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Abstract 

The generation of protective antibody is one of the most important parts of the humoral 

immune response and is the basis for the vast majority of successful vaccination 

strategies.  Antibody is produced by rare populations of differentiated B cells, known 

as plasmablasts and plasma cells. The differentiation of B cells into antibody secreting 

cells (ASCs) is complex and highly orchestrated by vast array of mechanisms, 

including epigenetic regulation. 

 

Broadly speaking, epigenetics describes all non-genetic regulation of gene expression. 

Hence, modifications to the chromatin, but not the underlying DNA sequence, result 

in altered gene expression. In recent years, epigenetic modifying compounds (EMCs) 

have emerged as potential therapeutic agents for the treatment of haematological 

malignancies and immune disorders. However, it is now clear that EMCs also 

modulate the immune response via both direct and indirect mechanisms. Despite the 

extensive studies on EMCs, the precise functional role of many of these compounds 

remains unknown. 

 

This thesis explores the effects of two EMCs that have previously been shown to affect 

the antibody response. Specifically, the Brd4 inhibitor JQ1 and GSK126, an Ezh2 

inhibitor. Using quantitative analysis, I examined the effects of each EMC on different 

parameters that combine to control the magnitude of the antibody response. By 

combining functional analysis with transcriptomic and epigenomic studies, I 

investigated the precise molecular mechanism and gene targets of these EMCs. Thus, 

these studies provide the opportunity to identify novel regulators of antibody secreting 

response. 

 

I showed that JQ1 treatment dampens the antibody secreting response by targeting 

multiple parameters of B cell function, including cell proliferation and survival. The 

effects on B cell function were the result of global Brd4 displacement as opposed to 

previously suggested gene specific mechanisms. In addition, I identified the pro-

apoptotic molecule Bim as the molecular target of JQ1 directly responsible for inducing 

apoptosis in stimulated B cells. Conversely, inhibiting Ezh2 increases B cell 

differentiation and antibody production of B cells. I showed that Ezh2 inhibition causes 
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global downregulation of H3K27me3 without altering the genome accessibility. 

Genome-wide studies identified a number of novel regulators of Ezh2 inhibition 

induced ASC differentiation, including the Blimp-1 target Atoh8. 

 

Results from this thesis illustrate the strength of in vitro reductionist systems that 

combine functional analysis of cell biology with genomics to isolate epigenetic 

mechanisms that regulate immunity. JQ1 has a significant effect on B cells and has 

the potential to be used as a therapeutic agent to dampen the antibody secreting 

responses in autoimmunity, particularly those involving increased antibody production. 

In contrast, pharmacological inhibition of Ezh2 increases ASC differentiation and 

antibody production. Thus, it could potentially be used to boost antibody responses 

that could be applied to treat immunodeficiency or as a differentiation therapy in cancer 

models. 
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INTRODUCTION 

Humoral immunity represents an essential arm of the adaptive immune response. Its 

primary function is to target and eliminate foreign antigens. The main players of the 

humoral immunity are the B cells, which are produced in the bone marrow and have 

an array of immune functions. This includes antigen presentation, cytokine secretion 

and production of antibody that can recognise pathogen antigens. The latter of these 

is considered the classic key effector function of B cells. The humoral immune 

response is complex and is tightly regulated in response to extracellular cues and cell 

intrinsic signalling pathways, which modulates differentiation and gene recombination. 

Thus, studies investigating B cell biology have encompassed a wide range of subject 

matter including the influence of cellular and anatomical diversity on antibody 

production, the patterns of transition during activation and differentiation, the 

molecular control of these processes and the complex microenvironments in vivo that 

enable facilitate the broad spectrum of responses require for function immunity. 

Therefore, taking a systems level approach to understand how molecular regulation 

controls output at the cellular (or functional level) is critical to understand how humoral 

immunity can be modulated, to potentially normalize the dysregulated humoral 

response present in a number of immunodeficiencies and autoimmune diseases. 

 

B cell activation 

Pathogen clearance and formation of immunity requires the activation of B cells and 

subsequent differentiation into antibody secreting cells (ASCs) and memory cells. 

Traditionally, B cell antigens are divided into two types : T cell dependent (TD) and T 

cell independent (TI) 1, 2. TD antigens include soluble proteins or haptens conjugated 

to proteins, whereas TI antigens are more diverse and usually exhibit highly repetitive 

epitopes or contain Toll light receptor (TLR) ligands, such as Lipopolysaccharides 

(LPS) 3. Components of many natural pathogens, such as polysaccharides form 

bacterial cell walls and viral capsids can elicit TI responses, making them an important 

defence mechanism against different infections. Upon activation, B cells undergo 

multiple rounds of proliferation leading to a dramatic increase in B cell clones that 

share the same antigen specificity for a foreign “non-self” antigen. This is termed 

“clonal expansion” 4.  
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Following this clonal expansion, B cells undergo class switch recombination (CSR) 

before differentiating into either short-lived plasmablasts that secrete low affinity 

antibodies or enter a lymphoid follicle and form a germinal centre (GC) response5. 

