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Summary 
 
 
Polycomb group (PcG) proteins are highly conserved chromatin regulators that play a 

critical role as transcriptional repressors in mediating and maintaining cellular identity. PcG 

proteins assemble into large, distinct, multimeric complexes: Polycomb Repressive 

Complex 1 and 2 (PRC1 and PRC2). PRC2 comprises core components EZH1/2, EED, 

SUZ12 and RBBP4/7, with additional substoichiometric components defining mutually 

exclusive subcomplex assemblies PRC2.1 and PRC2.2. PRC2 core components catalyse 

post-translational modification of histone H3 by the addition of up to three methyl groups 

on Lysine at position 27, while substoichiometric components provide varied contributions 

to PRC2 activity and localisation. EZH2 plays a central role in B-cell lymphopoiesis, though 

also functions as an oncogene in B-cell lymphoma, whereby recurrent change-of-function 

hotspot mutations in EZH2 result in increased levels of tri-methylated H3K27. Although 

enzymatic inhibitors of EZH2 are entering the clinic for the treatment of selected patients 

with B-cell lymphoma, their utility is limited by inevitable disease progression amongst 

responders after a short period of time, by as yet undescribed mechanisms. The aim of this 

PhD thesis was to gain new insight into the mechanism of action of the oncogene EZH2 in 

lymphoma and to identify novel vulnerabilities in lymphoma amongst other PRC2 

components. Firstly, I describe the effects of the change-of-function EZH2 mutation on 

PRC2 localisation and activity in a lymphoma model and demonstrate that EZH2 asserts its 

oncogenic role via its methyltransferase activity. Secondly, using a PRC2-directed CRISPR 

tiling screen, I identify the PRC2.2 component AEBP2 as a specific genetic dependency in 

germinal centre B-cell lymphoma cell lines and highlight critical domains mediating this 

dependency. I show that targeting AEBP2 or core PRC2 components  can overcome 

acquired resistance to EZH2 inhibition using a lymphoma cell line model. Finally, through 

knockdown of AEBP2 in lymphoma cells, I show that AEBP2 inhibits PRC2 

methyltransferase activity in vivo, with AEBP2 depletion resulting in activation of PRC2 

and further elevation of H3K27me3 in EZH2 mutant lymphoma cells and a disrupted 

balance of PRC2.1 and PRC2.2 components. Taken together, these data contribute an 

improved understanding of the role of the oncogene EZH2 in B-cell lymphoma biology and 

of AEBP2 in Polycomb biology and identify an intriguing novel potential target for treating 

patients with B-cell non-Hodgkin lymphoma. 
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1.1  Determination of cellular identity 
Within a multicellular organism, all cells exist somewhere on a spectrum from totipotency 

to terminal differentiation into any of a vast array of cell types, despite sharing an identical 

genetic blueprint. A high level of fidelity is required to drive the divergent fates of these 

totipotent or pluripotent progenitor cells in the process of accurately assembling and 

maintaining healthy tissues and organs. The integrity of this process is centred around the 

transcriptional signature of the cell: the combination of genes active and inactive in a cell at 

a given time. Lineage-committed cells have generally silenced genes responsible for 

maintenance of pluripotency or “stem-ness” and activated tissue- and stage-appropriate 

transcriptional programmes. With each “cell fate decision” made by a pluripotent cell, its 

repertoire of options for terminal differentiation is progressively restricted, as seen in the 

model system of haematopoiesis (Figure 1B; adapted from (Orkin & Zon, 2008)). This 

progressive constriction of cell fates was portrayed by Conrad Waddington as a pebble 

rolling down a hill, following one of a number of possible routes and settling eventually in 

a valley representing a discrete cellular identity (Figure 1.1A) (Moris et al., 2016; 

Waddington, 1942). Pluripotency transcription factors such as NANOG are highly 

expressed in and contribute directly to the maintenance of pluripotent stem cells; however 

upon initiation of differentiation, these pluripotency factors are lost and subsequent cellular 

identity is determined by the ebb and flow of lineage-specific transcription factors (Bracken 

& Helin, 2009). Further downstream, once pluripotent stem cells have committed to, for 

example, a haematopoietic lineage, the mutually antagonistic transcription factors GATA-1 

and PU.1 promote erythroid and myeloid differentiation of haematopoietic stem cells 

respectively, whereby GATA-1 not only promotes transcription of erythroid-specific genes 

but also represses the PU.1-dependent myeloid transcriptional programme, and vice versa 

(Nerlov et al., 2000; P. Zhang et al., 2000). 

 

In order to sustain a healthy stem cell pool or tissue type, with each mitotic cellular division, 

daughter cells must retain a transcriptional memory of the parental cell from which they 

were derived. Appropriate genetic programmes are inherited as active or inactive from 

parental cells to maintain tissue homogeneity (Alabert et al., 2015). This process is governed 

by numerous mechanisms. One such mechanism involves transcription factors (trans-

factors) interacting with discrete DNA sequences such as enhancers (cis-acting elements) 

leading to the recruitment of co-activators and RNA polymerase II to target genes (T. I. Lee 
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& Young, 2013). Furthermore, covalent modification of the histone octamer around which 

DNA is wrapped to form chromatin, or of DNA itself, can direct whether a given gene is 

available to be activated as euchromatin or is  repressed (Jenuwein & Allis, 2001). These 

modifications (marks), though diluted during mitosis, are transmitted alongside parental 

histones and DNA to daughter cells, informing the daughter cellular phenotype (Alabert et 

al., 2015). The dynamic, rigorously controlled regulation of chromosome accessibility for 

transcription or compaction and resultant silencing is essential for timely, coordinated and 

appropriately scaled gene expression. 

 

1.2  Covalent methylation of DNA 
DNA can be covalently modified by the addition of methyl groups (CH3) to the fifth position 

of cytosine to form 5-methyl-cytosine nucleotides. Following replication, symmetrical 

methylation is restored to hemi-methylated DNA by DNA methyltransferases (DNMTs), 

which use the parental strand as a template to copy the DNA methylation onto the newly 

synthesised daughter strand (E. Li & Zhang, 2014).   

 

DNA methylation occurs primarily at cytosines followed directly by a guanine nucleotide 

in the 5’ to 3’ direction: so called CpG dinucleotides. Up to 80% of CpG dinucleotides are 

methylated in somatic cells; however, mammalian genomes are CpG dinucleotide poor 

(~1% of human genome). CpG dinucleotides are further depleted by C-to-T transitions 

occurring due to the mutagenic nature of 5-mC (Bird & Taggart, 1980; D. N. Cooper & 

Krawczak, 1989; Holliday & Grigg, 1993). DNA methylation is generally understood to 

promote transcriptional repression, supported by its association with heterochromatin 

formation, X-chromosome inactivation and the repression of transposons and germline-

specific genes (Greenberg & Bourc’his, 2019). Deviating from this rule, however, are CpG 

islands (CGIs), which are ~1-2kb regions of the genome enriched for CpG dinucleotides but 

which are rarely methylated (Z. D. Smith & Meissner, 2013). Aberrant methylation of CGI 

promoters of tumour suppressor genes, first described in the context of retinoblastoma 

(Greger et al., 1989), has since been recognised as a common phenomenon in cancer (Baylin 

& Jones, 2016).   
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Figure 1.1  Cellular identity 
(A) Schematic representation of Waddington’s landscape.   In this illustration, the 
pluripotent stem cell can be directed towards numerous multipotent stem cell fates, which 
in turn can be directed ultimately towards numerous committed cell fates and terminal 
differentiation. 
(B) A model of haematopoiesis, demonstrating that within the blood lineage, there are 
numerous precursor multipotent cell states. 
NSC neural stem cell. HSC haematopoietic stem cell. CMP common myeloid precursor. 
CLP common lymphoid precursor. LMPP lymphoid primed multipotent progenitor.  
Created with BioRender.com 
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DNMTs are responsible for regulation of DNA methylation, using S-Adenosyl-L-

Methionine (SAM) as a methyl donor. DNMT3A and DNMT3B are responsible for de novo 

DNA methylation; while the catalytically inactive DNMT3L positively regulates these 

enzymes (Bourc’his et al., 2001). DNMT1 is tasked with maintenance and restoration of 

DNA methylation following cell division and is recruited to the replication fork to copy 

methylation from the parental to the daughter strand (Nishiyama et al., 2020; Qin et al., 

2015). Active DNA demethylation is carried out by the ten-eleven translocation (TET) 

family of methylcytosine dioxygenases (TET1-3) (Kohli & Zhang, 2013). Strikingly, loss 

of function mutations in TET2 and DNMT3A are common in an array of haematological 

malignancies, reflecting the centrality of careful regulation of DNA methylation (Huang & 

Rao, 2014; Roller et al., 2013; Shlush et al., 2014; Yang et al., 2015). 

 

1.3  Chromatin structure 
The human genome comprises ~3 billion base pairs of DNA measuring approximately 2 

metres in length and this molecule must be crammed into a nucleus measuring less than 

10μm in diameter (Figure 1.2). To do this, DNA is compacted into DNA-protein subunits 

called nucleosomes, comprising 147 base pairs of DNA wrapped 1.6 times around a histone 

octamer scaffold (two copies each of histone proteins H2A, H2B, H3 and H4) and a flanking 

linker DNA of ~10-70 base pairs flanked by histone H1 (Luger et al., 1997). This was first 

conceptualised when chromatin was observed by electron microscopy to resemble “beads 

on a string” (Olins & Olins, 1974).  

 

In order for transcriptional machinery to retain access to appropriate target genes, chromatin 

exists in a dynamic environment whereby chromatin is variably compacted and thereby 

unavailable/inactive for transcription (heterochromatin) or loosely packed and available for 

active transcription (euchromatin) (Kieffer-Kwon et al., 2017). These chromatin compaction 

dynamics are regulated by ATP-dependent chromatin remodelling complexes that alter 

nucleosome topology to permit DNA assembly, access or editing (Clapier et al., 2017). Four 

subfamilies of chromatin remodellers are recognised: imitation switch (ISWI), chromatin 

helicase DNA-binding (CHD), switch/sucrose non-fermentable (SWI-SNF) and INO80. 
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Figure 1.2  Schematic of chromatin compaction 

Negatively charged DNA is wrapped around a positively charged histone octamer core to 

form the nucleosome core particle.  Nucleosomes fold together to produce 30nm fibres that 

themselves condense and form loops averaging 300nm in length.  These loops are further 

compressed and coil tightly to form the chromatid of a nucleosome. 

Created using BioRender.com 
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Figure 1.3. Covalent post-translational modification of histone tails 

Long, flexible, hydrophilic N-terminal tails protrude from the core nucleosome particle 

histone octamer and are subject to chemical modification by “writer” enzymes of histone 

post-translational modifications. These modifications affect transcription both directly and 

indirectly via actions of recruited effector proteins. 
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Two copies each of histones H3 and H4 assemble into a tetramer and associate with 2 copies 

of histone H2A and H3B to form the core histone octamer (Figure 1.3). The linker histone 

H1 draws flanking linker DNA between nucleosomes together, resulting in a less flexible 

structure and influencing higher order chromatin structure (Bednar et al., 2017). Recent 

work has identified an important role for histone H1 in regulating chromatin condensation, 

with histone H1 deficiency resulting in decompaction of topologically associated domains 

(TADs) (Willcockson et al., 2021; Yusufova et al., 2021).   

 

In order for transcription to occur, RNA polymerase (Pol) II must passage through 

chromatin, which innately provides a barrier to Pol II machinery due to extensive contacts 

between histones and the DNA wrapped around them (Luger et al., 1997). In studies in vitro, 

this required that Pol II displace at least one H2A-H2B dimer to transcribe through a 

nucleosome (Bevington & Boyes, 2013; Bintu et al., 2011; H. A. Cole et al., 2014), however 

this conflicted with the finding that most transcribed genes have intact nucleosomes, with 

only highly transcribed genes showing nucleosomal loss (C. K. Lee et al., 2004; 

Ramachandran et al., 2017). However, cryo-electron structural models have offered a 

mechanistic basis for nucleosome retention whereby Pol II helps to retain nucleosomes 

during transcription by allowing DNA rewrapping back onto the histone octamer surface, 

thereby avoiding H2A-H2B drop-out (Filipovski et al., 2022; Farnung et al, 2022). 

 

Histone proteins also possess hydrophobic C termini that are buried in the interaction surface 

of the nucleosome, whilst their hydrophilic N terminal tails protrude from the octamer and 

are available for post-translational modification (PTM) (Luger et al., 1997). 

 

1.4  Histone post-translational modification 
Post-translational modifications (PTMs) can modulate chromatin compaction or rarefaction 

by addition or removal of chemical modification and thereby can alter gene expression. 

These marks most commonly include but are not limited to methylation, acetylation, 

ubiquitylation and phosphorylation (Figure 1.3) (Kouzarides, 2007). Acetylated histone 

residues most commonly demarcate open or active chromatin, due to mutual repulsion 

between the negatively charged acetyl group and negatively charged DNA and also the 

diminished nett positive charge of the modified histone tail. Accordingly, acetylated 

residues are enriched at the promoters of transcriptionally active genes. Histone 
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acetyltransferase enzymes (HATs) are responsible for acetylation of target lysine residues, 

whilst removal of these acetyl marks is catalysed by a family of “eraser” enzymes designated 

as histone deacetylases (HDAC) (X. J. Yang & Seto, 2007).   

 

The effect of methylation marks on gene transcription is more varied as methylation marks 

do not alter the charge of the target residue; depending instead on the target residue 

methylated, the degree of methylation (i.e. mono-, di- or tri-methylation), the topographical 

location of the mark and which effector proteins are recruited. This reflects the complex, 

indirect effects of these marks whereby their regulatory effects are imparted by their 

influence on regulatory “effector” proteins, as will be discussed in section 1.5. For example, 

H3K4me3 and H3K27me3 are correlated with activation and repression of transcription, 

respectively. H3K4me3 is typically enriched in proximity to transcriptional start sites (TSS), 

while H3K4me2 is found slightly downstream from the trimethyl mark and H3K4me1 is 

found closer to the gene body (Kimura, 2013). In undifferentiated stem cells, regardless of 

gene expression status, many genes marked with H3K4me3 are also marked by the 

repressive mark H3K27me3, resulting in bivalent nucleosomes harbouring both marks. 

These bivalent genes maintain low level expression in ES cells until differentiation and are 

poised to be silenced upon removal of the H3K4me3 mark  (Bernstein et al., 2006; 

Vastenhouw & Schier, 2012). 

 

 

Furthermore, epigenetic marks help to inform higher order chromatin structure.   

Chromosomes can be segregated into sub-megabase scale domains which overlap 

extensively with distinct patterns of epigenetic marks (Bonev & Cavalli, 2016; Dixon et al., 

2012; Nora et al., 2012; Sexton et al., 2012). These topologically associated domains 

(TADs), bound by numerous factors including insulator binding protein CTCF, appear as 

square domains along the diagonal of Hi-C maps and most local interactions (enhancer-

promoter, promoter-promoter etc) are confined within these boundaries (Shen et al., 2012). 

TADs are proposed as putative functional units regulating gene expression in development 

and differentiation due to their preferential marking of these domains by either active 

(H3K36me3) or inactive (H3K27me3) epigenetic marks (Le Dily et al., 2014; Nora et al., 

2012; Sexton et al., 2012). The integrity of these active and inactive TADs has been shown 

to be disrupted in cancer (Donaldson-Collier et al., 2019; Flavahan et al., 2016; Hnisz et al., 

2016; Taberlay et al., 2016). 
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1.5  Chromatin modifying proteins 
Writers, readers and erasers are classes of proteins grouped together based on their ability 

to regulate histone post-translational modification. Writer proteins “write” or deposit PTMs 

on histones, which in turn are “read” or recognised by effector reader proteins.  Among the 

first writer proteins to be discovered was the histone methyltransferase SUV39H1, which 

selectively methylates lysine K9 of histone H3 (H3K9) (Rea et al., 2000).  The H3K9me3 

mark in turn is recognised by the chromodomain of reader protein HP1g (Bannister et al., 

2001; Lachner et al., 2001) resulting in the compaction and condensation of chromatin 

(Cheutin et al., 2003).  Subsequently, H3K9 can be demethylated by a variety of specific 

demethylases including JHDM2A (Yamane et al., 2006) and JMJD2B (Fodor et al., 2006). 

The dynamic nature of histone PTMs is reflected also in the presence of eraser enzymes 

such as demethylases, deubiquitinases and deacetylases that can remove specific PTMs from 

histones.  This system of checks and balances between writers, whose marks are read by 

readers and erased by erasers provides a dynamic landscape whereby PTM-directed barriers 

to transcription may be lifted or drivers for transcription silenced.  

 

Reader proteins contain conserved reader domains such as Tudor domains, bromo domains, 

chromo domains and PHD domains which confer specificity for particular histone residue 

modifications (Fischle et al., 2003; Musselman et al., 2012). Figure 1.4 demonstrates two 

schematics of histone methylation, recognition of that mark by a reader protein and 

subsequent demethylation.  In the first example, SETD2 trimethylates H3K36, writing a 

mark usually associated with transcriptional activation.  The Tudor domain of PHF19 

associated with PRC2 subsequently recognises and transiently interacts with this mark.  

PRC2-PHF19 recruits the demethylase No66, which demethylates H3K36me3, leading to 

transcriptional silencing (Brien et al., 2012; Kooistra & Helin, 2012b).  In the second 

example, Polycomb Repressive Complex 2 (PRC2) catalyses the trimethylation of H3K27 

to generate H3K27me3.  This is subsequently read in this example by the WD40 domain of 

EED, which results in allosteric activation of the PRC2 methyltransferase.  UTX or JMJD3 

subsequently demethylate H3K27me3, thereby facilitating gene activation (Agger et al., 

2007).   
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Figure 1.4  Writers, readers and erasers of histone post-translational modifications 
Schematic representing two histone marks: H3K36me3 and H3K27me3 and their associated 

writer, reader and eraser enzymes (note: several reader and eraser proteins have been  

described for these marks). 
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1.6  Polycomb group proteins 
Polycomb was first proposed as an essential genetic regulator of anterior-posterior 

segmentation in Drosophila melanogaster due to its role in silencing homeotic gene (Hox) 

expression (Lewis, 1978).  Mutagenesis of this protein resulted in posterior homeotic 

transformation in Drosophila with inappropriate anteriorisation of body segments and 

additional phenotypic abnormalities.  Additional Polycomb group proteins (PcG) were 

subsequently discovered in Drosophila and mammalian species, perturbation of which 

resulted in derepression of Hox genes (Adler et al., 1991; T. Akasaka et al., 2001; Takeshi 

Akasaka et al., 1996; Dura et al., 1987; Kyo-ichi Isono et al., 2005).  Genetic knockout of 

several PcG proteins in mouse studies results  has shown an embryonically lethal phenotype 

due to inappropriate transcriptional programme activation during cellular differentiation 

(Laugesen & Helin, 2014).  In undifferentiated stem cells, PcG proteins are bound to bivalent 

promoters of lineage-specific genes ensuring their transcriptional silencing. Upon 

differentiation, they are redistributed to stem cell-specific promoters to allow for expression 

of lineage-specific genes (Bracken et al., 2006, 2007; Bracken & Helin, 2009). 

 

Also discovered in Drosophila, Trithorax group (TrxG) antagonise PcG function; thereby 

maintaining active gene expression states (Piunti & Shilatifard, 2016; Schuettengruber et 

al., 2017).  Mutations in TrxG genes result in anterior homeotic transformation phenotypes 

(Ingham, 1983, 1985; Kennison & Tamkun, 1988; Struhl & Akam, 1985).  Cooperation 

between PcG and TrxG proteins is essential to safeguard cellular identity during 

development and differentiation (Piunti & Shilatifard, 2021; Schuettengruber et al., 2017). 

 

1.7  Polycomb repressive complexes 
PcG proteins are highly conserved and form multi-subunit protein complexes denoted 

Polycomb repressive complexes (PRCs) (Blackledge et al., 2015; Di Croce & Helin, 2013; 

Levine et al., 2002).  Several families of PcG proteins have been described, including 

Polycomb Repressive Complexes 1 and 2 (PRC1 and PRC2) and the Polycomb Repressive 

Deubiquitinase complex (PR-DUB), as discussed below.  PRC1 is responsible for mono-

ubiquitination of lysine K119 of histone H2A (H2AK119ub1) via its Ring-Pcgf E3 ligase 

heterodimer, while PRC2 is responsible for all mono-, di- and tri-methylation of lysine K27 

of histone H3 (Cao et al., 2005; Müller et al., 2002).  Numerous possible subcomplex 

assemblies of both PRC1 and PRC2 exist (Figure 1.5) and both complexes are enriched at 
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promoters of developmentally repressed genes (Blackledge et al., 2015; Deevy & Bracken, 

2019; Healy et al., 2019; Pasini et al., 2007; Schuettengruber et al., 2017).   

 

1.7.1  PRC2 
Mammalian PRC2 is composed of four core subunits: EED, SUZ12, RBBP4/7 and either 

the EZH1 or EZH2 histone methyltransferase (HMT) (Glancy et al., 2021; Kasinath et al., 

2020; Laugesen et al., 2019; Poepsel et al., 2018; Yu et al., 2019).  EZH1 and EZH2 are 

paralogous SET domain containing histone methyltransferases (Margueron et al., 2008).  

Despite sharing significant sequence homology, EZH1-PRC2 is a less efficient 

methyltransferase enzyme and is proposed to contribute to transcriptional silencing via 

chromatin compaction (Lavarone et al., 2019; Margueron et al., 2008).  EED engages 

H3K27me3, JARID2-K116me3 (stimulated by PRC2 associated with JARID2) or PALI1-

K1241me2/3 via its aromatic cage, resulting in allosteric activation of PRC2 (C. H. Lee, 

Holder, et al., 2018; Margueron et al., 2009; Sanulli et al., 2015; Q. Zhang et al., 2021). 

Point mutations in EED or the EZH2 stimulation response motif (SRM) disrupting PRC2 

allosteric activation result in significantly reduced H3K27me3 (C. H. Lee, Holder, et al., 

2018). SUZ12 indispensably stabilises PRC2 core, whilst also bridging the core complex 

with substoichiometric accessory components, which are increasingly understood to 

modulate the enzymatic activity of the core and assist its targeting on chromatin (S. Chen et 

al., 2018; Ciferri et al., 2012; Glancy et al., 2021; Healy et al., 2019; Højfeldt et al., 2019; 

Kasinath et al., 2020; Poepsel et al., 2018). Intriguingly, live-cell imaging has shown that 

only ~20% of PRC2 is stably bound to chromatin, while the remaining 80% is highly mobile 

and diffused within the nucleus; suggesting that transient, frequent interactions are likely to 

occur; potentially accounting for dispersed H3K27me2 and H3K27me3 (Youmans et al., 

2018). This core complex is responsible for all mono-, di- and tri-methylation of lysine K27 

of histone H3 (H3K27me1/me2/me3) (Højfeldt et al., 2018; Smits et al., 2013). Mono-

methylated H3K27 (H3K27me1) is preferentially deposited at highly transcribed gene 

bodies and correlates with H3K36me3 expression, while tri-methylated H3K27 

(H3K27me3) is preferentially deposited at the CpG-dense promoters of transcriptionally 

silent target genes (Bracken et al., 2006; Ferrari et al., 2014; Morey & Helin, 2010; Tanay 

et al., 2007).  H3K27me2, however, is a more abundant mark, covering 70% of H3 in 

embryonic stem cells, and largely fills space between H3K27me1 and H3K27me3 marks in 
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intergenic and non-transcribed intragenic genomic space (Ferrari et al., 2014; Lavarone et 

al., 2019).   

 

PRC2 assembles into two mutually exclusive subcomplex assemblies: PRC2.1 and PRC2.2, 

which are defined by their substoichiometric accessory components (Alekseyenko et al., 

2014; Conway et al., 2018; Grijzenhout et al., 2016; Hauri et al., 2016; Oliviero et al., 2016) 

(Figure 1.5B). PRC2.1 member EPOP competes with PRC2.2 component JARID2 at the 

neck region towards the N-terminus of SUZ12. Similarly, polycomb-like proteins 1-3 

(PCL1-3: also referred to as PHF1, MTF2 and PHF19 respectively), compete with AEBP2 

to bind the central C2 domain of SUZ12 (S. Chen et al., 2018, 2020). Given the mutual 

exclusivity of PALI1/2 and EPOP in PRC1, it is likely though as yet unproven that they 

similarly compete for binding with SUZ12. Although it is increasingly understood that 

PRC2.1 and PRC2.2 have divergent roles, it has been shown that in mouse ESCs they co-

occupy the vast majority of target sites and co-operate to modulate gene transcription at 

those sites (Healy et al., 2019; Laugesen et al., 2019). 

 

PCL proteins are multidomain PRC2.1 proteins involved in enhancing methyltransferase 

activity of PRC2 and directing its recruitment to chromatin (Casanova et al., 2011; Choi et 

al., 2017; Sarma et al., 2008; Q. Zhang et al., 2019). Numerous domains within these 

proteins have been characterised including a Tudor domain, two PHD domains (PHD1/2), 

an extended helix (EH) domain and a C-terminal reverse chromatin domain. Biochemical 

assays have demonstrated that the Tudor domain of PCLs recognises and binds to the 

H3K36me3 mark, potentially recruiting H3K36me3 demethylases  (Ballaré et al., 2012; 

Brien et al., 2012; Cai et al., 2013; Musselman et al., 2012). Additionally the PHD1, PHD2 

and EH are all putative DNA-binding domains(Choi et al., 2017; Perino et al., 2018).  
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Figure 1.5  The variable compositions of Polycomb repressive complexes 
A) Schematic representation of PRC1 subtypes canonical and non-canonical/variant PRC1  

with common interactors. 

B) Schematic representation of PRC2 illustrating mutual exclusion of numerous  

substoichiometric accessory components. 
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EPOP (C17ORF96) binds to Elongin B/C proteins and has also been identified as a PRC2.1 

subcomponent. The presence of EPOP in PRC2.1 precludes association with PALI1/2 

(Alekseyenko et al., 2014; Beringer et al., 2016; Conway et al., 2018; Hauri et al., 2016; 

Liefke et al., 2016).  Although EPOP enhances PRC2 histone methyltransferase activity in 

vitro, it inhibits the complex in vivo (Beringer et al., 2016; Liefke et al., 2016; Z. Zhang et 

al., 2011).  PALI1 was identified more recently and has been shown to interact with 

numerous chromatin regulators including G9A, USP11 and USP22 and enhance the in vitro 

methyltransferase activity of the complex (Conway et al., 2018). More recently, PALI1 was 

also shown to allosterically activate PRC2 and facilitate PRC2 binding to DNA via its PIP 

(PALI interaction with PRC2) domain (Q. Zhang et al., 2021). The role of PALI2 is less 

well described, although it also contains a  PIP domain and when disrupted in addition to 

PALI1, results in a greater loss of H3K27me3 than is observed by loss of PALI1 alone 

(Conway et al., 2018). 

 

PRC2.2 comprises core PRC2 in complex with JARID2 and/or AEBP2 (Grijzenhout et al., 

2016; Hauri et al., 2016). JARID2 enhances the methyltransferase activity of PRC2 in vitro 

and in vivo, including by allosteric activation of PRC2 as previously described due to 

methylation by PRC2 of JARID2-K116. This protein has also been shown to interact with 

DNA via its Jumonji-N-term (JmjN) and AT-rich interaction domain (ARID) domains (T. 

Kim et al., 2004) and with H2AK119ub1 via its N-terminus ubiquitin-interacting motif 

(UIM) (S. Cooper et al., 2016; Kasinath et al., 2020). Supporting this link between 

H2AK119ub1 and PRC2.2, mouse ESCs with depleted H2AK119ub1 lose PRC2.2 binding 

to a greater degree than PRC2.1 binding (Blackledge et al., 2020; Fursova et al., 2019; Healy 

et al., 2019; Scelfo et al., 2019; Tamburri et al., 2020) 

 

AEBP2 is a C2H2 zinc finger protein with several isoforms arising due to transcription from 

several discrete promoters (H. Kim et al., 2015). AEBP2 enhances histone methyltransferase 

activity in vitro via its KR motif (C. H. Lee, Holder, et al., 2018) and has been reported to 

bind GC-rich DNA via three highly conserved C2H2 zinc finger motifs (Xueyin Wang et 

al., 2017).  However, in vivo AEBP2 disruption results in a small increase in H3K27me3 

levels, likely reflecting either increased activity of PRC2.1 or possibly an inhibitory effect 

of AEBP2 on PRC2 methyltransferase activity. Furthermore, mice with biallelic knockout 

of AEBP2 exhibit anterior transformation of the skeleton (a Trithorax phenotype) as 

opposed to a classical “Polycomb phenotype” posterior homeotic transformation 
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(Grijzenhout et al., 2016). Recent structural data using Cryo-EM also supports the 

interaction between AEBP2 zinc fingers and nucleosomal DNA, while demonstrating also 

a novel interaction between the zinc fingers and H2AK119ub1 and an acidic patch on the 

surface of H2A-H2B (Kasinath et al., 2020). 

 

A novel PRC2-interacting protein called EZHIP (alternative designations CXORF67 and 

CATACOMB) has recently been described that is capable of interacting with either PRC2.1 

or PRC2.2 (Hübner et al., 2019; Jain et al., 2019; Pajtler et al., 2018; Piunti et al., 2019; 

Ragazzini et al., 2019). Expression of this protein is usually limited to spermatogonia, 

though has been identified as being of biological importance in posterior fossa (group A) 

(PFA) ependymomas.  EZHIP mimics the oncohistone H3.3K27M and binds the active site 

of EZH2, resulting in loss of broad H3K27me3 domains but retention of H3K27me3 at CpG 

islands. 

 

1.7.2  PRC1 
Mammalian PRC1 is an E3 ubiquitin ligase complex responsible for catalysing the 

H2AK119ub1 mark and exists in a variety of sub-assemblies (Figure 1.5A), with varying 

catalytic activity depending on its composition (Taherbhoy et al., 2015). The PRC1 catalytic 

core comprises a heterodimer of the paralogous (Really Interesting New Gene) RING1A 

and RING1B ubiquitin ligases and one of six PCGF (Polycomb group RING fingers 1-6) 

proteins (Z. Gao et al., 2012). Depending on its subunit conformation, PRC1 can be 

categorised as canonical (cPRC1) or non-canonical (variant) (Blackledge & Klose, 2021). 

Broadly, variant PRC1 (vPRC1) contains one of PCGF1/3/5/6, RING1A/B, either RYBP or 

YAF2 along with additional subtype-specific interactors (Farcas et al., 2012; Z. Gao et al., 

2012). Canonical PRC1 consists of RING1A/B, either PCGF2/4, SCM and PHC along with 

any of CBX2/4/6/7/8 and is recruited to chromatin by binding of PRC2-mediated 

H3K27me3 by the highly conserved N-terminal chromodomain of its CBX subunit (Fischle 

et al., 2003; Min et al., 2003; H. Wang et al., 2004).   

 

PRC1 and PRC2 largely co-localise on chromatin (Boyer et al., 2006; Bracken et al., 2006; 

Fursova et al., 2019; Schwartz et al., 2006; Tolhuis et al., 2006). vPRC1 additionally 

functions upstream of PRC2 via varied and incompletely defined recruitment mechanisms, 

including targeting by long non-coding RNAs such as XIST (C. Y. Wang et al., 2019) and 
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association with non-PRC2 proteins at CpG islands such as KDM2B (Blackledge & Klose, 

2021).  Monoubiquitylation of H2AK119 is primarily the responsibility of vPRC1 

complexes via its RING/PCGF heterodimer (H. Wang et al., 2004). H2AK119ub1 is 

enriched at the promoters of developmentally repressed genes, but also found at low levels 

genome-wide (Conway et al., 2021; Fursova et al., 2019; H. Wang et al., 2004). PRC1-

mediated H2AK119ub1 recruits PRC2.2 as both JARID2 via its UIM and AEBP2 via its 

zinc fingers have the ability to recognise this mark (Blackledge et al., 2020; Fursova et al., 

2019; Glancy et al., 2021; Healy et al., 2019; Kasinath et al., 2020; Sugishita et al., 2021; 

Tamburri et al., 2020).  Unlike vPRC1, cPRC1 contributes little to H2AK119ub1 deposition; 

instead mediating chromatin compaction via oligomerisation of its PHC subunits (Fursova 

et al., 2019; Kyoichi Isono et al., 2013).   

 

1.7.3  PR-DUB 
H2AK119ub1 is removed from histones by the Polycomb Repressive Deubiquitinase 

Complex (PR-DUB) (Chittock et al., 2017; Scheuermann et al., 2010).  Drosophila 

menalogaster PR-DUB was first characterised and comprises a deubiquitinase protein 

Calypso and its binding partner Additional Sex Combs (ASX).  The positively charged C-

terminal tail of Calypso (and likely BAP1), has been shown to be necessary for recruitment 

of PR-DUB to nucleosomes (Foglizzo et al., 2018).  Orthologous to Drosophila PR-DUB, 

the mammalian PR-DUB complex contains a deubiquitinase protein BRCA-associated 

Protein 1 (BAP1) and one of three ASX-like proteins (ASXL1-3) (Daou et al., 2015; Sahtoe 

et al., 2016). Depletion of BAP1 results in intergenic spreading of H2AK119ub1 due to 

displacement of PRC1 from polycomb target genes. In turn, this boosts intergenic 

H3K27me3 while depleting it at polycomb-target promoters (Conway et al., 2021).  

Resultant transcriptional changes can be rescued by depletion of RING1A/1B (Campagne 

et al., 2019).   

 

1.8  B-cell maturation and the lymphoid germinal centre 
Haematopoietic stem cell (HSC) multipotency is supported by bivalent chromatin 

signatures, where lineage-affiliated promoters are marked by both activating and repressive 

marks (Bernstein et al., 2006; Maës et al., 2008; Velichutina et al., 2010; Weishaupt et al., 

2010).  Monospecific B-cell ontogenesis is triggered by essential transcription factors such 

as E2A proteins, early b-cell factor (EBF), PAX5 and Ikaros  (Dias et al., 2008; 
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Georgopoulos et al., 1994; Ikawa et al., 2004; O’Riordan & Grosschedl, 1999; Sigvardsson 

et al., 2002; Velichutina et al., 2010; J. H. Wang et al., 1996).   

 

Progenitor B cells in the bone marrow undergo V(D)J recombination processes to assemble 

immunoglobulin heavy (IGH) and light chain V regions encoding variable parts of antibody 

molecules (Rajewsky, 1996). This process involves numerous double-stranded DNA breaks 

at recombination signal sequences (RSS); first joining an IGHD gene to an IGHJ gene, and 

then recombining an IGHV gene to the recombined DHJH joint. Exonucleolytic removal of 

several nucleotides then occurs and non-germline bases are then added to the N-terminus of 

the heavy chain; which if capable of being expressed, precedes light-chain gene 

rearrangements to generate the B-cell receptor (BCR). During V(D)J recombination, the 

ends of rearranging genes in any of the immunoglobulin loci can erroneously join a DNA 

break in another chromosome resulting in a reciprocal translocation: for example, the 

t(14;18)(q32;p21), bringing the BCL2 anti-apoptotic gene under the control of IGH locus 

enhancers (Küppers & Dalla-Favera, 2001; Tsujimoto et al., 1985; Yunis et al., 1987).   

 

Upon antigen stimulation, immature lymphoid cells form germinal centres (GC) (Figure 1.6) 

(adapted from (Mlynarczyk et al., 2019)). Germinal centres are dynamic 

microenvironmental compartments within lymphoid organs, where B-cells somatically 

hypermutate (SHM) the variable regions of their immunoglobulin genes and are selected 

based on their affinity for antigen to massively proliferate and ultimately differentiate into 

terminally differentiated antibody-secreting plasma cells and B-cells (Berek et al., 1991; 

Jacob et al., 1991). Germinal centre B cells constantly shuttle between the dark zone and 

light zone, experiencing repeated iterations of Activation-induced Cytidine Deaminase 

(AICDA)-catalysed SHM and compete for selection and survival signals.  DNA repair of 

AICDA-induced lesions is by the error-prone DNA polymerase eta (Polη), introducing new 

DNA point mutations (Mcheyzer-Williams et al., 2015).  
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Figure 1.6   The dynamic microenvironment of the lymphoid germinal centre 
Antigen-activated B-cells enter the dark zone of the lymphoid germinal centre with T-cell 

help.  Here, they experience AID-induced somatic hypermutation of their immunoglobulin 

variable regions in order to gain greater affinity for their antigen, whilst also massively 

expanding.  They then shuttle to the immune synapse in the light zone, where upregulation 

of MYC and mTORC1 and interaction with follicular dendritic cells and Tfh cells selects 

cells based on antibody affinity for recirculation into the dark zone, germinal centre exit and 

terminal  differentiation or apoptosis.  

