic strategies. DOT1L and 

H3K79me have been shown to be important for both MLL-AF4 gene targets expression and 

leukaemogenesis (Okada et al. 2005; Bernt et al. 2011). Although other pathways of MLL-AF4 

gene activation have been studied, aberrant levels of H3K79me are found at over 95% of MLL-

AF4 target genes and there are currently DOT1L inhibitors in clinical trials (Bernt et al. 2011; 

Krivtsov et al. 2008). Despite this, very little was previously known about (1) how DOT1L is 

initially recruited and stabilised to MLL-AF4 gene targets and (2) once there, how DOT1L and 

H3K79me contribute to the high levels of transcription observed.  

6.1 Model of DOT1L recruitment and function at hypersensitive MLL-AF4 gene 

targets 
 

Taking data from this thesis we’ve developed a working model of DOT1L recruitment and 

function at hypersensitive MLL-AF4 gene targets. As AF4 is not sufficient for DOT1L 

recruitment, it is probable MLL-AF4 may control a subset of genes via indirect recruitment 

and stabilisation of DOT1L. Of note, the AF9-AF4 and AF9-DOT1L interactions are mutually 

exclusive and therefore, cannot occur simultaneously at an MLL-AF4 gene targets, this has 

been demonstrated in this thesis and in published literature (Leach et al. 2013; Biswas et al. 

2011; Yokoyama et al. 2010). New data from this thesis has demonstrated that both AF9 and 
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PAF1 are sufficient for DOT1L recruitment in vivo (Chapter 3), in line with published data 

demonstrating the interaction between AF9-DOT1L and an association between PAF1 and 

DOT1L in vitro (Kim et al. 2010; Leach et al. 2013; Yokoyama et al. 2010; Biswas et al. 2011). 

Together, these interactions could lead to high local concentrations of PAF1 and AF9 or ENL 

at MLL-AF4 gene targets which may generate a high affinity, stable binding site for DOT1L 

(Figure 6.1A). Following DOT1L stabilisation at a gene, H3K79me is deposited in the gene 

body and simultaneously at the putative intragenic enhancer of hypersensitive MLL-AF4 

genes. H3K79me may antagonise repressive proteins, such as SIRT1, thereby creating a 

potentially permissive chromatin state. This may promote high affinity transcription factor 

binding which may in part facilitate the interaction between the enhancer and promoter and 

enhance transcription (Figure 6.1A).  

Following loss of H3K79me, the binding affinity of SIRT1 and other repressive chromatin 

modifying enzymes could increase thus causing activating modifications such as H3 

acetylation to decrease (Figure 6.1B). This may cause a decrease in chromatin accessibility 

leading to a reduction in the binding affinity of activating transcription factors at the putative 

intragenic enhancer regions (Figure 6.1B). The loss of activating transcription factor binding 

may lead to the reduction in enhancer-promoter interaction and reduction in transcription 

observed (Figure 6.1B). 

6.2 How does this model account for specificity of H3K79me function? 
 

It has been observed that following loss of H3K79me, downregulation of a subset of H3K79me 

marked gene targets occurs, demonstrating that H3K79me has a specific function at these 

genes. Therefore, it was important to address what accounted for this specificity and whether 

proposed models may explain this. Loss of H3K79me3 did demonstrate reduction in histone 
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acetylation and an increase in repressive modifications, in line with published results, however, 

this was observed at both hypersensitive and insensitive genes. Therefore, this does not alone 

account for the specific transcriptional changes we observe (Chapter 5). Changes in histone 

modifications have been shown to effect transcription factor binding, which do confer 

specificity by binding to specific DNA sequences. Examples of this include H3K27me3 and 

H3K9me3, which have been demonstrated to perturb transcription factor binding (Petruk et al. 

2017; Soufi et al. 2012; Lupien et al. 2008). Furthermore, it has been suggested that repressive 

complexes and histone modifications cause a decreases in chromatin accessibility which may 

disrupt the ability of DNA binding proteins to access their binding sites (Fitzgerald & Bender 

2001; Francis et al. 2001). Several hypersensitive genes have been demonstrated to contain 

putative embedded enhancers which are directly marked with H3K79me3. Therefore, one way 

which H3K79me3 could be required specifically for hypersensitive genes is if the binding of 

particular transcription factors that regulate specific genes was disrupted by the creation of a 

repressive chromatin domain. CREB1 binding has been suggested to be dependent upon 

H3K79me (Gilan et al. 2016), however, analysis from this thesis demonstrated that CREB1 

binding sites were not enriched at downregulated gene targets. Instead, other transcription 

factors whose motifs are enriched at downregulated genes and that are expressed in SEM cells, 

include ETS family transcription factors (such as ELF1 and ERG) (Figure 5.6). Therefore, the 

binding of these specific transcription factors to the embedded putative enhancer, marked with 

H3K79me, could confer specificity of H3K79me3 function at hypersensitive gene targets. Thus 

the specificity of H3K79me loss could in part be controlled by the particular dependency these 

gene targets have on the binding of ETS factors to intragenic enhancers. 
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6.4 Future work – Does H3K79me modulate specific transcription factor 

binding? 
 

 Taken together, the next most important question to address is whether H3K79me modulates 

the binding of ETS transcription factors such as ELF1 and ERG. To initially test this, ChIP 

qPCR for ELF1 and ERG can be conducted to determine whether they bind to hypersensitive 

genes. If transcription factor binding is dependent upon H3K79me at hypersensitive genes, 

then following loss of H3K79me, it would be expected that transcription factor binding is 

reduced. To test this ChIP qPCR following EPZ-5676 treatment, or a complementary approach 

such as DOT1L knockdown, at hypersensitive genes can be conducted. 