CSR modulates antibody effector functions by altering the constant region domains of 

the B cell receptor (BCR). Naïve B cells have the potential to switch to any isotype, 

and cytokines secreted by T cells and other cells direct the isotype switch6. For 

instance, IL4 has been shown to regulate IgG1 and IgE synthesis whereas IFN-

gamma was shown to stimulate the secretion of IgG2a7, 8. 

 

Some activated B cells re-enter the B cell follicle and under the influence of specialised 

T follicular helper (TFH) cells, these cells proliferate vigorously to form a GC. GCs are 

sites of extensive proliferation and selection regulated by competition for survival 

signals via antigen receptors that have been modified by somatic hypermutation 

(SHM). SHM modifies antibody affinities by introducing point mutations in the DNA 

encoding the variable regions, but not the constant regions of the BCR 9. Most 

mutations are deleterious for antigen affinity while some improve the affinity of the 

BCR to bind antigen. Put simply, B cells with mutated BCRs that more bind more 

competitively to antigen are selected for and expanded. The GC ultimately produces 

high-affinity, long-lived plasma cells that are capable of sustaining a high level of 

antibody secretion. Simultaneously, the GC also produces memory B cells that are 

vital for long-term immunity as they can be reactivated upon secondary exposure to 

their cognate antigen and provide a much faster and effective secondary immune 

response. However, the precise mechanism that drives the dichotomy in this decision 

is not yet fully understood, although believed to be contributed to in part via affinity of 

the BCR for antigen10.  
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Figure 1.1 Schematic of B cell activation. 

Upon activation, naïve B cells undergo several rounds of proliferation before forming 

the germinal centre. Alternatively, cells can differentiate into short-lived plasmablasts 

that secrete low affinity binding antibodies. Upon entering the germinal centre, the 

cells will either differentiate into high affinity plasma cells or form memory cells.  

 

Antibody secreting cell differentiation 

The generation of antibody is one of the most important parts of the humoral immune 

response and is the basis for the vast majority of successful vaccination strategies.  

Antibody is produced by rare populations of differentiated B cells, known as 

plasmablasts and plasma cells. The differentiation of B cells into ASCs is associated 

with the major reorganisation of many cellular processes, which is reflected in their 

different transcriptomes. ASC formation is driven by an extremely tightly regulated 

temporal change in a number of transcription factors. Perhaps the best understood 

process that regulates ASC development involves the coordinated activity of three 

transcription factors – Irf4 (Interferon Regulatory Factor 4), Blimp-1 (B lymphocyte-

induced maturation protein) and Xbp1 (X-box-binding protein 1)11-13. The functions of 

these transcription factors are outlined below, and their change in expression is 

summarised during ASC development in Figure 1.2. 
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Figure 1.2 The cellular changes and expression pattern of important 

transcription factors regulating ASC differentiation. 

Naïve B cells express a unique set of transcription factors. Upon activation, naïve B 

cells go through a process called “clonal expansion” where they undergo several 

rounds of proliferation. Upon the initiation of ASC differentiation program, activated B 

cells decrease expression of the B cell associated transcription factors and increase 

the expression of ASC transcriptional programs. 
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Irf4 is essential for both GC responses and for the differentiation and survival of all 

ASCs. Irf4 is a multi-functional transcriptional regulator that controls many aspects of 

B cell differentiation, including Igk gene recombination, CSR, GC formation and ASC 

differentiation 11, 14-16. Importantly, Irf4 appears to function as a dose dependent 

rheostat, with relatively lower concentrations of Irf4 promoting GC fate and CSR, 

whereas high amounts appear to repress Bcl6 and activate Blimp-1, promoting ASC 

differentiation 14, 15. Studies have also shown that GC formation is severely impaired 

in B cell specific Irf4 deficient mice (Irf4fl/fl CD23-Cre) after immunization with protein 

antigens or infection with Leishmania major 16. Thus, Irf4 is not only important for the 

development of antibody secreting plasma cells but also for the formation of GC. 

Although initial studies identified Irf4 expression in centrocytes, subsequent studies 

have notably failed to detect Irf4 expression in any B cell population undergoing GC 

reaction16. Thus, it appears that Irf4 is expressed at high levels in B cells only upon 

leaving the GC. However, it is also possible that Irf4 is expressed only transiently or 

at a low level in centrocytes, thus the inability to detect its expression. Consistent with 

the importance of Irf4 in B cell development and function, deregulated expression of 

Irf4 is associated with pathogenesis of several B cell malignancies and diseases. Irf4 

was identified as a tumour suppressor in B cell acute lymphoblastic leukemia (B-ALL) 

and mature B cell derived Chronic lymphocytic leukemia (CLL)17, 18. However, Irf4 has 

also been reported to act as a survival factor in multiple myeloma (MM), a plasma cell 

malignancy 19. In addition to its role in cancer, dysregulation of Irf4 has been observed 

in B cells of immunocompromised patients with common variable immunodeficiency 

(CVID), further emphasising the importance of Irf4 in the humoral immune response 

20, 21.  