CSR class switch recombination. GC germinal centre. LZ light zone. DZ dark zone.  

Adapted from (Mlynarczyk et al., 2019) 

Created with Biorender.com 
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GC B cells feature upregulation of EZH2, without which germinal centres cannot form 

(Béguelin et al., 2013; Caganova et al., 2013; Raaphorst et al., 2000; Velichutina et al., 

2010). EZH2-mediated H3K27me3 marks over 1,000 newly bivalent promoters in GC B-

cells, which were marked with only H3K4me3 in naïve resting B cells (Béguelin et al., 

2013), many of which are EZH2 target genes specific to GC B-cells, including many genes 

essential for GC exit and plasma cell differentiation. The mechanism whereby EZH2 

mediates transcriptional repression in GC B cells has not been precisely delineated, 

especially as cPRC1-associated PCGF2/4 (Mel-18/BMI-1) are not expressed in GC 

centroblast B cells (Raaphorst et al., 2000).  However, one group has proposed a vPRC1 

complex including CBX8 and BCOR as a candidate PRC1 complex in GC B-cells (Béguelin 

et al., 2016). 

 

The transcriptional repressor B-Cell Lymphoma 6 (BCL-6) controls a critical transcriptional 

network driving GC formation and maintenance (Basso & Dalla-Favera, 2010, 2015). BCL6 

negatively regulates its own transcription and this is frequently dysregulated in diffuse large 

B-cell lymphomas (DLBCLs), with both translocations and point mutations disrupting its 

negative autoregulatory circuit (Cattoretti et al., 2005; Ci et al., 2008; Pasqualucci et al., 

2003).  Although BCL-6 is a master regulator for the GC, it is dependent on EZH2 in order 

to form germinal centres (Béguelin et al., 2016). 

 

After SHM and proliferative expansion in the lymphoid dark zone, B cells migrate to the 

light zone where those with high affinity for antigen are selected for survival and either re-

enter the dark zone or terminally differentiate. These differential fates are meted out at the 

immune synapse between GC B cells and other GC resident cells: T cells and follicular 

dendritic cells (Gitlin et al., 2014; Nowosad et al., 2016; Victora et al., 2010; Victora & 

Nussenzweig, 2012). T-cell-derived CD40 signalling resulting in NF-KB activation is 

necessary for this selection (Basso et al., 2004; Heise et al., 2014). NF-KB activation results 

in IRF-4-mediated transcriptional repression of BCL-6, releasing the BCL-6-mediated 

repression of B-cell terminal differentiation genes including PRDM1, encoding BLIMP-1 

which is necessary for plasma cell differentiation (Ci et al., 2009). BLIMP-1 in turn 

implements a plasma cell-specific transcriptional programme, including the acquisition of 

an antibody-secreting phenotype dependent on XBP1 (Hu et al., 2009; Reimold et al., 2001). 
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Taken together, these processes are highly error prone and it is perhaps unsurprising that the 

majority of B-cell lymphomas arise from the lymphoid germinal centre.  This is a 

compartment that hosts cells undergoing massive proliferation and clonal expansion, with 

inactivation of tumour suppressor genes, genomic instability due to SHM and CSR mediated 

by AICDA, immune evasion by downregulation of MHC-II and PD-L1 and terminal 

differentiation blockade.  Mutations in chromatin regulators are another hallmark of GC-

derived lymphomas and will be discussed in section 1.9 below. 

 

1.9. Chromatin regulators are recurrently disrupted in B-cell 
lymphomas 
Disruptions and mutations in chromatin modifying genes are significantly enriched in 

germinal centre-derived B-cell lymphomas (Figure 1.7). Table 1.1 outlines mutations and 

disruptions in chromatin modifying genes arising in GC-derived lymphomas, as well as 

selected additional mutations in chromatin regulators occurring in other lymphoid 

neoplasms. 

 

Recurrent monoallelic hotspot mutations in the enzymatic SET domain of EZH2 have been 

demonstrated in up to 22% of follicular B-cell non-hodgkin lymphoma (B-NHL) and 

germinal centre subtype diffuse large B-cell lymphoma (GCB-DLBCL), as well as less 

frequently in other cancer types including malignant melanoma (Bödör et al., 2013; Harms 

et al., 2014; Hodis et al., 2012; Morin et al., 2010; Yap et al., 2011). These EZH2 SET 

domain hotspot mutations most frequently affecting Tyrosine Y646 and less frequently 

Alanine A682 and Alanine A692, and result in a dramatically altered substrate preference 

of the PRC2 methyltransferase for H3K27me2 and significantly increased global 

H3K27me3 deposition (McCabe, Ott, et al., 2012; Sneeringer et al., 2010; Yap et al., 2011). 

The increase in the H3K27me3 mark at Polycomb target loci IRF4 and PRDM1 with 

resultant repression of transcription of these genes hinders immature B-lymphocytes from 

exiting the germinal centre reaction and results in malignant centrocyte expansion in the 

germinal centre light zone  (Béguelin et al., 2013, 2020; Mlynarczyk et al., 2019). In a 

murine model, conditional expression of EZH2Y646F cooperated with the anti-apoptotic 

protein BCL2 (ubiquitously expressed in the germinal centre of lymph nodes) or P53 

inactivation to accelerate B-cell lymphomagenesis.  Although this oncogenic mutant largely 

replaces the repressive blanket of H3K27me2 with H3K27me3, the repressive mark  
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Figure 1.7  Chromatin modifying genes are recurrently mutated in germinal centre 

B-cell lymphomas 
Chromatin regulators are recurrently mutated in B-cell lymphomas, including gain of 

function mutations in oncogenes (i.e. EZH2) and loss-of-function disruptions of tumour 

suppressor genes (KMT2C/D, Histone H1), histone acetyltransferase enzymes (CREBBP, 

EP300) and genes involved in ATP-dependent chromatin remodelling (BAF complex). 

Modified from (Lunning & Green, 2015). 
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H3K27me3 is also lost at some genomic loci, reflecting a neofunctionalisation of this mutant 

protein (Souroullas et al., 2016).  Furthermore, where H3K27me3 is gained, its gain is not 

necessarily equal across all compartments; its fold-change correlates more within TADs 

compared to adjacent TADs; concordant also with transcriptional activity within TADs 

(Donaldson-Collier et al., 2019).   

 

This anticorrelation between mRNA level and H3K27me3 fold-change included numerous 

tumour suppressor genes and even tumour suppressor TADs (Donaldson-Collier et al., 2019; 

Oricchio et al., 2017). EZH2 mutant lymphomas also demonstrate reduced MHC-1 and 

MHC-II expression, supporting immune escape (Ennishi et al., 2019). 

 

Intriguingly, biallelic loss or inactivating mutations of EZH2 or the other PRC2 core 

components SUZ12 and EED have been detected in some T-cell acute lymphoblastic 

leukaemias and malignant peripheral nerve sheath tumours (Ernst et al., 2010; W. Lee et al., 

2014; Ntziachristos et al., 2012). Although this effect is diametrically opposed to the 

lymphoma gain-of-function mutation in EZH2, one explanation of its oncogenic 

contribution is epigenetic reprogramming resulting in derepression of cancer-associated 

genes due to redistribution of H3K27 methylation and acetylation marks (Conway et al., 

2015; Muto et al., 2013; Simon et al., 2012). Therefore, EZH2 is a bona fide oncogene or 

tumour suppressor gene dependent on the cancer context.  

 

Numerous SAM-competitive small molecule inhibitors of EZH2 have been developed (W. 

Kim et al., 2013; Knutson et al., 2012; McCabe, Graves, et al., 2012; Tan et al., 2007; Xing 

Wang et al., 2021). Tazemetostat specifically reduces all degrees of H3K27 methylation 

written by both mutant and wild-type EZH2 alleles, without measurable effect on other 

methylation marks in vitro and equally affects wild-type and mutant alleles in doing so 

(Béguelin et al., 2013; Knutson et al., 2012; McCabe, Ott, et al., 2012). Cells surviving 

treatment with Tazemetostat have an increased dependency upon B-cell activation signalling 

for survival in lymphoma cell lines, with potential synergy predicted between Tazemetostat 

and kinase inhibitors targeting B-cell activation at various points along the B-cell receptor 

signalling cascade, including BTK, SYK, PI3K, AKT, mTOR and MEK1 (Brach et al., 

2017). Supporting this, activation of these pathways has been shown to confer resistance to 

EZH2 inhibitor drugs in DLBCL cell lines (Bisserier & Wajapeyee, 2018). Treatment of 

EZH2 mutant lymphoma cells with EZH2 inhibitor drugs results in upregulation of terminal 
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differentiation genes and derepression of aberrantly repressed tumour suppressor genes 

(Béguelin et al., 2013; Donaldson-Collier et al., 2019; Knutson et al., 2012; McCabe, 

Graves, et al., 2012; Souroullas et al., 2016).  Furthermore, Tazemetostat treatment 

reactivates TADs that have been repressed by ectopic expression of the EZH2 mutant in 

wild-type lymphoma cells (Donaldson-Collier et al., 2019).  Alternative approaches 

explored so far in targeting PRC2 activity in vivo include the EED allosteric inhibitor 

molecule EED226 (Qi et al., 2017) and EZH2 and EED degrader proteolysis targeting 

chimera (PROTAC) drugs (J. H. R. Hsu et al., 2020; Z. Liu et al., 2021; Potjewyd et al., 

2020). 

 

Recent work has exposed the Histone H1 family genes (H1B, H1C, H1D, H1E: H1-5, H1-

2, H1-3 and H1-4, respectively) as driver mutations  in B-cell lymphoma (Hongxiu Li et al., 

2014; Okosun et al., 2014; Reichel et al., 2015; Wright et al., 2020; Yusufova et al., 2021). 

Disruption of H1 function resulting in H1 deficiency results in gain of H3K36me2 and/or 

loss of H3K27me3 at stem cell genes, reflecting de-repression of early developmental genes 

usually sequestered in inaccessible genomic compartments (Willcockson et al., 2021; 

Yusufova et al., 2021). These mutations likely arise during mutagenic aberrant SHM by 

activation-induced cytosine deaminase (Chapuy et al., 2018).   

 

KMT2D/MLL2 loss of function mutations occur in ~80% of follicular lymphomas and 

~30% of GCB-DLBCLs and result in loss of H3K4me1, H3K4me2 and H3K4me3 in vitro 

and in vivo (Green, 2018; Okosun et al., 2014; Pasqualucci, Trifonov, et al., 2011; Jiyuan 

Zhang et al., 2015). This perturbation has been shown to cooperate with BCL2 disruption, 

resulting in massive germinal centre expansion, enhanced GC B cell fitness and the 

development of lymphoma in mice (Ortega-Molina et al., 2015; Jiyuan Zhang et al., 2015). 

The KDM5 demethylase family is responsible for demethylation at H3K4 and inhibition of 

these enzymes has been proposed and proven in pre-clinical (lymphoma cell lines and mouse 

xenograft) models to be a potential genetic dependency (Heward et al., 2021). 

 

Histone acetyltransferases CREBBP and EP300 are haploinsufficient tumour suppressor 

genes in DLBCL (Okosun et al., 2014; Pasqualucci, Dominguez-Sola, et al., 2011; Jiyuan 

Zhang et al., 2017).   CREBBP acetylates both histone and non-histone proteins, including 

BCL6 and p53.  CREBBP opposes the actions of BCL6 both by writing H3K27ac at the 

promoters and enhancers of BCL6 target genes and by direct acetylation of BCL6, which 
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inactivates the protein (Bereshchenko et al., 2002; Jiang et al., 2017; Pasqualucci, 

Dominguez-Sola, et al., 2011; Jiyuan Zhang et al., 2017).  CREBBP haploinsufficiency 

therefore enhances the proto-oncogenic function of BCL6.  Deletion of CREBBP has also 

been shown to result in expansion of the GC, accelerate MYC-driven lymphomagenesis and 

CREBBP inactivation down-regulates the expression of MHC-II proteins, contributing to 

tumour immune evasiveness (Hashwah et al., 2017).  HDAC inhibitor molecules have been 

proposed as a therapeutic approach to treating these lymphomas (Hashwah et al., 2017; Jiang 

et al., 2017).   

 

Combined deletion of both CREBBP and EP300 prevents germinal centre formation in vivo 

and impairs DLBCL proliferation in vitro, suggesting that CREBBP deficient DLBCL 

becomes dependent on EP300 and a potential role for EP300 inhibitor drugs in this context 

(Meyer et al., 2019). 

 

Inactivating mutations in TET2, an enzyme responsible for conversion of 5-methylcytosine 

to 5-hydroxymethylcytosine and ultimately DNA demethylation, are found in ~12% of 

DLBCL cases (Asmar et al., 2013; Lemonnier et al., 2012; Reddy et al., 2017). Over 70% 

of sites gaining DNA methylation as a result of this mutation lie within CpG islands, with a 

further 18% within 2Kb of a CpG island; particularly enriched for polycomb group protein 

target promoters (Asmar et al., 2013; Tulstrup et al., 2021). Although hypomethylating 

agents inhibiting DNMT1 have shown efficacy in numerous TET2-mutant (inactivating) 

malignancies thus far including Myelodysplastic Syndrome/Acute Myeloid Leukaemia 

(MDS/AML), T-cell acute lymphoblastic leukaemia (T-ALL) and angioimmunoblastic T-

cell lymphoma, evidence is lacking regarding their use in TET2 mutated B-cell Non-

Hodgkin Lymphoma (Bejar et al., 2014; Bensberg et al., 2021; Lemonnier et al., 2018). 
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 Table 1.1  Chromatin modifying gene mutations in B-lymphoid neoplasms 

ND = not determined.  LOF = loss of function.  GOF = gain of function.  HAT = histone acetyltransferase.  HMT = histone methyltransferase.   

T-ALL = T-cell acute lymphoblastic leukaemia.  MCL = mantle cell lymphoma.  AITL = angioimmunoblastic T-cell lymphoma. PTCL = peripheral T-cell lymphoma. 

Gene Function Genetic Lesion Gross Effect on 
PTMs 

Frequency 
References(s) GCB-

DLBCL 
ABC-

DLBCL FL Other Lymphoid 
Malignancy 

EZH2 H3K27 HMT (PRC2) Missense mut (Y646X / A682G 
/ A692G) 
+7q/locus amplification 
Deletion/nonsense/missense 

GOF: ­H3K37me3 
¯H3K27me2 
GOF: ­H3K37me3 
LOF: ¯H3K27me3 

21.7% 
 
7.7% 
ND 

ND 
 
ND 
ND 

7.2% - 
27.5% 
24% 
ND 

 
 
 
- T-ALL (15-18%) 

(Morin et al., 2010), (McCabe, 
Graves, et al., 2012), (Bödör et al., 
2013) 
(Bouska et al., 2017) 
(Ntziachristos et al., 2012) 

SUZ12 H3K27 HMT (PRC2) Deletion/nonsense LOF: ¯H3K27me3 ND ND ND - T-ALL (5-7%) (Neumann et al., 2015), (Y. Liu et al., 
2017), (Ntziachristos et al., 2012) 

EED H3K27 HMT (PRC2) Deletion/nonsense LOF: ¯H3K27me3 ND ND ND - T-ALL (3%) (Ntziachristos et al., 2012) 
CREBBP Lysine HAT Missense>truncation/deletion LOF: ¯H3K27ac, 

¯H3K18ac 
41% 17% 32-

64% 
- Relapsed ALL (18%) (Pasqualucci, Dominguez-Sola, et 

al., 2011), (Okosun et al., 2014), 
(Mullighan et al., 2011) 

EP300 Lysine HAT Missense>truncation/deletion LOF: ¯H3K27ac, 
¯H3K18ac 

5-10% ND 8.7%  (Pasqualucci, Dominguez-Sola, et 
al., 2011),  

HistoneH1 
H1E>H1C 
>H1D> 
H1B 

Linker Histone Missense mutations in globular 
(DNA-binding) domain 

LOF: ¯H3K27me3,  
­H3K36me2 

27% 24% 30% - Classical Hodgkin 
Lymphoma (50%) 

(Okosun et al., 2014), (Hongxiu Li et 
al., 2014), (Reichel et al., 2015), 
(Wright et al., 2020), (Yusufova et 
al., 2021) 

KDM6A 
(UTX) 

H3K27 demethylase Deletion>frameshift>nonsense LOF: ­H3K37me3 ND ND ND - Multiple Myeloma (10%) 
- T-ALL (male) (10-20%) 

(Van Haaften et al., 2009), (Van Der 
Meulen et al., 2015) 

KMT2D 
(MLL2) 

H3K4 HMT Nonsense>deletion>splice site 
>missense 

LOF: ¯H3K4me1, 
¯H3K4me2 

30% 20% 89% - MCL (12%) (Morin et al., 2011), (Pasqualucci, 
Trifonov, et al., 2011), (Chapuy et al., 
2018), (Schmitz et al., 2018), 
(Ferrero et al., 2020) 

KMT2C 
(MLL3) 

H3K4 HMT Nonsense>deletion LOF: ¯H3K4me1, 
¯H3K4me2 

13% ND 5% - MCL (10%) (Jenny Zhang et al., 2014), (Green, 
2018) 

ARID1a SWI/SNF Frameshift>nonsense>deletion LOF 9-12% 7-10% 5-14% - Burkitt lymphoma (20%) (Hongxiu Li et al., 2014), (Schmitz et 
al., 2018), (Reddy et al., 2017), 
(Burkhardt et al., 2022) 

ARID1b SWI/SNF Frameshift>nonsense>deletion LOF 8-10% 6-7% 2%  (Pasqualucci et al., 2014), (Reddy et 
al., 2017) 

SMARCA4 SWI/SNF Frameshift>nonsense>deletion LOF 3-8% 6% 2% - Burkitt lymphoma (21%) (Hongxiu Li et al., 2014), (Reddy et 
al., 2017), (Schmitz et al., 2018) 

BCL7a SWI/SNF Splice site>frameshift>deletion LOF 8-13% 3-4% 10-
15% 

 (Reddy et al., 2017), (Schmitz et al., 
2018), (Baliñas-Gavira et al., 2020), 
(Krysiak et al., 2017) 

TET2 DNA demethylase Nonsense/frameshift>missense LOF: promoter 
hypermethylation 

10% ND ND - AITL/PTCL (38-47%) (Lemonnier et al., 2012), (Asmar et 
al., 2013), (Reddy et al., 2017) 

NSD2 H3K36 HMT Missense mut (E1109K / 
T1150A) 
 
Overexpression t(4;14) 

GOF: ­H3K36me2, 
¯H3K27me3 

ND ND ND - MCL (10-15%) 
- Paediatric ALL (5-10%) 
 
- Myeloma (10-20%) 

(Beà et al., 2013) 
(Jaffe et al., 2013), (Loh et al., 2013), 
(Ferrero et al., 2020) 
(Keats et al., 2005) 
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The SWI/SNF complex (alias BAF) utilises energy from ATP to remodel chromatin by 

shuffling nucleosomes along DNA (Roberts & Orkin, 2004). Inactivating mutations in 

ARID1A and SMARCA4 occur (often concurrently) frequently in Burkitt lymphoma (BL) at 

a frequency of 32% and 35% respectively for paediatric, as compared with 19% and 21% 

respectively for adult Burkitt lymphoma (Burkhardt et al., 2022). Synthetic lethality screens of 

ARID1A and SMARCA4 mutant cells have exposed a vulnerability to interference with 

paralogous SWI/SNF complex components, representing a potential future therapeutic option 

for  SWI/SNF mutant lymphomas (Helming et al., 2014; Hoffman et al., 2014). 

 

 1.10  Epigenetic therapies are entering the clinic 
Given the high prevalence of mutations and other disruptions in chromatin regulators in cancer, 

it follows that numerous epigenetic targeted therapies are entering the clinic. In this section I 

will discuss several epigenetic axes which are being therapeutically targeted in various cancer 

contexts with a particular focus on B-cell lymphomas, illustrating that this is a promising space 

with significant ongoing clinical work and burgeoning interest. 

 

In 2020, the EZH2 selective small molecule enzymatic inhibitor Tazemetostat (EPZ-6438) 

received accelerated approval from the US FDA (Food and Drink Authority) for the treatment 

of EZH2-mutant lymphoma beyond second line, relapsed/refractory EZH2-wild type 

lymphoma where no suitable alternative exists, and for unresectable INI1/SMARB1 deficient 

epithelioid sarcoma (Epizyme (2020) Tazemetostat: Tazverik (Tazemetostat) for oral use. FDA 

accessdata.fda.gov: reference ID 4627347).  Indeed, in both cell lines and patients, the presence 

of an EZH2 change of function mutation predicted but was not essential for response to 

Tazemetostat (Brach et al., 2017; Italiano et al., 2018; Izutsu et al., 2021; Knutson et al., 2012; 

Morschhauser et al., 2020; Munakata et al., 2021). EZH2 inhibitor drugs have also been 

proposed as a therapy in other cancer contexts including H3K27M-mutant diffuse midline 

glioma (DIPG) and breast cancer (Brien et al., 2021; Duan et al., 2020; Mohammad et al., 2017; 

Yaqin Zhang et al., 2017). Numerous trials with data of variable maturity are ongoing to find 

an appropriate combination therapy for EZH2 inhibitor therapy in B-NHL, including PD-L1 

monoclonal antibodies, anti-CD20 therapy (Rituximab), immunomodulator drug 

Lenalidomide, BCL2 inhibitor Venetoclax and R-CHOP standard chemoimmunotherapy, 

among others. Table 1.2 provides an overview of available clinical trial data using PRC2 
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inhibitors in human patients, among dozens of ongoing but as yet unreported clinical trials 

involving EZH2 inhibitor drugs.  

 

Histone deacetylase (HDAC) inhibitor molecules have become well established in the 

treatment of T-cell lymphomas, with four molecules approved by the FDA (Bondarev et al., 

2021). Numerous studies involving patients with both newly diagnosed and relapsed/refractory 

B-cell lymphomas have yielded encouraging results, especially in combination with 

established or other experimental therapies (Kirschbaum et al., 2011; Persky et al., 2018; Straus 

et al., 2015; P. Wang et al., 2020). 

 

Disruptor of telomere silencing 1-like (DOT1L) is the only known H3K79 methyltransferase.  

Its H3K79me2/me3 mark is generally found at the gene body of actively transcribed genes and 

is associated with transcriptional elongation while inhibiting histone deacetylase activity and 

preventing the formation of H3K9me3 repressive domains (C. W. Chen et al., 2015; Feng et 

al., 2002; Mohan et al., 2010; Steger et al., 2008). MLL-rearranged leukaemias are critically 

dependent upon DOT1L and frequently recruit DOT1L to chromatin, resulting in aberrant 

H3K79 methylation at MLL target genes (Bitoun et al., 2007; Guenther et al., 2008; Krivtsov 

et al., 2008; Milne et al., 2005). The highly selective DOT1L inhibitor pinometostat had modest 

activity in MLL-rearranged acute leukaemia (Stein et al., 2018). Subsequent work to target this 

disruption has resulted in the development of additional compounds to target the interaction 

between Menin and MLL fusion proteins, which is an essential interaction for MLL fusion-

driven gene expression (Grembecka et al., 2012; Krivtsov et al., 2019; Y. Xu et al., 2016; 

Yokoyama et al., 2005). Lysine specific demethylase 1 (LSD1/KDM1A) is a specific 

demethylase for H3K4me1/2 and H3K9me1/2 at promoter regions, triggering interest in the 

enzyme as a potential target in MLL-rearranged acute leukaemias, where MLL SET domain is 

lost and MLL is fused with a fusion partner, i.e. DOT1L (Fang et al., 2010; Krivtsov & 

Armstrong, 2007; Salamero et al., 2020; Y. Shi et al., 2004).   

 

PRMT5 is a Type 2 protein arginine methyltransferase responsible for symmetrical arginine 

methylation at a variety of residues, including H4R3, H3R8 and H2AR3 and can also methylate 

protein targets including p53 (Shailesh et al., 2018; Stopa et al., 2015). It is overexpressed in a 

number of cancer types including prostate, breast, lung and colon (Beketova et al., 2022; 

Poulard et al., 2016), resulting in aberrant repression of various tumour suppressor genes (X. 

Liu et al., 2018; Pal et al., 2004). The chromosome 9p21 locus is homozygously deleted in 15% 
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of human cancers, resulting in deletion of CDKN2A and critical tumour suppressors p19-ARF 

and p16-INK4a (Beroukhim et al., 2010; Kamijo et al., 1997).  The gene methylthioadenosine 

phosphorylase (MTAP), which is immediately proximal to CDKN2A, is homozygously co-

deleted in 80-90% of tumours with CDKN2A mutation, resulting in accumulation of its 

substrate 5’-methylthioadenosine, a potent endogenous inhibitor of PRMT5 (Zappia et al., 

1988). Intriguingly, this endogenous inhibition of PRMT5 by the accumulated byproduct of 

MTAP loss renders the cells sensitive to further PRMT5 loss (Marjon et al., 2016). Therefore, 

numerous compounds targeting this protein have entered clinical trials for patients with MTAP 

nul tumours or advanced solid tumours (Siu et al., 2019; C. R. Smith et al., 2022; Watts et al., 

2019). 

 

An exciting recent development in oncology is the transition of PROTAC (proteolysis targeting 

chimera) molecules for targeted protein degradation, to the clinic. PROTACs are 

heterobifunctional molecules comprising two ligands joined by a linker: one ligand recruits 

and binds the protein of interest, while the other engages an E3 ubiquitin ligase (e.g. cereblon, 

Von-Hippel-Lindau) (Figure 1.8) (Sakamoto et al., 2001). In 2019, the first PROTACs entered 

phase 1 clinical trials in patients: ARV-471, an oestrogen receptor PROTAC in breast cancer, 

and ARV-110 an androgen receptor PROTAC in metastatic castration-resistant prostate cancer 

(X. Gao et al., 2022; Snyder et al., 2021). In B-NHL, supported by the efficacy of Bruton’s 

tyrosine kinase (BTK) inhibitors, numerous BTK degraders have been developed and are in 

trial.  The BTK inhibitor Ibrutinib is among the front-line treatment options in TP53-disrupted 

chronic lymphocytic leukaemia (CLL) and at relapse or in specific scenarios for indolent B-

cell lymphomas, with eventual resistance emerging most commonly due to a recurrent hotspot 

mutation BTKC481S, which attenuates the covalent binding ability of the drug (Chiron et al., 

2014; Woyach et al., 2014). Degradation of the target protein may provide a route whereby 

acquired resistance due to impaired drug binding in this and other cancer contexts could be 

overcome. Promisingly, based on the demonstration that BRD9 co-localises with the SS18-

SSX pathogenic fusion protein in synovial sarcoma, two BRD9 PROTACs are currently in 

clinical trial (Brien et al., 2018). This demonstrates that where an inhibitor or other molecularly 

targeted therapy does not exist, development of a PROTAC to degrade the protein of interest 

is a realistic avenue to bypass this issue and the clinical trial space is accordingly becoming 

more populated (Table 1.3).  Excitingly, numerous tissue-specific E3 ubiquitin ligases have 

now been described, alluding to the potential future design of PROTACs capable of targeting 

a specific tissue (or cell) type (Békés et al., 2022; Kannt & Đikić, 2021). 
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Table 1.2  Published clinical trial data for PRC2 enzymatic inhibitor drugs 
Target /  Drug Trial ID Clinical context Safety and efficacy Reference 

EZH2 / EPZ-6438 NCT01897571 
(Phase 1) 

- R/R B-NHL (n=21) 
- INI1/SMARCA4(-/-) 
solid tumours (n=13) 
- Other solid tumours 
(n=30) 
- Median 2 (1-5) prior 
lines 

- 9% Grade ≥3 SAE 
- ORR: 38% B-NHL, duration 
12.4months 
- ORR: INI1/SMARCA4(-/-) 
18%, duration NR 
- ORR: other solid tumours: 0% 

(Italiano et al., 
2018) 

EZH2 / EPZ-6438 NCT01897571 
(Phase 2) 

- R/R FL (n=45 
EZH2MUT, n=54 
EZH2WT) 
- Median 2 (1-5) prior 
lines 

- 12% Grade ≥3 SAE 
- ORR: 69% EZH2MUT, duration 
10.9 months 
- ORR: 35% EZH2WT, duration 
13 months 

(Morschhauser et 
al., 2020) 

EZH2 / EPZ-6438 NCT03456726 
(Phase 2) 

- R/R EZH2MUT B-NHL  
(FL n=17, DLBCL n=3) 
Median 2 (1-5) prior 
lines 

- 40% Grade ≥3 SAE 
- ORR 76.5%, median duration 
not reached (median follow-up 
12.9 months) 

(Izutsu et al., 2021) 

EZH2 / EPZ-6438 NCT02601950 
(Phase 2) 

- INI1/SMARCB1(-/-) 
Epithelioid sarcoma 
(n=62) 

- 13% Grade ≥3 SAE 
- 15% ORR 

(Gounder et al., 
2020) 

EZH2 / EPZ-6438 NCT02860286 - BAP1 inactivated R/R 
malignant 
mesothelioma (n=74) 

- 34% Grade ≥3 SAE 
- 3% ORR (+54% stable disease 
at 12 weeks) 

(Zauderer et al., 
2020) 

EZH2 / SHR2554 NCT03603951 
(Phase 1) 

- R/R lymphomas 
(B/T/Hodgkin) (n=113) 
- 47% ≥3 prior lines 

- 41% Grade ≥3 SAE (2% Grade 
5) 
- 46% ORR (no subgroups 
available) 

(Song et al., 2022) 

EZH1/2 / 
Valemetostat 

NCT02732275 
(Phase 1) 

- Adult T-cell 
leukaemia/lymphoma 
(n=9) 
- Median 2 (1-8) lines 

- >50% Grade ≥3 SAE 
- 44% ORR, duration >12 weeks 

(Morishima et al., 
2019) 

EZH2 / EPZ-6438  
+ R-CHOP 

NCT02889523 
(Phase 1b) 

- (Up front) DLBCL 
(high-risk: aaIPI 2-
3)(n=17 patients) 

- 30% Grade ≥3 SAE 
- 76.5% metabolic CR (median 
follow-up 20.6 months) 

(Sarkozy et al., 
2020) 

EZH2 / EPZ-6438 
+R2 
+Rituximab 
(CD20 mAB) 
+Lenalidomide 
(IMID) 

NCT04224493 
(Phase 1a/1b) 

- R/R lymphomas 
(B/T/Hodgkin) (n=113) 
- Median 2 (1-5) prior 
lines 

- 50% Grade ≥3 SAE 
- ORR 91.7% (median follow-up 
16.9 weeks) 

(Batlevi et al., 
2021) 

EED / MAK683 NCT02900651 
(Phase 1/2) 

- R/R DLBCL 
- Median 4 (1-16 prior 
lines) 

- 45% Grade ≥3 SAE 
- 16% ORR 

(Ribrag et al., 
2021) 

R/R = relapsed/refractory. Lines refers to prior lines of therapy. SAE refers to serious adverse events as defined 

by CTCAE (Common Terminology Criteria for Adverse Events) version 4.0 (National Cancer Institute).  

ORR = overall response rate. IPI = imternational prognostic index. CR = complete response. PR = partial  

response. Median duration of response indicated where available. 
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Figure 1.8  Targeted protein degradation via PROTAC 
A heterobifunctional PROTAC molecule with affinity for its target protein and also a suitable 

E3 ubiquitin ligase expressed in the target cell binds both proteins, resulting in ubiquitination 

of the protein of interest and proteasomal degradation.  The PROTAC molecule is not  

degraded and is recycled for further iterations of degradation of its target protein. 

Made with BioRender.com 
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Table 1.3  List of PROTAC molecules currently in clinical trials 

 Correct as of September 2022 (clinicaltrials.gov) 

 

 

 
 
 

 
 

 
 

 
 

Target /  Drug Trial ID Clinical context Year opened 
Androgen receptor / 
ARV-110 

NCT03888612  Metastatic castrate-resistant  
prostate cancer 

2019  

Androgen receptor / 
ARV-766 

NCT04428788 Metastatic castrate-resistant  
prostate cancer 

2020 

Androgen receptor / 
ARV-766 

NCT05067140 Metastatic castrate-resistant  
prostate cancer 

2021 

Androgen receptor / 
AC176 

NCT05241613 Metastatic castrate-resistant  
prostate cancer 

2022 

Bcl-xL / DT2216 NCT04886622 Relapsed/refractory solid and blood 
cancers 

2021 

BRD4 / RNK05047 NCT05487170 Advanced solid tumours / relapsed 
DLBCL 

2022 

BRD9 / FHD-609 NCT04965753 Advanced synovial sarcoma 2021 

BRD9 / CFT8634 NCT05355753 Locally advanced/metastatic 
SMARCB1-disrupted cancers 

2022 

BTK / NX-2127 NCT04830137 Relapsed/refractory B-cell 
malignancies 

2021 

BTK / NX-5948 NCT05131022 Relapsed/refractory B-cell 
malignancies 

2021 

BTK / BGB-16673 NCT05294731 B-cell malignancies 2022 

IRAK4 / KT-474 NCT04772885 Atopic dermatitis / hidradenitis 
suppurativa 

2021 

IRAK4 / KT-413 NCT05233033 Relapsed/refractory B-NHL 2022 

Oestrogen receptor (ER) / 
ARV-471 

NCT04072952 ER+/HER2- locally advanced/ 
metastatic breast cancer 

2019 

Oestrogen receptor (ER) / 
AC682 

NCT05080842 Locally advanced/metastatic ER+ 
breast cancer  

2021 

STAT3 / KT-333 NCT05225584 Refractory lymphoma, large granular 
lymphocytic leukaemia, solid 
tumours 

2022 
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1.11  Aims of thesis 
The principal aim of my thesis was to explore the function of the oncogene EZH2 and other  

Polycomb Repressive Complex 2 (PRC2) components in B-cell Non-Hodgkin lymphoma cell  

lines.  The specific aims of each chapter were as follows. 

 

Chapter 3: Mapping disrupted H3K27 methylation in EZH2 mutant lymphoma and the 

differential effects of PRC2 enzymatic inhibition and PRC2 degradation 

- To examine the effects of the EZH2 gain-of-function mutant on genomic localisation 

of core PRC2 and H3K27 methylation marks 

- To identify differential effects of PRC2 enzymatic inhibition and PRC2 degradation 

on the genomic localisation or H3K27 methylation marks and the transcriptional 

landscape in lymphoma cells 

- To evaluate PRC2 degradation as a means of overcoming acquired resistance to PRC2 

enzymatic inhibition 

Chapter 4: A CRISPR tiling screen of PRC2 components in germinal centre B-cell  

lymphoma reveals AEBP2 as a specific genetic dependency 

- To apply CRISPR screening technology to identify novel genetic dependencies 

relating to the oncogene EZH2 in B-cell lymphoma cell lines 

- To identify and describe any new or key functional domains in any identified genetic 

dependency 

- To validate any promising dependency by performing sgRNA negative selection 

assays and rescue experiments 

Chapter 5: AEBP2 disruption in lymphoma leads to PRC2 activation and genome-wide  

redistribution of H3K27me3 and H3K27me2 

- To identify the effects on H3K27 methylation and the transcriptional landscape of 

AEBP2 depletion in lymphoma cells 

- To evaluate the relative contribution of PRC2.1 and PRC2.2 to H3K27 methylation in 

lymphoma cells 
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CHAPTER 2:  Materials and Methods 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 58 

 
 
 

 
 

 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 



 59 

2.1 Cell culture 
2.1.1  Culturing conditions 
All cell lines were grown at 37 degrees Celsius in 5% v/v CO2.   

 

Human lymphoma cell lines HT, OCI-LY18, Pfeiffer, WSU-DLCL2, SU-DH-L6 and DO-HH2 

were cultured in suspension in Roswell Park Memorial Institute medium - RPMI 1640 (Gibco) 

supplemented with 2mM GlutaMAX (Gibco 61870036) and 10% v/v Heat-Inactivated Foetal 

Bovine Serum (FBS) (Gibco) and 100U/ml penicillin/streptomycin (Gibco). KARPAS-422 

was cultured as above though with 20% v/v Heat-Inactivated FBS. Human lymphoma cell lines 

OCI-LY1 and OCI-LY7 were cultured in Isocove Modified Dulbecco Media - IMDM (Gibco 

12440053) supplemented with 20% v/v Heat-Inactivated FBS and 100U/ml 

penicillin/streptomycin. Cells were passaged by splitting 8:1 – 12:1 every 2-3 days. 