If transcription factor binding is reduced following loss of H3K79me, then it is possible that 

the reduction in transcription and reduction of interaction between the enhancer and promoter 

is due to the specific reduction in transcription factor binding and subsequent reduction in 

activity of the enhancer at hypersensitive genes. To test this, siRNA mediated knockdown of 

specific transcription factors could be used coupled with Capture-C and ATAC seq. Even 

though this does not rule out the potential of co-operative transcription factor binding, and 

further work potentially involving combinatorial transcription factor knockdown would be 

needed to address this, it provides an initial way to test this hypothesis.  
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Figure 6-1 Model of DOT1L recruitment and function at MLL-AF4 hypersensitive genes (A) DOT1L may be recruited to MLL-AF4 gene targets via stabilisation of AF9/ENL and 

PAF1. Stable recruitment of DOT1L leads to H3K79me found in the gene body and putative intragenic enhancer. H3K79me may contribute to active transcription and enhancer function 

via antagonism of repressive histone modifying enzymes. This may lead to an increase in chromatin accessibility and transcription factor binding which may facilitate promoter-enhancer 

interactions (blue arrow) (B) Following DOT1L inhibition, H3K79me is lost from the gene. Therefore, antagonism of repressive chromatin modifying enzymes may be perturbed. This 

may lead to an increase of repressive chromatin modifications. Furthermore, this may result in reduced or altered chromatin accessibility which may prevent and promote activating and 

repressive transcription factor binding, respectively. Overall, this may lead to perturbations in the interaction between the promoter and enhancer (grey arrow) and a subsequent reduction 

in transcription at hypersensitive genes 



   190 

 

Supplementary data 
 

 

 

Figure S1. High throughput analysis of chromatin features at CDK6 (A) Capture-C from CDK6 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM from 

0µM treatment. All tracks represent average of three biological replicates. (B) ATAC-seq at CDK6 following 7 

days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates (C) ChIP seq 

tracks at CDK6 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, H3K4me1, 

H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne 
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Figure S2. High throughput analysis of chromatin features at SUPT3H (A) Capture-C from SUPT3H promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at SUPT3H 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at SUPT3H of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 

 

 

Figure S3. High throughput analysis of chromatin features at MEF2C (A) Capture-C from 

MEF2C promoter following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink 

tracks represent subtraction of 2µM from 0µM treatment. All tracks represent average of 

three biological replicates. (B) ATAC seq at MEF2C following 7 days 0µM and 2µM EPZ-5676 
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Figure S9. High throughput analysis of chromatin features at MEF2C (A) Capture-C from MEF2C promoter following 

7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM from 0µM treatment. 

All tracks represent average of three biological replicates. (B) ATAC seq at MEF2C following 7 days 0µM and 2µM 

EPZ-5676 treatment of SEM cells, representation of two biological replicates (C) ChIP seq tracks at MEF2C of relevant 

chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the 

lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S10. High throughput analysis of chromatin features at JMJD1C (A) Capture-C from JMJD1C promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at JMJD1C 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at JMJD1C of relevant chromatin features including MLL-N, AF4-C, H3K79me3, 

H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S11. High throughput analysis of chromatin features at ASH2L (A) Capture-C from ASH2L promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at ASH2L 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at ASH2L of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S12. High throughput analysis of chromatin features at EP300 (A) Capture-C from EP300 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at EP300 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at EP300 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S13. High throughput analysis of chromatin features at EZH2 (A) Capture-C from EZH2 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at EZH2 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at EZH2 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S14. High throughput analysis of chromatin features at FUT10 (A) Capture-C from FUT10 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at FUT10 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at FUT10 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S15.  High throughput analysis of chromatin features at GADD45A (A) Capture-C from GADD45A 

promoter following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction 

of 2µM from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at 

GADD45A following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological 

replicates (C) ChIP seq tracks at GADD45A of relevant chromatin features including MLL-N, AF4-C, 

H3K79me3, H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and 

T.Milne. 
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Figure S16. High throughput analysis of chromatin features at JARID1A (A) Capture-C from JARID1A 

promoter following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction 

of 2µM from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at 

JARID1A following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological 

replicates (C) ChIP seq tracks at JARID1A of relevant chromatin features including MLL-N, AF4-C, 

H3K79me3, H3K27ac, H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and 

T.Milne. 
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Figure S17. High throughput analysis of chromatin features at JUN (A) Capture-C from JUN promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at JUN following 

7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates (C) ChIP 

seq tracks at JUN of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, H3K4me1, 

H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S18. High throughput analysis of chromatin features at MBNL1 (A) Capture-C from MBNL1 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at MBNL1 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at MBNL1 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S19. High throughput analysis of chromatin features at OGT (A) Capture-C from OGT promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at OGT 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at OGT of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP-seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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Figure S20. High throughput analysis of chromatin features at SMYD2 (A) Capture-C from SMDY2 promoter 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells. Pink tracks represent subtraction of 2µM 

from 0µM treatment. All tracks represent average of three biological replicates. (B) ATAC seq at SMDY2 

following 7 days 0µM and 2µM EPZ-5676 treatment of SEM cells, representation of two biological replicates 

(C) ChIP seq tracks at SMYD2 of relevant chromatin features including MLL-N, AF4-C, H3K79me3, H3K27ac, 

H3K4me1, H3K4me3. ChIP seq generated in the lab by E.Ballabio, J.Kerry and T.Milne. 
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