 

Blimp-1 (encoded by the Prdm1 gene) is both a positive and negative regulator of 

gene transcription 22, 23. It is traditionally thought of as the master regulator of ASC 

differentiation and in this context is thought to function predominantly a transcriptional 

repressor in both B and T cells. Within the B cell lineage, Blimp-1 is exclusively 

expressed in ASCs and essential for the process of ASC differentiation from mature B 

cell subsets 24. Blimp-1 promotes plasma cell differentiation by repressing genes 

encoding several transcription factors critical to B cells. This includes Spi-B, Bcl6 (B-

cell lymphoma 6 protein), Id3 (Inhibitor of DNA binding 3), Myc and Pax5 (Paired box 

gene 5), as well as genes important for immunoglobulin (Ig) class switching such as 



 7 

Stat6 (Signal transducer and activator of transcription 6) and AID (activation-induced 

cytidine deaminase) 22, 25-28. Global gene expression analysis identified over 250 

genes repressed by Blimp-1, including genes mediating BCR expression and 

signalling, B cell activation, homing and class switching 22. Despite playing a crucial 

role for the formation of mature plasma cells, Blimp-1 is not essential for the initiation 

of the ASC program, as pre-plasmablast populations can be generated in the absence 

of Blimp-129. However, Blimp-1 is required for the differentiation into fully functional 

ASCs.  Blimp-1 is dispensable for the survival of pre-existing ASCs but is required for 

the regulation of many components of the unfolded protein response, through the 

binding and activation of Xbp1 and Atf6 (Activating transcription factor 6), which is 

necessary to sustain high levels of antibody secretion 29. Additionally, Blimp-1 has also 

been reported to recruit chromatin remodelling and histone modifying complexes to 

regulate its target genes 25. 

 

The unfolded protein response (UPR) is induced by endoplasmic reticulum (ER) stress 

that results from the accumulation of unfolded proteins. Since the main role of ASCs 

is to produce and secrete antibodies, the elevated levels of these proteins mean that 

ASCs are particularly sensitive to ER stress. Xbp1 is induced by ER stress in many 

cell types, including ASCs and is a mediator of UPR. Early work suggested that Xbp1 

was essential for ASC development. However, recent studies showed that B cell-

specific inactivation of Xbp1 does not affect the formation of ASC, but the ASCs 

formed have impaired ability to secrete high amounts of Ig 13. Instead, Xbp1 

predominantly functions to promote Igh mRNA processing, immunoglobulin secretion 

and associated remodelling of the ER that is characteristic of ASC. This was shown in 

studies where differentiating Xbp1-deficient B cells induced Blimp-1 normally but failed 

to upregulate genes encoding many secretory pathway components 30. Conversely, 

ectopic expression of Xbp1 induced a wide spectrum of secretory pathway genes and 

physically expanded the endoplasmic reticulum. 

 

Transcription factors play an important role in defining gene expression profiles in 

response to stimuli 31. Typically, they do so by binding to DNA at the promoter and 

enhancer sites. However, once bound to DNA, transcription factors also modify at a 

different level through regulation of the chromatin landscape. Signalling pathways 

influence the chromatin landscape by activating transcription factors, which then bind 
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to regulatory regions of DNA, recruiting chromatin modifying and remodelling enzymes, 

thus altering the epigenetic landscape (covered below). 

 

Epigenetic regulation of the humoral responses 

The activation, proliferation and differentiation of B cells during an immune response 

are highly orchestrated at both the cellular and molecular levels. During an immune 

response, B cell fate is controlled by both extrinsic and intrinsic mechanisms. Extrinsic 

mechanisms include soluble factors such as cytokines and chemokines, as well as 

cell surface ligand/receptor interactions from the microenvironment. These signals are 

integrated by B cells, resulting in initiation or silencing of genes required to respond to 

the immediate inflammatory environment. These genetic changes in turn direct cellular 

behaviour of the responding B cell population. Above, I have addressed largely the 

role or transcription factors in B cell responses, however, there is a significant interplay 

between epigenetic regulation and gene regulation in immune responses. 

 

Broadly speaking, epigenetics describes all non-genetic regulation of gene expression 

in which modifications to the chromatin, but not the underlying DNA sequence, result 

in altered gene expression32. Epigenetic control of gene expression allows cells 

containing the same genetic information to differentiate into a vast array of cell types, 

by ensuring the correct subsets of genes are expressed or silenced for each stage of 

development.  

 

In the peripheral immune system, naïve B cells adapt a “silenced” epigenetic status. 