 

HEK293T, G401 (human malignant rhabdoid tumour) and A673 (human Ewing sarcoma) cell 

lines were cultured in Dulbecco’s Modified Eagle Medium - DMEM high glucose (Sigma 

D6429) supplemented with 10% v/v FBS (Gibco) and 100U/ml penicillin/streptomycin 

(Gibco). These cells were maintained on TC-treated culture dishes and passaged every 2-3 days 

using 0.25% Trypsin-EDTA (Gibco). 

 

TERT immortalised TIG3 (TIG3-T) human fibroblasts were grown in DMEM (Lonza) 

supplemented with 10% FBS (Gibco), 10% v/v FBS (Gibco) and 100U/ml 

penicillin/streptomycin (Gibco). B-CPAP thyroid papillary cancer cells were grown in RPMI-

1640 (Gibco) with 10% v/v heat-inactivated FBS (Gibso) and 100U/ml 

penicillin/streptomycin.  For serum starvation experiments, fibroblasts and B-CPAP cells were 

grown until 60-70% confluency. Cells were subjected to serum-free media for 120 hours with 

media changes at 24 hour intervals until 120 hours.  

 

Mouse embryonic stem cells (mESCs) were maintained on 0.1% gelatine-coated culture dishes 

and passaged every 2 days using 0.25% Trypsin-EDTA (Gibco 25200056).  mESCs were 

cultured under 2i/LIF conditions in Glasgow Minimum Essential Medium (GMEM; Sigma) 

supplemented with 20% v/v Heat-Inactivated FBS, 100u/ml penicillin/streptomycin (Gibco), 

50μM β-mercaptoethanol (Sigma), 1:100 Glutamax (Gibco), 1:100 non-essential amino acids 

(Gibco), 1mM sodium pyruvate (Gibco), 1:500 homemade Leukaemia Inhibitory Factor (LIF), 
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3μM GSK inhibitor CHIRON9902 (Millipore) and 1μM MEK inhibitor PD0325901 

(Millipore).   

 

2.1.2  Nucleofection of lymphoma cells by electroporation 
Two pairs of sgRNAs were selected targeting intronic DNA either side of AEBP2 exon 2 and 

cloned into individual pSpCas9 (BB)-2A-eGFP (Addgene, px458). The intended result was 

excision of AEBP2 exon 2 (shared between all human AEBP2 isoforms) with resultant frame 

shift and knock-out of AEBP2. Cells were electroporated using a Lonza Amaxa Nucleofector 

programme X-001. 1.2μg of each paired sgRNA (one sgRNA in intron 1, one sgRNA in intron 

2) was added in 10μl deionised nuclease-free H20 to an Ingenio electroporation cuvette. 1x106 

WSU-DLCL2 cells were pelleted by centrifugation at 100g for 3 minutes, washed once in 

DPBS, pelleted again and all residual supernatant carefully removed. Nucleofection Buffer A 

(5mM KCl, 15 mM MgCL2, 20mM HEPEPS, 150mM Na2HPO4/NaH2PO4 pH 7.2) was pre-

warmed to 37°C. Pelleted lymphoma cells were resuspended in 100μl of pre-warmed Buffer A 

and gently mixed with the paired sgRNA mixture in the cuvette. After electroporation, the 

nucleofection mixture was promptly resuspended in fresh media and returned to the incubator 

such that time in Buffer A was less than 15 minutes, due to its hyperosmolar nature. 

 

Approximately 24 hours after transfection, GFP-expressing (GFP+) cells were sorted as single 

cells into 96-well culture plates using a FACSAria Fusion Flow Cytometer operated by Dr 

Barry Moran at the Trinity Biomedical Sciences Institute Flow Cytometry Facility. Surviving 

single cell clones were screened at the DNA level for AEBP2 knock-out and positive clones 

were expanded for validation at the mRNA and protein expression level. 

 

2.1.3  Production of lentivirus 
Lentiviral particles were produced using a second generation lentiviral system in HEK393T 

cells. HEK293T cells were seeded on T75 flasks containing 12 mls DMEM 24 hours prior to 

intended transfection such that they would be 70-80% confluent on the day of transfection.   

Following a standard PEI transfection protocol, for HEK293T cells cultured in a T75 culture 

flask, 4μg of the plasmid of interest, 2μg PAX8 packaging vector and 3μg VSV-G were 

combined along with 27μg of polyethylenimine (PEI) and 500μl Optimem (Gibco 31985062) 

and incubated for 20-30 minutes at room temperature. Quantities were scaled linearly as per 

the surface area of the dish. This mixture was then added drop-wise to the 70-80% confluent 
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HEK293T cells, which had immediately prior to transfection had media removed and 12mls 

fresh complete DMEM gently applied. Media supernatant containing viral particles was 

harvested at 72 hours post-transfection, filtered by passing through a 0.45μm polyethersulfone 

(PES) filter and stored for if for short-term use at 4°C or frozen at -80°C.  

 

To gauge transfection success, an additional plate of HEK293T cells was transfected with 4 μg 

of the GFP-expressing vector pGIPZ alone. High PEI transfection efficiency was inferred by 

the level of visible GFP expression with a blue laser at 24 hours. This plate was then discarded. 

 

2.1.4  Generation of stable cell lines by lentiviral transduction 
1x106 suspension cells per lentiviral infection with one additional pellet for an uninfected 

negative control were pelleted by centrifugation at 100g for 3 minutes and supernatant media 

was removed.  The pelleted cells were resuspended in lentiviral supernatant (or fresh media for 

the negative control) supplemented with 1:1000 Polybrene (stock solution 50mg/ml) and 

transferred to a 6-well plate and sealed with parafilm.   

 

For adherent cells, 7.5x105 adherent cells per lentiviral infection were added to each well of a 

6-well plate and incubated for 3 hours or until adherent. Once adherent, the media was removed 

and lentiviral supernatant supplemented with 1:1000 Polybrene was gently directly applied to 

the cells and the plates were sealed with parafilm. 

 

The plates were spun at room temperature at 1700 RPM for 2 hours, after which the lentiviral 

supernatant was removed and replaced with 3-5mls of fresh media in the case of adherent cells, 

or the cells were resuspended in 3-5 mls of fresh media and transferred to a T25 tissue culture 

flask for suspension cells. 

 

When a lentiviral vector containing an antibiotic resistance cassette was used, the antibiotic 

was added at an appropriate concentration to the cells such that a pre-determined final 

concentration was reached, to allow for selection of clones expressing the desired construct.  

Cells were grown in culture until complete death of the uninfected negative control cells; 

thereafter expanded with construct expression confirmed by protein Western blot. When 

selection using a fluorescent marker was necessary, this was done as detailed in section 2.1.2 

above. 
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2.1.5  Determination of Cas9 efficiency 
pXPR_011-sgEGFP lentivirus was generated as described in section 2.1.3. This plasmid 

expresses enhanced GFP (EGFP) and a sgRNA targeting EGFP, such that GFP is depleted in 

cells expressing the Cas9 endonuclease over time.  Cells surviving Blasticidin selection (having 

been shown by Western blot to express FLAG-tagged Cas9) as well as their parental cells were 

seeded on a 12-well tissue culture plate.  Increasing volumes of pXPR lentivirus (10μl, 20μl, 

50μl, 100μl, 200μl, 400μl) were added with polybrene supplementation to a final concentration 

of 0.5μg/ml, with 2 additional uninfected wells.  The cells were spinoculated at 1700RPM for 

2 hours, at which time the viral supernatant was removed and replaced with fresh media.  After 

24 hours, Puromycin was added to the lentivirally infected wells, including 1 uninfected well, 

with DMSO added to the other uninfected well. The appropriate dose of Puromycin was 

previously determined as the lowest dose required to kill uninfected cells at 48 hours (0.5-

10μg/ml depending on the cell line). 

 

48 hours after adding puromycin, the cells were trypsinised or resuspended and counted.  The 

infection efficiency was determined by dividing the number of cells per millilitre in lentivirally 

infected wells by the number of cells in the “uninfected + DMSO” well.  Cells with an infection 

efficiency of 15-30% (chosen such that one lentiviral particle likely incorporated per cell) were 

seeded forward, such that 4 cell lines were retained (parental and “Cas9” cells with no pXPR 

infection; and parental and “Cas9” cells + pXPR). Fluorescence-activated cell sorting (FACS) 

analysis was performed weekly from Day 14 following infection using a BD Accuri C6 flow 

cytometer with Cas9 activity determined based on the depletion of GFP in cells expressing 

Cas9 relative to parental cells. Cells with estimated Cas9 activity of 70% or greater were taken 

forward for PRC2 library screens or sgRNA validation experiments.   

 

2.1.6  PRC2 tiling library CRISPR screen 
PRC2 sgRNA library lentivirus was prepared using the ipUSEPR plasmid pool containing a 

RFP cassette.  The PRC2 sgRNA library was designed by Dr Eric Conway and Dr Gerard Brien 

(Bracken Lab) and generated by Dr Chun-Wei (David) Chen, City of Hope Comprehensive 

Cancer Center. The library screens in the cell lines PFEIFFER and WSU-DLCL2 were 

undertaken in collaboration with Dr Eric Conway and in G401 was undertaken by Dr Marlena 

Mucha. The multiplicity of infection (MOI) was determined by calculating the volume of virus 

required to result in 10% RFP+ cells as determined by a BD LSRFortessa X-20 flow cytometer.   
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For this library of ~4000 sgRNAs, to ensure coverage of 1000 cells containing each sgRNA, 

with the MOI of 10%, 40 million cells were infected with the PRC2 sgRNA library and 

puromycin added at 24 hours after spinoculation as previously outlined.  Given the requirement 

for pellets for high throughput sequencing for sgRNA quantification at day 3 and day 18, the 

planned infection was scaled up to 80 million cells, with 4 million cells harvested at Day 3 

(10% of 40 million infected cells) and again at Day 18. To allow for technical issues, cell 

number was scaled up by 20% resulting in 5 million cells harvested per time point, per 

replicate. Two biological replicates were undertaken and harvested. Pellets were snap frozen 

in liquid nitrogen until batch processing. 

 

DNA extraction and sequencing were undertaken by Dr Chen’s group, but briefly detailed here.  

Genomic DNA was extracted using the HotSHOT protocol. Cell pellets were lysed in 250μl 

HotA buffer (0.25mM EDTA, 25mM NaOH: final pH=12) and boiled at 95°C for 30 minutes.  

DNA was then fragmented by sonication for 15 seconds. 500μl of HotB buffer (40nM Tris-

HCl pH 6.8) was added, after which samples were gently vortexed and centrifuged. The 

purified DNA was then resuspended in DNase/RNase free sigma H2O.  Purified DNA was then 

amplified by PCR as detailed in Table 2.1 and Table 2.2.  Following amplification, PCR 

products were pooled, run on a 2% agarose gel with excision and purification of the 150bp 

product band which was subsequently processed for sequencing. 

 

Table 2.1 PCR mixture for gDNA amplification 
Component Stock Volume 

Sample DNA 1μg per 30μl 30μl 

DreamTaq HotStart Green 2x MasterMix 2x 50μl 

Primer mix (DCF01/DCR03; 5μM each) 5μM each 10μl 

ddH20 - 10μl 

TOTAL - 100μl 

 

Primer DCF01: 5’-cttgtggaaaggacgaaacaccg-3’  

Primer DCR03: 5’-cctaggaacagcggtttaaaaaagc-3’  
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 Table 2.2 PCR cycle for gDNA amplification 

 

 

 

 

 

 

 

2.1.7  sgRNA validation of PRC2 library screen 
sgRNAs targeting regions of proteins of interest highlighted by the PRC2 tiling screen were 

cloned into the ipUSEPR plasmid containing a RFP reporter or LRG2.1 plasmid containing a 

GFP reporter.  Lentivirus was generated for these sgRNAs as described in section 2.1.2 and 

applied to Cas9-expressing cells for validation, seeded in a 96 well plate.  The plates were spun 

at 1700 rpm for 2 hours and room temperature.  Lentiviral media was then removed, fresh 

media applied and the cells were cultured for a period of 21-45 days.  The cells were split every 

3 days at an appropriate ratio with RFP or GFP abundance quantified every 3 days using the 

Guava easyCyte HT system 12 and analysed using FlowJo software. 

 

 

2.2  DNA methods 
2.2.1  sgRNA cloning for PRC2 tiling screen validation 
sgRNA expression vectors ipUSEPR (RFP reporter; gift from Dr David Chen) and LRG2.1 

(GFP reporter; Addgene 108098) were linearised using the restriction enzyme BsmBI (NEB).  

The digested reaction was run on a 0.7% agarose gel and the product excised and purified using 

a QIAquick Gel Extraction Kit (Qiagen 28706).  Complementary oligonucleotide primers were 

ordered with 20 base pair overlap corresponding to the DNA target sequence, with overhangs 

compatible with the BsmBI-digested backbones. Oligos were annealed and phosphorylated 

using T4 PNK (NEB M0201S) in a PCR block and ligated using T4 DNA ligase (NEB 

M0202S). DNA was then transformed into One Shot TOP10 chemically competent E. coli 

(Invitrogen), with several resultant clones prepared, DNA extracted and screened by Sanger 

sequencing. 

 

Step Temperature (°C) Time (seconds)  

Initial denaturation 95 60  

Denaturation 95 30  

Annealing 65 20 

Extension 72 30 

Final extension 72 300  

Hold 4 ∞  

35
 c

yc
le

s 
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2.2.2  Generation of CRISPR-Cas9 targeting plasmid 
pSpCas9(BB)-2A-GFP (Addgene PX458) contains S. pyogenes Cas9 with a 2A-EGFP marker 

and a scaffold for  sgRNA insertion. sgRNA cloning was undertaken as per the Zhang Lab 

protocol recommended by Addgene, using sgRNA oligonucleotide primers designed in the 

GPP web portal from the Broad Institute. The pSpCas9 vector was linearised using the 

restriction enzyme BbsI (NEB R0539S). DNA was transformed into One Shot TOP10 

chemically competent E. coli as above and sgRNAs were sequence confirmed.   

 

2.2.3  Generation of AEBP2 and EZH2 wild-type and mutant constructs 
The ectopic expression of the 3xHA-tagged wild-type and mutant hEZH2 and hAEBP2 

constructs was performed using in-house lentiviral expression vectors derived from pLEX_305 

(Addgene 41390) and PLENTI EF1A FLAG/HA (Conway et al., 2018).  Human AEBP2-L 

(NM_001114176.1), AEBP2-S (NM_001267043.2) and EZH2 (NM_001203247.1) ORFs 

were available in the gateway cloning-compatible entry vector PCR8 (pCR8/GW/TOPO 

cloning – Invitrogen).  Mutant hAEBP2 and hEZH2 ORFs were generated by Q5 Site-Directed 

Mutagenesis (NEB E0554S) as per the manufacturer’s protocol and sequences were confirmed 

using Sanger sequencing. Expression clones were then generated using Gateway LR Clonase 

II (ThermoFisher 11791020). 

 

Using similar techniques, codon-optimised hAEBP2-L and hAEBP2-S were ordered as G-

blocks from IDT and cloned into a pCR8/GW/TOPO entry vector (Invitrogen K250020).  

Using Gateway LR Clonase II technology, these constructs were expressed in the expression 

vector PLEX_305-N-dTAG.  This plasmid fuses a FKBPF36V degron tag to the N’ terminus of 

the protein rendering it rapidly degradable upon application of an appropriate PROTAC 

molecule. 

 

2.2.4  Genotyping of genome-edited cell lines 
Single GFP+ cells following nucleofection and single cell sorting (Section 2.1.2) were seeded 

on 96-well plates.  Following numerous population doublings, the plate was split with one plate 

spared for genotyping and the other for passaging. The cells on the genotyping plate, once 

confluent, were pelleted by centrifugation at 100g for 5 minutes, washed once with DPBS and 

resuspended in 20μl of QuickExtract DNA Extraction Solution 1.0 (Lucigen). Cell lysates were 

transferred to PCR strip tubes using a multichannel pipette, then heated in a thermocycler for 
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15 minutes at 65°C for 15 minutes, followed by 68°C for 15 minutes and finally 98°C for 10 

minutes.  As per the manufacturer’s protocol, 3μl of “quick extracted” gDNA was added to a 

mixture of genotyping primers and OneTaq Quick-Load 2X Master Mix with Standard Buffer 

(NEB M0486).  Subsequently, this mixture was PCR amplified and clones were screened using 

gel electrophoretic analysis.  

 

2.2.5  shRNA generation for targeted RNA interference 
98-mer DNA oligonucleotides were designed using the Broad Institute RNAi Consortium GPP 

Portal and based on previously published shRNA oligonucleotides (Fellmann et al., 2013).  The 

oligonucleotide was diluted in DNAse, RNAse-free H20 to 0.05ng/μl. As per miRE cloning, 

overhangs with restriction sites for Xho(5’) and EcoRI(3’) were added by PCR to the 

oligonucleotide as per Table 2.3 and run on a thermocycler as per Table 2.4. 

 

Primer miRE_XhoF: TACAATACTCGAGAAGGTATATTGCTGTTGACAGTGAGCG 

Primer miRE_EcoRI: TTAGATGAATTCTAGCCCCTTGAAGTCCGAGGCAGTAGGCA 

 

Table 2.3  PCR reaction mixture for miRE cloning 
Component Stock Volume 

5x PCR Buffer 5x 10μl 

miRE_Primer mix 10μM each 4μl 

dNTP mix (Invitrogen 18427088) 10mM each 1.5μl 

Platinum Superfi DNA polymerase (Invitrogen 12351010) - 0.5μl 

ddH20 - 33μl 

Sample (oligo DNA) - 1μl 

TOTAL - 50μl 

 

 

 

Table 2.4  PCR cycle for miRE cloning 
Step Temperature (°C) Time (seconds)  

Initial denaturation 98 30  

Denaturation 98 15 32 

cycles Annealing 72 20 

Final extension 72 300  

Hold 4 ∞  
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Following completion of the PCR cycle, 5μl of the reaction mixture was run on a 1.5% agarose 

gel to ensure amplification of a band >100bp in size and the remaining 45μl was digested using 

EcoRI-HF (NEB R3101) and XhoI (NEB R0146) at 37°C in a thermocycler for 4 hours. The 

digested reaction was then purified using a QIAquick PCR Purification Kit (Qiagen 28104) 

and eluted in 30μl of elution buffer. 

 

SGEP (miR-30 variant)-based RNAi plasmid (Addgene 111170) was digested using EcoRI 

and XhoI as detailed above. The digested plasmid was run on a 1% agarose gel, gel extracted 

using a QIAquick gel extraction kit (Qiagen 28706) and purified using the QIAquick PCR 

Purification Kit. 

 

The digested, purified oligonucleotide following miRE PCR and digested, purified SGEP 

backbone were ligated using T4 DNA ligase (NEB M0202) by incubating at room temperature 

for 25 minutes.  The ligation mixture was immediately transformed in Top10 chemically 

competent E. coli (Invitrogen).  Several colonies were prepared and the presence of the correct 

shRNA sequence was confirmed by Sanger sequencing. 

 

2.2.6  Copy number qPCR of gDNA 
Genomic DNA (gDNA) was extracted from lymphoma cell lines using the QiaAMP DNA 

Blood Minikit (Qiagen 51106) as per manufacturer’s protocol.  The human haploid genome is 

estimated by Celera/Human Genome Project to be 3.0x109 base pairs and based on an estimated 

base pair mass of 1.096x10-21/bp, the mass of the human genome is estimated to be (3.0x109 x 

1.096x10-21) = 3.3x10-12g or 3.3pg.  Therefore in diploid cells there should be 2 gene copies 

per 6.6ng of DNA.  A standard curve was generated using 660ng, 66ng, 6.6ng, 0.66ng, 0.066ng 

of gDNA extracted from a known diploid human cell line (Human Mammary Epithelial 

Cells/HMEC (ATCC). A PCR reaction was set up as per Table 2.5 and analysed by qPCR 

using SYBR Green I detection chemistry (NEB M3003E) on an Applied Biosystems Quant 

Studio 3 platform. The copy number of the gene of interest (AEBP2) in 66ng and 6.6ng for 

each lymphoma cell line was determined using the equation of the line for the standard curve. 
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Table 2.5  PCR reaction mixture for copy number qPCR 
Component Stock Volume 

SyBR Green I MasterMix 2x 10μl 

Sequencing Primers (F+R) 10μM 0.5μl 

Sigma H2O - 5.5μl 

gDNA - 4μl 

TOTAL - 20μl 

 

   

2.2.7  Chromatin immunoprecipitation (ChIP) 
Cells were counted and normalised cell pellets of equal cell number (up to 50x106 per cell line) 

were washed twice with DPBS before crosslinking for 10 minutes with 1% formaldehyde 

(Sigma) in DPBS. The crosslinking reaction was quenched with 125mM glycine for 5 minutes 

before two further PBS washes. Crosslinked cells were lysed in 6mls of SDS lysis buffer 

(10mM NaCl, 50mM Tris pH 8.1, 5mM EDTA pH 8.0, 0.5% SDS, 2μg/ml aprotonin, 1μg/ml 

leupeptin and 1mM PMSF). Chromatin was pelleted by centrifugation at 1200 RPM for 6 

minutes at room temperature. The supernatant was discarded and the chromatin was 

resuspended in 1ml of ChIP buffer (2:1 dilution of SDS lysis buffer : Triton dilution buffer 

(100mM Tris pH 8.6, 100mM NaCl, 5mM EDTA pH 8.0, 0.02% NaN3, 5% Triton X-100, 

2μg/ml aprotonin, 1μg/ml leupeptin and 1mM PMSF)).  Chromatin was sheared to fragments 

of 200-800bp length by sonication using a Branson Sonifier SFX 150, set for successive pulses 

of 1 second on, 4 seconds off at 50% amplitude for a total sonication time of 4 minutes.  

Sonication efficiency was determined by analysing a sample of fragmented DNA on a 1.5% 

agarose gel. Chromatin was quantified using a Qubit dsDNA High Sensitivity Assay Kit 

(ThermoFisher Q32854). 1% input samples were taken from well-sonicated chromatin as an 

appropriate quantity of chromatin was added to respective antibodies and incubated overnight 

whilst rotating at 4°C. 

 

After the overnight incubation, 40μl of equilibrated Protein G/A Dynabeads (Invitrogen) were 

added to the respective chromatin-antibody mixes and left to rotate for 2-4 hours at 4°C. After 

this, all beads were washed three times in mixed micelle wash buffer (150mM NaCl, 20mM 

Tris pH 8.1, 5mM EDTA pH 8.0, 5.2% Sucrose, 1% Triton X-100, 0.2% SDS), twice with 

buffer 500 (0.1% sodium deoxycholate, 1mM EDTA pH 8.0, 50mM HEPES pH 7.5, 1% Triton 

X-100), twice with LiCl detergent wash (0.5% sodium deoxycholate, 1mM EDTA pH 8.0, 
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250mM LiCl, 0.5% NP-40, 10mM Tris pH 8.0) and finally once with TE (10mM Tris pH 8.0, 

1mM EDTA pH 8.0). Immunoprecipitated material was eluted from the magnetic beads with 

elution buffer (0.1 M NaHCO3, 1% SDS) while shaking for 1 hour at 65°C. This supernatant 

was retained and de-crosslinked alongside input samples overnight, shaking at 65°C. 

 

The following day, these samples were treated with RNaseA (ThermoFisher) at 37°C for 1 

hour and Proteinase K (Sigma) at 55°C for 2 hours prior to column-based DNA fragment 

purification (Qiagen or ThermoFisher). ChIP enrichment was established by qPCR using the 

SYBR Green I detection system on an Applied Biosystems Quant Studio 3 platform.    

 

Due to lack of enrichment for AEBP2 and FLAG/HA-tagged exogenous AEBP2 on ChIP 

qPCR, additional crosslinking for 1 hour at room temperature using 2mM EGS (ethylene glycol 

bis – succinimidyl succinate) prior to standard 1% formaldehyde crosslinking for 10 minutes 

was utilised.  Additional sonication steps were required to yield DNA fragments within the 

desired size range.  Ultimately this approach did not yield greater enrichments for these 

antibodies in lymphoma cell lines. 

 

2.2.8  Quantitative chromatin immunoprecipitation relative to an exogenous reference 
genome (ChIP-Rx) 
Quantitative chromatin immunoprecipitation relative to a reference exogenous genome (ChIP-

Rx) coupled with massively parallel DNA sequencing was performed for genome-wide 

mapping of histone post-translational modifications and SUZ12, as previously described 

(Orlando et al., 2014).  E14 wild-type mouse embryonic stem cells were processed as the spike-

in reference genome for all lymphoma cell line ChIPs.  Spike-in chromatin was added to well-

sonicated human lymphoma cell line chromatin at a ratio of 1:9 prior to overnight incubation 

with antibody. Purified DNA at the end of the ChIP protocol (section 2.2.6) was quantified 

using the Qubit dsDNA High Sensitivity Assay Kit. ChIP-Rx sequencing libraries were 

prepared using the NEBNext Ultra II DNA Library Kit for Illumina (NEB E7645) and 

NEBNext Multiplex Oligos for Illumina (Index Primer Sets 1, 2 and 4; NEB E7335, E7500 

and E7730) as per the manufacturer’s protocol. Input DNA was standardised per ChIP antibody 

(range 1-50ng). Following adaptor ligation, DNA was PCR amplified for 4-8 cycles depending 

on input DNA amount. PCR-amplifed DNA was purified using AMPure XP beads (Beckman 

Coulter A63881) and warmed to room temperature. The quality of DNA libraries was 
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examined on a High Sensitivity D1000 Screen Tape (Agilent). The libraries were then used for 

cluster generation and sequencing using an Illumina NextSeq 500, with 75bp length. Reads 

were aligned to the human genome hg38 and mouse reference genome mm10 using Bowtie 

v2.10 (Langmead & Salzberg, 2012). A normalisation factor was generated by establishing the 

number of human reads relative to spike-in mouse genome. Ambiguous reads aligning to more 

than one reference genome and duplicated reads were removed.   

 

Bioinformatic analyses were performed by Darragh Nimmo and Dr Craig Monger 

(EZH2/AEBP2 shRNA ChIP-Rx) and Dr Cheng Wang (isogenic system ChIP-Rx). Bigwig 

files were generated at 10bp resolution using the bamCoverage utility from the deepTools suite 

(Ramírez et al., 2016) and the data was visualised using the UCSC genome browser. Peaks 

were called using MACS2 with FDR <0.05 (Yong Zhang et al., 2008) and annotated using 

HOMER (Heinz et al., 2010).   

 

 

2.3  RNA methods 
2.3.1  RNA preparation for RT-qPCR analysis 
5 million cells per replicate were harvested, washed twice in PBS, snap frozen in liquid nitrogen 

and stored at -80°C until processing. Total RNA was extracted from cells using the RNeasy kit 

(Qiagen) as per the manufacturer’s protocol. cDNA was synthesised from 1μg of input RNA 

by reverse transcription PCR using the High-Capacity cDNA Reverse Transcription Kit with 

RNase Inhibitor (Applied Biosystems 4374966) with 1Oligo-dT(18) primers. Relative RNA 

abundance was determined by SYBR Green I detection chemistry (NEB M3003E) on the 

Applied Biosystems QuantStudio 3 Real-Time PCR System. Rplp0 mRNA was used as a 

quantitative normaliser.   

 

2.3.2  QuantSeq 3’ mRNA sequencing for RNA quantification 
RNA was purified from 5 million human lymphoma cells per condition and per replicate as 

detailed in section 2.3.1 using the RNeasy kit (Qiagen). cDNA was generated from this RNA 

for quantification by sequencing using the QuantSeq 3’ mRNA-Seq Library Prep FWD Kit for 

Illumina (Lexogen) using 500ng total RNA as input. The optimal number of PCR cycles for 

endpoint PCR was determined by qPCR assay using the PCR Add-on Kit for Illumina 
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(Lexogen Cat. No. 020). Individual i7 indexing primers were amplified by PCR with 

synthesised cDNA and purified. The quality of DNA libraries was examined on a High 

Sensitivity D1000 Screen Tape (Agilent). The libraries were subsequently used for cluster 

generation and sequenced using an Illumina NextSeq500 (ID: NB501524), with single end 

75bp read length. 

 

Raw sequencing reads were aligned to the human genome (hg38) using HISAT2 (Pertea et al., 

2016) and the aligned files were converted to bigwig files using bamcoverage (Ramírez et al., 

2014). Sequence reads were aggregated into a count for each gene using featurecounts (Liao et 

al., 2014) and differentially expressed genes were identified using DESeq2 (Love et al., 2014).  

Volcano plots of differentially expressed genes were generated using EnhancedVolcano 

(Blighe et al., 2019). 

 

 

2.4  Protein methods 
2.4.1  Preparation of whole cell protein lysates and western blotting 
Suspension cells were harvested by centrifugation and pelleting, while adherent cells were 

harvested by scraping or trypsinisation.  They were washed twice in cold PBS and either snap 

frozen in liquid nitrogen and stored at -20°C until processing or lysed immediately in cold High 

salt buffer (50mM Tris-HCl pH 7.2, 300mM NaCl, 0.5% (v/v) NP-40, 1mM EDTA pH 7.4, 

2μg/mL Aprotinin, 1μg/mL Leupeptin, 1mM PMSF).  Cells were sonicated (continuous mode 

for 10 seconds at 40% amplitude), incubated with rotation at 4°C for 20 minutes and then 

clarified by centrifugation at 21,000g for 20 minutes at 4°C. Bradford Assays were performed 

to determine the concentration of protein lysates and samples were normalised to the same 

concentration. Denatured protein lysates were separated on SDS-PAGE (in-house) or Bolt Bis-

Tris (Invitrogen) gels alongside a Chameleon Duo Pre-Stained Protein Ladder (Li-COR) and 

transferred to nitrocellulose (0.2μM, Amersham) membranes. Membranes were blocked 

against nonspecific binding and then incubated with the relevant primary antibody either 

overnight at 4°C or for one hour at room temperature for certain primary antibodies.  Secondary 

antibodies were applied for one hour at room temperature. Subsequently, relative protein levels 

were determined by chemiluminescence or infrared fluorescence detection on a Li-COR 

Odyssey FC. 
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2.4.2  Cellular fractionation 
Cells were harvested and washed twice with cold PBS. The pellet was lysed in 2-3 pellet 

volumes of Buffer A (25mM HEPES pH 7.6, 5mM MgCL2, 25mM KCl, 0.05mM EDTA, 10% 

Glycerol, 0.1% NP-40, 1mM DTT, 2μg/mL Aprotinin, 1μg/mL Leupeptin, 1mM PMSF) and 

incubated on ice for 15 minutes. The suspension was then transferred to a dounce homogeniser 

and douced 8 times with a type A (loose) pestle to break the cell membrane. Lysates were 

centrifuged at 500rcf for 5 minutes in a 4°C centrifuge and the supernatant collected and 

labelled as the cytoplasmic fraction. 

 

The pellet was washed once with Buffer A, centrifuged at 500 RCP for 5 minutes at 4°C and 

the supernatant carefully but completely discarded. The pellet was resuspended in 1ml of buffer 

S1 (120mM NaCl, 20mM HEPES pH 7.6, 1.5mM MgCl2, 0.2mM EDTA, 10% Glycerol, 1mM 

DTT, 2μg/mL Aprotinin, 1μg/mL Leupeptin, 1mM PMSF), transferred into a dounce 

homogeniser and dounced 15 times with a type B (tight) pestle to break the nuclear membrane.  

The lysate was centrifuged at 21000g for 15 minutes at 4°C, the supernatant was collected and 

labelled as the nuclear soluble fraction. 

 

The samples were centrifuged again and all residual supernatant removed.  The samples were 

resuspended in 2-3 pellet volumes of buffer S2 (420mM NaCl, 20mM HEPES pH 7.6, 1.5mM 

MgCl2, 0.2mM EDTA, 10% Glycerol, 1mM DTT, 2μg/mL Aprotinin, 1μg/mL Leupeptin, 

1mM PMSF) and incubated for 30 minutes at 4°C with rotation. An equal volume of buffer D 

(25mM HEPES pH 7.6, 5mM MgCl2, 0.2mM EDTA, 1mM DTT, 2μg/mL Aprotinin, 1μg/mL 

Leupeptin, 1mM PMSF) was then added to the samples to dilute the buffer S2. Benzonase 

nuclease (Sigma E1014) was added to each sample at a final concentration of 0.15 U/μl and 

incubated for 1.5 hours at 4°C with rotation. The samples were then centrifuged at 21000g for 

30 minutes to separate the insoluble fraction from the chromatin-bound protein extract. The 

supernatant was collected containing the chromatin-bound protein fraction. The protein content 

of all three fractions (cytoplasmic, nuclear soluble and chromatin-bound) was then quantified 

by Bradford assay and the samples were processed for Western blot as above (section 2.4.1). 
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2.4.3  HA/FLAG immunoprecipitation 
Snap frozen cells were thawed on ice and lysed in 650μl of high salt buffer (50mM Tris             

pH 7.2, 300mM NaCl, 1mM EDTA pH 7.4, 0.5% NP-40, 2μg/mL Aprotinin, 1μg/mL 

Leupeptin, 1mM PMSF). The lysates were then sonicated for 10 seconds at 40% amplitude and 

incubated for 20 minutes at 4°C with rotation. Lysates were then diluted with 650μl of no salt 

buffer (50mM Tris pH 7.2, 1mM EDTA pH 7.4, 0.5% NP-40, 2μg/mL Aprotinin, 1μg/mL 

Leupeptin, 1mM PMSF) and clarified by centrifugation at 21000g for 20 minutes at 4°C.  

Pierce magnetic Anti-HA beads for HA-IP (ThermoFisher 88836) and mouse IgG-coupled 

beads (Sigma) were washed 4 times for 5 minutes each in 1ml of PBS-T (PBS supplemented 

with 0.1% tween) with one final wash in wash buffer (1:1 ratio of high salt buffer : no salt 

buffer).  For FLAG-IP, FLAG beads were washed as above (beads gift from Dr. Claudio 

Ciferri, Genentech, San Francisco). 

 

The lysate protein was quantified by Bradford assay with normalisation to the lowest 

concentration lysate. The lysates were equilibrated with mouse IgG beads for 1 hour at 4°C 

with rotation. The mouse IgG beads were removed by centrifugation. 5-20% input samples 

were taken and the immunoprecipitation was set up with 20μl packed anti-HA or anti-FLAG. 

beads added to each sample (with 1μg of protein per IP). Benzonase nuclease was added to 

each IP to a final concentration of 2.5U/ml and the samples were incubated overnight at 4°C 

with rotation. HA-tagged complexes were then eluted from the anti-HA beads in 60μl of 

Elution buffer (1:50 dilution of Influenza Haemagglutinin (HA) peptide (Sigma I2149) in wash 

buffer to a final concentration of 1mg/ml) by incubating at 37°C for 10 minutes on a shaking 

incubator. Similarly, FLAG-tagged complexes were eluted by addition of competitive 

3xFLAG peptide (Sigma F1804). The eluates were then denatured and processed for Western 

blot. 

 

2.4.4  Endogenous immunoprecipitation 
Cell lines were harvested as previously described, washed twice in ice-cold PBS and washed 

pellets were resuspended in 10mls of Buffer A (25mM HEPES pH 7.6, 5mM MgCl2, 25mM 

KCl, 0.05M EDTA, 10% (v/v) Glycerol, 0.1% NP-40, 1mM DTT, 2μg/mL Aprotinin, 1μg/mL 

Leupeptin, 1mM PMSF). Samples were incubated for 10 minutes at  4°C with rotation. Nuclei 

were then pelleted by spinning at 500rcf for 10 minutes in a 4°C centrifuge. Nuclear pellets 

were resuspended in 4.5mls of Buffer C (10mM HEPES pH 7.6, 3mM MgCl2, 100mM KCl, 
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0.5mM EDTA, 10% (v/v) Glycerol, 1mM DTT, 2μg/mL Aprotinin, 1μg/mL Leupeptin, 1mM 

PMSF). 1/10 volume 3M Ammonium Sulphate (NH4)2SO4 made in Buffer C was then added 

to each sample and they were incubated on ice for 20 minutes. Lysates were transferred into 

5ml Beckman Coulter ultracentrifuge tubes (Beckman Coulter 344057) compatible with 

swinging bucket SW 55 Ti and spun for 15 minutes at 4°C at 350,000rcf. The lysates were 

transferred to new 15ml tubes and nuclear extracts were precipitated by adding 300mg 

(NH4)2SO4 per 1ml lysate to each tube. Samples were incubated on ice for 20 minutes, 

transferred to fresh ultracentrifuge tubes and spun at 350,000rcf for 15 minutes at 4°C. The 

supernatant was removed and the protein pellet was resuspended in 1ml of IP buffer (300mM 

NaCl, 50mM Tris-HCl pH 7.5, 1mM EDTA, 1% Triton X-100, 1mM DTT, 2μg/mL Aprotinin, 

1μg/mL Leupeptin, 1mM PMSF). At this time, a Bradford assay was performed to quantify the 

total protein yield. 500μg of protein was diluted to a total volume of 500μl of IP buffer. A 5-

10% input sample was retained at this time. 1μl of Benzonase nuclease was added alongside 

1μg of primary antibody to the IP samples and the mixture was incubated overnight at 4°C with 

rotation. Protein G magnetic Dynabeads (Invitrogen) were washed 5 times in IP buffer. 20μl 

of packed beads was added to each IP and the bead-IP mixture was incubated for 2 hours at 

4°C with rotation, followed by bead collection on a magnetic rack and removal of the 

supernatant. The beads were then washed five times with 1ml of 4°C IP buffer (each wash for 

5 minutes at 4°C with rotation). The samples were eluted in 50μl of Bolt loading dye sample 

buffer (Biosciences B0008) and incubated at 95°C on a shaking incubator for 5 minutes. The 

beads were removed and the samples brought forward for Western blot analysis. 

 

 

2.5  EZH2 and EZH1 staining of paraffin-embedded lymph node biopsies 

Professor Elisabeth Vandenberghe identified two well-matched patients with histological grade 

2A follicular lymphoma with available material in the St James’ Hospital lymphoma bio-bank 

(ethical approval 2020-09-(01)) which was then analysed as follows for assessment of EZH1 

and EZH2 expression by Aoibhinn Mooney (histopathology laboratory scientist) and Professor 

Richard Flavin (Consultant Histopathologist). 
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2.5.1  Assessment of EZH2 expression using immunohistochemical analysis 

Patient slides were loaded onto the Ventana Benchmark Ultra Autostainer (Roche Diagnostics, 

Risch-Rotkreuz, Switzerland). The following protocol was used; slides were deparaffinised at 

72ºC, followed by a pre-treatment step (antigen retrieval), using Cell conditioning 1 (CC1) 

(Roche Diagnostics) for 32 min at 100ºC. Slides were incubated with anti-EZH2 rabbit 

monoclonal concentrate primary antibody (D2C9) (Cell signaling) at a dilution of 1:150 for 

24min at 36ºC. These working solutions were made using the Roche Diagnostics antibody 

diluent. The bound primary antibody was then visualized using the OptiView detection kit 

(Roche Diagnostics) with 3,3’- diaminobenzidine tetrahydrochloride (DAB) chromogen, as per 

the manufacturer’s instructions. Slides were counterstained in Heamatoxylin II for 4 min and 

post counterstained with bluing reagent for 4 min. Once staining was completed, the slides 

were unloaded from the autostainer and immersed in a mild detergent to remove the liquid 

coverslip (LCS). The slides were then dehydrated in alcohol, cleared in xylene and cover-

slipped using the Tissue-Tek® Glas™ Cover slipper (Sakura®, The Netherlands). 

 

2.5.2  Assessment of EZH1 expression using RNA in-situ hybridisation 
Patient slides were deparaffinised with two changes of xylene for 5 min each, followed by two 

changes of 100% alcohol for 1 min each, and air-dried for 5 min at RT. RISH was performed 

manually using an EZH1 probe (RNAscope® Probe – Hs-EZH1, ACD Biotechne®, Newark, 

USA) in conjunction with the RNAscope® 2.5 HD Reagent Kit – RED (ACD Biotechne®), as 

per manufacturer’s instructions. Briefly samples were pre-treated with 5-8 drops of hydrogen 

peroxide for 10 min at RT, followed by washing 3 times in distilled water. Target retrieval was 

performed by boiling slides in RNAscope® 1X Target Retrieval Reagent for 20 min. The slides 

were rinsed with distilled water, followed by a wash with 100% alcohol, and allowed to air 

dry. A barrier was drawn around the tissue sections using the Immedge™ hydrophobic barrier 

pen. Once the barrier was dry, the slides were placed on a HybEZ™ Slide Rack and 5 drops of 

RNAscope® Protease Plus was added to each slide. The HybEZ™ Slide Rack was placed in 

the pre-warmed HybEZ™ Humidity Control Tray. The lid was closed, sealed and the tray was 

inserted back into the HybEZ™ oven at 40ºC and incubated for 30 min. The slides were 

removed and washed 3 times in distilled water. Following pre-treatment, the RNAscope® 

assay was performed. Four drops of the EZH1 probe – Hs-EZH1 (Cat no: 528941) was applied 

to all slides, ensuring the probe entirely covered each section. The lid was placed on the 

HybEZ™ Humidity Control Tray and placed in the oven at 40ºC for 2 hours to hybridize. The 



 76 

HybEZ™ Humidity Control Tray was then removed from the oven and the slides were washed 

in two changes of 1X Wash Buffer at RT for 2 min each. Next, the slides were hybridized in 

the same means at 40ºC with 4 drops of AMP 1 for 30 min, AMP 2 for 15 min. AMP 3 for 30 

min and AMP 4 for 15 min. The slides were hybridized in the same manner at RT with 4 drops 

of AMP 5 for 60 min and AMP 6 for 15 min. The slides were washed between each AMP 

reagent with two changes of 1X Wash Buffer at RT for 2 min each. To detect the target mRNA 

signals, a RED working solution was prepared using a 1:60 ratio of Fast RED-B to Fast RED-

A and 120µl red solution was pipetted onto each slide in the HybEZ™ Slide Rack. The 

HybEZ™ Slide Rack was placed in the HybEZ™ Humidity Control Tray. The lid was sealed 

and the slides were incubated at RT for 10 min. Following incubation, the HybEZ™ Slide Rack 

was removed from the HybEZ™ Humidity Control Tray and the slides were rinsed with tap 

water. The slides were then counterstained with 50% Gills Heamatoxylin for 2 min at RT, and 

dried in a 60ºC oven for 15 min. Subsequently, the slides were placed into fresh xylene and 

cover slipped using the Tissue-Tek® Glas™ Cover slipper. 

 
 

2.6  Evolutionary conservation analysis 
AEBP2 and SUZ12 sequences from selected named species were collected from the UniProt 

database (Bateman et al., 2021) (Figure 4.12).  Alignment was performed by the EMBL-EBI 

high speed multiple sequence alignment programme MAFFT (Katoh & Standley, 2013; 

Madeira et al., 2019).  Protein alignment data was analysed using Jalview Desktop software 

(version 2.11.2.4; Waterhouse et al., 2009).   
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2.7 Primers and Oligonucleotides 
 
Table 2.6  ChIP-qPCR primers 

PCR Primer Forward Reverse 

hCcnA2 promoter TGACGTCATTCAAGGCGA GCTCAGTTTCCTTTGGTTTAC 

hAtf3 promoter TGTTTTTTCTTTTGCGTTTGGC TCGTGGCAACCAAATCTAAACAG 

hFlt3 promoter TCTCTTAAGGATGCGCGTCAC CCCCTTCCACTTTGCACCAG 

hOlig2 promoter AGCCACGGCCATCTCCTAGAC CAGGCACAAAGTCCCCACTATC 

hRarB promoter CATCCCAGTCCTCAAACAGCTC GGGTCTATTCTTTGCCAAAGGG 

hMYC enhancer AGGAGCCCACCTTCTCATTT ACATTGCAAGAGTGGCTGTG 

hActinB gene body CCCAGATTGGGGACAAAGGAAG CGACCAGTGTTTGCCTTTTATGG 

 

 
Table 2.7  CRISPR knockout genotyping primers 

PCR Primer Forward Reverse 

hAEBP2_intron2seq AGGTCAACAAGTGATTTGCAGAG CAAACTAAAATCCAGCACATACCC 

 

 

Table 2.8  RT-qPCR primers 
PCR Primer Forward Reverse 

mRPLPO TTCATTGTGGGAGCAGAC CAGCAGTTTCTCCAGAGC 

hAEBP2_exon5 CACGGCCACATGATTTCTTC CACGGCCACATGATTTCTTC 

hEZH2  GCCAGACTGGGAAGAAATCTGAGAA AGCTGTCTCAGTCGCATGTACTCTGA 

hMTF2 CCAGAAAAAGAACGCGTACAGG CTTCTCCGCAAATGTGGTATTG 

hIRF4 AGAAGAGCATCTTCCGCATC  CCTTTAAACAGTGCCCAAGC  

hPRDM1 CTACCCTTATCCCGGAGAGC  GCTCGGTTGCTTTAGACTGC  

hCDKN1A GGAAGACCATGTGGACCTGT  TAGGGCTTCCTCTTGGAGAA  

hCD138/SDC1 GAGCAGGACTTCACCTTTGA  TTCGTCCTTCTTCTTCATGC  

hCD38 CAACTCTGTCTTGGCGTCAGT CCCATACACTTTGGCAGTCTACA 

hJCHAIN TCCTGGCGGTTTTTATTAAGGC AGTAATCCGGGCACACTTACAT 

hIL16 ACGAAGCTACTTGACGAAAAGAC GTTTCAGCAGAACCATTTGCAG 

hDLX1 TGCCAGAAAGTCTCAACAGCC CGAGTGTAAACAGTGCATGGA 
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Table 2.9  sgRNA target sequences 
sgRNA Target Sequence PAM sequence (hg38) 

hRPA3 GATGAATTGAGCTAGCATGC CGG 

ROSA GAAGATGGGCGGGAGTCTTC N/A 

NTC GTAGCGAACGTGTCCGGCGT N/A 

hEZH2_sg1  TTATCAGAAGGAAATTTCCG AGG 

hEZH2_sg2 TTATGATGGGAAAGTACACG GGG 

hEED_sg1 AAGAGAATGATCCATACCAC AGG 

hEED_sg2 ACAAACACGCCAAATGCACC TGG 

hSUZ12_sg1 GAGACTCTCTGAATTTCTAG TGG 

hSUZ12_sg2 GGAGACTATTCTTGATGGGA AGG 

hAEBP2_ZF1_sg1 AGTTGAAGCAAGCCTGGCAC TGG 

hAEBP2_ZF1_sg2 GGCTAGAGTTGAAGCAAGCC TGG 

hAEBP2_ZF2_sg1 AACCAACTTTGACTGGTAGA TGG 

hAEBP2_ZF2_sg2 CCTTTGTAACCAACTTTGAC TGG 

hAEBP2_ZF3_sg1 CAGTGGAGACAAACCTTTCA AGG 

hAEBP2_ZF3_sg2 ACATGCATCCTTACCTTGAA AGG 

hAEBP2_ZF3_sg3 GCCAGCTTTGCTTCTCAGGG AGG 

hAEBP2_KRM AAGCTGGAATGAACAAAAGG AGG 

hAEBP2_SBH_sg1 CTTTCATTCACCCACACATC AGG 

hAEBP2_SBH_sg2 TTCATAGTCTGCCTGATGTG TGG 

hJARID2_UIM_sg1 ACCACCCGTTCTTCTGACCA CGG 

hJARID2_UIM_sg2 GGATTCCGTGGTCAGAAGAA CGG 

hJARID2_UIM_sg3 TCCGTGGTCAGAAGAACGGG TGG 

hJARID2_PIM_sg1 CTTACCTCGAAGGCAGAGAA AGG 

hJARID2_PIM_sg2 CTTACCTTTCTCTGCCTTCG AGG 

hJARID2_PIM_sg3 GTTGCAAAGTCTTACCTCGA AGG 

hJARID2_PIM_sg4 TTGGGCAGCGCAGGAGAACC TGG 

hMTF2_sg1 ATGGTTATATGTGACAAGTG TGG 

hMTF2_sg2 GCAGACATTACCCTATAGTG TGG 

hAEBP2ko_Intron1_sg1 GTTACTATGCTTTGTTCACA TGG 

hAEBP2ko_Intron1_sg2 GATGTGATAAGCTGTGTGTG GGG 

hAEBP2ko_Intron2_sg3 TAATAAAACTAACGAAAACA GGG 

hAEBP2ko_Intron2_sg4 TTAATTTATAATTGCTAGTT AGG 
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Table 2.10  Q5 site-directed mutagenesis primers 
Mutant Forward Reverse 

hAEBP2_H281A TCTGGCAGATGCCATCCGTTCCATAC TCTGGGCTAGAGTTGAAG 

hAEBP2_I282D GGCAGATCACGACCGTTCCATAC AGATCTGGGCTAGAGTTG 

hAEBP2_C302A  ATGGAAAGGTGCTAAAGTATATAACACT 
CCATC 

AAGCAAACAAATACCCCTC 
 

hAEBP2_M319D ACAAAGGCATGATCTGACACACAGTGG AACCAACTTTGACTGGTAG 

hAEBP2_K329D CAAACCTTTCGATTGTGTTGTTGGTG 
 

TCTCCACTGTGTGTCAGC 
 

hAEBP2_Q342K  CTTTGCTTCTAAGGGAGGGCTAG 
 

CTGGCATTGCAGCCACCA 
 

hAEBP2_H348A  GCTAGCTCGTGCTGTACCCACAC 
 

CCTCCCTGAGAAGCAAAG 
 

hAEBP2_KRM_1 GCTGCATTAAAGAACAAAAGACGACG 
 

TGCTGCGTTCATTCCAGCTTTAGAAG 
 

hAEBP2_KRM_2 GCAGCGTCATTACCACGGCCACAT 
 

GGCGGCGTTCTTTAATGCAGCTGCTG 
 

hAEBP2_W451A  TTTGCTTCATGCGATGCCTGAAG AGTTTGATCTTCCCAGAATC 

hAEBP2_W461A GCCTGATGTGGCGGTGAATGAAAG AGAATGTCTTCAGGCATC 

hEZH2_Y111D ACCCATAATGGATTCTTGGTCTC ACTGAAGCAACTGCATTC 

hEZH2_A677G GTGGTGGATGGAACCCGCAAG AAAATCATTGTTCAAGTTGAACAG 
AAAGC 

 

Table 2.11  shRNA sequences 
shRNA ID Target 98-mer oligonucleotide (target sequence underlined) 

shRENILLA Non-human TGCTGTTGACAGTGAGCGCAGGAATTATAATGCTTATCTATAGTGAAGCC
ACAGATGTATAGATAAGCATTATAATTCCTATGCCTACTGCCTCGGA 

shEZH2_1 Exon 
TGCTGTTGACAGTGAGCGCCAGGATGGTACTTTCATTGAATAGTGAAGCC
ACAGATGTATTCAATGAAAGTACCATCCTGATGCCTACTGCCTCGGA 

shEZH2_2 Exon TGCTGTTGACAGTGAGCGCCAGCAGAAGAACTAAAGGAAATAGTGAAGC
CACAGATGTATTTCCTTTAGTTCTTCTGCTGTTGCCTACTGCCTCGGA 

shEZH2_3 Exon TGCTGTTGACAGTGAGCGAAGCAGAAGAACTAAAGGAAAATAGTGAAG
CCACAGATGTATTTTCCTTTAGTTCTTCTGCTGTGCCTACTGCCTCGGA 

shEZH2_4 Exon TGCTGTTGACAGTGAGCGATCGGTGTCAAACACCAATAAATAGTGAAGC
CACAGATGTATTTATTGGTGTTTGACACCGAGTGCCTACTGCCTCGGA 

shEZH2_5 Exon TGCTGTTGACAGTGAGCGAACCAATAAAGATGAAGCCAAATAGTGAAGC
CACAGATGTATTTGGCTTCATCTTTATTGGTGTGCCTACTGCCTCGGA 

shEZH2_6 Exon TGCTGTTGACAGTGAGCGAAGGGAAAGTGTATGATAAATATAGTGAAGC
CACAGATGTATATTTATCATACACTTTCCCTCTGCCTACTGCCTCGGA 

shAEBP2_1 Stop codon/3’ UTR TGCTGTTGACAGTGAGCGAAACGACGTTTGCAATCAACTATAGTGAAGC
CACAGATGTATAGTTGATTGCAAACGTCGTTCTGCCTACTGCCTCGGA 

shAEBP2_2 3’ UTR TGCTGTTGACAGTGAGCGCAGGGACTATGTACTACTGTTATAGTGAAGCC
ACAGATGTATAACAGTAGTACATAGTCCCTTTGCCTACTGCCTCGGA 

shAEBP2_3 3’ UTR TGCTGTTGACAGTGAGCGCAAGGTGTTTGTGAGATATAAATAGTGAAGC
CACAGATGTATTTATATCTCACAAACACCTTATGCCTACTGCCTCGGA 

shAEBP2_4 3’ UTR TGCTGTTGACAGTGAGCGAAAGGAGATACTTTGTTTCTAATAGTGAAGCC
ACAGATGTATTAGAAACAAAGTATCTCCTTGTGCCTACTGCCTCGGA 

shAEBP2_5 3’ UTR TGCTGTTGACAGTGAGCGCAGGGAAGAAATTGTTAGAAAATAGTGAAGC
CACAGATGTATTTTCTAACAATTTCTTCCCTTTGCCTACTGCCTCGGA 

shAEBP2_6 3’ UTR TGCTGTTGACAGTGAGCGATTCAAGACCAACTTTGGTGCATAGTGAAGC
CACAGATGTATGCACCAAAGTTGGTCTTGAAATGCCTACTGCCTCGGA 
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Table 2.12  List of plasmids 

Plasmid Bacterial  
Resistance 

Mammalian 
Resistance 

Tag Source 

pLENTI FLAG Cas9 Ampicillin Blasticidin FLAG Bracken Lab 

pLEX_305 Ampicillin Puromycin HA Addgene  41390 

pGIPZ Ampicillin Puromycin GFP Bracken Lab 

pXPR_011_EGFP Ampicillin Puromycin GFP Bracken Lab 

iPUSEPR_EV Ampicillin Puromycin RFP Dr C. Chen 

iPUSEPR_PRC2sgRNAlib Ampicillin Puromycin RFP Dr C. Chen 

LRG2.1 Ampicillin N/A GFP Addgene 108098 

SGEP Ampicillin Puromycin GFP Addgene 111170 

pLEX_305-N-dTAG Chlor/Amp Puromycin HA Addgene 91797 

pSpCas9(BB)-2A-GFP (PX458) Ampicillin N/A FLAG/GFP Addgene 48138 

pCR8-hAEBP2-L Spectinomycin N/A N/A Gift Dr. K Helin 

pCR8-hEZH2 Spectinomycin N/A N/A Bracken Lab 

 

Table 2.13  List of primary antibodies 

Antibody Source Western 
Blot 

IP (μg) ChIP (μg) 

SUZ12 Cell Signalling (3737) 1:2000 1.0 7μl 

EZH2 BD43 (Pasini et al., 2004) 1:10 - - 

EZH2 AC22 (Bracken et al., 2006) - 1.0 - 

EED Cell Signalling (51673S) 1:500 - - 

BMI1 DC9 (Bracken et al., 2007) 1:20 - - 

AEBP2 Cell Signalling (D7C6X) 1:500 - 20 μl 

JARID2 Cell Signalling (D6M9X) 1:500 - - 

EPOP Active Motif (61753) 1:1000 - - 

PHF1 Proteintech (15663-1-AP) 1:500 - - 

MTF2 Proteintech (16208-1-AP) 1:500 - - 

PHF19 Brien et al., 2015 1:500 - - 

Histone H3 Abcam (ab1791) 1:50000 - - 

H3K27ac Abcam (ab4729) 1:1000 - 2.0 μg 

H3K27me1 Active Motif (0321) 1:2000 - - 

H3K27me2 Cell Signalling (9728S) 1:2000 - 2.25 μg 

H3K27me3 Cell Signalling (Custom) - - 1.0 μg 

H3K27me3 Active Motif (0323) 1:2500 - - 

H3K36me2 Abcam (ab9049) 1:2500 - 5 μg 

H3K36me3 Abcam (ab9050) 1:2500 - 5 μg 

HA Cell Signalling (3724) 1:500 - - 
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FLAG Sigma-Aldrich (clone M2) 1:1000 - - 

BETA-ACTIN Proteintech (60008-1-Ig) 1:5000 - - 

GAPDH Proteintech (60004-1-Ig) 1:5000 - - 

VINCULIN Cell Signalling (4650) 1:2500 - - 

CyclinA2 Cell Signalling (BF683) 1:500 - - 

MOUSE IgG Millipore (12-371) - 2.5 2.0-2.5 μg 

RABBIT IgG Millipore (12-370) - 2.5 2.0-2.5 μg 

 

Table 2.14  List of secondary antibodies 
Antibody Source Western Blot 

IRDye 800CW Goat anti-Mouse IgG Li-COR 1:10,000 

IRDye 800CW Goat anti-Rabbit IgG Li-COR 1:10,000 

IRDye 680RD Goat anti-Mouse IgG Li-COR 1:10,000 

IRDye 680RD Goat anti-Rabbit IgG Li-COR 1:10,000 

IRDye 680LT Goat anti-Mouse IgG Li-COR 1:20,000 

IRDye 680LT Goat anti-Rabbit IgG Li-COR 1:20,000 

Goat anti-Mouse IgG Merck (401253) 1:5,000 - 1:10,000 

Goat anti-Rabbit IgG Merck (A0545) 1:5,000 - 1:10,000 
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CHAPTER 3:  Mapping disrupted K27 methylation in 
EZH2 mutant lymphoma and the differential effects of 

PRC2 enzymatic inhibition and PRC2 degradation  
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3.1  Introduction 
 
EZH2 is the enzymatic subunit of Polycomb Repressive Complex 2 (PRC2) and mediates 

transcriptional repression by catalysing all degrees of lysine methylation at position 27 on the 

N-terminal tail of histone H3 (Cao & Zhang, 2004). EZH2 is highly expressed in B-cell 

lymphoid progenitors and deficiency of EZH2 results in defects early in lymphopoiesis 

including defective V(D)J recombination and the inability to form lymphoid germinal centres 

(Béguelin et al., 2013; Su et al., 2003). EZH2 expression peaks bi-modally in the life cycle of 

the B-cell; peaking first in Pre-B stage lymphocytes before declining in resting naïve B cells 

and peaking once more when B-cells receive antigen stimulation and with T-cell help, enter 

the lymphoid germinal centre (GC) reaction (van Galen et al., 2004; Velichutina et al., 2010).    

 

Recurrent heterozygous missense mutations in EZH2 at hotspot residues Y646 and less 

commonly A682 and A692, are well-described and present in up to one quarter of cases of 

follicular lymphoma and germinal centre-derived diffuse large B-cell lymphoma (GCB-

DLBCL)(Bödör et al., 2013; McCabe, Ott, et al., 2012; Morin et al., 2010; Okosun et al., 2014). 

Y646X (Y646F/Y646S/Y646H/Y646N) mutations are approximately 15-20 times more 

common than mutations at A682 and A692 in patients.  Henceforth in this thesis when referring 

to “mutant EZH2”, I specifically refer to EZH2 with the above mentioned mutations and not 

to putative “loss-of-function” EZH2 mutations as found in myeloid malignancies and the 

congenital disorder marked by overgrowth and intellectual disability – Weaver syndrome 

(Deevy & Bracken, 2019; Ernst et al., 2010; Nikoloski et al., 2010; Tatton-Brown et al., 2013).   

 

Initially understood to confer a loss of function phenotype due to the impaired ability of 

purified mutant EZH2 to monomethylate a biotinylated peptide (Morin et al., 2010), further 

work revealed that mutant EZH2 is actually significantly more efficient that wild-type EZH2 

at higher order methylation (di- and tri-methylation) of H3K27 (Sneeringer et al., 2010; Yap 

et al., 2011).  Thus, this mutation is often characterised as “gain-of-function” or perhaps more 

accurately “change-of-function” as a small portion of genomic loci lose H3K27me3 in the 

presence of this mutation (Souroullas et al., 2016).  Mutated EZH2 requires an intact wild-type 

EZH2 allele to perform mono-methylation of nucleosomal H3 substrate before the mutant 

allele rapidly catalyses di- and tri-methylation of H3K27me1.  In vitro analyses revealed that 

wild-type EZH2 has a preference for H3 substrate with less methylation, with a 

H3K27me0:me1:me2 kcat:Km (reflecting catalytic activity of a given substrate) of 9:6:1.  
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However, the EZH2 Y646F and A682G alleles have H3K27me0:me1:me2 kcat:Km of 1:2:13 

and 1.1:0.6:1 respectively, resulting in aberrant accumulation of the H3K27me3 mark in cell 

lines carrying these mutations (McCabe, Graves, et al., 2012; Sneeringer et al., 2010).  This 

intriguing work also revealed that the uncommon A682G mutant does not require a wild-type 

EZH2 allele for its activity and as a methyltransferase is just as active at H3K27 trimethylation 

as the Y646F mutant.  

 

Hyper-trimethylation at H3K27 is advantageous for lymphoma cells for a number of reasons.  

Lymphoma cells bearing elevated H3K27me3 have a proliferative advantage, resulting in 

enlarged, hyperplastic germinal centres and the amassing of cells in the GC light zone, due at 

least in part to aberrant silencing of numerous tumour suppressor genes including 

CDKN1A/p21 and Sestrin1 (Béguelin et al., 2013, 2020; Oricchio et al., 2017). In fact, aberrant 

spreading of H3K27me3 in the lymphoma EZH2 mutant context results in the silencing of de 

novo H3K27me3-marked topologically associating domains (TADs) including some 

containing tumour suppressor genes (Donaldson-Collier et al., 2019). These TADs can be 

reactivated by treatment with the EZH2 enzymatic inhibitor Tazemetostat. Furthermore, it was 

revealed that promoters marked bivalently by H3K4me3 and H3K27me3 in GC B-cells are 

preferentially bound by EZH2 and these bivalent genes (enriched for gene sets associated with 

exit from the germinal centre and terminal differentiation) are more highly repressed in the 

presence of the EZH2 mutant (Béguelin et al., 2013). Although the presence of the EZH2 

mutation does correlate with reduced expression of genes essential for the B-cell terminal 

differentiation programme, this does not correlate with a reduction in long-lived Memory B-

cells or antibody-producing plasma cells (Béguelin et al., 2020). Instead, the EZH2 mutation 

results in a significant increase in dividing centrocytes in the light zone of the GC as well as 

significant down-regulation of cellular pro-apoptotic signals (Béguelin et al., 2020). 

 

The altered landscape of H3K27 methylation marks conferred by mutant EZH2 is not simply 

due to its hyper-trimethylation activity. Indeed, ChIP-Seq in melanoma and lymphoma cell 

lines expressing mutant EZH2 has demonstrated that while most genomic loci gain 

H3K27me3, a smaller number actually lose this mark (Souroullas et al., 2016).  Arising from 

this data was the understanding that mutant EZH2 results in global redistribution of the 

H3K27me3 mark, from highly focal peaks in EZH2WT/WT cells to a larger number of broad but 

less focal peaks in EZH2Y646X/WT cells. ChIP-Rx of EZH2WT and EZH2Y646F murine non-

malignant centroblasts and centrocytes revealed that de novo H3K27me3-marked promoters in 
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EZH2 mutant cells tended to be adjacent to H3K27me3 peaks in wild-type cells, inferring 

spreading of the mark. Concomitant RNA-Seq demonstrated that in the EZH2 mutant context, 

downregulated genes were usually just upstream or downstream of wild-type H3K27me3 

peaks, whilst upregulated genes did not contain H3K27me3 peaks and surrounding TSSs had 

a more modest gain in H3K27me3 (Béguelin et al., 2020). Surprisingly, quantitative chromatin 

immunoprecipitation relative to an exogenous reference genome (ChIP-Rx) of H3K27me2 and 

H3K27me3 in an EZH2-mutant lymphoma has not yet been published. 

 

Knockdown of EZH2 by siRNA and shRNA, as well as EZH2 enzymatic inhibition, have been 

shown to block GC lymphocyte proliferation and reduce H3K27me3 levels in lymphoma cells 

(Béguelin et al., 2013; Knutson et al., 2014; McCabe, Ott, et al., 2012; Qi et al., 2012; 

Velichutina et al., 2010). More recently, EED allosteric inhibition and PRC2-directed 

PROTAC (proteolysis targeting chimera) drugs targeting EED have also been demonstrated a 

strong antiproliferative phenotype while reducing H3K27me3 in lymphoma cells (Y. He et al., 

2017; J. H. R. Hsu et al., 2020; Potjewyd et al., 2020). 

 

Although the natural history of follicular and other indolent non-Hodgkin lymphomas is 

understood to consist of inexorable relapses and remissions, a population of patients once 

diagnosed never require treatment for their disease or can be monitored clinically on a “watch 

and wait” approach before needing any therapy, often for years (Advani et al., 2004; Armitage 

& Longo, 2016; Horning, 1993; Rosenberg, 1985). This subset of clinically very indolent cases, 

as well as the inevitability of relapse in treated patients, alludes to the presence of a population 

of likely chemotherapy-resistant, non-proliferative or minimally proliferative, “cancer stem 

cells”: a potential reservoir for relapse but often undetectable by standard molecular or 

immunophenotypic diagnostic techniques. Unpublished data from the Bracken Lab has 

identified in serum-starved, non-proliferating cells, the preponderance of a “G0” PRC2 

complex lacking EZH2 but containing EZH1, EED, SUZ12 and the substoichiometric 

component PHF1/PCL1. This supports previous work demonstrating the greater abundance of 

EZH1 over EZH2 in non-proliferating cells, notable also for the effects of EZH1 on chromatin 

compaction (Bracken et al., 2003; Grau et al., 2021; Margueron et al., 2008; Wassef et al., 

2019). Additionally, EZH1-PRC2 is a much weaker methyltransferase than EZH2-PRC2 in 

vitro (Lavarone et al., 2019; Margueron et al., 2008).  Considering these observations, it is 

likely that EZH1 exerts its activities in non-proliferating cells by means other than its 

methyltransferase activity, and likely relating to its effects on chromatin compaction. This 
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could potentially be a useful insight in the context of indolent lymphomas as EZH1 may 

demarcate non-proliferating, indolent cells which would not be targeted by PRC2 

methyltransferase inhibitors due to the function of EZH1 in these cells being uncoupled from 

its methyltransferase activity.   

 

Clinical responses to EZH2 inhibitor drugs in lymphoma (as a monotherapy) are not durable, 

with clinical data regarding combination therapies incorporating EZH2 inhibitors keenly 

awaited (Italiano et al., 2018; Izutsu et al., 2021; Morschhauser et al., 2020; Song et al., 2022).  

Mechanisms of disease progression in patients have not yet been described. Models of 

lymphoma progression upon treatment with EZH2 inhibitor drugs in cell lines have proposed 

hotspot mutations in EZH2 preventing drug binding, EZH2 CXC domain deletions resulting in 

enhanced methyltransferase activity, upregulated secondary pathways including PI3K and 

MAPK and downregulated apoptotic genes (Baker et al., 2015a; Bisserier & Wajapeyee, 2018; 

Brooun et al., 2016a; Gibaja et al., 2016a; Kwok et al., 2022; Qi et al., 2017).  The presence of 

a population of cells not targetable by EZH2 inhibitor therapy may also provide part of the 

mechanism for disease progression in patients.  This population of cells may be targetable by 

a dEED PROTAC drug destabilising PRC2 by degrading one of its components; EED.   

 

In this chapter, I describe using ChIP-Rx the altered landscape of the H3K27 methylation 

marks H3K27me2 and H3K27me3 in an isogenic system consisting of an EZH2 wild-type GC 

lymphoma cell line overexpressing either EZH2 wild-type or EZH2 with a gain-of-function 

mutation (EZH2Y646F). I will demonstrate using some unpublished Bracken lab data (under 

revisions for Molecular Cell – Healy, McCole, Nolan et al 2022) that an EZH1-PRC2 complex 

is more abundant than EZH2-PRC2 in quiescent cells expressing mutant EZH2 and is present 

in lymphoma biopsy samples from patients with follicular lymphoma. I also generate a 

lympoma model whereby dEED can overcome acquired resistance to Tazemetostat. Using a 

PRC2 enzymatic inhibitor (Tazemetostat) and a PRC2 degrader drug targeting EED 

(UNC7700), I will illustrate using ChIP-Rx and RNA-Sequencing the differential effects of 

these means of targeting PRC2 on the landscape of H3K27me2 and H3K27me3 across the 

genome and their effects on gene transcription. 
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3.2  Results 
 

3.2.1  Mapping the H3K27 di- and tri-methylation landscape in an isogenic lymphoma 
cell line expressing a gain-of-function EZH2 mutation 
As outlined in section 3.1, recurrent heterozygous gain-of-function mutations in EZH2 

affecting hotspot residues Y646, A682 and A692 (NCBI reference sequence NM_004456.4) 

are present in approximately 25% of cases of follicular lymphoma and GCB-DLBCL. These 

mutations function in concert with a wild-type allele of EZH2 to dramatically increase the 

overall levels of H3K27me3 in cells harbouring the mutation. A DLBCL cell line OCI-LY7 

(gift from Professor Diego Pasini, European Institute of Oncology, Milan) was lentivirally 

transduced using a pCAG-FLAG-AVI plasmid with puromycin selection to express FLAG-

tagged EZH2WT, FLAG-EZH2Y646F or FLAG-EZH2Y646N (Figure 3.1A).  Successful expression 

of the constructs was confirmed using western blot analysis (Figure 3.1B). Immunoblotting for 

FLAG-EZH2 confirmed that OCI-LY7 expressing FLAG-EZH2WT and FLAG-EZH2Y646F 

were more highly expressed at the protein level than FLAG-EZH2Y646N. Correspondingly, the 

expected phenotype of elevated H3K27me3 compared to parental cells, with reduced 

H3K27me2 was more apparent in the cell line with greater expression of the mutant construct.  

There was no significant change in H3K27me1 as expected. Concurrent blotting for 

substoichiometric components from PRC2.1 and PRC2.2 showed that expression of additional 

EZH2 either wild-type or mutant had no significant effect on their expression (Figure 3.1C). I 

was unable to successfully blot PALI1 or PALI2 in these cells. 

 

As FLAG-EZH2WT and FLAG-EZH2Y646F were expressed equally by western blot analysis, 

these cells were brought forward for chromatin immunoprecipitation followed by qPCR (ChIP-

qPCR), followed by quantitative ChIP relative to an reference genome (ChIP-Rx), using E14 

wild-type mouse embryonic stem cells mESCs as a 10% reference genome spike-in.  Based on 

previously published ChIP-Seq (ChIP coupled with massively parallel DNA sequencing) data 

in lymphoma cell lines and ChIP-Rx data in mouse centrocytes and centroblasts expressing 

mutant EZH2 (Béguelin et al., 2013, 2020; Donaldson-Collier et al., 2019; Souroullas et al., 

2016), I expected that I would see a genome-wide redistribution of the H3K27 di- and tri-

methyl modifications. I hypothesised that SUZ12 binding at Polycomb target genes may be 

reduced in the EZH2 mutant context due to mutant EZH2 writing the H3K27me3 mark 
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Figure 3.1  Generation of an isogenic model of mutant EZH2 using an EZH2 wild-type 

lymphoma cell line 
A.  Schematic of experimental design for generation of isogenic model. 

B.  Western blot analysis examining the expression of EZH2WT, EZH2Y646F and 

EZH2Y646N constructs and their effects on methylation at H3K27. 

C.  Western blot analysis of PRC2 core component SUZ12 and PRC2.1 and PRC2.2 

subcomplex assembly components to examine for differential expression in the 

presence of EZH2 wild-type and mutant constructs. 
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genome-wide, instead of primarily at Polycomb-target promoters. Due to the gain in 

H3K27me3, I predicted that I may also see a small reduction in H3K27 acetylation. 

 

I performed ChIP-qPCRs at a number of human genomic loci, using antibodies against IgG (to 

help ascertain signal versus background enrichment), SUZ12, H3K27me2, H3K27me3 and 

H3K27ac in OCI-LY7 cells expressing FLAG-EZH2WT and FLAG-EZH2Y646F (Figure 3.2A-

B).  This demonstrated a gain of H3K27me3 at each examined locus, with no significant change 

of SUZ12 and H3K27ac. H3K27me2 is a low-abundance modification usually distributed 

usually genome-wide without detectable “peaks” and thus its distribution is best appreciated 

on a larger scale. 

 

To gain a more comprehensive view and appreciation of subtle changes in the genomic 

distribution of the H3K27me2, H3K27me3 and H3K27ac post-translational modifications 

resulting from the presence of gain-of-function mutant EZH2, as well as to examine the 

localisation of SUZ12 in this context, I performed ChIP-Rx. As expected, parsing the genome 

into 10kb bins and examining the abundance of H3K27me3 and H3K27me2 genome-wide 

reflected a gain of H3K27me3 and loss of H3K27me2 (Figure 3.2C-D). SUZ12 peaks appeared 

to be of marginally lower amplitude upon examination of the UCSC genome browser view 

generated from the ChIP-Rx. H3K27me3 peaks were less defined due to spreading of the 

H3K27me3 mark, while H3K27me2 was of lower amplitude genome-wide (Figure 3.3A).  