In this state, B cells adopt genome-wide DNA hypermethylation and histone 

deacetylation silencing the vast majority of genes. Thus, very few genes are expressed 

or exhibit active epigenetic status, including key B cell genes such as CD19, Pax5 and 

Spib33, 34. Activation of B cells results in genome-wide hypomethylation of DNA and 

global changes of histone states, including (but not limited to) an increase in histone 

3 and histone 4 global acetylation, H3K9 and H3K14 acetylation and H3K79 

demethylation, and loss of repressive marks H3K27me3 and H3K9me334. As 

mentioned above, SHM and CSR are important processes for the production of 

effective antibodies and require the protein AID. Upon B cell activation, the AID gene 

promoter that was hypermethylated becomes demethylated and acquires increased 
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levels of acetylated histone marks, further highlighting the role of epigenetic changes 

in the regulation of humoral immunity35. In addition, the acquisition of acetylated 

histone marks in active promoters and distal enhancers is also crucial for gene 

expression changes that occur during the differentiation of B cells to ASCs. The 

expression of Blimp-1, (discussed above as a transcriptional repressor that is crucial 

for maintaining the ASC identity) is induced epigenetically and in turn suppresses the 

expression of other genes by recruiting other histone modifiers25, 36.  

 

Epigenetic modifiers are categorised as “writers”: that introduce various chemical 

modifications on DNA and histones, “readers”: specialised domain containing proteins 

that identify and interpret specific epigenetic modifications and “erasers”: a dedicated 

group of enzymes proficient in removing chemical tags attached to histone proteins37 

(Figure 1.3). Epigenetic dysregulation or mutations in epigenetic modifiers are often 

associated with various disorders, highlighting the importance of epigenetic control 

throughout life. Recent advances in next-generation sequencing technology have 

highlighted the importance of epigenetic mechanisms in the regulation of B cell 

function in both human and murine B cell subsets38, 39. In tandem, these findings are 

supported by murine systems deficient for core components of epigenetic components 

that exhibit significant immune phenotypes. 
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Figure 1.3 Writers, readers and erasers of epigenetic modifications. 

Broadly, epigenetic modifiers are categorised as writers: that introduce various 

chemical modifications on DNA and histones, readers: that specialised domain 

containing proteins that identify and interpret those modifications and erasers: the 

dedicated group of enzymes proficient in removing these chemical tags. These 

epigenetic modifiers can be inhibited by various inhibitors. Examples of the writers, 

readers and erasers are labelled in black, and the respective inhibitors are highlighted 

in red. 40-50 
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Histone modification  

Histone modifications contribute to the precise regulation of transcription by recruiting 

non-histone proteins and controlling chromatin conformation. It has been well 

established that the nucleosome is formed by 146 base pairs corresponding to two 

turns of DNA wrapped around a histone core, displaying two repeated sets of H2A, 

H2B, H3 and H451. These histones possess small protein ‘tails’ that protrude from 

nucleosomes that are accessible and can be modified extensively to alter gene 

expression. Up to 60 different chemical modifications have been documented 

including acetylation, methylation, ubiquitination, phosphorylation, sumoylation ADP-

ribosylation, crotonylation and biotinylation52-54. However, the vast majority of studies 

have focused on two predominant epigenetic processes: acetylation and methylation. 

These covalent modifications are dynamically regulated by many enzymes that modify 

histones at specific residues in different ways. Peptide mass fingerprinting mass 

spectrometry of calf histones that detected these post-translational modifications 

revealed 13 modification sites in histone H2A, 12 modification sites in histone H2B, 21 

modification sites in histone H3 and 14 modification sites in histone H455. In most 

species histone H3 is primarily acetylated at lysines 9, 27, 36 and 79, and 

phosphorylated at serine 10, serine 28, threonine 3 and threonine 11. Histone H4 is 

primarily acetylated at lysines 5, 8, 12 and 16, methylated at arginine 3 and lysine 20, 

and phosphorylated at serine 1. Historically, histone methylation is associated with 

heterochromatin (densely packed chromatin) where genes are silenced and histone 

acetylation is associated with active gene transcription56, 57. However, genome-wide 

sequencing efforts have changed this binary view. A summary of histone acetylation 

and methylation sites is shown in Figure 1.5.  
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Figure 1.4 Acetylation and methylation modifications of histone tails 

A nucleosome is formed by 146 base pairs corresponding to two turns of DNA 

wrapped around a histone core, displaying two repeated sets of H2A, H2B, H3 and 

H4. These histones possess small protein ‘tails’ from nucleosomes that are available 

for modifications. Yellow stars indicate acetylation sites and red stars indicate 

methylation sites. Some sites can be methylated and acetylated. 
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Histone methylation 

Histone methylation is defined as the transfer for one, two or three methyl groups that 

mainly occurs on side chains of lysines and arginines by histone methyltransferases 