There was no clear change to H3K27ac distribution. Polycomb target gene promoters were 

defined by the presence of SUZ12 peaks in the EZH2 wild-type context: SUZ12 being used as 

a surrogate for core PRC2 localisation. Examination of Polycomb target gene promoters 

revealed that spread of the H3K27me3 mark in the EZH2 mutant was more marked upstream 

(5-prime) of the SUZ12 peak, although H3K27me3 was also elevated 3-prime of the peak.  

Correspondingly, loss of H3K27me2 at these sites showed a reciprocal pattern (Figure 3.3B).  

This pattern suggests that H3K27me2 is being converted to H3K27me3 at these sites by mutant 

EZH2 with increased catalytic efficiency for H3K27me2 compared to the wild-type context, 

consistent with previous histone methyltransferase assay work (McCabe, Graves, et al., 2012; 

Sneeringer et al., 2010). Additionally, it is likely that SUZ12 has a lower residency time at 

Polycomb target genes in the EZH2 mutant context due to its increased activity elsewhere, as 

reflected by the smaller SUZ12 peaks in this ChIP-Rx. 
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Figure 3.2  ChIP-qPCR and quantitative analysis of overall genome-wide abundance 

of H3K27me2 and H3K27me3 marks in an isogenic system expressing mutant EZH2 
A-B. ChIP-qPCR analyses at various genomic loci for the indicated antibodies in the 

EZH2 wild-type cell line ectopically expressing EZH2-wild type and EZH2Y646F. 

C. Schematic representation of quantitative analysis of ChIP-Rx signal genome-wide. 

D. Violin plots demonstrating genome-wide overall increase in the abundance of 

H3K27me3 and decrease in H3K27me2 in the EZH2 mutant context as compared with 

the EZH2 wild-type context. 
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Figure 3.3  UCSC genome browser tracks demonstrate reciprocal loss of H3K27me2 

and gain of H3K27me3 in lymphoma cells expressing mutant EZH2 
A. UCSC genome browser representations of ChIP-Rx for indicated antibodies at a 

representative polycomb target gene promoter (SDC1/CD138), a gene expressed in 

terminally differentiated B-cells, an active gene promoter as defined by H3K27ac 

peak at its TSS (PUM1) and at an intergenic location. 

B. UCSC genome browser representation of Polycomb target gene promoters 

demonstrating a relatively greater gain of H3K27me3 mark immediately 5-prime 

of a SUZ12-defined polycomb target gene promoters. 
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3.2.2  Describing the genomic pattern of loss of H3K27me2 and gain of H3K27me3 

in isogenic lymphoma cells expressing mutant EZH2Y646F. 

Although the clear trend from this data is that H3K27me3 is primarily gained across the 

genome and H3K27me2 lost in the presence of mutant EZH2, I wished to better define these 

patterns of gain and loss respectively. In order to do this, using 10kb genomic bins, the 

abundance of H3K27me3 and H3K27me2 in each bin were directly compared between the 

EZH2 wild-type and mutant contexts. This demonstrated that over 90% of genomic bins gain 

H3K27me3 in mutant EZH2 compared to wild-type, and lose H3K27me2 in mutant EZH2 

compared to wild-type (Figure 3.4A). On a chromosome-wide scale, comparing the fold 

change of ChIP signal abundance for EZH2 mutant compared to EZH2 wild-type lymphoma 

cells, in 100kb bins along chromosome 8, both SUZ12 and H3K27me3 appear to gain 

abundance in the mutant context, while H3K27me2 is depleted (Figure 3.4B). More precisely 

comparing the status of H3K27 di- and tri-methylation in the same bin between the contexts, 

the log2 fold-change of H3K27me3 comparing mutant and wild-type was plotted directly 

against the log2 fold-change of H3K27me2 showing that the majority of bins that lose 

H3K27me2 simultaneously gain H3K27me3 (Figure 3.4C). Gain of H3K27me3 correlates also 

with gain of SUZ12 at a majority of genomic loci (Figure 3.4D), reflecting that catalysation of 

H3K27me3 requires more stable association of PRC2 than H3K27me2. Consistent with 

previous ChIP-Seq data (Souroullas et al., 2016), a small portion of sites retain more 

H3K27me3 in the wild-type context, reflecting that the EZH2Y646F mutant neo-functionalises 

the complex with redistribution of H3K27 methylation marks, rather than simply converting 

H3K27me2 to H3K27me3 genome-wide.   

 

Distinct patterns of alteration can be observed on average plots across the genome (Figure 

3.4E).  Polycomb target genes were defined by the presence of SUZ12 peaks in the EZH2 wild-

type context.  Active genes were defined by the presence of H3K27ac peaks in the EZH2 wild-

type context.  Intergenic sites were non-genic regions further than 5kb from transcriptional start 

sites (TSS) or transcriptional termination sites (TTS). Average plots demonstrated again that 

at Polycomb target genes, less SUZ12 is stably bound in the EZH2 mutant context, with a 

marginal but clear increase in abundance intergenically, consistent with my hypothesis that 

SUZ12 is leached from Polycomb target genes and writing higher order H3K27 methylation 

across the genome.  Starkly, intergenic loci are predominantly carpeted by H3K27me3 in the 

presence of the EZH2 mutant, where H3K27me2 does so in the wild-type context. 
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Figure 3.4  Mutant EZH2 neo-functionalises PRC2 with gain of H3K27me3 and loss of 
H3K27me2 in most bins, but differential H3K27me3 gain in a portion of genomic loci 
A. Genome-wide correlation of H3K27me3 and H3K27me2 signal within 10kb bins between 
EZH2 wild-type and mutant cell lines.  Each dot represents one 10kb bin. 
B. Ideogram of Chromosome 8 plotting Log2 fold change of Rx-normalised reads (EZH2 
mutant/EZH2 wild-type) for H3K27me3, H3K27me2 and SUZ12. 
C. Density plot directly comparing log2 fold change of H3K27me3 and H3K27me2 between 
EZH2 wild-type and mutant contexts.  Each dot represents one 10kb bin. 
D. Density plot directly comparing log2 fold change of H3K27me3 and SUZ12 between EZH2 
wild-type and mutant contexts.  Each dot represents one 10kb bin. 
E. Average ChIP-Rx signal profiles of SUZ12, H3K27me3, H3K27me2 and H3K27ac at their 
peaks (+/-10kb) in the indicated cell lines. 
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3.2.3  Non-dividing cells are resistant to EZH2 inhibitor therapy and can be targeted 

by PROTAC-mediated degradation of EZH1-PRC2. 

As discussed in section 3.1, EZH1 is expressed ubiquitously in cells while EZH2 expression is 

known to be attenuated in non-dividing cells.  It has been proposed that EZH1, although a much 

less efficient methyltransferase enzyme than EZH2, maintains H3K27 methylation in these 

quiescent/non-dividing cells while also mediating transcriptional repression by mediating long-

range interactions resulting in chromatin compaction (Lavarone et al., 2019; Margueron et al., 

2008). Furthermore, B-cell activation results in an increase in global acetylation coupled with 

chromatin decompaction (Kieffer-Kwon et al., 2017). A paper from the Bracken Lab currently 

under revision following initial review entitled “A non-catalytic role of EZH2-PRC2 to 

promote canonical PRC1 recruitment in quiescent cells” (Healy, McCole, et al. 2022) has again 

demonstrated this predominance of EZH1-PRC2 over EZH2-PRC2 in quiescent cells. 

Follicular lymphoma; an indolent non-Hodgkin lymphoma is an appealing model for testing 

this hypothesis, in that tumours can remain stable without meeting criteria for therapy for many 

years, although once treated invariably relapse in due course. This could reflect the presence 

of non-proliferating cells remaining stable for a period of time in a measurable tumour, and/or 

acting as a reservoir for future disease relapses or even transformation to more aggressive 

disease.   

 

I attempted to culture several lymphoma cell lines in serum-free media to induce cellular 

quiescene, as has previously been published in several cellular contexts (Legesse-Miller et al., 

2012; Yao, 2014).  However, tested lymphoma cell lines did not survive sufficiently rigorous 

serum starvation for testing this hypothesis, possibly reflecting a reliance on quiescent 

lymphoma cells on their microenvironment for survival. HA-EZH2WT and HA-EZH2Y641F were 

stably expressed by lentiviral infection in TERT-immortalised human fibroblasts (Tig3-T cells) 

(Figure 3.5A). Parental Tig3-T cells and Tig3-T cells expressing these EZH2 constructs were 

then either passaged in normal media or serum-free media for serum starvation for 96 hours.  

Thereafter, serum-starved (quiescent) and cycling cells were treated for 72 hours with either 

DMSO or 10 μM GSK-343 (an EZH2 enzymatic inhibitor) (Verma et al., 2012) and harvested 

for western blot analysis (Figure 3.5B).  Western blot for CyclinA2 confirmed successful serum 

starvation and induction of cellular quiescence in serum starved cells. As expected, GSK-343 

had no effect on H3K27me2 and H3K27me3 levels in quiescent cells but did significantly 

reduce the levels of both marks in cycling cells.   
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Figure 3.5  EZH1-PRC2 is abundant in quiescent cells and is refractory to PRC2 
enzymatic inhibition, but is targetable by PRC2 degradation 

A. Experimental schematic representing generation of Tig3-T fibroblasts expressing 
EZH2 constructs, subsequent serum starvation and drug treatment. 

B. Western blot analysis of quiescent and cycling Tig3-T fibroblasts ectopically 
expressing wild-type and mutant EZH2, treated by DMSO or GSK-343. Asterisk (*) 
indicates non-specific background band. 

C. Western blot analysis of B-CPAP thyroid cancer cell line demonstrating degradation of 
PRC2 in quiescent and cycling cells using an EED PROTAC UNC6852. 

D. H&E (haematoxylin and eosin) staining, Ki-67 and EZH2 immunohistochemistry and 
EZH1 R-ISH (RNA in situ hybridisation) of two lymph node biopsy samples from 
patients with histological grade 2A follicular lymphoma. 

E. Quantification of Ki-67, EZH2 and EZH1 expression for lymph node biopsy samples. 
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Additionally, EZH1 was more expressed in quiescent than cycling cells: the corollary of EZH2 

expression.   

 

Using the human papillary thyroid cancer cell line B-CPAP, cellular quiescence was induced 

using serum starvation for 96 hours and both quiescent and cycling cells were treated with 

either DMSO or the UNC6852 EED-degrading PROTAC for 72 hours, followed by harvesting 

of these cells for cellular fractionation (Figure 3.5C).  This PROTAC and its quality control 

were first published by the laboratory of a collaborator for this project, Professor Lindsey 

James (Potjewyd et al., 2020).  GAPDH was absent from the chromatin-bound fraction and 

Histone H3 absent from the soluble fraction, confirming successful fractionation. EED and 

PRC2 components EZH1 and EZH2 were robustly depleted in both quiescent and cycling cells 

upon treatment with the EED PROTAC, confirming successful targeting of PRC2 even in non-

proliferating cells. 

 

To examine the hypothesis that EZH1-PRC2 is highly expressed in follicular lymphoma but 

refractory to enzymatic inhibition, tissue blocks were first drawn from the St. James’ Hospital 

lymphoma biobank (ethical approval 2020-09-(01)) and examined by Aoibhinn Mooney 

(histopathology laboratory scientist) and Professor Richard Flavin (Consultant 

Histopathologist). Ki-67 is a nuclear protein associated with cellular proliferation but absent in 

G0, that has been explored as a biomarker in indolent lymphoma, with higher expression 

understood to relate to more aggressive disease (Broyde et al., 2009; Hooghe et al., 2008; 

Hoster et al., 2008; Klapper et al., 2009; Shirendeb et al., 2009). For this small scale study, Ki-

67 and EZH2 immunohistochemistry were used to identify more rapidly proliferating tumours, 

with high expression reflecting active proliferation (Figure 3.5D-E). EZH1 

immunohistochemistry failed to stain nuclei and therefore EZH1 R-ISH was utilised instead, 

successfully staining a portion of nuclei. Patient 1 has multiply relapsed follicular lymphoma, 

rapidly requiring therapy following this biopsy. Patient 2 presented with a right inguinal mass 

and stage 3A disease, though did not require therapy for 14 years from the time of this biopsy.  

Interestingly, while both patients harbour abundant EZH1-positive cells (approximately 60% 

of cells within neoplastic follicle), only patient 1 whose tumour expressed abundant EZH2 and 

Ki-67 had clinically active disease requiring therapy. Although this requires validation in a 

larger series, these cases illustrate the presence of lymphoma cells in both patients likely to be 

refractory to PRC2 enzymatic inhibitors but potentially targetable by PRC2 degradation with 

a PROTAC molecule. 
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3.2.4  Lymphoma cells with acquired resistance to EZH2 inhibitor treatment remain 

sensitive to PROTAC-mediated EED degradation. 

In vivo analyses in lymphoma cell lines have revealed a number of recurrent mutations in EZH2 

capable of conferring acquired resistance to EZH2 inhibitors in previously sensitive B-NHL 

cell lines (Baker et al., 2015b; Bisserier & Wajapeyee, 2018; Gibaja et al., 2016b; Qi et al., 

2017) (Figure 3.6B). These mutations arise in either the enzymatic SET domain of EZH2, or 

in a ten-residue helix near the C-terminus of EZH2 annotated the “activation loop”, that upon 

activation of EZH2 interacts with the SET domain (Brooun et al., 2016). In the case of the more 

common oncogenic EZH2Y646X mutant, biallelic resistant mutations are required in lymphoma 

cell lines to confer resistance (Gibaja et al., 2016b; Qi et al., 2017), whereas in the case of 

EZH2A682X mutation, mutation of either the mutant or wild-type allele drug confers resistance 

(Baker et al., 2015b).  Contact mediated through Tyrosine Y111 in the activation loop of EZH2 

with Y661 in the SET domain creates a ligand-binding cavity for EZH2 inhibitors, as modelled 

in Figure 3.6A using structure 5IJ8 (Brooun et al., 2016a) (NCBI EZH2 reference sequence 

NM_001203247.1). However, mutation of either residue can result in steric hinderance, 

preventing drug binding. Similar mechanisms for acquired resistance to other drugs have been 

demonstrated in patients with lymphoma, exemplified by the example of acquired C481S 

mutations in Bruton’s Tyrosine Kinase preventing covalent binding of the BTK inhibitor drug 

Ibrutinib, resulting in disease progression (Woyach et al., 2014). Despite non-durable 

responses to Tazemetostat reported in patients treated with this drug in clinical trials, 

mechanisms for disease progression arising from acquired resistance to Tazemetostat have not 

yet been described in patients (Italiano et al., 2018; Izutsu et al., 2021; Morschhauser et al., 

2020; Song et al., 2022). 

 

Previously published work demonstrated that ectopic expression of an EZH2 allele in the 

EZH2A682 mutant cell line Pfeiffer, containing both the oncogenic A677G/A682G mutant and 

the putative hotspot resistant mutant Y111D resulted in acquired resistance to EZH2 inhibitor 

treatment (Baker et al., 2015).  Pfeiffer is usually exquisitely sensitive to EZH2 inhibitor drugs 

(McCabe et al., 2012). Please note that this paper utilised the 746 residue EZH2 isoform 

(NM_001203247.1) rather than the 751 residue EZH2 isoform referenced elsewhere in this 

thesis (NM_004456.4). These isoforms differ by the exchange of H297-P298 in the shorter 

isoform for H297-RKCYN-S303 in the longer isoform. Accordingly, the mutation A677G in 

the shorter isoform corresponds with A682G in the longer isoform and Y641X corresponds 
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with Y646X, while N-terminus substitutions such as Y111D are consistent between isoforms.  

An EZH2 mutant allele containing in cis mutants A677G and Y111D was generated and 

expressed using a PLENTI lentiviral vector (incorporating HA and FLAG tags) in the 

lymphoma cell line Pfeiffer (Figure 3.6C).  Despite multiple replicates and rounds of lentiviral 

infection, expression of wild-type EZH2 did not reach the same expression level as 

EZH2Y111D/A677G. One possible explanation is that cells given a higher dose of mutant EZH2 

had a proliferative advantage in the mixed cellular proliferation, as evidenced by Pfeiffer cells 

ectopically expressing EZH2Y111D/A677G having a marginally shorter doubling time than parental 

cells (Figure 3.6D). Using CellTiter Glo® to measure ATP as a surrogate marker for cellular 

viability, IC50 experiments were undertaken to ascertain the concentration of Tazemetostat 

(EPZ-6438) to inhibit proliferation by 50% at day 6 of treatment (Figure 3.6E). This assay 

confirmed that the lymphoma cell line expressing EZH2Y111D/A677G had acquired resistance to 

Tazemetostat compared to both parental Pfeiffer and Pfeiffer expressing wild-type EZH2.  

Treating Pfeiffer parental and EZH2Y111D/A677G cells with the IC50 dose of Tazemetostat for 

the parental context revealed that H3K27me3 was markedly reduced in the parental context 

only, whereas a 10μM dose of the second generation EED-degrading PROTAC from Professor 

Lindsey James (first generation published (Potjewyd et al., 2020)) ablated H3K27me3 and 

degraded PRC2 in both cell lines (Figure 3.6F).  This second generation EED PROTAC is 

currently in press by the James lab. There were no viable cells in UNC7700-treated cells by 

Day 6. Outside of the context of acquired EZH2 inhibitor resistance, this molecule was also 

tested against a Day 3 IC50 dose of Tazemetostat in the EZH2 mutant cell line WSU-DLC2, 

similarly destabilising core PRC2 and ablating the H3K27me3 mark to a similar extent (Figure 

3.6G). Given that Tazemetostat therapy singly affects PRC2 enzymatic activity, the ability of 

PRC2 degradation achieve the same effect as shown here is an appealing prospect in 

overcoming acquired drug resistance. 

 

Whilst both approaches reduced the levels of H3K27me3 in the cells,  I decided to examine 

whether PRC2 degradation resulted in any additional changes to the genomic localisation of 

H3K27me2 and H3K27me3 in lymphoma cells, or exerted any differential effect on the 

transcriptional landscape compared to PRC2 enzymatic inhibition. This was motivated by work 

previously discussed in sections 3.1 and 3.2.3 reflecting the potential role for PRC2 (containing 

EZH1) in mediating long-range interactions resulting in chromatin compaction, independently 

of its role in writing H3K27 methylation marks. 
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Figure 3.6  Acquired resistance to EZH2 enzymatic inhibition can be overcome by 
PRC2 degradation 

A. Modelling of PRC2 enzymatic inhibitor drug binding in a pocket between EZH2 
residues Y111 in the activation loop and Y661 in the I-SET domain (indicated by dots), 
with residues known to confer drug resistance when mutated and EZH2 oncogenic 
mutant Y641N highlighted (PDB structure ID 5IJ8). 

B. Schematic representation of EZH2 with hotspot oncogenic mutations and hotspot 
mutations conferring drug resistance in lymphoma cell lines highlighted. 

C. Western blot analysis demonstrating ectopic expression of wild-type and mutant EZH2 
in the EZH2 mutant cell line Pfeiffer. 

D. Proliferation assay measuring cumulative cell doublings over a 12 day period. 
E. Cellular viability assay measuring ATP concentration in cell lines treated with various 

doses of Tazemetostat for 6 days. 
F. Western blot analysis of Pfeiffer parental and Pfeiffer EZH2Y111D/A677G cells treated 

with PRC2 enzymatic inhibitor drug Tazemetostat and PRC2 PROTAC UNC7700. 
G. Western blot analysis of EZH2 mutant cell line WSU-DLCL2 treated with DMSO, 

100nM Tazemetostat or 10μM UNC7700 for 3 days. 
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3.2.5  PRC2 enzymatic inhibitor Tazemetostat and EED-degrading PROTAC 

UNC7700 reduce the level of H3K27me3 in lymphoma cells 

To compare the effects of PRC2 enzymatic inhibition with degradation of PRC2, a dose was 

established in the EZH2 mutant cell line WSU-DLCL2 for each drug such that H3K27me3 

would be depleted by approximately 90% after 3 days of treatment (Figure 3.6G).  Firstly, I 

wished to examine the differential changes resulting from both methods of targeting PRC2 on 

the genomic localisation of H3K27me2 and H3K27me3 in those cells (Figure 3.7A). Initial 

ChIP-qPCRs (Figure 3.7B) demonstrated that as expected, H3K27me3 was reduced at 

numerous genomic loci compared to the DMSO treatment. As this is an EZH2 mutant cell line, 

H3K27me2 is present at very low levels and this antibody failed to enrich over IgG by qPCR.  

H3K27me2 and H3K27me3 were ChIPs were taken forward for ChIP-Rx as changes in these 

marks would best be illustrated on a genome-wide scale, using E14 wild-type mouse embryonic 

stem cells for the exogenous reference genome spike-in for normalisation. 

 

The genome was parsed into 10kb bins and the signal for ChIP antibodies H3K27me2 and 

H3K27me3 was quantified within each bin relative to the 10% mouse reference genome spike-

in.  Plotting ChIP antibody signal along chromosome 9 (chosen as a sample chromosome for 

large global analysis) revealed that on a global level, both UNC7700 and Tazemetostat robustly 

depleted H3K27me3. Intriguingly, at this day 3 timepoint, I observed that H3K27me2 was 

slightly increased in the UNC7700-treated context compared to DMSO, whereas H3K27me2 

was reduced in the Tazemetostat-treated context compared to DMSO treatment (Figure 3.7C).  

However, the mark was present in all conditions at very low abundance. Directly comparing 

the three treatment conditions against each other, both UNC7700 and Tazemetostat depleted 

H3K27me3 compared to DMSO in over 85% of bins genome-wide, with Tazemetostat doing 

so marginally more effectively when comparing the two PRC2 drugs directly (Figure 3.7D-E).  

A comparable analysis for H3K27me2 revealed that this mark actually increased marginally in 

UNC7700 treated cells compared to DMSO in over 50% of bins, while it was depleted by 

Tazemetostat in over 50% of bins.   

 

Polycomb target gene promoters were defined by the presence of SUZ12 peaks in a previous 

ChIP-Rx in this cell line carried out in the Bracken lab (data not shown here).  Approximately 

3000 Polycomb target gene promoters were identified. Intergenic regions were defined as 

regions >5kb from the nearest annotated gene.  Further analysis of the data revealed that small 
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H3K27me3 peaks were retained at Polycomb target gene promoters with Tazemetostat 

treatment, whereas these were lost with UNC7700 (dEED treatment).  This likely reflects the 

mark being written at sites of CpG-rich promoters of Polycomb target genes where PRC2 is 

most stably bound. This stability is disrupted by degradation of the complex, resulting in 

additional loss of H3K27me3 at these sites (Figure 3.8A-E). I propose that more intergenic 

H3K27me3 is retained with dEED treatment than Tazemetostat treatment because the portion 

of PRC2 not destabilised by dEED is not enzymatically inhibited, whereas all PRC2 should be 

enzymatically inhibited with the EZH2 inhibitor drug Tazemetostat. The observation that the 

low abundance mark H3K27me2 is marginally gained with UNC7700 treatment compared to 

DMSO at day 3 should be examined with a longer course of treatment and additional replicates. 

 

 

3.2.6  PRC2-mediated transcriptional repression is mediated by its enzymatic activity 

Given that both UNC7700 and Tazemetostat robustly depleted H3K27me3 levels in the EZH2 

mutant cell line WSU-DLCL2 after 3 days of treatment, I wished to examine whether the drugs 

would have a differential effect on gene expression at that time point. I hypothesised that as 

UNC7700 results in degradation of PRC2, it may result in additional de-repression by 

disrupting any potential role PRC2 is playing in chromatin compaction or other long range 

interactions. 

 

Using QuantSeq 3’ mRNA sequencing (Moll et al., 2014) of three biological replicates for each 

condition: DMSO, UNC7700 and Tazemetostat treatment of lymphoma cells for three days, I 

generated libraries for next generation sequencing. RNA-sequencing analysis revealed that 

Tazemetostat de-repressed significantly more genes than UNC7700 treatment, with most genes 

de-repressed in UNC7700 overlapping with genes de-repressed in Tazemetostat treatment 

(Figure 3.9A-B).  Similarly, most genes down-regulated by UNC7700 overlapped with those 

down-regulated by Tazemetostat. Gene Ontology analysis for genes up-regulated and down-

regulated compared to DMSO-treated cells, revealed similar enriched terms (Figure 3.10B-C).  

Examination of specific genes of interest demonstrated that similar genes of interest were de-

repressed by treatment with both UNC7700 and Tazemetostat, though to a greater extent by 

Tazemetostat treatment, likely reflecting its greater effect on H3K27me3 levels.   
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Figure 3.7  PRC2 enzymatic inhibition and degradation globally reduce the level of 
H3K27me3 in EHZ2 mutant lymphoma cells 

A. Schematic representation of experimental design for ChIP-Rx and RNA-Seq in 
lymphoma cells treated with EZH2 enzymatic inhibition and PRC2 PROTAC drug. 

B. ChIP-qPCRs at various genomic loci for H3K27me3 mark. 
C. Ideogram of Chromosome 9 with plots of H3K27me3 and H3K27me2 in each condition 

quantified in 0.5Mb bins. 
D. Composite plot comparing pattern H3K27me3 loss/gain within each 10kb bin between 

UNC7700/DMSO and Tazemetostat/DMSO. Each dot represents one 10kb bin. 
E. Genome-wide correlation of H3K27me3 signal within 10kb bins between UNC7700-

treated and TAZ-treated cells, compared to signal in DMSO treatment. Each dot 
represents one 10kb bin. 
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Figure 3.8  UNC7700 reduces H3K27me3 more effectively than Tazemetostat at 
Polycomb target genes 
      A.   Average ChIP-Rx signal for H3K27me3 and H3K27me3 at polycomb target promoters, 
non-polycomb target promoters and intergenic regions in DMSO, UNC7700 and Tazemetostat 
treated lymphoma cells. 

B-C. UCSC genome browser view of H3K27me2 and H3K27me3 in all treatment 
conditions at Polycomb target gene CDKN1a and a sample intergenic region. 
      D-E. Quantification by heat map (D) and as violin plots (E) of H3K27me3 signal at 
Polycomb target gene promoters, non-Polycomb promoters and intergenic regions in cells in 
all conditions. 
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CDKN1a, previously shown to be de-repressed by EZH2 inhibitor therapy, was similarly 

enriched here (Béguelin et al., 2013).  Other sample genes of interest including Sestrin 1, 

(previously shown to be a target of mutant EZH2), as well as IRF4/MUM1 and Jchain, genes 

important for the plasma cell terminal differentiation programme, were also shown to be 

derepressed (Figure 3.10A) (Mlynarczyk et al., 2019; Nutt et al., 2015; Oricchio et al., 2017; 

Pasqualucci, Trifonov, et al., 2011; A. Q. Xu et al., 2020). 

 

Taken together, given that PRC2 enzymatic inhibition by Tazemetostat resulted in a greater 

number of gene expression changes than the EED PROTAC UNC7700, these data suggest that 

PRC2 enzymatic function is the key mechanism underlying PRC2-mediated transcriptional 

repression in this EZH2 mutant lymphoma cell line.  It would be interesting to examine whether 

this is direct, or indirect via recruitment of cPRC1 to chromatin. 
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Figure 3.9  PRC2 enzymatic inhibition results in greater gene expression changes than 

PRC2 degradation 
A.  Volcano plots of RNA-sequencing representing the log2 fold change in gene expression 

in cells treated with UNC7700 compared to DMSO (left) and Tazemetostat compared 

with DMSO (right).  -Log10 of the adjusted p value is represented on the Y-axis. 

B-C. Venn diagrams demonstrating that most genes upregulated or downregulated by 

treatment with UNC7700 compared to DMSO, overlap with those upregulated or 

downregulated by treatment with Tazemetostat.   
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Figure 3.10  Gene expression changes resulting from PRC2 enzymatic inhibition and 

degradation share gene ontology terms 
A. Graphical representation of selected genes demonstrating de-repression by both 

UNC7700 and Tazemetostat treatment, though greater de-repression by Tazemetostat. 

B-C. The top 20 Gene ontology (GO) terms for genes upregulated (B) and downregulated 

(C) upon treatment with UNC7700 and Tazemetostat based on p-value.  Note: only 16 

terms significantly derepressed with UNC7700 treatment.  GO obtained using the 

Metascape database [http://metascape.org] 
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3.3  Discussion 
 

Although it well described that the nett effect of the gain/change-of-function EZH2 mutation 

in lymphoma is massive gain of H3K27me3 and reduction in H3K27me2, previously published 

ChIP-Seq data was not normalised to an exogenous reference genome for quantification, with 

the result that subtle dynamic changes in this epigenomic profile could be underappreciated 

(Orlando et al., 2014). The isogenic model of an EZH2 wild-type GCB-DLBCL cell line 

expressing either wild-type EZH2 or EZH2Y646F will provide a useful point of reference for 

those working in the lymphoma field.  The subtle increase in SUZ12 binding genome-wide in 

the mutant context at the expense of slightly less SUZ12 binding at Polycomb target genes 

suggests that PRC2 is leached away from these sites and has increased occupancy time 

genome-wide writing H3K27 tri-methylation, where it normally writes di-methylation via 

transient hit-and-run interactions that do not require stable binding of the complex (Conway et 

al., 2015; Ferrari et al., 2014; Youmans et al., 2018). Furthermore, we have described with 

greater comprehensiveness than previously published the well-known pattern of H3K27me3 

gain and H3K27me2 conferred by the presence of mutant EZH2. Indeed, over 90% of genomic 

loci (as parsed into 10kb bins), gain H3K27me3 while losing H3K27me2. Mutant EZH2 results 

in broader, more poorly defined H3K27me3 peaks at Polycomb target promoters, with 

marginally higher H3K27me3 5-prime than 3-prime to the peak. Although RNA-Sequencing 

was not undertaken in this isogenic system, it would be interesting in dissecting the neo-

functionalisation of mutant EZH2 by examining transcriptional changes resulting from the rare 

sites losing H3K27me3. 

 

This isogenic system does not address, however, potential differential binding of PRC2 

subcomplex assemblies genome-wide. PRC2.2 has been demonstrated to interact with 

H2AK119ub across the genome (S. Cooper et al., 2016; Glancy et al., 2021; Kalb et al., 2014; 

Kasinath et al., 2020), although PRC2.1 has been shown to also have a role in intergenic 

H3K27me3 deposition (Conway et al., 2021; Healy et al., 2019; Jonas Westergaard Højfeldt et 

al., 2019). It is as yet undefined if a particular PRC2 subcomplex assembly is responsible for 

the intergenic accumulation of H3K27me3 in EZH2 mutant lymphoma. This could be 

addressed by additional ChIP-Rx analyses for substoichiometric components.   
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An unconventional PRC1 complex comprising PRC1-CBX8-BCOR has been proposed, that 

binds bivalent Polycomb target gene promoters in lymphoma cells (Béguelin et al., 2016).  

CBX8 has lower affinity than the other CBX subunits for H3K27me3, only binding meta-stably 

(Kaustov et al., 2011). Potentially, this subunit may, in the abundance of genome-wide 

H3K27me3 in the EZH2 mutant context, still play a role in chromatin compaction. Chromatin 

mass spectrometry of PRC1 components in this isogenic system with and without tazemetostat 

treatment, although not planned at this time, could potentially shed light on differential binding 

of PRC1 resulting from the genome-wide increase in H3K27me3. Additionally, it would be 

interesting to examine the effects of the EZH2 mutation on the landscape of H3K36 

methylation marks. It has previously been reported that while H3K36me2 and H3K27me2 

commonly co-localise on nucleosomes in cis (Streubel et al., 2018), H3K36 methylation 

inhibits allosteric activation of PRC2 and resultantly its methyltransferase activity, without 

inhibiting binding of the complex to chromatin (Finogenova et al., 2020; Jani et al., 2019; 

Klymenko & Jürg, 2004; Schmitges et al., 2011; Streubel et al., 2018; Yuan et al., 2011).  

Although negative regulation by H3K36 methylation marks on PRC2 activity is well-

described, it is unclear whether the reciprocal would also hold to be true. However in a BAP1-

deleted mouse ESC model with resultant elevation of intergenic H2AK119ub1 and 

H3K27me3, reduced levels of intergenic H3K36me2 were observed (Conway et al., 2021). 

Should H3K36me2/3 be reduced by the increased abundance of H3K27me3 in EZH2 mutant 

lymphomas, perhaps inhibiting the demethylase for H3K36me2/3 could be an interesting 

avenue to pursue.  Indeed, PRC2-PHF19 has been shown to recruit the H3K36me3 

demethylase NO66 and could be contributing to altered H3K36 methylation states in this 

context (Brien et al., 2012; Kooistra & Helin, 2012a). 

 
Although small-scale and preliminary, our study demonstrating the presence of EZH1-PRC2 

within representative neoplastic follicles of well-matched patients with follicular lymphoma is 

a fascinating prospect. The EZH2 mutational status of these patients is not known, however, 

mutant EZH2 is not known to alter the expression levels of EZH1 or EZH2 in lymphoma cells.  

EZH1-PRC2 could be demarcating non-dividing cells, not targetable by PRC2 enzymatic 

inhibition and likely also to be refractory to chemotherapy if not actively cell cycling (A. J. 

Cole et al., 2020; Xie et al., 2022). Indeed, loss of function mutations of EZH2 have been 

attributed to chemoresistance in acute myeloid leukaemia (Göllner et al., 2017; Kempf et al., 

2021), albeit that there was no evidence to suggest that cells in this AML context were 

quiescent. Targeting EZH1-PRC2 via degradation of this complex could be a useful approach 
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in targeting non-dividing tumours. Furthermore, in a model of acquired resistance to PRC2 

inhibitor therapy, PRC2 degradation via EED-targeting PROTAC resulted in a loss of 

H3K27me3 of similar magnitude to that of PRC2 enzymatic inhibition, likely thereby 

overcoming acquired resistance, given that the only direct effect of PRC2 enzymatic inhibition 

is a reduction in H3K27 methylation marks.   

 

PRC2 methyltransferase activity appears to hold the key to the oncogenic function of EZH2 in 

DLBCL cell lines. Upon treatment with Tazemetostat, all PRC2 enzymatic activity is inhibited 

to some degree, whereas while PRC2 degradation degrades PRC2 to a large extent, the 

remaining undegraded complex is not enzymatically inhibited. As a result, in the cell line 

examined here, Tazemetostat resulted in a greater loss of H3K27me3 genome-wide than 

UNC7700, albeit that UNC7700 resulted in a greater loss of H3K27me3 at Polycomb-target 

gene promoters. It is likely that given that PRC2 is most stably bound at these sites, most 

H3K27me3 is retained there in Tazemetostat-treated cells. However, that was not reflected by 

the RNA-Sequencing at Day 3, wherein Tazemetostat brought about significantly greater 

effects on the transcriptional landscape than UNC7700. One tantalising though unproven 

prospect is that the marginally elevated levels of H3K27me2 in UNC7700-treated cells are 

maintaining greater repression in this context, or else the intergenic H3K27me3 which is also 

marginally higher in this treatment compared to Tazemetostat. Despite the less marked effect 

of UNC7700 on the transcriptional landscape at Day 3, it should not be forgotten that few cells 

survive as long as day 6 of treatment with a 10μM, which could indicate that there are dramatic 

transcriptional changes at some time point between day 3 and day 6, or another directly toxic 

effect of the compound.  However, at lower concentrations of drug, the degradation of PRC2 

was not robust. Further iterations of improved compounds may go towards improving this 

understanding. Additionally, it would be interesting to examine whether destabilisation of 

PRC2 influences the localisation of PRC1. Indeed, as previously discussed, the hierarchical 

model of Polycomb recruitment to chromatin reflects CBX subunits in cPRC1 binding the 

H3K27me3 mark and mediating chromatin compaction via oligomerisation of its PHC subunits 

(Blackledge et al., 2020; Fursova et al., 2019; Kyo-ichi Isono et al., 2005). PRC2 degradation 

offers an opportunity to interfere with PRC2 enzymatic activity due to lower abundance of the 

methyltransferase complex, to degrade EZH1-PRC2 in non-proliferating cells and also to 

disrupt cPRC1 binding due to ablation of the H3K27me3 mark.  
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Work detailed in Chapters 4 and 5 begins to examine the contribution of substoichiometric 

components of PRC2 to the mechanism of action of the EZH2 oncogene. 
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Chapter 4:  A CRISPR tiling screen of PRC2 
components in germinal centre B-cell lymphoma reveals 

AEBP2 as a specific genetic dependency 
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4.1  Introduction 
 
Ectopic expression of the Cas9 endonuclease, the enzymatic component of type II CRISPR 

(clustered regularly interspaced palindromic repeats) and a single guide RNA (sgRNA) can 

generate a double-strand break (DSB) at a specific region of interest in the genome (Cong et 

al., 2013). Non-homologous end joining following these DSBs is error-prone, with the potential 

to generate an array of short deletion, insertion or frameshift mutations in the vicinity of the 

sgRNA recognition site. CRISPR/Cas9-mediated gene editing is an extremely useful and 

precise tool for genetic loss-of-function screening, representing an improvement over RNA 

interference, the utility of which is limited by incomplete protein depletion and confounding 

off-target effects (Echeverri et al., 2006; Jackson et al., 2006; Shalem et al., 2014). Cells 

transduced with sgRNAs targeting functionally important domains are outcompeted by non-

transduced cells in culture, indicating negative selection attributable to perturbation of an 

essential gene or domain (J. Shi et al., 2015). This technology has been utilised also to identify 

novel genetic dependencies in a number of diseases including cancer and sickle cell disease, as 

well as to identify potential novel domains or dependencies within known genes (Brien et al., 

2018; Grevet et al., 2018; J. Shi et al., 2015). CRISPR/Cas9-mediated gene editing is also 

scalable and can be done in a massively parallel fashion, whereby a pool or “library” of 

sgRNAs is simultaneously transduced into a population of cells, which when sequenced at an 

early and late timepoint can identify sgRNAs which have been negatively selected either by 

causing cell death or by being out-competed, over the time course of the experiment (Burgess, 

2020). 