(HMTs). Unlike other histone modifications, which simply specify active or repressed 

chromatin states, histone lysine methylations confer active or repressive transcription 

depending on their positions and methylation states. For instance, H3K4 methylations 

are generally associated with active transcription whereas H3K27 and H4K20 

methylations are associated with repressed chromatin58. The location of the methyl 

lysine residue on histone tails and the degree of methylation also have a different 

effect on gene expression. A good example of this is the methylation of H3K4, where 

mono-methylation marks enhancer regions in the genome, whereas tri-methylation of 

the same residue is almost exclusively found at promoter regions 59. To add another 

layer of complexity, combined marks can also have different roles to the same marks 

appearing in isolation. H3K4me3 and H3K27me3 are marks associated with active 

and repressive transcription respectively, but when the marks are present in 

combination, they play a role in poising genes for transcription 60. Histone methylation 

are believed to turnover more slowly than many other post translational modifications 

and histone methylation was originally thought to be irreversible. However, the 

discovery of histone demethylases has now revealed that histone methylation is in fact 

reversible, and methylation at different lysine residues on histones have differential 

turnover rates. Combination of chromatin immunoprecipitation and single molecule-

based sequencing technology revealed correlation between histone methylation and 

transcription (Table 1.1). 

 

Histone methylation regulates many critical biological processes, including 

development, cell cycle, differentiation and DNA repair. Alterations to the methylation 

status can disrupt any of these processes and ultimately result in disease development. 

For instance, H3K4me2 is downregulated in many types of cancers including lung, 

breast, kidney and pancreatic cancer whereas H3K27me3 is deregulated in lung, 

breast and haematological malignancies61, 62. Thus, deciphering the regulation and the 

mechanism of histone modifications, as well as the gene targets of these histone 

marks can provide better understanding of the different diseases. This can also 

improve the current treatment targeting the epigenomic machinery that is being 

developed and used in the clinic. 
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Table 1.1 Correlation between histone methylation and transcription state. 

Table highlights histone marks and the correlation with chromatin state. Examples 

of enzymes regulating the histone mark is also included. Adapted from Zhao and 

Garcia (2015) Cold Spring Harb Perspect Biol 63. 

 

Histone 

methylation 
Chromatin status Enzyme 

H3K4 

me1 Active 
MLL, SET1A/B, ASH1L, ASH2L, 

Smyd1, Smyd3, SET7/9 
me2 Active 

me3 Active 

H3K9 

me1 Active 
Suv39h1, Suv39h2, G9a, GLP, ESET, 

Riz1 
me2 Inactive 

me3 Inactive 

H3K27 

me1 Active 

Ezh2 me2 Inactive 

me3 Inactive 

H3K36 

me1 Active 
NSD1, NSD2/WHSC1. Smyd2, 

HYPB/SETD2, NSD3/WHSC1I1 
me2 - 

me3 Active 

H3K79 

me1 - 

DOT1L me2 - 

me3 Inactive 

H4K20 

me1 Active 
PR-Set7, Suv4-20H1/2 NSD1, 

NSD2/WHSC1 
me2 Unknown 

me3 Inactive/- 

 

Active: correlation with actively transcribed region;  

Inactive: correlation with inactively transcribed region;  

- no significant correlation with transcription 
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Polycomb Repressive Complex 2 (PRC2) 

A large number of enzymes capable of transferring methyl groups to lysine residues 

have been described. To date, more than 50 human lysine methyltransferases (KMTs) 

have been reported based on a systematic screen for Su(var)3-9, Enhancer-of-zeste 

and Trithorax (SET) domains in the human genome64, 65. However, the enzymatic 

activity of many of these is yet to be investigated. There are two main groups of KMTs 

separated based on their catalytic domain sequence: Disruptor of telomeric silencing 

1-like (DOT1-like) proteins and the SET domain-containing proteins. Both DOT1-like 

and SET domain-containing proteins use S-adenosyl methionine as the methyl donor.  

 

Enhancer of Zeste homolog 2 (Ezh2) is one of the most studied SET domain-

containing methyltransferase. It is the catalytic component of the polycomb repressive 

complex 2 (PRC2) that plays an important role in aberrant gene silencing through 

histone methylation66. The PRC2 complex is an important epigenetic regulator that 

ensures the maintenance of cell-specific transcriptional programs. Recently, the PRC2 

complex been identified as a critical regulator of development and function in various 

cell types, including the immune cells. The importance of PRC2 in cell development is 

highlighted by the early embryonic lethality of knockout mice, as well as failure to 

establish proper in vitro differentiation of embryonic stem cells (ESCs) lacking PRC2 

subunits 67-69. In addition, PRC2 also plays specific roles in controlling cell identity and 

tissue homeostasis70-72. The processes controlled by PRC2 are frequently 

dysregulated in cancer70, 73. Thus, it is unsurprising that the genetic lesions targeting 

PRC2 components have been identified as oncogenic events in cancer. Depending 

on the cancer type and the mutational context, Ezh2 may either act as a tumour 

suppressor or oncogene. 