 

CRISPR was first described within the realm of the bacterial adaptive immune system (Ishino 

et al., 1987; Terns & Terns, 2011; Wiedenheft et al., 2012). The discovery that it could be 

repurposed to induce targeted genome edits in other cellular contexts by exogenous 

transduction of a gRNA molecule (comprising crRNA – CRISPR RNA with sequence 

homology for the DNA target sequence and tracrRNA – transactivating CRISPR RNA, 

providing a scaffold) and a suitable endonuclease enzyme, ultimately earned Professor Jennifer 

Doudna and Professor Emmanuelle Charpentier the Nobel Prize in Chemistry 2020 (Cong et 

al., 2013; Jinek et al., 2012). Since that time, numerous iterative improvements have honed the 

efficiency and specificity of this system, including the development of novel endonucleases 

with enhanced on-target and reduced off-target effects (Bravo et al., 2022; Strecker et al., 2019; 

Tsai et al., 2015). Off-target effects remain an issue for CRISPR and are increasingly 
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recognised, with issues arising due to promiscuous gRNA activity at alternative PAM sites and 

genomic regions with incomplete sequence homology (Doench et al., 2016; P. D. Hsu et al., 

2013). The availability of a suitable Protospacer Adjacent Motif (PAM) sequence, essential for 

activity of the endonuclease at its target site, can be another rate-limiting step. Clinical trials 

involving CRISPR-based cellular therapy in human patients are recently reporting preliminary 

results. One example is the use of CRISPR/Cas9-mediated gene editing therapy for patients 

with monogenic red cell disorders such as Sickle Cell Anaemia and β-thalassaemia. Normal 

adult haemoglobin A comprises a globulin tetramer of 2 α-globulin and 2 β-globulin chains 

(α2β2). Sickle cell anaemia and β-thalassaemia are characterised by a pathologically missense 

mutated β-globin gene and a deficiency of β-globin respectively. Restoration of foetal 

haemoglobin F (α2γ2) by targeting the enhancer of the transcription factor BCL11a using 

CRISPR/Cas9 in autologously harvested CD34+ haematopoietic stem cells has shown positive 

early data and rendered a population of patients transfusion-independent and significantly less 

debilitated by their illness (Frangoul et al., 2021). 

 

In 2020, the EZH2 selective small molecule enzymatic inhibitor Tazemetostat (EPZ-6438) 

received accelerated approval from the US FDA (Food and Drink Administration) for the 

treatment of EZH2-mutant lymphoma beyond second line, relapsed/refractory EZH2-wild type 

lymphoma where no suitable alternative exists, and for unresectable INI1/SMARB1 deficient 

epithelioid sarcoma and other SMARCB1 deficient soft tissue sarcomas (FDA 2020 reference 

ID 4627347). As previously discussed in Chapter 3 sections 3.1 and 3.2.4, de novo EZH2 

mutations conferring acquired resistance to EZH2 inhibitor therapy have been demonstrated in 

lymphoma cell lines and are anticipated to account for acquired resistance and secondary 

progression amongst initial responders to Tazemetostat in human patients with lymphoma. 

This is a strong motivator to identify additional vulnerabilities associated with the oncogene 

EZH2 in lymphoma. 

 

The primary aim of this chapter was to perform a large-scale CRISPR tiling screen utilising 

every available PAM sequence within all known components of PRC2, to uncover any novel 

genetic dependencies in PRC2 in the context of EZH2 mutant lymphoma. Secondary aims were 

to uncover any candidate substoichiometric components that might contribute to the 

mechanism of action of the EZH2 oncogene and to validate any findings arising from the 

CRISPR tiling screen. 



 116 

4.2 Results 
 

4.2.1  Preparation of lymphoma cell lines for PRC2 tiling CRISPR screen 
Prior to optimisation of lymphoma cell lines for transduction with a PRC2 tiling library, I 

examined publicly available data from Project Achilles: a compendium of genome-wide 

CRISPR data from over 1000 cell lines (Meyers et al., 2017).  This identified that SUZ12, EED 

and EZH2 were predicted genetic dependencies in both EZH2 wild-type and mutant germinal 

centre B-cell lymphoma cell lines, with no clear signal in terms of genetic dependencies among 

the substoichiometric PRC2 components (Figure 4.1A). Western blot analyses were performed 

across a panel of lymphoma cell lines to examine the relative expression of different PRC2 

components (Figure 4.1B). This revealed that in EZH2 mutant cell lines, the PRC2.2 

component JARID2 was more weakly expressed than in EZH2 wild type cell lines.  PRC2.1 

component PALI1 was weakly expressed in KARPAS-422, while EPOP was not visibly 

expressed in Pfeiffer.  EZH2 mutant cell lines demonstrated the expected pattern of elevated 

H3K27me3 and reduced H3K27me2 as compared with EZH2 wild-type lymphoma cell lines 

(Figure 4.1C).  

 

In collaboration with Dr Chun-Wei Chen (Beckman Research Institute, City of Hope, 

California), Dr Eric Conway (Bracken lab) designed a fully saturated sgRNA library utilising 

every available PAM sequence targeting exonic regions of genes encoding core and auxiliary 

components of PRC2, as well as numerous positive and negative controls. The library 

comprises approximately 4000 sgRNAs (Figure 4.2A-B).  EZHIP was not included in the 

screen as at the time of library design it was not established as a PRC2 component, and 

reassuringly is not known to be expressed in haematopoietic cells in any case (Ragazzini et al., 

2019).  The sgRNA library was cloned into an iPUSEPR plasmid, containing a sgRNA scaffold 

and RFP reporter.  Rigorous optimisation by Dr Chen ensured equal representation of sgRNAs 

within the library. 

 

Briefly, the pipeline for optimisation of cell lines for this CRISPR library was as follows.  

Firstly, FLAG-tagged Strep. pyogenes Cas9 endonuclease was stably expressed in cells by 

lentiviral transduction followed by blasticidin selection (10 μg/ml) (Figure 4.2C).   
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Figure 4.1  Predicted vulnerabilities of B-cell NHL cell lines to disruption of PRC2 
components and baseline whole cell western blots 

A. Project Achilles data illustrating perturbation effects of sgRNAs targeting PRC2 
components (6 sgRNAs per gene) from genome-wide screen in lymphoma cell lines 
(EZH2 mutant and wild-type as indicated).  Data downloaded from depmap.org (21q4 
data set). 

B. Western blot analysis of EZH2 and PRC2.1/PRC2.2 subcomplex components in EZH2 
mutant and wild-type lymphoma cell lines with HEK293T included for reference.  
Note: CRISPR screen performed in Pfeiffer and WSU-DLCL2 EZH2 mutant cell lines. 

C. Western blot analysis of histone post-translational modifications in EZH2 wild-type 
and mutant cell lines with histone H3 as loading control. 
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Cells surviving blasticidin treatment were harvested for western blot analysis, to confirm 

FLAG-Cas9 expression.  The cutting efficiency of Cas9-expressing cells was determined using 

a Cas9 activity assay modified for suspension cells (Chapter 2 section 2.1.5) (Figure 4.2D).  

Cell lines with Cas9 efficiency ≥70% were suitable for transduction with the PRC2 lentiviral 

library and were also suitable for use in subsequent validation work detailed later in this 

chapter.  Aiming for a multiplicity of infection of 10-25% such that only one sgRNA would be 

transduced per cell, the sgRNA library was lentivirally transduced, with 5 million pelleted cells 

harvested at the first and final timepoints for each biological replicate and subsequent 

processing for genomic DNA extraction and high-throughput sequencing as detailed in section 

2.1.6.  Fold changes in sgRNA abundance between the first and final timepoint demonstrate 

sgRNAs negatively selected/outcompeted over the time course of the experiment (Figure 4.2F). 

 

A number of germinal centre lymphoma cell lines were optimised and reached the desired 

cutting efficiency of ≥70% by Day 14-21 of the PXPR protocol (Figure 4.2E), although several 

cell lines required multiple rounds of infection to do so (OCI-LY1, HT).  We chose to proceed 

with the cell lines Pfeiffer and WSU-DLCL2 for the CRISPR PRC2 tiling screen, as 

representative EZH2 mutant cell lines with the 2 most common EZH2 mutations: EZH2A682G 

(Pfeiffer) and EZH2Y646F (WSU-DLCL2).  Dr Eric Conway and I performed these screens.  

Two biological replicates were completed with pellets harvested at Day 3 and Day 18 following 

library transduction.  Harvested cell pellets were frozen in liquid nitrogen and processed by Dr 

Chun-Wei Chen, as detailed in Chapter 2, section 2.1.6. 

 

4.2.2 PRC2-focussed CRISPR tiling screen reveals AEBP2 and core PRC2 
components EZH2, EED and SUZ12 as genetic dependencies in germinal centre B-
cell lymphoma 
Next generation sequencing data was returned from Dr Chen’s group, with quality control 

indicating that over 90% of library guides were represented in the sequenced pool at the day 3 

timepoint for each lymphoma cell line and replicate. Given that the library was designed to be 

saturated for every possible PAM sequence targeting coding regions in PRC2, numerous guides 

within the library had high off-target probability CFD (Cutting Frequency Determination) 

scores and were filtered out at this point, reducing the size of the library from 3973 to 3532 

sgRNAs (Doench et al., 2016).  Furthermore, guides present at low coverage (<10 reads per 
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Figure 4.2  Generation and optimisation of lymphoma cell lines for CRISPR screen 
A-B: Schematic representation of PRC2 and guide representation in saturated PRC2 tiling 
library. 
C:  Western blot analyses using indicated antibodies to demonstrate FLAG-Cas9 expression. 
D:  Schematic of pXPR_011 plasmid containing EGFP and sgRNA targeting EGFP. 
E:  Bar chart representation of GFP depletion measured using a BD Accuri flow cytometer to 
determine Cas9 cutting efficiency at Day 14-21 following infection with pXPR_011 lentivirus. 
F:  Schematic of CRISPR tiling screen work-flow. 
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million reads) at day 3 for each cell line were removed from analysis for that cell line, to reduce 

the likelihood of small artefactual changes being interpreted as biologically relevant. Therefore 

the final analysed PRC2 library with predicted off-target and low coverage guides removed 

consisted of 3070 guides for WSU-DLCL2 and 3067 guides for Pfeiffer respectively (Figure 

4.3A). 

 

The results of the PRC2 tiling library are displayed in figure 4.3B-C with the median value for 

sgRNAs targeting a particular gene and the interquartile range represented (i.e. 50% of sgRNAs 

fall within the indicated range). This graphic displays the log2 fold change for each sgRNA 

across two biological replicates. The positive control sgRNAs depleted well for each cell line 

and in the lymphoma cell lines the negative control sgRNAs either did not deplete or were 

enriched.   

 

In the EZH2 mutant lymphoma cell lines WSU-DLCL2 and Pfeiffer, core PRC2 components 

EZH2, EED and SUZ12 depleted robustly. Pfeiffer, a much more slow-growing cell line than 

WSU-DLCL2, was likely harvested at too early a time-point to see maximal depletion of 

sgRNAs and highlight genes of interest. As previously discussed, EED and EZH2 are known 

to be targetable dependencies in B-cell lymphoma and have been inhibited enzymatically in 

numerous studies using various molecules to date. It follows that SUZ12 would also be a 

dependency given that it comprises an indispensable part of core PRC2 alongside EED and 

EZH2. However, one surprising and very interesting finding was that AEBP2 was the only 

substoichiometric component where over 50% of sgRNAs depleted in both lymphoma cell 

lines, with WSU-DLCL2 outperforming Pfeiffer likely due to Pfeiffer cells being harvested at 

too early a final timepoint. As seen in western blots from these cell lines in Figure 4.1B, AEBP2 

is strongly expressed. JARID2, the other component of PRC2.2, is weakly expressed in these 

cell lines on western blot and did not deplete in this CRISPR screen. 

 

I subsequently went on to validate the findings of this CRISPR tiling screen using more discrete 

sgRNA and shRNA experiments. 
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Figure 4.3  PRC2 tiling screen results in EZH2 mutant lymphoma cell lines 
A. Schematic representation of post-sequencing filtration of sgRNA library to remove off- 
target and low coverage sgRNAs. 
B-C.   PRC2 tiling library results in cell lines WSU-DLCL2 (B) and Pfeiffer (C).  Log2 fold 
change of sgRNA abundance Day 18:Day3 is shown on the Y axis (n=2 replicates). Median 
and inter-quartile range sgRNAs targeting each PRC2 gene or positive/negative controls are 
indicated. Each dot represents one sgRNA. 
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4.2.3  PRC2.2 component AEBP2, but not JARID2, is a specific genetic dependency 
in germinal centre B-cell lymphoma. 
Having demonstrated in the CRISPR tiling screen that core PRC2 and AEBP2 were candidate 

genetic dependencies in the EZH2 mutant lymphoma cell lines WSU-DLCL2 and Pfeiffer, I 

then wished to validate these findings and examine the potential genetic dependency on AEBP2 

more closely. 

 

AEBP2 (Adipocyte enhancer binding protein 2) was first identified as a transcriptional 

repressor at the aP2 gene in mouse cells (G. P. He et al., 1999) and was subsequently co-

purified with PRC2 in mass spectrometry in human cells (Cao et al., 2002).  Several isoforms 

of AEBP2 exist in mammals due to the existence of alternative promoters (H. Kim et al., 2009).  

Differential functions for AEBP2 isoforms have not yet been elucidated, though based on 

expression patterns it has been proposed that the short isoform of AEBP2 is embryonic-specific 

while the long isoform is ubiquitous/somatic (H. Kim et al., 2009, 2011). To date, no discrete 

functions or domains have been ascribed to the N-terminus of AEBP2 (residues 1-216) which 

is absent from the short isoform.   

 

Three tandem C2H2 zinc finger domains are well-recognised within AEBP2 and have been 

proposed as interactors with DNA and H2AK119ub1 (Kasinath et al., 2021; H. Kim et al., 

2009; Poepsel et al., 2018). Furthermore, a KR-rich motif towards the C-terminus of AEBP2 

has been demonstrated to be essential for PRC2 interaction with nucleosomal DNA, with a 

recent cryo-EM structure demonstrating this interaction (Kasinath et al., 2021; C. H. Lee, Yu, 

et al., 2018). Additionally, the C-terminus of AEBP2 has been shown to associate with core 

PRC2 components SUZ12 and RBBP4 (S. Chen et al., 2018, 2020; Ciferri et al., 2012; 

Kasinath et al., 2021; C. H. Lee, Yu, et al., 2018; Poepsel et al., 2018; Sun et al., 2018). 

 

Based on the PAM sequence utilised by each sgRNA, which should induce a double-stranded 

break 3 base pairs upstream from the PAM, I mapped sgRNAs targeting AEBP2 to its protein-

coding sequence (CDS) (NCBI transcript variant 1 NM_153207.5) (Figure 4.4A). This 

demonstrated that a number of sgRNAs targeting the N-terminus of AEBP2 depleted, in 

addition to sgRNAs targeting known functional domains of AEBP2. Literature regarding the 

N-terminus of AEBP2 long isoform is scarce (manuscript currently in preparation by Dr 

Marlena Mucha).  The N-terminus of AEBP2 is extremely GC-rich, with a calculated GC 

content in the N-terminus specific region of 74.7%, compared to 42.5% for the remainder of 
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the CDS (Figure 4.4B).  High GC content is concerning in a CRISPR screen given that SpCas9 

utilises NGG as its PAM sequence. Although off-target guides were filtered out as per the CFD 

score as previously described, depleting guides towards the N-terminus of AEBP2 in this 

screen were invariably directly adjacent to a filtered guide, and given the high GC percentage, 

I was concerned given high sequence homology and potential alternative PAM usage that many 

of these sgRNAs may represent off-target effects. Furthermore, the N-terminus is negatively 

charged and therefore likely to repel negatively charged DNA (Figure 4.4C) and also predicted 

to be highly unstructured (Figure 4.4D) (Erdos et al., 2021; Ishida & Kinoshita, 2007). To 

minimise the likelihood of attempting to validate the CRISPR tiling screen results using off-

target guides, sgRNAs targeting well-described domains in AEBP2; namely Zinc Fingers 1-3 

and AEBP2 KR motif were selected. Additionally, several depleting sgRNAs were identified 

targeting a helix within the SUZ12-binding region of AEBP2 we have annotated as the 

“SUZ12-binding helix” (SBH), which I will describe in greater detail in section 4.2.5. 

 

Before examining additional cell lines, I first wished to validate the sgRNA hits from the 

CRISPR tiling screen in the cell lines WSU-DLCL2 and the SMARCB1-/- malignant rhabdoid 

tumour cell line G401, which was shown in a similar CRISPR tiling screen performed by Dr 

Marlena Mucha to be dependent on core PRC2 but not on PRC2 substoichiometric 

components. A number of sgRNAs targeting EZH2, SUZ12, EED, AEBP2 and JARID2 as 

well as positive and negative controls were cloned into the CRISPR/Cas9 lentiviral vector 

LRG2.1 which contains a GFP reporter. The experimental validation schematic and sgRNAs 

cloned for PRC2.2 components AEBP2 and JARID2 are illustrated in Figure 4.5A-B. Flow 

cytometry was performed using the Guava easyCyte flow cytometer and resultant data analysed 

using FlowJo software. This WSU-DLCL2 and G401 validation work was done in 

collaboration Dr Daniel Angelov (Bracken Lab). Both cell lines depleted for sgRNAs targeting 

core PRC2, but only WSU-DLCL2 depleted for AEBP2-targeting guides. Both were agnostic 

to JARID2 disruption.  This experiment demonstrated again that the lymphoma cell line WSU-

DLCL2 is exquisitely sensitive to sgRNA-mediated disruption of core PRC2 components and 

AEBP2, but not JARID2 (Figure 4.5C). The malignant rhabdoid tumour cell line G401 was 

less sensitive to core PRC2 disruption than WSU-DLCL2, though these sgRNAs did 

significantly deplete (Figure 4.5D). Thus, I validated the findings of the tiling screen in these 

cell lines and that AEBP2 is a specific dependency in WSU-DLCL2 and not G401.  
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Figure 4.4 sgRNAs targeting AEBP2 N-terminus, Zinc fingers and SUZ12 binding helix 
(SBH) are negatively selected in the lymphoma cell line WSU-DLCL2 
A. Gene scanning view mapping sgRNAs along the AEBP2 gene against their log2 fold-change 
in the PRC2 CRISPR tiling screen. Each dot represents one sgRNA.  
B. AEBP2 N-terminus is significantly more GC-rich than its C-terminus. 
C.The N-terminus of AEBP2 has a nett negative charge, with the potential to result in repulsion 
from negatively-charged DNA. 
D. AEBP2 N-terminus is predicted to be intrinsically disordered based on PRDOS score. 
Values above 0.5 are predicted to be disordered (coloured in black).  
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Figure 4.5  PRC2 tiling screen validation in WSU-DLCL2 and G401 confirms AEBP2 
sgRNA specificity and AEBP2 genetic dependency in lymphoma 

A. Schematic representation of  experimental design sgRNA validation. 
B. Schematic representation of sgRNAs targeting AEBP2 and JARID2 selected for 
validation work. Note that annotated domains and selected sgRNAs all target the shared 
AEBP2 C-terminus, common to all isoforms of AEBP2. 
C-D.  sgRNA validations utilising control sgRNAs and core PRC2-targeting sgRNAs (C) 
and PRC2.2 targeting sgRNAs (D) in the lymphoma cell line WSU-DLCL2 (n=4 
replicates). Data normalised to Day 3 value and to sgRosa at each time point. 
E-F.  sgRNA validations utilising control sgRNAs and core PRC2-targeting sgRNAs (E) 
and PRC2.2 targeting sgRNAs (F) in the malignant rhabdoid tumour cell line G401 (n=4 
replicates). Data normalised to Day 3 value and to sgRosa at each time point. 
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Prior to examining whether AEBP2 was also a dependency in additional germinal centre 

lymphoma cell lines, I sought first to examine its expression levels in cell lines and patients 

with germinal centre-derived lymphomas. I performed western blot analysis to examine the 

expression levels of PRC2.2 components AEBP2 and JARID2 in a number of EZH2 wild-type 

and mutant lymphoma cell lines (Figure 4.6A). These blots revealed that AEBP2 long isoform 

was ubiquitously expressed in all cells lines, with weak or absent AEBP2 short isoform 

expression. JARID2 was variably expressed and absent in a number of EZH2 mutant cell lines.  

With the assistance of Dr Craig Monger, I examined data from the Sanger Institute Genomics 

of Drug Sensitivity in Cancer project, which in addition to offering publicly available data 

regarding drug compounds, offers RNA-Sequencing data for 1000 human cancer cell lines (W. 

Yang et al., 2013). I analysed RNA-Seq data from B-lymphoid cell lines at various stages of 

maturation, from extremely immature (B-cell Acute Lymphoblastic Leukaemia) to mature, 

post-germinal centre neoplasms (Primary Effusion Lymphoma and Multiple Myeloma) (Figure 

4.6B). As quality control, I examined genes known to be upregulated at specific times in the 

B-cell life cycle and suppressed at others; namely TdT (expressed in lymphoblasts), BCL6 

(highly expressed in the germinal centre and silenced at lymphocyte exit from the germinal 

centre) and PRDM1 (involved in the plasma cell terminal differentiation programme). These 

quality controls were appropriate for putative B-cell stage. The GDSC data confirmed that 

AEBP2 long isoform is significantly more highly expressed than the short isoform at the RNA 

level also. Seeking to examine data from patients with lymphoma rather than lymphoma cell 

lines, I extracted microarray data from a publicly available dataset using Geo2R (Sean & 

Meltzer, 2007; Shaknovich et al., 2010) (GEO accession entry GSE23967). Concurring with 

data presented thus far in lymphoma cell lines, this patient-derived data demonstrated that 

AEBP2 is expressed equally among patients with EZH2 wild-type and mutant GCB-DLBCL 

(germinal centre-derived diffuse large B-cell lymphoma) and the more mature ABC-DLBCL 

(activated B-cell DLBCL) (Figure 4.6C).   

 

Motivated by the specific dependency of the B-cell lymphoma cell line WSU-DLCL2 on 

AEBP2 and the consistent expression of AEBP2 across lymphoid malignancies and in biopsies 

from patients with lymphoma, I went on to validate AEBP2 as a genetic dependency in 

additional lymphoma cell lines using sgRNAs in an iPUSEPR backbone containing a red 

fluorescent protein (RFP) reporter (Figure 4.7). Interestingly, whether or not JARID2 was 

expressed by western blot, none of the tested cell lines were sensitive to sgRNAs targeting  
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Figure 4.6  AEBP2 long isoform is the predominant AEBP2 isoform in B-lymphoid 
malignancies 

A. Western blot analysis examining AEBP2 and JARID2 expression in B-cell lymphoma 
cell lines. AEBP2 long isoform (70kDa) is more highly expressed than AEBP2 short 
isoform (30kDa) in these cell lines. 

B. RNA-Sequencing data extracted from Sanger GDSC project demonstrating that AEBP2 
long isoform is more highly expressed than AEBP2 short isoform in B-cell neoplasms 
arising through a spectrum of immaturity to maturity. TdT, BCL6 and PRDM1 included 
as stage-specific controls. TPM transcripts per million. 

C. RNA-sequencing data from patients with EZH2 wild-type and mutant GCB-DLBCL 
and ABC-DLBCL. Data extracted from (Shaknovich et al., 2010) GEO entry 
GSE23967. P value calculated using Mann-Whitney test. FPKM fragments per kilobase 
of exon per million mapped reads. 
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JARID2, whereas 6 of 7 tested were sensitive to sgRNAs targeting AEBP2 (Figure 4.7A-G).  

The EZH2 mutant cell line OCI-LY1 was insensitive to AEBP2-targeting sgRNAs.  Although 

this cell line also has frameshift mutations in KMT2D and CREBBP, other cell lines with 

similar concurrent inactivating mutations (KARPAS-422 and Pfeiffer) remained sensitive to 

AEBP2 disruption. There was no clear association between AEBP2 dependency and EZH2 

mutational status, given that both EZH2 wild-type cell lines (n=3/3) and EZH2 mutant cell 

lines (n=3/4) were sensitive to loss of AEBP2. The slow growing cell line Pfeiffer from the 

PRC2 tiling library screen depleted more robustly for AEBP2 in this experiment than in the 

PRC2 tiling library screen as the experiment was terminated at 36 rather than 18 days. 

 

Next, I decided to examine whether AEBP2 disruption would overcome acquired resistance to 

EZH2 inhibitor therapy in lymphoma cells. I demonstrated in Chapter 3 Figure 3.6 that ectopic 

expression of EZH2Y111D/A677G in the EZH2 mutant lymphoma cell line Pfeiffer confers 

resistance to EZH2 enzymatic inhibition by Tazemetostat, based on previous similar work 

(Baker et al., 2015a). Given that this mutation is understood to confer resistance by disrupting 

the Tazemetostat binding pocket in activated EZH2 and not by diminishing its dependency on 

EZH2, I demonstrated in Chapter 3 that degrading core PRC2 by using the EED PROTAC 

UNC7700 overcame the acquired resistance to Tazemetostat. Figure 4.8C demonstrates that as 

would be expected, UNC7700 also results in the intracellular degradation of AEBP2.  Utilising 

sgRNAs expressed in a LRG2.1 vector containing GFP, I performed a GFP depletion assay in 

Pfeiffer parental cells and Pfeiffer cells with acquired resistance to Tazemetostat, 

demonstrating that both cell lines are equally dependent on AEBP2 (Figure 4.8A-B). 

Therefore, I demonstrate that disrupting AEBP2 is a potential mechanism for overcoming 

acquired resistance to EZH2 inhibitor therapy. 

 

Although AEBP2 has been validated in a number of GCB-DLBCL/transformed follicular 

lymphoma cell lines as described above, it remains to be evaluated whether AEBP2 may be a 

dependency in more immature and mature B-cell neoplasms also. I plan to perform sgRNA 

validation assays in Burkitt lymphoma and ABC-DLBCL cell lines to explore this further. 
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Figure 4.7  Germinal centre lymphoma cell lines are sensitive to AEBP2 and not 
JARID2 disruption irrespective of their EZH2 mutation status 
A-D.  sgRNA validations using control, AEBP2 and JARID2-targeting guides in EZH2 mutant 
cell lines Pfeiffer, WSU-DLCL2, KARPAS-422 and OCI-LY1 (A-D). Log2 fold change of 
RFP abundance (final timepoint:first timepoint) plotted on Y axis. 
E-G. sgRNA validations using control, AEBP2 and JARID2-targeting guides in EZH2 wild-
type cell lines HT, OCI-LY7 and OCI-LY18 (E-G). Log2 fold change of RFP abundance (final 
timepoint:first timepoint) plotted on Y axis. 
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Figure 4.8  AEBP2 depletion overcomes acquired resistance to EZH2 inhibitor drug 

Tazemetostat 
A. GFP depletion assay utilising sgRNAs targeting core PRC2, AEBP2 and JARID2 in 

Pfeiffer parental cell line (n=4 replicates). GFP measured using Guava easyCyte flow 

cytometer. 

B. GFP depletion assay utilising sgRNAs targeting core PRC2, AEBP2 and JARID2 in 

Pfeiffer EZH2Y111D/A677G cell line with acquired resistance to EZH2 inhibitor  (n=4 

replicates). GFP measured using Guava easyCyte flow cytometer. 

C. Western blot analysis of EZH2 mutant Pfeiffer cell line expressing ectopic 

EZH2Y111D/A677G, treated with 30nm Tazemetostat or 10μM EED degrader UNC7700, 

demonstrating disruption of core PRC2 and AEBP2 by EED degradation. 
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Figure 4.9  Experimental design of AEBP2 rescue and expression of non-targetable 
wild-type AEBP2 constructs 
A. Schematic of AEBP2 rescue experiment in WSU-DLCL2 cells. Cas9-expressing lymphoma 
cells were lentivirally infected with FLAG/HA-tagged human AEBP2 (long and short isoform 
respectively) or empty vector, followed by lentiviral infection with an AEBP2-targeting 
sgRNA. sgRNA abundance was measured at serial timepoints by determining GFP abundance 
using a Guava easyCyte flow cytometer. 
B. Schematic representation of sgRNA choice for rescue experiment. sgSBH.1 represents a 
sgRNA capable of targeting both exogenous and endogenous AEBP2 in this experiment, 
whereas sgSBH.2 can only target endogenous AEBP2 due to incomplete sequence homology 
with the exogenous construct. 
C. SUZ12 co-immunoprecipitation followed by western blot analysis in WSU-DLCL2 cell line 
following infection with empty vector or HA-tagged AEBP2 long/short constructs and 
puromycin selection. Input consistent with whole cell western blot result. 
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4.2.4  Ectopic expression of non-targetable human AEBP2 rescues AEBP2 
dependency in lymphoma 
My comprehensive validation work demonstrated that AEBP2 is a genetic dependency in 

lymphoma cell lines. However, I wished to ensure that this was specific and not due to off-

target effects. To do this, I decided to stably express non-targetable human AEBP2 in the 

lymphoma cell line WSU-DLCL2 and undertake sgRNA and short hairpin RNA (shRNA) 

rescue experiments.   

 

The experimental design for this work is outlined in Figure 4.9A. I expressed wild-type AEBP2 

long and short isoforms using a PLENTI lentiviral system that contains FLAG and HA tags as 

well as a puromcyin resistance cassette. These wild-type constructs comprise exclusively 

exonic DNA, whereas endogenous AEBP2 consists of exonic and intronic DNA.  Two sgRNAs 

targeting AEBP2 were selected with target sequences partially overlapping with intronic DNA.  

Therefore, these sgRNAs should find sequence homology only with the endogenous AEBP2 

sequence, and not the exogenous constructs which lack the intronic sequence partially 

contained in the sgRNA target. This is illustrated in Figure 4.9B with one of the two selected 

sgRNAs (sgAEBP2_SBH2) which targets the AEBP2 SUZ12-binding helix (to be discussed 

in section 4.2.5). Successful and relatively equal expression of AEBP2 long and short wild-

type constructs was achieved, with expression similar to that of endogenous AEBP2. Crucially, 

these constructs were able to co-immunoprecipitate with SUZ12 in the presence of benzonase, 

indicating that they were in complex with core PRC2 (Figure 4.9C). BMI-1 was used as a 

negative control, as it is not known to interact with SUZ12 

 

The identified sgRNAs incapable of targeting exogenous AEBP2 - AEBP2_ZF3sg2 and 

AEBP2_SBHsg2, were used also for validations in figure 4.7 where they were robustly 

depleted in lymphoma cell lines. These sgRNAs depleted in WSU-DLCL2 empty vector but 

were rescued by both AEBP2-Long and AEBP2-Short (wild-type) rescue constructs (Figure 

4.10A-C), indicating that the AEBP2 dependency in lymphoma cells is both specific and on-

target. It was notable that across three biological replicates, although the cell lines were 

prepared concurrently, depletion for all sgRNAs including positive control sgRNAs targeting 

RPA3 and EED occurred more slowly, suggesting that the cells with an extra dose of AEBP2 

may have had additional fitness or grown more slowly. However, both exogenous AEBP2 long 

and short isoform constructs clearly rescued cells with disruption of endogenous AEBP2. 
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I went on to examine whether exogenous AEBP2 long isoform could rescue shRNA-mediated 

knockdown of AEBP2, given that the long isoform is the most abundant isoform in lymphoma.  

Utilising the Broad Institute Genetic Perturbation Platform (GPP) and suggested shRNA 

sequences from (Fellmann et al., 2013), I cloned 6 shRNAs targeting EZH2 (as positive 

controls) and 6 shRNAs targeting AEBP2 into the shRNA lentivral vector SGEP, which 

contains a GFP reporter and puromycin resistance cassette. Dr Gerard Brien (Brien Lab, Trinity 

College Dublin) had previously cloned a non-targeting shRNA: shRenilla. I selected AEBP2-

targeting shRNAs that target the 3’ UTR (untranslated region) of AEBP2, such that 

exogenously expressed AEBP2 would not be targetable by these hairpins. Knockdown of 

AEBP2 was examined on the protein level by whole cell western blot and on the mRNA level 

by RT-qPCR on Day 7 following lentiviral infection and puromycin selection of the lymphoma 

cell line WSU-DLCL2 (Figure 4.11A-D). AEBP2 hairpins 2 and 6 reduced AEBP2 expression 

on the protein level by over 80% at Day 7 and on the mRNA level by 60% and were selected 

on that basis for the rescue experiment. I observed additionally that H3K27me3 levels appeared 

to increase with AEBP2 knockdown, although uneven loading was noted. EZH2 hairpins 1 and 

5 were selected as they demonstrated the strongest knockdown of EZH2 by protein and mRNA 

analysis and as expected reduced levels of H3K27me3 in the cells. Notably, by Day 14, 

endogenous protein levels had partially recovered for all EZH2 hairpins and for AEBP2 hairpin 

2 (data not shown), suggesting in a purified population of cells following puromycin selection, 

cells with less efficient knockdown were outcompeting those with efficient knockdown. 

However, this would not be the case for growth competition assays in a mixed, unselected 

population as uninfected cells would retain a growth advantage. 

 

In a growth competition assay using a Guava easyCyte flow cytometer, in WSU-DLCL2 

transduced with SGEP empty vector, both EZH2 and AEBP2 hairpins were outcompeted by 

uninfected cells over time, as illustrated by GFP depletion over time. However, cells expressing 

the AEBP2 long isoform rescue construct were fully rescued following infection with 

shAEBP2, but not shEZH2 lentiviruses (Figure 4.11E-F). With both sgRNA and shRNA rescue 

experiments taken together, exogenous expression of non-targetable AEBP2 fully rescued 

cellular dropout from endogenous AEBP2 disruption, demonstrating rigorously and 

comprehensively that AEBP2 is a dependency in germinal centre lymphoma cell lines. 
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Figure 4.10  Non--targetable AEBP2 rescues AEBP2 sgRNA dropout in lymphoma 
cells 
A-C.  CRISPR sgRNA assay measuring GFP depletion in WSU-DLCL2 cells stably expressing 
(A) empty vector, (B) AEBP2 long isoform and (C) AEBP2 short isoform targeted by control, 
sgRNAs targeting exonic sequences in AEBP2 (endogenous and exogenous) and intron/exon 
boundary sgRNAs targeting endogenous AEBP2 only. GFP measured using Guava easyCyte 
flow cytometer and value normalised to day 3 timepoint and then to depletion in sgRosa. 
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Figure 4.11  AEBP2 long isoform fully rescues AEBP2 knockdown in lymphoma cells. 
A-B.  AEBP2 expression on protein and mRNA levels by western blot and RT-qPCR at Day 7 

following infection and puromycin selection with AEBP2 shRNA lentiviruses.  

C-D.  EZH2 expression on protein and mRNA levels by western blot and RT-qPCR at Day 7 

following infection and puromycin selection with AEBP2 shRNA lentiviruses. SUZ12 

included as additional component of core PRC2. 

E-F. GFP growth competition assays in (G) WSU-DLCL2 empty vector and (H)WSU-DLCL2 

AEBP2 long isoform cells infected with shRenilla and shRNAs targeting EZH2 and AEBP2.  

GFP measured using Guava easyCyte flow cytometer and calculated as percentage of D3 GFP. 
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4.2.5  A highly conserved helix in the C-terminus of AEBP2 is essential for the 
interaction between AEBP2 and SUZ12 
Numerous cryogenic electron microscopy (cryo EM) structures have demonstrated putative 

interactions between AEBP2 and SUZ12, with AEBP2 playing a stabilising role when in 

complex with PRC2 (S. Chen et al., 2018; Ciferri et al., 2012; Glancy et al., 2021; Kasinath et 

al., 2021; Poepsel et al., 2018). Due to the intrinsically disordered, unstructured nature of  the 

long isoform AEBP2 N-terminus which could not be resolved using cryo EM, these structures 

modelled PRC2-AEBP2 +/- JARID2 utilising a short isoform of AEBP2. In these structures, 

the C2 domain of SUZ12 (SUZ12 residues 150-370) and AEBP2 binding helix (ABH) 

(residues 81-106) at the N-terminus of SUZ12 had potential interaction interfaces with the C-

terminus of AEBP2 (S. Chen et al., 2018, 2020; Ciferri et al., 2012; Kasinath et al., 2021; 

Poepsel et al., 2018; Youmans et al., 2018). Furthermore, it has previously been demonstrated 

that the N-terminus of SUZ12, but not the C-terminus can co-immunoprecipitate AEBP2 and 

that this interaction can be disrupted by mutating SUZ12 residues 95-106 within its ABH 

(Youmans et al., 2018). 

 

Initially described in the Bracken Lab by Dr Eric Conway and Dr Marlena Mucha, I describe 

here a small helix in the C-terminus of AEBP2, bound by tryptophan residues, within the 

previously annotated SUZ12 interacting domain, which we have annotated the SUZ12 binding 

helix (SBH) of AEBP2. Compared to other amino acids, tryptophan has by far the highest 

biosynthetic energy cost; requiring more high energy phosphates (ATP/GTP equivalent) than 

any other residue and is consequently the least abundant amino acid in the cell (Akashi & 

Gojobori, 2002; Barik, 2020; The Uniprot Consortium, 2019).  Examining a structure of PRC2-

AEBP2-JARID2 interacting with H2AK119ub (PDB accession 6WKR) (Kasinath et al., 2021), 

I noted that the SBH is adjacent to a helix in the C2 domain of SUZ12, with close proximity to 

residues M299 and L311 of SUZ12 (Figure 4.12A). To help determine whether these two 

motifs within the AEBP2 C-terminus and SUZ12 C2 domain could be functionally important, 

I obtained the AEBP2 and SUZ12 sequences corresponding to animals representing a number 

of distinct evolutionary clades from UniProt, aligned them using the Clustal Omega online tool 

and visualised the alignment using JalView Desktop software. Supporting the hypothesis that 

these might be functionally important motifs within AEBP2 and SUZ12 respctively, there was 

a very high degree of conservation observed. For the AEBP2 SBH, tryptophan W451 and 

W461 (corresponding to the human long isoform) were conserved through all species examined 

including invertebrates (Figure 4.12C).  Mutating either or both of these tryptophans to alanine 
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residues ablated the interaction between SUZ12 and AEBP2 in HEK293T cells (Figure 4.12B). 

Examination of the alignment for the motif of interest within SUZ12 revealed that this whole 

region of SUZ12 is highly conserved throughout all examined mammalian species, with some 

residues conserved in invertebrate species also (Figure 4.12D).  Notably, sgRNAs targeting the 

AEBP2 SBH robustly depleted in a lymphoma cells, indicating the importance of the 

interaction between SUZ12 and AEBP2 for lymphoma cell survival (Figures 4.4, 4.5, and 4.7). 

 

Given that sgRNAs targeting the three tandem zinc fingers of AEBP2 also depleted 

consistently in lymphoma cells, with the benefit of advice from Dr Andrew Flaus (Centre for 

Chromatin Biology, NUI Galway), I designed and cloned a number of AEBP2 mutants to 

disrupt these domains (Figure 4.13A). The mutants were generated using the long isoform of 

AEBP2 as it is the most abundant in lymphoma and cloned using gateway cloning into the 

expression vector PLEX, containing 3 HA tags and a puromycin resistance cassette. Target 

residues for mutation are highlighted in red using a Nuclear Magnetic Resonance (NMR) 

structure of AEBP2 zinc fingers (Figure 4.13B) (PDB accession 5Y0U) (Sun et al., 2018). The 

AEBP2 constructs were transfected in HEK293T cells for a HA-immunoprecipitation 

experiment, demonstrating that all constructs could interact with SUZ12 except for the AEBP2 

SBH mutant as reported above (Figure 4.13C). The constructs were subsequently stably 

expressed in the WSU-DLCL2 lymphoma cell line with a view to a sgRNA rescue experiment, 

which is currently planned. 
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Figure 4.12  A highly conserved SUZ12 binding helix in AEBP2 is essential for 
interaction with SUZ12 
A.  Image representing AEBP2 SBH interacting with C2 domain of SUZ12. Generated using 
PDB 6WKR structure viewed in Pymol.  Predicted interacting residues labelled. Note: W243 
and W253 correspond with W451 and W461 in AEBP2 long isoform. 
B. FLAG immunoprecipitation experiment in HEK293T cells using empty vector (EV), 
AEBP2 wild-type and SBH mutant constructs. FH = FLAG/HA. 
C-D. Cartoon schematics of AEBP2 and SUZ12 with sequence alignment for two potential 
functional motifs in various species, generated using Jalview software. More conserved 
residues appear in increasingly dark shades of blue. ZF = zinc finger. KR = KR-rich motif. 
ABH = AEBP2 binding helix. NR = neck region.   
E. HA immunoprecipitation of AEBP2 mutant and wild-type constructs following transfection 
in HEK293T cells. 
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Figure 4.13  Generation of AEBP2 mutant constructs 

A. Cartoon schematic of 3 tandem AEBP2 zinc fingers and planned mutations with 
anticipated perturbation effects. 

B. AEBP2 tandem zinc finger models generated using NMR structure of AEBP2 zinc 
fingers (PDB accession 5Y0U).  Red labels denote planned point mutations. 

C. Western blot analysis demonstrating expression of AEBP2 mutant constructs in 
lymphoma cell line WSU-DLCL2.  AEBP2 short isoform did not express, but 
experiment is satisfactorily controlled using AEBP2 long wild-type construct.  AEBP2 
band for mutant H348A represents only endogenous AEBP2 as the epitope for the 
selected AEBP2 antibody contains this residue. 

A

C

B
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4.3  Discussion and future directions 

Large scale CRISPR/Cas9 screens have become well established as a powerful tool for 

exposing novel genetic vulnerabilities in cancer, essential regulators of intracellular processes, 

novel functional protein domains and even resister genes when undertaken with and without 

an experimental drug of interest (Brien et al., 2018; Drosos et al., 2022; Grevet et al., 2018; 

Olivieri et al., 2020; Lu Yang et al., 2021). 

 

The aim of this chapter was to perform a saturated CRISPR screen targeting PRC2 components 

to uncover novel dependencies in the known PRC2-dependent cancer context GC-derived B-

cell non-Hodgkin lymphoma and validate results arising from same. As expected, based on 

general understanding of the role of EZH2 in lymphoma biology and predicted perturbation 

effects from publicly available data sets (Figure 4.1), core PRC2 components EZH2, EED and 

SUZ12 were confirmed to be genetic dependencies in the selected lymphoma cell lines. 

However, Project Achilles utilises the Avana library, which includes 6 sgRNAs per gene 

(Sanson et al., 2018); significantly less comprehensive than our approach with a saturated 

PRC2 tiling library which included almost 4000 sgRNAs in total.   

 

Fascinatingly, I showed PRC2.2 component AEBP2 was shown to be a genetic dependency in 

both EZH2 wild-type and EZH2 mutant lymphoma cell lines. To my knowledge, this is the 

first time that a substoichiometric component of PRC2 has been highlighted as a specific 

dependency in a human cancer context. Furthermore, this dependency is not universal to PRC2-

dependent cancer contexts (as evidenced by AEBP2 not being a dependency in the.  

SMARCB1-/- malignant rhabdoid tumour cell line G401 which is dependent on core PRC2). 

Curiously, lymphoma cells are entirely agnostic to disruption of the other PRC2.2 component 

JARID2. 

 

By mapping AEBP2-tiling sgRNAs to their target double-stranded break sites, I identified 

multiple regions of interest within AEBP2 in the lymphoma context. As previously discussed, 

the AEBP2 long isoform can be roughly divided into two parts: a 216 amino acid N-terminus 

which is highly GC-rich, acidic, negatively charged and disordered, and a basic C-terminus 

transcribed from exons shared with AEBP2 short isoform, which contains all currently known 

functional domains (Figure 4.4). High GC content rendered it difficult to interpret whether 

depleting sgRNAs in the AEBP2 N-terminus were real or due to off-target sgRNA activity.  
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Dissection of potential functions specific to the long isoform of AEBP2 is subject to ongoing 

work in the Bracken lab by Dr Marlena Mucha. Although AEBP2 short isoform has been 

demonstrated in vitro to enhance methyltransferase activity on chromatinised plasmids and 

H2AK119ub1-marked nucleosomes, in vivo assays and assays examining the long isoform of 

AEBP2 are lacking (Kasinath et al., 2021; C. H. Lee, Holder, et al., 2018; Poepsel et al., 2018; 

Xueyin Wang et al., 2017). Seemingly contradictory to this is evidence that loss of AEBP2 in 

mouse embryonic stem cells results in an increase in H3K27me3 and SUZ12 at  polycomb 

target gene promoters, potentially due to increased activity by PRC2.1 (Conway et al., 2018, 

2021; Grijzenhout et al., 2016). 

 

Well-recognised functional domains of AEBP2 were also highlighted by the PRC2 tiling 

CRISPR screen. I identified that guide depletion is enriched within the three AEBP2 C-terminal 

tandem zinc fingers. AEBP2 zinc fingers are reported to facilitate PRC2 localisation to 

chromatin and enhance deposition of H3K27me3 (Kasinath et al., 2021; H. Kim et al., 2009; 

Poepsel et al., 2018; Xueyin Wang et al., 2017).  However, cryo-EM structures of AEBP2 to 

date have utilised exclusively the short isoform of AEBP2 and have not yet resolved Zinc 

Finger 3, reflecting that there is much to learn about the role of AEBP2 in vivo in PRC2 

localisation and activity. Only one PAM sequence was available such that the KR-rich motif 

of AEBP2 would be targeted and this sgRNA was unfortunately filtered out due to low 

coverage in the CRISPR tiling screen. However, in validation assays the sgRNA targeting this 

region did deplete robustly. The KR-rich motif has previously shown to be essential for AEBP2 

short isoform interaction with chromatin and to enhance AEBP2 methyltransferase activity in 

vitro  (C. H. Lee, Holder, et al., 2018). We also describe here in greater detail a small 11 residue 

SUZ12 Binding Helix (SBH) in the C-terminal SUZ12 interaction domain of AEBP2 that is 

necessary for interaction between SUZ12 and AEBP2 (Figure 4.12). sgRNAs targeting this 

small helix, potentially disrupting the interaction between AEBP2 and SUZ12, significantly 

depleted in the PRC2 CRISPR screen and validation work.   

 

I have shown that the AEBP2 dependency in lymphoma is specific and not due to off-target 

sgRNA activity. By ectopically expressing AEBP2 long and short isoforms separately in a 

lymphoma cell line, the phenotype of sgRNA depletion was rescued. Additionally, ectopic 

expression of AEBP2 long isoform fully rescued AEBP2 knockdown by two independent 

AEBP2 shRNAs. This confirms that AEBP2 long isoform, by far the more highly expressed 
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isoform in lymphoid cells, is a specific genetic dependency in germinal centre B-cell 

lymphoma (DLBCL/follicular lymphoma).   

 

As yet, no drug or molecule exists for targeting AEBP2 in vivo.  Given evidence provided here 

and the current understanding of the functions of AEBP2 in PRC2 biology, theoretical 

approaches to effectively disrupt AEBP2 in lymphoma cells would either uncouple AEBP2 

from its interaction with chromatin (by targeting AEBP2 zinc fingers or KR motif) or uncouple 

AEBP2 from its PRC2 interaction (by targeting the AEBP2 SUZ12 binding helix). To date, my 

work on AEBP2 in lymphoma has been in the context of the germinal centre-derived B-cell 

lymphomas GCB-DLBCL/transformed follicular lymphoma exclusively. I aim to also examine 

AEBP2 as a functional dependency in a limited number of Burkitt lymphoma (derived from 

the lymphoid germinal centre dark zone) and ABC-DLBCL (derived from cells that have exited 

the lymphoid germinal centre) cell lines.   

 

In chapter 5, I will describe in greater detail the mechanism of action for AEBP2 in lymphoma, 

which will also enhance the understanding of the role of AEBP2 in Polycomb biology more 

generally. 
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Chapter 5:  AEBP2 disruption in lymphoma leads to 
PRC2 activation and genome-wide redistribution of 

H3K27me3 and H3K27me2 
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5.1  Introduction 
 

I illustrated in chapter 4 that the PRC2.2 component AEBP2 is a specific, novel genetic 

dependency in B-cell lymphoma cell lines.  Highly expressed in B-cell lymphoid malignancies, 

AEBP2 long isoforms (517aa and 503aa respectively), differing only by 14 residues at their C-

terminus, arise due to alterative splicing from a distinct promoter to that of the AEBP2 short 

isoform (301aa) (Figure 5.1A-B).  Long and short isoforms of AEBP2 contain unique first 

exons but share the remainder of their sequence and all currently annotated domains lie within 

this common sequence. AEBP2 differential promoter usage was previously described in the 

paralogous context of the mouse genome in detail, where the short isoform and long isoform 

were broadly annotated as “embryonic” and “somatic” respectively based on patterns of 

expression in mouse tissues (Kim et al., 2009, 2015). Consistent with this designation, a long 

isoform of AEBP2 is more abundant than the short isoform in lymphoma cells (Figure 5.1C). 

 

AEBP2 associates with PRC2 in a subcomplex assembly with JARID2 entitled PRC2.2; 

mutually exclusive from complexes containing PRC2.1 components PCL1-3, EPOP or 

PALI1/2 (Conway et al., 2018; Grijzenhout et al., 2016).  This association with PRC2 is 

understood to be mediated by an AEBP2 C-terminal region which interacts with SUZ12 and is 

situated downstream from the tandem zinc finger domains (S. Chen et al., 2018, 2020; Ciferri 

et al., 2012; Kasinath et al., 2018, 2021; C. H. Lee, Holder, et al., 2018; Sun et al., 2018). 

Furthermore, AEBP2 is reported to interact via its zinc finger domains and downstream KR-

rich motif with nucleosomal DNA (Ciferri et al., 2012; G. P. He et al., 1999; Kasinath et al., 

2021; C. H. Lee, Holder, et al., 2018; Xueyin Wang et al., 2017).  An additional interaction has 

been described between ZnF1-2 of AEBP2 and H2AK119ub1 and the acidic surface of 

H2A/H2B (Kasinath et al., 2021).  Work in mouse embryonic stem cells has demonstrated that 

loss of JARID2 results in displacement of AEBP2 from chromatin (Healy et al., 2019).  

Although the presence of AEBP2 has been shown to enhance PRC2 histone methyltransferase 

activity in vitro (Cao & Zhang, 2004; Kasinath et al., 2018; C. H. Lee, Holder, et al., 2018; 

Xueyin Wang et al., 2017), depletion of AEBP2 in vivo results in a mouse ESC context in a 

moderate gain of H3K27me3 at Polycomb target gene promoters (Grijzenhout et al., 2016).  

Fascinatingly, AEBP2-deficient mice exhibit transformations in their vertebral skeleton 

analogous to mice deficient in Trithorax group proteins, which are known to antagonise 

Polycomb function (Grijzenhout et al., 2016; Ringrose & Paro, 2004; Steffen & Ringrose, 
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2014). Perhaps these findings allude to AEBP2 inhibiting or antagonising Polycomb function 

in vivo. 

 

The mechanism whereby AEBP2 may inhibit PRC2 activity in vivo has not yet been 

established. As illustrated in figure 4.4, the N-terminus of AEBP2 long isoform is nett 

negatively charged and acidic compared to the remainder of the protein due to the presence of 

repetitive patches of consecutive glutamic acid and aspartic acid residues. It has previously 

been shown that DNA binding proteins generally possess substantial regions of positively 

electrostatically charged patches at their DNA-binding interface in order to interact with 

negatively charged DNA, while negatively charged proteins have a lower propensity to interact 

with DNA (Jones et al., 1999; Marcovitz & Levy, 2011; Stawiski et al., 2003; Szilágyi & 

Skolnick, 2006).  It follows that the presence of significant negative charge at the N-terminus 

of AEBP2 long isoform may indeed preclude or inhibit the interaction of PRC2-AEBP2 and 

nucleosomal DNA. Additional possible explanations for the increase in H3K27me3 observed 

in AEBP2 depleted mouse ESCs could be the formation of hybrid PRC2 complexes containing 

JARID2 and MTF2/PCL2 that do not occur in the presence of AEBP2, or increased relative 

activity of PRC2.1 (Conway et al., 2021; Grijzenhout et al., 2016; Healy et al., 2019; Holoch 

& Margueron, 2017). The varied affinity of AEBP2 isoforms for DNA and their modulatory 

effects on PRC2 methyltransferase activity is the subject of collaborative work between the 

Bracken lab and Professor Chen Davidovich at Monash University in Melbourne (Mucha, 

McKenzie et al., currently in preparation). 

 

Cancer-relevant functions of AEBP2 have rarely been described.  One study described in 

ovarian cancer that genetic depletion of AEBP2 resulted in impaired cellular proliferation and 

enhanced sensitivity to cisplatin-based chemotherapy (Zhang et al., 2020). Separately, 

missense mutations in the AEBP2 long isoform N-terminus have been detected at a low variant 

allele frequency in cases of neurofibromatosis-associated malignant peripheral nerve sheath 

tumour (M. Zhang et al., 2014), independently of inactivating SUZ12 mutations which are also 

detected in this context.  
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In this chapter, I sought to characterise the mechanism whereby AEBP2 is a genetic 

dependency in B-cell lymphoma.  To do this, I used several approaches to generate a system 

whereby I could acutely deplete AEBP2 and examine the resultant effects on the landscape of 

H3K27me2 and H3K27me3 and the cellular transcriptional landscape. I also sought to examine 

the role of other epigenetic regulators in explaining the adverse cellular phenotype resulting 

from AEBP2 disruption. 
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Figure 5.1  Differential promoter usage results in several AEBP2 isoforms 

A. UCSC genome browser view of human AEBP2 locus on chromosome 12 illustrating 

AEBP2 isoforms and allocated GenBank and NCBI transcript variant and reference 

sequence identifications. 

B. Zoom in view of genome browser view of Exon 1, Intron 1 and Exon 2 of human 

AEBP2 locus. Alternative promoters indicated by small rectangles immediately 5-

prime to larger rectangle indicating exon 1.   Note that long isoforms have a distinct 

promoter and exon 1 to the short isoform of AEBP2. Exon 2 is shared by all isoforms. 

C. Western blot analysis in lymphoma cell lines demonstrating a greater abundance of 

AEBP2 long isoform compared to AEBP2 short isoform. 
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5.2  Results 
 

5.2.1  Examining the effects of acute AEBP2 depletion in lymphoma cells. 

Ectopic expression of a degrader tag (dTAG)-fused protein of interest or CRISPR/Cas9-

mediated locus-specific knock-in of a dTAG facilitate the study of the acute loss of a protein 

in real time (Damhofer et al., 2021; Nabet et al., 2018; Woodley et al., 2021). In order to 

generate a system whereby I could examine the acute effects of AEBP2 depletion on lymphoma 

cells, I designed an experiment whereby I would ectopically express AEBP2 long and short 

isoforms in-frame with a fused degradable FKBP12F36V tag, followed by CRISPR/Cas9-

mediated excision of exon 2 of endogenous AEBP2 (Figures 5.2A-B). Should the 

CRISPR/Cas-mediated knockout of endogenous AEBP2 be successful, all remaining AEBP2 

would be acutely degradable upon application of a paired PROTAC degrader ligand/drug, 

thereby facilitating the study of acute depletion of AEBP2 in real time.  

 

Using the gateway cloning compatible PLEX_305-N-dTAG vector, which contains a 

puromycin resistance cassette as well as N-terminal HA and degrader (FKBP12F36V) tags, I 

lentivirally transduced AEBP2 long and short isoforms (transcript variants 1 and 3) in WSU-

DLCL2 EZH2 mutant lymphoma cells (Figure 5.2C). Following confirmation of successful 

expression of these constructs, I nucleofected paired intron-targeting sgRNAs containing a 

GFP tag, targeting 5’ and 3’ of AEBP2 exon 2 (Figure 5.2A) (the first shared exon common to 

all human AEBP2 isoforms) using a Lonza Amaxa Nucleofector. The codon for a serine 

residue is divided between Exon 1 and Exon 2 of AEBP2, therefore CRISPR/Cas9-mediated 

excision of Exon 2 should introduce an early frameshift in AEBP2 resulting in failure to express 

the protein. 24 hours after electroporation of the cell line with sgRNAs, GFP positive cells 

were single cell sorted into 96-well tissue culture-treated dishes, such that parental, dTAG-

hAEBP2-S and dTAG-hAEBP2-L plates were passaged forward for each pair of sgRNAs.  No 

single cell clones survived passaging on the parental plate, likely reflecting the deleterious 

effects of AEBP2 loss on lymphoma cells. A small number of clones expressing dTAG-

AEBP2-L and dTAG-AEBP2-S survived passaging and were subsequently screened by PCR 

and western blot for successful knock-out of endogenous AEBP2. An example western blot at 

day 14 (Figure 5.2D) for dTAG-AEBP2-L expressing clones demonstrated a significant 

reduction in endogenous AEBP2 levels compared to parental and dTAG-AEBP2-L cells not 

transduced with sgRNAs. However, these clones when further passaged all recovered 
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endogenous AEBP2 expression levels by day 21 (Figure 5.2E). Although a 6 hour treatment of 

cells with 500nm of dTAG-7 ligand successfully degraded the exogenous AEBP2 construct, 

endogenous levels persisted rendering the cells unsuitable for the intended purpose of studying 

the acute depletion of AEBP2 (Figure 5.2E).  This pattern held true for all clones screened. 

 

Subsequently, I designed codon-optimised constructs of AEBP2-L and AEBP2-S such that 

they would be resistant to sgRNAs targeting exon 2 and bulk infected cells with sgRNA 

lentivirus followed by puromycin selection.  Once again, despite the initial partial depletion of 

endogenous AEBP2 by western blot at day 14, at a later time point endogenous levels recovered 

to 100% of baseline (data not shown here). 

 

To overcome this issue, I then intended to use CRISPR/Cas9-mediated gene editing to knock-

in a dTAG on the endogenous AEBP2 c-terminus.  Given that in order for this approach to be 

successful, each allele of AEBP2 would require a dTAG knock-in, I first decided to examine 

the copy number of AEBP2 in WSU-DLCL2 and other GCB-DLBCL cell lines using copy 

number qPCR (D’haene et al., 2010). I designed primers flanking exon 2 of AEBP2 and 

proceeded with the copy-number qPCR as described in Chapter 2 section 2.2.6. Human 

mammary epithelial cells (HMEC) were used as a diploid cell line for reference and a standard 

curve was generated for this cell line using a range of input DNA for the PCR. The copy number 

of the gene of interest (AEBP2) in 66ng (corresponding in a diploid cell line to 20,000 gene 

copies) for a number of lymphoma cell lines was determined using the equation of the line for 

the standard curve (Figure 5.2F).  This demonstrated that AEBP2 was significantly amplified, 

with at least 8 copies in each of 6 lymphoma cell lines screened. This finding indicated that it 

was impractical to pursue knock-in of a dTAG on each AEBP2 allele in these cell lines and 

instead opted to examine the acute effects of shRNA-mediated AEBP2 knockdown in 

lymphoma cells. 

 

As previously described in Chapter 4 Figure 4.10, I designed a number of EZH2 and AEBP2 

short hairpin RNA vectors (shRNAs) which result in knock-down of AEBP2 and EZH2 on the 

protein and mRNA levels of  60-80% by Day 7.  I decided to utilise these shRNAs in order to 

examine the effects of AEBP2 knock-down on H3K27me2 and H3K27me3 abundance and 

distribution by ChIP-Rx and transcriptional changes in lymphoma cells by RNA-Sequencing. 
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Figure 5.2  Expression of dTAG-AEBP2-Long/Short isoforms in a lymphoma cell line 
and attempted CRISPR knock-out of endogenous AEBP2 
A-B. Experimental schematic for CRISPR knock-out of endogenous AEBP2 by transduction 
of paired sgRNAs flanking exon 2 and expression of dTAG AEBP2 long and short isoforms. 
C. Western blot demonstrating expression of dTAG-AEBP2 long and short constructs. 
D. Western blot at Day 14 of single cell clones screened for knockout of endogenous AEBP2. 
E. Western blot at Day 21 of single cell clones treated with DMSO or dTAG-7 degrader ligand 
demonstrating degradation of dTAG-AEBP2 but recovery of endogenous AEBP2 expression. 
F. Copy-number qPCR of AEBP2 exon 2 normalised to human mammary epithelial cell 
(HMEC) line as diploid reference genome, illustrating at least 4-fold amplification of AEBP2 
in each tested lymphoma cell line. 
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5.2.2  AEBP2 and EZH2 knockdown result in genome-wide redistribution of 

H3K27me3 and H3K27me2 in lymphoma cells 

To study the effects of EZH2 and AEBP2 knock-down, I used 2 independent hairpins targeting 

EZH2 and 2 independent hairpins targeting AEBP2, with shRenilla as a non-targeting control. 

Hairpins were transduced lentivirally in the EZH2 mutant lymphoma cell line WSU-DLCL2 

and western blot analysis was performed at day 7 (Figure 5.3A). Once again, these hairpins 

resulted in robust knockdown of their target proteins by day 7, with a clear reduction in 

H3K27me3 in the cells transduced with shEZH2 hairpins. A small increase in H3K27me3 was 

demonstrated in the shAEBP2 hairpin transduced cells. I performed ChIP-Rx at this day 7 time 

point for lymphoma cells transduced with all five hairpins for the antibodies H3K27me2 and 

H3K27me3, with pellets harvested also for RNA-Seq in biological triplicate (Figure 5.3B).   

 

For analysis, the genome was parsed into 10kb bins and the signal for ChIP antibodies 

H3K27me2 and H3K27me3 was quantified within each bin relative to the 10% mouse 

reference genome spike-in. Plotting ChIP antibody signal along chromosome 9 (chosen as a 

sample chromosome for large global analysis) revealed that on a global level, both EZH2 

shRNAs depleted H3K27me3 genome-wide, while AEBP2 knockdown by both shRNAs 

increased H3K27me3 overall genome-wide (Figure 5.4A). Intriguingly, knockdown of both 

EZH2 and AEBP2 reduced H3K27me2 levels compared to shRenilla. By taking an average of 

Rx-normalised signal for each antibody for the two EZH2 shRNAs and two AEBP2 shRNAs 

respectively, I directly compared the three treatment conditions against each other for 

H3K27me2 and H3K27me3 signal (shRenilla, shEZH2 and shAEBP2) (Figure 5.4B-E). This 

confirmed that with AEBP2 knockdown, a majority of 10kb bins genome-wide gained 

H3K27me3 while simultaneously losing H3K27me2 (Figure 5.4C). However, with EZH2 

knockdown, reflecting the loss of the catalytic engine of PRC2, a majority of bins lost both 

H3K27me2 and H3K27me3 (Figure 5.4D). Direct comparison of the effects of EZH2 and 

AEBP2 knockdown on H3K27me2 revealed that although both EZH2 and AEBP2 knockdown 

depleted H3K27me2 overall, this mark was lost to a greater degree with AEBP2 knockdown 

in almost 75% of genomic bins (Figure 5.4E). 
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Figure 5.3  Knock-down of AEBP2 and EZH2 using shRNAs and experimental 

schematic for ChIP-Rx and RNA-Sequencing   
A. Western blot analysis of WSU-DLCL2 transduced with shRenilla, shEZH2 or 

shAEBP2 and passaged for 6 days after puromycin selection, illustrating knockdown 

of EZH2 and AEBP2 respectively, as well as resultant effects on whole cell levels of 

selected histone post-translational modifications. 

B. Schematic representation of work-flow for ChIP-Rx and RNA-Seq of WSU-DLCL2 

lymphoma cell line transduced with indicated shRNAs. 
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Figure 5.4  AEBP2 and EZH2 knockdown result in divergent effects on H3K27me3 
and H3K27me2 genome-wide 

A. Ideogram of Chromosome 9 with H3K27me2 and H3K27me3 signal normalised to 
shRenilla for each EZH2 and AEBP2 knockdown condition, quantified in 0.5Mb bins. 

B. Genome-wide correlation of H3K27me3 and H3K27me3 signal within 10kb bins, 
between AEBP2 knockdown, EZH2 knockdown and shRenilla. Each dot represents one 
10kb bin.  Average signal of H3K27me2 and H3K27me3 for EZH2 hairpins presented 
as shEZH2 and AEBP2 hairpins presented as shAEBP2.  

C-E. Composite plot comparing pattern of H3K27me2 and H3K27me3 gain/loss between 
shAEBP2/shRenilla (C), shEZH2/shRenilla (D) and shEZH2/shAEBP2 (E). Each dot 
represents one 10kb bin. 
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Polycomb target gene promoters were defined by the presence of SUZ12 peaks in a previous 

ChIP-Rx in this cell line carried out in the Bracken lab (data not shown here).  Approximately 

3000 Polycomb target gene promoters were identified. Intergenic regions were defined as 

regions >5kb from the nearest annotated gene. Knockdown of AEBP2 resulted in gain of 

H3K27me3 at a majority of Polycomb target gene promoters, as well as non-Polycomb target 

promoters and intergenically; while H3K27me2 was lost at these sites (Figure 5.5 and 5.6).  

Knockdown of EZH2 resulted in a loss of H3K27me3 and of H3K27me2. Additional 

accumulation of H3K27me3 induced by knockdown of AEBP2 was observed promoters and 

transcriptional start sites of genes essential for the B-cell terminal differentiation transcriptional 

programme including IRF4/MUM1 and SDC1/CD138 (Figure 5.5B, 5.5D).  Notably, in this 

EZH2 mutant cell line with already dramatically increased intergenic and global H3K27me3, 

knockdown of AEBP2 increased this hyper-H3K27me3 phenotype even further, at the expense 

of H3K27me2.  

 

 

5.2.3  Knockdown of AEBP2 results in few gene expression changes compared to 

knockdown of EZH2. 

I demonstrated using sgRNA and shRNA depletion assays in Chapter 4 that AEBP2 is a genetic 

dependency in lymphoma. Additionally, in this chapter I have shown that knockdown of 

AEBP2 results in a moderate genome-wide increase in H3K27me3 in lymphoma cells, while 

EZH2 knockdown results in a marked genome-wide loss of H3K27me3. I decided to examine 

whether the respective gene knockdowns resulted in a differential effect on gene expression 7 

days after shRNA transduction. To do this, I perform RNA-Sequencing using QuantSeq 3’ 

mRNA sequencing (Moll et al., 2014) for each condition in biological triplicate (shRenilla, 2 

EZH2 shRNAs and 2 AEBP2 shRNAs). 
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Figure 5.5  AEBP2 knock-down results in broad genome-wide gain of H3K27me3 
A-D. UCSC genome browser view of ChIP-Rx normalised reads for H3K27me3 and 

H3K27me2 in cell lines transduced with shRNAs targeting Renilla, EZH2 and AEBP2 at A) 

HOXA cluster, B) Polycomb target gene SDC1/CD138 and active gene PUM2, C) intergenic 

region downstream of Meis2 gene and D) Polycomb target gene IRF4/MUM1. 
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Figure 5.6  AEBP2 knockdown results in increased H3K27me3 at Polycomb target 
promoters, non-Polycomb target promoters and intergenic regions 
A-B. Average ChIP-Rx signal profile of A) H3K27me3 and B) H3K27me2at Polycomb and 
non-Polycomb target promoters and intergenic sites, in WSU-DLCL2 cell line transduced with 
indicated shRNAs. 
C-D. Violin plot representations of log(Rx-normalised reads) for C) H3K27me3 and D) 
H3K27me2 at Polycomb target promoters, non-Polycomb target promoters and intergenic sites 
in WSU-DLCL2 cell line transduced with indicated shRNAs. 
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Using a cut-off threshold of fold-change 1.5 and adjusted p value <0.05 compared to shRenilla, 

knockdown of EZH2 resulted at day 7 in up-regulation and down-regulation of hundreds of 

genes at the mRNA level, with significant overlap between “up” and “down” genes between 

the two hairpins (76% of genes up-regulated by shEZH2_5 were also up-regulated by 

shEZH2_1 and 56% of genes down-regulated by shEZH2_5 were also down-regulated by 

shEZH2_5) (Figure 5.7A-C). In contrast, few genes were up-regulated or down-regulated by 

AEBP2 knockdown. When combined, 6 genes were up-regulated by both EZH2 and AEBP2 

knockdown: Jchain, PDLIM2, STAC3, MCU, CYBA and ISOC2. Other than Jchain, which is 

known to be involved in the plasma cell gene programme, the other listed genes do not have 

an established role in lymphoma or normal lymphopoiesis (A. Q. Xu et al., 2020). The small 

number of transcriptional changes occurring due to AEBP2 knockdown at Day 7 was initially 

a surprising finding given the strong phenotype of lymphoma cell line dependency on AEBP2 

demonstrated by sgRNA and shRNA depletion in Chapter 4. Depletion of cells with AEBP2 

knockdown consistently occurs at a later timepoint compared to cells with EZH2 knockdown 

(Chapter 4 Figure 4.10B) and given the opposing effects of knockdown of these genes on 

H3K27me3 levels, perhaps it should not be surprising that their effects on the transcriptional 

landscape are also different.  

 

Given the elevated levels of H3K27me3 in the context of AEBP2 knockdown, I wished to 

examine whether mRNA levels from transcriptionally repressed genes in lymphoma cells were 

even lower with AEBP2 knockdown at day 14 than day 7. To examine this hypothesis, I 

harvested shRenilla and shAEBP2 cells at Day 7 and Day 14 and performed RT-qPCR analysis 

at a number of gene loci (Figure 5.7D).  On the mRNA level, AEBP2 was robustly reduced by 

both AEBP2 hairpins at days 7 and 14 of the experiment. MTF2, known to compete for the C2 

domain of SUZ12 with AEBP2 in order to interact with core PRC2 (S. Chen et al., 2018), was 

slightly increased or unchanged at the mRNA level by AEBP2 knockdown. Jchain was up-

regulated on the mRNA level by both AEBP2 hairpins, corresponding with the results of the 

RNA-Sequencing experiment in this cell line.. Interestingly, in AEBP2 knockdown cells at the 

day 14 timepoint, mRNA transcripts from Polycomb target genes CD138/SDC1, PRDM1 and 

DLX1 were reduced compared to Day 7. This suggests that transcriptional changes resulting 

from AEBP2 knockdown are likely to be more apparent at a later timepoint than day 7 and also 

that global increases in H3K27me3 likely result in further repression of already repressed genes 

in this cell line. 
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Figure 5.7  Few transcriptional changes result from AEBP2 knock-down in lymphoma 
cells compared to EZH2 knock-down 
A.  Volcano plots of RNA-sequencing data representing log2 fold change in gene expression 
in cells transduced with shEZH2 or shAEBP2 compared to shRenilla as indicated. -Log10 of 
the adjusted p value is represented on the Y-axis. (n=3 replicates) 
B-C. Venn diagrams representing overlap in genes upregulated (B) and downregulated (C) by 
EZH2 and AEBP2 knockdown. 
D. Grapical representation of RT-qPCR of selected genes normalised to shRenilla at each time 
point demonstrating differential expression between day 7 and day 14 timepoints. 
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As AEBP2 knockdown in lymphoma cells results in a broad gain of H3K27me3 genome-wide, 

I hypothesise that cells with AEBP2 knockdown will exhibit a global decrease in total mRNA 

transcript abundance, due to a loss of transcription from both intergenic and genic sites.  To 

test this hypothesis, I intend to perform spike-in normalised high-depth RNA sequencing at 

days 7 and 14 of AEBP2 knockdown, which would have the power to detect focal signal 

changes in the context of altered global changes (K. Chen et al., 2016; Fursova et al., 2021).  