 

The PRC2 complex includes four core components : enhancer of Zeste homolog 2 

(Ezh2), embryonic ectoderm development (Eed), suppressor of zeste 12 (Suz12) and 

RbAp46/4866. Ezh2 transfers a methyl group from the cofactor S-adenosyl-L-

methionine (SAM) to the ε-amino group of H3K27. This activity is further enhanced by 

the binding of Eed to H3K27me3, which correlates with transcription repression. A 

number of mass spectrometry studies have recently revealed that PRC2 interacts with 

a number of different subunits. However, not all subunits are simultaneously engaged 

in PRC274. This study also revealed that PRC2 exists in at least two distinct multimeric 
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protein complexes, referred to as PRC2.1 and PRC2.2. Both subcomplexes contain 

the PRC2 core subunits, while the facultative subunits are mutually exclusive to either 

complex : PRC2.1 includes one of the polycomb-like (PCL) proteins (Phf1 (PHD finger 

protein 1), Mtf2 (Metal-response element-binding transcription factor 2), or Phf19(PHD 

finger protein 19)) with Epop (Elongin BC and Polycomb repressive complex 2-

associated protein) or Pali1(PRC2 associated LCOR isoform 1); PRC2.2 includes 

Aebp2 (Adipocyte Enhancer-Binding Protein 2) and Jarid2 (Jumonji And AT-Rich 

Interaction Domain Containing 2) 74-77. Studies revealed that these two subcomplexes 

are differentially regulated, exhibit different interactions and are recruited to DNA by 

independent mechanisms. However, the high degree of similarity between the two 

subcomplexes and their near-complete colocalization on the genome suggests 

significant cooperativity. Furthermore, an increasing number of studies suggest that 

PRC2.1 and PRC2.2 have synergistic effects77-80. Despite the studies on the two 

subcomplexes, precise regulation of these PRC2 subcomplexes and their mechanistic 

role in controlling transcriptional activity and their cellular identity remains unknown.  
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Figure 1.1 PRC2 complex and subcomplex components 

The PRC2 complex includes four core components: enhancer of Zeste homolog 2 

(Ezh2), embryonic ectoderm development (Eed), suppressor of zeste 12 (Suz12) and 

RbAp46/48. Ezh2 transfers methyl group(s) to the ε-amino group of H3K27, which 

correlates with transcription repression. PRC2 exists in at least two distinct multimeric 

protein complexes, referred to as PRC2.1 and PRC2.2. Both subcomplexes contain 

the PRC2 core subunits, while the facultative subunits are mutually exclusive to either 

complex: PRC2.1 includes one of the PCL proteins (Phf1, Mtf2, or Phf19) with Epop 

or Pali1; PRC2.2 includes Aebp2 and Jarid2. 74-77 
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Ezh2 and immune regulation 

Ezh2 has been shown to play an important role in lymphocyte development. Inducible 

deletion of the SET domain of Ezh2 in all haematopoietic cells result in arrested 

lymphocyte development at the pro-B cell stage in B cells and DN3 stage in T cells81, 

82. Conditional knockout studies in early stages of B cell differentiation showed that 

Ezh2 is important for normal immunoglobulin VDJ recombination in pre-B cells 81. In 

addition to B cell development, Ezh2 also plays a crucial role in germinal centre 

formation and B cell function83. Ezh2 is expressed at low levels in quiescent naïve B 

cells but upregulated significantly once these cells enter the GC. Ezh2 expression is 

downregulated in B cells located outside of the germinal centre, but expression is 

increased again as activated B cells differentiate into antibody-secreting cells (ASC) 

81, 84, 85. Moreover, Ezh2 can physically interact with Blimp-1 and ablation of Ezh2 

results in de-repression of Blimp-1 targets, including Spi-b and Tlr9 25. Finally, Ezh2 

deficiency in ASCs has also been shown to result in reduced levels of the UPR 

pathway, oxidative respiration, glycolysis capacity and antibody secretion 86.  

 

Dysregulation of Ezh2 expression has also been reported in various germinal-centre 

derived lymphomas and have been reported to be a viable clinical target. RNA-

sequencing studies have identified heterozygous somatic point mutations targeting 

the catalytic domain of Ezh2, most commonly affecting the Y641 residue occurring in 

approximately 22% of diffuse large B cell lymphoma and 7% of follicular lymphoma87. 

While wild-type Ezh2 is most efficient at catalysing monomethylation of non-

methylated H3K27, the Ezh2 Y641 mutants are most efficient at catalysing the 

conversion of H3K27me2 to H3K27me3. Together, the wildtype and mutant Ezh2 

cause hypertrimethylation of H3K27me3 of these cells. In contrast, while Ezh2 

overexpression is reported in multiple myeloma, recurrent Ezh2 mutations often 

observed 88. While most reports suggested that Ezh2 might act as an oncogene, some 

studies have demonstrated context specific action as a tumour suppressor by Ezh2. 

Loss of function mutations of Ezh2 were reported in T-cell acute lymphocytic leukemia 

(T-ALL) and no mutations in Ezh2 have been identified in hundreds of multiple 

myeloma patients whose tumours have been sequenced 89-91. 

 

Since dysregulation of Ezh2 directly via mutations or indirectly by aberrant recruitment 

or activation is implicated in a number of cancers, including haematological 
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malignancies, Ezh2 inhibition has been identified as promising strategy for treatment. 

This has spurred the development of novel small molecule inhibitors targeting either 

the catalytic activity of PRC2 or its assembly. Some examples of inhibitors developed 

are further highlighted below. 

 

UNC1999 

UNC1999 is the first orally bioavailable inhibitor for Ezh2 and Ezh1. UNC1999 is highly 

selective for Ezh2 and Ezh1 over a broad range of epigenetic and non-epigenetic 

targets competitive with the cofactor SAM and non-competitive with the peptide 

substrate 43. Transcriptomic studies showed that UNC1999 alters gene expression in 

a manner that overlaps with Eed-deficient cells (a common cofactor of Ezh2), 

demonstrating that the effects of UNC1999 are the result of on-target inhibition 92. 

UNC1999 has been shown to potently reduce levels of H3K27me3 and selectively kill 

Diffuse Large B-cell Lymphoma (DLBCL) cells carrying the Y641N mutation in Ezh2 

43. In addition, studies in multiple myeloma cell lines and primary patient samples 

revealed that the mechanism of action of UNC1999 treatment functions by reducing 

cell number through the induction of apoptosis. 

 

GSK126 and GSK503 

To date, a number of Ezh2 inhibitors have been identified through high-throughput 

biochemical screens. A series of Ezh2 specific small molecule inhibitors including 

GSK126 and GSK503 have been developed recently by GlaxoSmithKline and their 

anti-cancer activity has been demonstrated in various cancer models 40, 41. 

 

GSK126 is a potent inhibitor of Ezh2 that has shown to be more than 1000-fold 

selective for Ezh2 over other methyltransferases and 150-fold more selective for Ezh2 

over Ezh1, which is 96% identical to Ezh2 within the SET domain and 76% identical 

overall 93. GSK126 was reported to selectively inhibit both mutant and WT Ezh2 

potently (Kiapp of 0.5–3 nM). When tested in a panel of B cell lymphoma cell lines with 

or without Ezh2 mutations, GSK126 treatment results in a decrease of H3K27me3 

levels, activation of transcription and arrest of proliferation more efficiently in cells with 

Ezh2 mutations. Importantly, GSK126 inhibited the growth of Ezh2 mutant DLBCL 

xenografts in mice, and reduced tumour volume (91-100%) and improved survival 
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(100% percentage survival at 300mg/kg twice per week) 40. Additionally, GSK126 was 

well tolerated in treated mice suggesting side effects were minimal. GSK126 has also 

been shown to inhibit growth and induce apoptosis through the mitochondrial pathway 

in studies using human multiple myeloma cell lines94. GSK126 was evaluated in a 

phase I clinical trial in patients with both haematological malignancies and solid 

tumours95. However, the study was terminated as the drug showed insufficient 

evidence of clinical activity. 

 

GSK503 has also been shown to significantly reduce H3K27me3 levels and inhibits 

tumour growth, preventing the methyltransferase activity of wild-type and mutant Ezh2 

with similar potency (Ki= 3-27nM, >200-fold selectivity over Ezh1 and >4000-fold 

selective over other histone methyltransferases). GSK503 displayed favourable 

pharmacokinetics in mice 83. GSK503 treatment prevents the formation of germinal 

centre after sheep red blood cell or NP-KLH immunization, phenocopying Ezh2 

deficient mice. GSK503 treatment causes a reduction in both germinal centre size and 

the germinal centre B cell number 83. Similar to GSK126, GSK503 has also been 

shown to have potent anti-tumour effects and was shown to inhibit the growth of 

tumours in mice bearing human DLBCL cell line xenografts. In a melanoma mouse 

model, GSK503 treatment stabilises the disease through the inhibition of growth and 

abolishes the formation of metastases without affecting normal melanocyte biology 41. 

 

EED226 

In addition to the inhibition of the catalytic domain activity of Ezh2, novel inhibitors 

targeting other components of PRC2 have been developed. Inhibition of H3K27me3 

binding to Eed became an alternative approach to disrupt the function of PRC2 

complex and studies have indicated that targeting the H3K27me3 pocket in Eed is a 

promising approach to treat cancers that are dependent on PRC2 activity42. EED226 

is a potent and selective compound that directly binds to the H3K27me3 binding 

pocket of EED and inhibits the PRC2 activity with an IC50 of 23-54nM. EED226 

induces a conformational change upon binding EED, leading to loss of PRC2 activity. 