This would overcome the potential issue of a reduction in transcripts from a gene of interest 

being masked by a global reduction in transcripts due to global hyper-trimethylation at H3K27 

and also facilitate mapping of transcript abundance from intergenic and genic regions 

respectively.   

 

5.3.4  AEBP2 depletion hyper-activates PRC2.1 in EZH2 mutant lymphoma. 

Given that depletion of AEBP2 results in globally elevated levels of H3K27me3 on a 

background of already elevated H3K27me3 due to the presence of mutant EZH2, I wished to 

examine mechanistically which form of PRC2 is writing the additional H3K27me3 in this 

context. 

 

Several roles have been described for Polycomb-like proteins 1-3 (PCL1-3; aliases PHF1, 

MTF2 and PHF19) in PRC2 recruitment to chromatin.  PCL proteins contained extended helix 

domains which link PRC2 to CpG island DNA, increase PRC2 affinity for DNA and residency 

time on chromatin (Ballaré et al., 2012; Cao et al., 2008; Choi et al., 2017; Glancy et al., 2021; 

Healy et al., 2019; Haojie Li et al., 2017; Nekrasov et al., 2007; Perino et al., 2018; Youmans 

et al., 2021; Q. Zhang et al., 2019). Furthermore, biochemical assays have demonstrated that 

the Tudor domains of PCLs recognise and bind to the H3K36me2/3 mark, potentially recruiting 

H3K36 demethylases  (Ballaré et al., 2012; Brien et al., 2012; Cai et al., 2013; Musselman et 

al., 2012).  

 

Given that PCL proteins compete with AEBP2 for the C2 domain of SUZ12 (S. Chen et al., 

2018; Youmans et al., 2018), I first wanted to test if in the context of AEBP2 depletion, more 

PCL proteins will form stable PRC2.1 complexes due to diminished competition for SUZ12 

from AEBP2. Furthermore, I wished to examine whether the increased spreading of 

H3K27me3 in AEBP2 knockdown disrupts H3K36me2/H3K36me3 levels. 
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Firstly, I generated lentivirus using the CRISPR/Cas9 compatible vector LRG2.1 containing 

sgRNAs targeting mouse ROSA26 (non-targeting control), AEBP2 exon 2 and MTF2.  This 

vector contains an EGFP reporter. I lentivirally transduced these sgRNAs in the EZH2 mutant 

lymphoma cell line WSU-DLCL2 and 24 hours later, GFP+ cells were bulk sorted using a 

FACSAria Fusion Flow Cytometer operated by Dr Barry Moran at Trinity Biomedical Sciences 

Institute Flow Cytometry Facility. Although limited by low cell number at Day 7, I intended 

to perform endogenous SUZ12 and IgG immunoprecipitations in the three cell lines. The IP 

was not successful due to low protein input, but western blot analysis of the 20% input for the 

experiment confirmed that AEBP2 depletion using a sgRNA significantly increased the MTF2 

expression, while MTF2 depletion also increased AEBP2 expression (Figure 5.8A). AEBP2 

knock-out in mouse embryonic stem cells has been shown to result in the formation of novel 

hybrid PRC2 complexes containing JARID2 and MTF2 (Grijzenhout et al., 2016). In 

lymphoma cells knockdown of AEBP2 displayed no increase in overall levels of JARID2 or 

the PRC2.1 component EPOP (Figure 5.8B). While this needs more rigorous analysis, this data 

suggests that upon depletion of AEBP2, more Polycomb-like protein containing PRC2.1 

complexes exist in lymphoma cells. 

 

To test if the increased levels of both H3K27me3 and PRC2.1 complexes effected methylation 

levels at H3K36, I performed ChIP-qPCR for antibodies H3K36me2 and H3K36me3 using 

WSU-DLCL2 cells transduced with shRNAs targeting Renilla (negative control), EZH2 and 

AEBP2, as previously used for H3K27me2 and H3K27me3 ChIP-Rx.  Overall, knockdown of 

AEBP2 was associated with a reduction in levels of H3K36me2 and H3K36me3 at a number 

of genomic loci (Figure 5.8C). Although more rigorous analysis is needed, these data suggest 

that the increase in H3K27me3 and PRC2.1 activity resulting from AEBP2 depletion leads to 

a decrease in H3K36 methylation. I intend to test this observation with additional biological 

replicates and ChIP-Rx, including antibodies for MTF2 (to examine whether MTF2 binding on 

chromatin is increased with AEBP2 knockdown) and RNA polymerase II to examine the 

effects of the redistribution of H3K27 and H3K36 methylation marks on the localisation of 

cellular transcriptional machinery. 
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Figure 5.8  AEBP2 knockdown results in increased levels of PRC2 complexes 
containing MTF2 and a reduction in levels of H3K36me2 and H3K36me3 marks 

A. Western blot analysis in lymphoma cells subjected to CRISPR/Cas9-mediated 
depletion of ROSA, AEBP2 or MTF2, demonstrating reciprocal increase in AEBP2 
expression with depletion of MTF2 and vice versa. 

B. Western blot analysis in lymphoma cells subjected to EZH2 or AEBP2 knockdown 
demonstrating that AEBP2 knockdown does not result in an increase in JARID2 levels. 

C. ChIP-qPCR analyses at various genomic loci for H3K36me2 and H3K36me3 in EZH2 
mutant lymphoma cell line WSU-DLCL2 with shRENILLA or EZH2/AEBP2 
knockdown. 
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Figure 5.9  AEBP2 antagonism of PRC2-mediated H3K27me3 is essential for EZH2 
mutant lymphoma proliferation 
A-B.  PRC2.2-AEBP2 antagonises PRC2 methyltransferase activity in vivo, resulting in 
impaired H3K27me3, whereas PRC2.1 performs all degrees of H3K27 methylation. 
C.  Balance of PRC2.1 and PRC2.2 activity cooperatively maintains optimal H3K27 
methylation status for lymphoma cellular proliferation. 
D.  Perturbation of H3K27me3 by PRC2 inhibition or hyperactivation by AEBP2 depletion 
and resultant increased PRC2.1 activity adversely effects EZH2 mutant lymphoma cells. 
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5.3  Discussion and future directions 
 

The pathogenic role of the driver oncogene EZH2 in germinal centre B-cell lymphoma is 

increasingly well understood, with mechanisms of action including a pro-proliferative signal, 

aberrant repression of tumour suppressor genes and terminal differentiation genes, impaired 

immune surveillance and impaired apoptosis (Béguelin et al., 2013, 2016, 2020; Bödör et al., 

2013; Donaldson-Collier et al., 2019; Morin et al., 2011; Oricchio et al., 2017; Yap et al., 

2011).  All of these mechanisms have been evidentially linked to the ability of mutant EZH2 

to act in concert with a wild-type EZH2 allele to generate abnormally high levels of H3K27me3 

and furthermore have been shown to be reversible with EZH2 enzymatic inhibition.  

Furthermore, the first in vivo studies to demonstrate acquired resistance to EZH2 inhibitor 

therapy (in cell lines, as these mechanisms have yet to be described in patients) share the 

common end result of lymphoma cells restoring pathologically elevated H3K27me3 levels, 

which is clearly advantageous for their survival (Baker et al., 2015a; Bisserier & Wajapeyee, 

2018; Brooun et al., 2016a; Gibaja et al., 2016a; Qi et al., 2017).  In chapter 3, I demonstrated 

that PRC2 depletion via PROTAC-mediated degradation of EED, one of its obligatory core 

components, did not result in any additional transcriptional changes beyond that of the EZH2 

enzymatic inhibitor Tazemetostat: supporting evidence that EZH2 enzymatic activity underlies 

its oncogenic function.   

 

Using biochemical assays and mouse embryonic stem cells as models, AEBP2 has been 

ascribed conflicting roles in its modulation of PRC2 methyltransferase activity: in vitro, 

AEBP2 increases PRC2 methyltransferase activity, while depletion of AEBP2 in vivo increases 

H3K27me3 levels (Cao & Zhang, 2004; Conway et al., 2018, 2021; Grijzenhout et al., 2016; 

Jonas W. Højfeldt et al., 2018; Kasinath et al., 2018; C. H. Lee, Holder, et al., 2018; Xueyin 

Wang et al., 2017). In keeping with previously published in vivo data, in EZH2 mutant 

lymphoma cells, two independent short hairpin RNAs targeting AEBP2 resulted in a global 

increase in H3K27me3 and loss of H3K27me2.  This is a surprising finding, considering these 

cells already harbour abnormally elevated H3K27me3 levels due to the presence of oncogenic 

mutant EZH2. Furthermore, AEBP2 is a genetic dependency for six of seven tested lymphoma 

cell lines (Chapter 4  Figure 4.7). This suggests that beyond a ceiling level of H3K27me3, 

additional H3K27me3 is detrimental for lymphoma cells. Another group has demonstrated a 

similar phenomenon, whereby SETD2 inhibition resulting in reduced H3K36me3 and 
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subsequent spreading of H3K36me3 was detrimental for EZH2 mutant lymphoma cells (Kwok 

et al., 2022). This publication supports the concept that PRC2 hyperactivation is a potential 

avenue for targeting EZH2 mutant lymphoma and should be explored in other PRC2-dependent 

cancer contexts (Figure 5.9D).  

 

The mechanism whereby AEBP2 is a genetic dependency in lymphoma and the effects of 

PRC2 hyperactivation via depletion of AEBP2 require further exploration. RNA-Sequencing 

in the context of AEBP2 knockdown revealed few changes in gene expression changes at day 

7. RT-qPCR analyses performed at day 14 demonstrated that mRNA transcripts from 

Polycomb target genes are somewhat reduced. Thus, I hypothesise that the global levels of 

mRNA from cells with PRC2 hyperactivation will be reduced, thereby potentially masking 

discrete changes in transcript levels.  To address this issue, I intend to perform spike-in RNA-

Sequencing in lymphoma cells using a Drosophila cell spike-in, such that with a constant cell-

number, overall changes in RNA abundance can be more clearly identified, including more 

sensitive detection of changes in mRNA transcripts from specific genomic loci (K. Chen et al., 

2016; Fursova et al., 2021).   

 

As previously discussed, PRC2.1 and PRC2.2 are well-described as defining mutually 

exclusive PRC2 subcomplex assemblies. AEBP2 and PCL proteins compete for the same 

region of SUZ12 in order to stably associate with core PRC2 (S. Chen et al., 2018, 2020; 

Youmans et al., 2018).  I propose that this antagonistic interplay between PRC2.1 and PRC2.2 

subcomplex assemblies provides an essential balance for germinal centre B-cell lymphoma 

cells, whereby AEBP2 negatively regulates PRC2 activity to maintain elevated H3K27me3 

within its narrow optimal window (Figure 5.9). In support of this hypothesis, I have 

demonstrated with preliminary data that MTF2 expression increases at the protein level with 

AEBP2 depletion. The reciprocal also holds to be true. AEBP2 long isoform contains a nett 

negative charge at its N-terminus, likely resulting in a reduced propensity to interact with 

negatively-charged DNA (Jones et al., 1999; Marcovitz & Levy, 2011; Stawiski et al., 2003; 

Szilágyi & Skolnick, 2006).  This is in sharp contrast to PCL proteins which increase PRC2 

residency time on chromatin (Choi et al., 2017; Youmans et al., 2021). Therefore, it is likely 

that in AEBP2-depleted lymphoma cells, PCL proteins more stably associate with SUZ12, 

resulting in additional H3K27me3 due to increased overall PRC2 affinity for and residency on 

chromatin, genome-wide (Figure 5.9A-C). I intend to examine this with MTF2 ChIP-Rx in the 

context of non-targeting shRNA (shRenilla) and two independent AEBP2 shRNAs. PCL 
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proteins have been shown via their Tudor domains to associate with H3K36me2 and 

H3K36me3 marks (Ballaré et al., 2012; Brien et al., 2012; Cai et al., 2013; Musselman et al., 

2012). In a mouse embryonic stem cell model, this interaction recruited the H3K36me3 

demethylase to stem cell genes during differentiation (Brien et al., 2012; Musselman et al., 

2012). Should this mechanism hold to be true in the lymphoma context, it may explain why 

H3K36 methylation marks would be lost in the context of increased PRC2.1 activity. 

 

Indeed, a mutual antagonism between H3K36 methylation and H3K27 methylation is well 

recognised. H3K36 methylation inhibits allosteric activation of PRC2 and resultantly its 

methyltransferase activity, without inhibiting binding of the complex to chromatin 

(Finogenova et al., 2020; Jani et al., 2019; Klymenko & Jürg, 2004; Schmitges et al., 2011; 

Streubel et al., 2018; Yuan et al., 2011).  Conversely, the H3K36M mutant oncohistone present 

in ~95% of chondroblastomas, wherein H3M36 cannot be methylated, results in an intergenic 

increase in H3K27me3 (Behjati et al., 2013; Klein et al., 2018; Lu et al., 2016). Furthermore, 

inhibition/depletion of NSD1/2-mediated H3K36me2 and SETD2-mediated H3K36me3 have 

been shown to result in an increase in intergenic H3K27me3 levels  (Drosos et al., 2022; Kwok 

et al., 2022; Streubel et al., 2018). I show here preliminary data that in AEBP2 knockdown 

lymphoma cells, H3K36me2/H3K36me3 marks are reduced and intend to examine this on a 

genome-wide scale using ChIP-Rx for H3K36me2, H3K36me3 and RNAPol II. This reduction 

in H3K36 methylation marks which normally antagonise H3K27 di- and tri-methylation may 

contribute to the phenotype of elevated H3K27me3 genome-wide upon AEBP2 knockdown in 

lymphoma cells. I demonstrated in Chapter 4 that EZH2 wild-type lymphoma cell lines are 

also sensitive to AEBP2 depletion. I intend to examine the effects of AEBP2 knock-down on 

H3K27 and H3K36 methylation status in this context also.  
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Therefore, my short-term work will be towards examining the hypothesis that knockdown of 

AEBP2 impairs lymphoma proliferation by: 

• Global gain of H3K27me3 and loss of H3K27me2 as supported by ChIP-Rx 

• Reduced transcription from Polycomb target genes (supported by RT-qPCR) and 

potentially globally reduced transcription due to bystander and proliferation genes 

being silenced by broad repressive H3K27me3 blanket 

• Increased activity of PRC2.1 resulting in increased H3K27me3 and reduced 

H3K36me2/H3K36me3 (supported by elevated MTF2 on protein level upon AEBP2 

knockdown and ChIP-qPCR of H3K36me2/H3K36me3). 
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Chapter 6:  General discussion 
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6.1  Discussion 

 

6.1.1  Summary of findings 
In chapter 3, using an isogenic lymphoma cell line expressing wild-type and mutant EZH2 

(EZH2Y646F), I describe using ChIP-Rx the genome-wide redistribution of the repressive marks 

H3K27me2 and H3K27me3 resulting from the presence of this mutation. In this experiment, I 

demonstrate the well-described phenotype of genome-wide gain of H3K27me3 and loss of 

H3K27me2, with the caveat that a small portion of genomic loci lose H3K27me3 as was 

previously ascribed to neo-functionalisation of PRC2 by mutant EZH2 (Souroullas et al., 

2016). Additionally, I demonstrate that core PRC2 (represented by SUZ12 in this experiment) 

is leached from Polycomb target gene promoters by mutant EZH2 and marginally increased 

genome-wide, reflecting the more stable interaction with chromatin required to write the 

H3K27me3 mark. As EZH2 inhibitor drugs begin to find a place in treatment algorithms for 

patients with relapsed/refractory B-cell lymphoma and SMARBC1 deficient sarcomas, the 

mechanisms for initial and acquired resistance to these therapies are clinically very important. 

We demonstrate in human fibroblast and thyroid cancer cell lines and patient-derived lymph 

node biopsies from patients with follicular lymphoma that PRC2-EZH1 defines quiescent, non-

proliferating cells which are resistant to EZH2 enzymatic inhibition but sensitive to PRC2 

degradation via an EED-targeting PROTAC molecule. Moreover, I demonstrate that PRC2 

degradation overcomes acquired resistance to EZH2 enzymatic inhibition arising due to 

acquired hotspot mutations in EZH2 that preclude EZH2 inhibitor drug binding. Dissection of 

the differential effects of PRC2 enzymatic inhibition (EZH2 inhibitor Tazemetostat) and PRC2 

degradation (EED degrader UNC7700), reveals broadly similar effects on the distribution of 

H3K27me3 and mostly overlapping gene expression changes. In this experiment, Tazemetostat 

was more effective in reducing H3K27me2 and H3K27me3 than UNC7700, likely because 

residual undegraded PRC2 in UNC7700-treated cells was not enzymatically inhibited; with the 

result that Tazemetostat treatment resulted in greater gene expression changes at day 3 of 

treatment than UNC7700.  Overall, this work describes in greater detail than previously 

published the disrupted genomic localisation and activity of PRC2 containing mutant EZH2 in 

lymphoma and identifies PRC2 degradation as a means of overcoming numerous mechanisms 

of resistance to EZH2 enzymatic inhibition. 
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In chapter 4, in collaboration with Dr Eric Conway I performed a PRC2-directed CRISPR tiling 

library utilising almost 4000 sgRNAs targeting PRC2 core and substoichiometric components 

in the EZH2 mutant lymphoma cell lines WSU-DLCL2 and Pfeiffer. This work reveals that 

the core PRC2 components EZH2, EED and SUZ12 as well as the PRC2.2 component AEBP2 

are genetic dependencies in these cell lines. The other PRC2.2 component JARID2 is not a 

dependency. Previous work in the Bracken lab utilising this PRC2 tiling library had revealed 

the SMARCBI-/- malignant rhabdoid tumour cell line G401 to be genetically dependent on core 

PRC2. Validation work confirms that six of seven tested lymphoma cell lines are genetically 

dependent on AEBP2 and not JARID2, but G401 is not dependent on either PRC2.2 

component. AEBP2 depletion also overcomes acquired resistance to Tazemetostat. Examining 

numerous lymphoma cell lines and utilising publicly available data from cancer cell lines and 

patients with DLBCL, I illustrate that AEBP2 is highly expressed in all stages of B-cell 

maturation and that AEBP2 long isoform is the predominant form of AEBP2 expressed in these 

cells. Arising from the PRC2 tiling CRISPR screen and subsequent validation work, I identify 

that the previously annotated AEBP2 Zinc Finger and KR-rich motifs are functionally 

important in lymphoma. Additionally, I highlight sgRNAs targeting a small, previously 

undescribed AEBP2 motif annotated the SUZ12 binding helix (SBH) that deplete in lymphoma 

cell lines. I show that this highly conserved motif is essential for AEBP2 interaction with 

SUZ12. I demonstrate that ectopic expression of AEBP2 long isoform fully rescues sgRNA 

and shRNA-mediated depletion of AEBP2 in lymphoma cells, indicating that the more 

abundant long isoform is functional and underlies the AEBP2 oncogenic dependency in 

lymphoma. Taken together, this research is the first evidence that a substoichiometric PRC2 

component is a dependency in a cancer context. AEBP2 long isoform was shown to be by far 

the most abundant isoform in lymphoma, as well as being functionally important. 

 

In chapter 5, I examine the effects of AEBP2 disruption on the genomic localisation and 

abundance of H3K27me3 and H3K27me2 in lymphoma cells and the ensuing effects on the 

transcriptional landscape, using two independent shRNAs targeting AEBP2. This reveals that 

H3K27me3 is increased even in the EZH2 mutant lymphoma cellular context which already 

has dramatically elevated H3K27me3 levels. H3K27me3 gain is evident genome-wide, with 

marked changes evident intergenically and at Polycomb target gene promoters. At day 7, few 

transcriptional changes were demonstrated using RNA-Seq, however at a day 14 time point, 

there is a reduction in mRNA transcripts from Polycomb target genes including genes essential 

for B-cell maturation. I predict that overall mRNA transcripts are reduced due to elevated 
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H3K27me3 and that spike-in of Drosophila cells followed by RNA-Sequencing performed at 

a day 14 time point will reveal hitherto cryptic transcriptional changes. I show that with reduced 

competition from AEBP2 for interaction with SUZ12, PRC2.1-MTF2 levels increase in 

lymphoma cells, which likely represents the engine for hyper-trimethylation at H3K27 seen in 

AEBP2 knockdown EZH2 mutant lymphoma cells. I also provide preliminary evidence that 

elevated H3K27me3 levels mediated by AEBP2 knock-down result in reduced H3K36me2 and 

H3K36me3 at numerous genomic loci. Overall, the work in this chapter reveals clues to the 

mechanism of action for AEBP2 in lymphoma cells, and potentially in Polycomb biology more 

generally. Highlighted here also is the contribution of disrupted interplay between PRC2.1 and 

PRC2.2 subcomplex assemblies to H3K27 methylation upon AEBP2 knockdown in 

lymphoma. 

 

6.1.2  EZH2 oncogenic function is mediated by its enzymatic function 
Polycomb group proteins are highly expressed in germinal centre-derived DLBCL and 

moreover have been shown to be essential for lymphoid germinal centre formation (Béguelin 

et al., 2013; Van Kemenade et al., 2001).  Recurrent hotspot mutations in EZH2, detected in 

up to 25% of GCB-subtype DLBCL and follicular lymphoma, result in an altered substrate 

preference of mutant EZH2 for di-methylated H3K27, resulting in pathologically elevated 

H3K27me3 levels intergenically and genome-wide (Bödör et al., 2013; McCabe, Graves, et al., 

2012; Morin et al., 2011; Okosun et al., 2014; Sneeringer et al., 2010; Souroullas et al., 2016). 

Interestingly, mutant EZH2 generates approximately 2800 de novo H3K27me3 peaks in mouse 

germinal centre lymphocytes (Béguelin et al., 2020). Targeting this hypermethylation utilising 

EZH2 enzymatic inhibition has shown clinical utility in lymphomas harbouring mutant EZH2 

(Italiano et al., 2018; Izutsu et al., 2021; Knutson et al., 2014; Morschhauser et al., 2020). In 

chapter 3, in an isogenic lymphoma model expressing wild-type or mutant EZH2, SUZ12 co-

localises with increased H3K27me3 genome-wide. However, in an EZH2 mutant cell line, 

PRC2 degradation using the EED-degrading PROTAC UNC7700 did not result in any 

additional transcriptional changes compared to the EZH2 inhibitor Tazemetostat, despite its 

additional effect of destabilising PRC2. Taken together, these data suggest that the oncogene 

EZH2 exerts its effects via deposition of repressive H3K27 methylation marks and not 

necessary due to nucleation of PRC2 itself. However, potential roles for canonical PRC1-

mediated chromatin compaction via recognition of this excessive H3K27me3 should be 

explored and evaluated, with possible therapeutic potential. 
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6.1.3  AEBP2 is a potential therapeutic target in cancer 
Large-scale CRISPR screens have emerged as a useful tool in unveiling essential regulators of 

cellular processes and key players in cancer biology. I utilised this technology to 

comprehensively screen PRC2 core and substoichiometric components in order to detect 

proteins or domains within proteins essential for a proliferative advantage in lymphoma cell 

lines. Moreover, I wished to identify novel targets relating to the oncogene EZH2 in B-cell 

lymphoma. Core PRC2 components EZH2, EED and SUZ12 as well as PRC2.2 component 

AEBP2, but not JARID2 emerged as dependencies in both screened EZH2 mutant lymphoma 

cell lines. Subsequent validation work in numerous additional EZH2 mutant and wild-type 

lymphoma cell lines revealed this dependency on AEBP2 to be specific and on-target, with 

complete sgRNA and shRNA rescue by exogenous wild-type AEBP2 constructs. Furthermore, 

an additional PRC2-dependent cancer context (SMARB1-/- malignant rhabdoid tumour) was 

agnostic to AEBP2 depletion. Although the long isoform of AEBP2 is by far the most abundant 

isoform in B-lymphoid malignancies, the PRC2 tiling screen identified domains common to all 

AEBP2 isoforms as being critical dependencies in lymphoma: Zinc Fingers 1-3, KR-rich motif 

and a small motif we denote the SUZ12 binding helix within a broad C-terminal previously 

annotated SUZ12 interaction domain. Therefore, if a molecule were to be developed to target 

AEBP2 specifically, it should either degrade AEBP2 or disrupt its interaction with either 

SUZ12 (via the SUZ12 binding helix) or with nucleosomal DNA (via its Zinc Fingers or KR 

motif).  Indeed, based on these findings, we are currently working with a collaborator (Dr 

Oliver Bell, University of Southern California) to identify a molecule capable of targeting 

AEBP2 in mouse embryonic stem cells using a modified TetOperator/TetRepressor system as 

described in (Yelagandula et al., 2021). 

 

6.1.4  AEBP2 and EED depletion can overcome acquired resistance to EZH2 
enzymatic inhibition 
Numerous mechanisms for acquired resistance to EZH2 inhibitor therapy have been described 

in lymphoma cell lines models, including the acquisition of EZH2 point mutations excluding 

Tazemetostat from its binding pocket in EZH2, EZH2 CXC domain hypermorphic mutations 

resulting in increased EZH2 methyltransferase activity and Tazemetostat addiction and 

upregulation of secondary signalling pathways (Baker et al., 2015a; Bisserier & Wajapeyee, 

2018; Brooun et al., 2016a; Gibaja et al., 2016a; Kwok et al., 2022). However, mechanisms of 

tumour escape in patients have yet to be described. Additionally, we describe using human 

fibroblasts and thyroid cancer cell lines and lymph node biopsies from patients with follicular 
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lymphoma, the predominance in quiescent, non-proliferating cells of a PRC2 complex 

containing EZH1 and lacking EZH2, which is refractory to EZH2 enzymatic inhibition in vivo. 

In Chapters 3 and 4, I demonstrate that AEBP2 depletion and PRC2 degradation via an EED-

degrading PROTAC drug UNC7700 overcome several mechanisms of acquired resistance to 

Tazemetostat. The utility of these approaches will be tested when mechanisms of tumour 

escape in patients are described. Durations of response amongst initial responders to 

Tazemetostat monotherapy in relapsed/refractory B-cell lymphoma patients are relatively 

modest, with a median duration of 1 year (Morschhauser et al., 2020). Re-biopsy of patients 

progressing on Tazemetostat and determination of the mechanism(s) giving rise to acquired 

resistance to Tazemetostat will yield crucial information guiding further therapeutic options 

and whether PRC2 remains a viable genetic dependency for these tumours. 

 

6.1.5  AEBP2 depletion in lymphoma cells results in a gain of H3K27me3 and loss of 
H3K27me2 
AEBP2 knockdown by two independent shRNAs in an EZH2 mutant lymphoma cell line 

resulted in further gain of H3K27me3; an impressive feat given the already elevated levels of 

H3K27me3 genome-wide resulting from the presence of the EZH2 oncogenic mutant in this 

context. Although at day 7 few discrete resultant transcriptional changes were evident, 

downregulation of lymphoma-relevant Polycomb target genes became more apparent at a day 

14 timepoint. Transcriptional changes will likely be best appreciated using spike-in RNA-

sequencing with a fixed ratio of spike-in Drosophila to lymphoma cells. Given the opposing 

phenotype of H3K27 methylation changes upon knockdown of AEBP2 compared with EZH2 

knockdown, it is likely that the resultant transcriptional changes will also differ: EZH2 

knockdown results in mainly transcriptional derepression, whereas AEBP2 knockdown will 

likely result in a repressive transcriptional signature. 

 

I propose that EZH2 mutant lymphoma is dependent on a synergy between PRC2-AEBP2 and 

PRC2.1 complexes. AEBP2 long isoform, the predominant isoform expressed in lymphoma 

cells, likely inhibits PRC2 activity due to electrostatic repulsion of DNA via its negatively 

charged N-terminus. This repulsion likely either results in impaired interaction with DNA, or 

reduced residency time facilitating lower order H3K27 methylation, whilst also competing with 

PCL proteins for interaction with their SUZ12 binding site. Depletion of AEBP2 thereby results 

in the formation of more PRC2.1 complexes and also the loss of the inhibitory effect of AEBP2 
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on H3K27 methylation, resulting in a further gain of H3K27me3 beyond that which confers a 

proliferative advantage to lymphoma cells: i.e. PRC2 activation. This is supported by evidence 

of increased expression of PCL protein MTF2 upon knockdown of AEBP2, though will require 

further investigation using ChIP-Rx and SUZ12 co-immunoprecipitation in lymphoma cells. 

 

Importantly, while I have demonstrated that AEBP2 is an oncogenic dependency in EZH2 

wild-type lymphoma cell lines, I have not yet examined the effects of AEBP2 knockdown on 

H3K27 methylation status and result transcriptional changes in this context, but intend to do 

so in the short term. 

 

6.1.6  AEBP2 may be a useful target in other cancer contexts with increased levels of 
H3K27me3 
Analogous to PRC2 activation by depletion of AEBP2 as proposed in this thesis, PRC2 

activation via inhibition of SETD2-mediated H3K36me3 was also recently proposed as a 

means of therapeutically harnessing hyperactive EZH2 in EZH2 mutant lymphoma (Kwok et 

al., 2022).  Interestingly, by ChIP-qPCR I observed a reduction in H3K36me2 and H3K36me3 

marks upon knockdown of AEBP2 in EZH2 mutant lymphoma cells also and intend to follow 

this up with ChIP-Rx for these marks and RNAPol II to examine whether localisation of 

transcriptional machinery is also altered. I propose that there may be a cancer epigenetic 

signature, whereby tumours with elevated intergenic (or global) H3K27me3 levels may be 

sensitive to PRC2 activation via AEBP2 disruption or an alternative means of PRC2 activation 

(i.e. disruption of other factors that normally inhibit PRC2 activity, such as UTX/UTY and 

H3K36me2/me3 methyltransferase enzymes). I outline here several such cancer contexts. 

 

Loss of function mutations in the H3K27me2/3 demethylase gene KDM6A(UTX) have been 

detected in up to 10% of cases of multiple myeloma, T-cell acute lymphoblastic leukaemia and 

numerous solid cancer contexts including oesophageal cancer, small cell lung cancer, renal cell 

carcinoma and colorectal cancer (Ezponda et al., 2017; Ho et al., 2013; Van Der Meulen et al., 

2014, 2015; Van Haaften et al., 2009). Deficiency of UTX in these tumours is characterised by 

elevated H3K27me3 at certain genomic with resultant gene repression, which is reversible by 

reintroduction of UTX or treatment with EZH2 inhibitor drugs. It would be interesting to 

explore the effects of PRC2 activation on these tumours. Additionally, UTX/UTY inhibition 

could be an interesting avenue for induction of PRC2 activation. 
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Loss or inhibition of NSD1/2-mediated H3K36me2 and SETD2-mediated H3K36me3 have 

been shown to increase H3K27me3 levels genome-wide, with most marked change observed 

intergenically, where H3K27me3 is normally found in low abundance (Drosos et al., 2022; 

Kwok et al., 2022; Streubel et al., 2018). Loss of function mutations in NSD1 have been 

detected in 10% of patients with Human Papilloma Virus negative head and neck squamous 

cell carcinomas (HNSCC) and less commonlya in squamous cell lung cancer (Brennan et al., 

2017; Bui et al., 2018). NSD1 deficiency in HNSCC results in CpG hypomethylation, due to 

loss of H3K36me2, which along with H3K36me3 recruits DNMT3a and DNMT3b via their 

PWWP domains to chromatin (Bui et al., 2018; T. Chen et al., 2004; Deevy & Bracken, 2019; 

Dhayalan et al., 2010; Ge et al., 2004). In support of this, in HNSCC cell lines, loss of NSD1-

mediated H3K36me2 has been shown to correlate with DNA hypomethylation and marked 

intergenic gain of H3K27me3 (Farhangdoost et al., 2021). Inactivating mutations in the 

H3K36me3 methyltransferase enzyme SETD2 are found in approximately 3% of cases of renal 

cell carcinoma and 15% and 8% of cases of paediatric and adult high-grade glioma respectively 

(Dalgliesh et al., 2010; Fontebasso et al., 2013). Given that enzymatic inhibition of SETD2-

mediated H3K36me3 results in lymphoma cells in genome-wide gain of H3K27me3 (Kwok et 

al., 2022), it would be interesting to examine if this is also the case in tumours with loss of 

function mutations in SETD2 and furthermore if this could be exploited using PRC2 activation.  

A similar phenomenon of intergenic H3K27me3 gain due to loss of H3K36 methylation has 

been observed in the presence of the H3.3K36M oncohistone, which is present in 95% of cases 

of chondroblastoma (Lu et al., 2016). 

 

Deletion or loss of function mutations of the PR-DUB component BAP1, the H2AK119ub1 

deubiquitylase enzyme are found in over a quarter of cases of malignant mesothelioma, uveal 

melanoma, cholangiocarcinoma and renal clear cell carcinoma (Carbone et al., 2013; Cerami 

et al., 2012; J. Gao et al., 2013). Loss of BAP1 has been shown in mouse embryonic stem cells 

to result in a genome-wide gain of H2AK119ub1, with subsequent leaching of PRC2 from 

polycomb target genes and intergenic gain of H3K27me3 (Conway et al., 2021; Fursova et al., 

2021; Tamburri et al., 2020). Loss of H2AK119ub1 in mouse embryonic stem cells displaces 

AEBP2 from chromatin (Tamburri et al., 2020). Should BAP1 deficient cancer contexts also 

be characterised by elevated intergenic H3K27me3, it would be interesting to examine whether 

depletion of AEBP2 further increases H3K27me3 to deleterious levels due to ablation of the 

inhibitory effect on methyltransferase activity conferred by AEBP2 long isoform.  
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6.1.7  Future directions 
In the research chapters of this thesis, I have presented strong data describing the importance 

of EZH2 methyltransferase activity in mediating its oncogenic effects in germinal centre 

lymphoma and also identifying AEBP2 as a genetic dependency in lymphoma. The AEBP2 

dependency was shown to be specific, on-target and present in numerous EZH2 mutant and 

wild-type lymphoma cell lines. However, I have not yet examined the dependency of other 

lymphoma contexts on AEBP2. Given that AEBP2 long isoform is similarly highly expressed 

in another germinal-centre derived lymphoma – Burkitt Lymphoma, and also in activated B-

cell subtype (ABC) DLBCL, I intend to perform sgRNA depletion assays in these contexts 

also. Perhaps AEBP2 dependency in lymphoma is not confined to GCB-DLBCL and follicular 

lymphoma. 

 

Mechanistically, I demonstrated that AEBP2 depletion leads to genome-wide gain of 

H3K27me3 and loss of H3K27me2. This supports previous work demonstrating that AEBP2 

knock-out in mouse ESCs results in gain of H3K27me3 and may allude to specific functions 

of the AEBP2 long isoform in inhibiting PRC2 activity in vivo. Although I have shown in an 

EZH2 mutant lymphoma context the effects of AEBP2 perturbation on H3K27me2 and 

H3K27me3 localisation, I plan to examine this in an EZH2 wild-type lymphoma context, given 

that EZH2 wild-type cell lines were also shown to be genetically dependent on AEBP2. I also 

plan to perform further ChIP-Rx analyses to examine as previously discussed the effects of 

AEBP2 depletion on MTF2 localisation, H3K36me2/3 levels, RNAPol II localisation and 

PRC1 localisation (RING1A/1B). Furthermore, as previously mentioned I plan to perform 

spike-in RNA-sequencing to better describe transcriptional changes resulting from this 

elevation in H3K27me3 levels. It would also be interesting to explore whether or not this 

elevation in H3K27me3 affects chromatin accessibility or chromatin compaction via ATAC-

Seq and Hi-C.  
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6.2  Conclusions 

The data presented in this thesis support the following conclusions: 

• The EZH2 gain-of-function mutation EZH2Y646F in lymphoma results in genome-wide 

redistribution of H3K27me3, H3K27me2 and SUZ12 with broad gain of H3K27me3 

and loss of H3K27me2. 

• PRC2-EZH1 is upregulated and highly expressed in quiescent cells and is targetable by 

an EED-degrading PROTAC. 

• EZH2 enzymatic inhibition and EED degradation result in similar transcriptional 

effects in B-cell lymphoma. 

• PRC2.2 component AEBP2 and not JARID2 is a specific genetic dependency in B-cell 

lymphoma. 

• AEBP2 long isoform is the predominant isoform in B-cell lymphoma. 

• AEBP2 zinc finger domains, KR-rich motif and SUZ12 binding helix are functionally 

important in lymphoma. 

• Depletion of AEBP2 or core PRC2 can overcome acquired resistance to EZH2 

enzymatic inhibition. 

• AEBP2 depletion results in genome-wide gain of H3K27me3 and loss of H3K27me2, 

with increased activity by PRC2.1. 
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