EED226 has been shown to have similar activity to other SAM-competitive inhibitors 

in inhibiting the H3K27 methylation of PRC2 target genes and inducing regression of 

human lymphoma xenograft tumours42. Interestingly, DLBCL cell lines that had 
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acquired mutations rendering them resistant to Ezh2 inhibitors remained sensitive to 

EED226, indicating that allosteric PRC2 inhibitors may be effective in tumours that 

have developed resistance to Ezh2 inhibition96. 

 

Bet-bromodomain 

Bromodomain extra terminal (BET) proteins are the “readers” of evolutionarily 

conserved acetyl lysine modifications in histone tails. The BET family includes Brd2, 

Brd3, Brd4 and BrdT, all of which are ubiquitously expressed, with the exception of 

BrdT, which is exclusively expressed in the testes. These proteins feature two 

conserved N-terminal bromodomains that interact with acetylated lysine residues on 

histones (and other proteins), resulting in the localisation of BET proteins, such as 

Brd4 to hyperacetylated regions in the genome 97-99. This consequently results in the 

accumulation of these factors at regulatory elements associated with transcriptionally 

active states and thus, promotes gene transcription both at the initiation and elongation 

steps 44. Brd4 exerts its effect as a positive regulator of transcription by interacting with 

positive transcription elongation factor complex (P-TEFb) comprising Cyclin-T and 

cyclin-dependent kinase 9 (Cdk9), which also exist in an inactive form when 

complexed with 7SK snRNP (small nuclear ribonucleoprotein) and the inhibitory 

protein hexamethylene bis-acetamide or HMBA-inducible protein 1 (Hexim1) 100. The 

Brd4-pTEFb complex promotes transcription elongation of RNA polymerase II (RNAP 

II) by directly phosphorylating the PolII C-terminal domain as well as the negative 

elongation factor (NELF) and DRB Sensitivity Inducing Factor (DSIF)101. Thus, Brd4 

can be characterised as general transcription regulator.  

 

The transcriptional activity of Brd4 is essential during embryogenesis and in 

determining the cell fate. In early phases of embryogenesis, Brd4 is required to 

maintain ESCs self-renewal and pluripotency by controlling or cooperating with ESC 

transcription factors such as Nanog and Oct-4102, 103. This is reported in murine studies 

where Brd4 knockout embryos die shortly after implantation due to their inability to 

maintain the inner cell mass that gives rise to ESCs104. Conditional knockout models 

then revealed that Brd4 expression is crucial for adipogenesis and myogenesis, 

highlighting the important role that Brd4 plays in determining cell fate105. 
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Significant evidence implicates a role for BET bromodomain proteins in immune cell 

processes including virus latency, post-mitotic memory and inflammation. In addition, 

the function of BET bromodomain proteins are also associated with development of 

immune cell malignancies, including B cell lineage diseases such as multiple myeloma 

106-108. In line with these findings, Brd4 has been linked to c-Myc dependent 

transcription, a process intimately linked to expansion of B cells during both protective 

and pathogenic settings109-111. Thus, there is strong interest in understanding the 

implications of targeting BET proteins in the context of therapeutic intervention, cancer 

and modulation of protective immune responses. 

 

Highly specific small molecule inhibitors targeting the protein-protein interactions of 

the BET proteins have emerged as promising therapeutic agents in inflammation and 

cancer. Multiple small-molecule inhibitors of BET bromodomains have been identified, 

including JQ1, I-BET762, I-BET151, MS417, PFI-1, CPI-0610 (Constellation 

Pharmaceuticals), TEN-010 (Tensha Therapeutics), RVX-208 and RX-37 44-46, 112-114. 

However due to the high degree of homology between the bromodomains present in 

the four BET proteins, most of the molecules described to date are active against all 

BET bromodomains. 
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Figure 1.6 Schematic of Brd4. 

Brd4 is a “reader” of evolutionarily conserved acetyl lysine modifications in histone 

tails. Brd4 exerts its effect as a positive regulator of transcription by interacting with 

positive transcription elongation factor complex (P-TEFb) comprising Cyclin-T and 

cyclin-dependent kinase 9 (Cdk9). The Brd4-pTEFb complex promotes transcription 

elongation of RNA polymerase II (RNAP II) by directly phosphorylating the RNAP II C-

terminal domain, thus initiating gene transcription. 
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Bet-bromodomain inhibitor – JQ1 

JQ1 is a potent inhibitor of BET family of bromodomain proteins44. JQ1 binds 

competitively to the histone acetyl-lysine-bromodomain complex and displaces the 

complex from the chromatin. This prevents the recruitment of key core-transcriptional 

regulators and consequently blocks transcription. JQ1 was reported to induce 

squamous differentiation and growth arrest in patient-derived Brd4-NUT-positive NMC 

cell lines and to decrease tumour size and improve survival in mouse 

xenotransplantation models 44.  In addition, JQ1 has been shown to induce cytotoxicity 

in a variety of malignancies, including glioblastoma, lymphoma, acute lymphoblastic 

leukaemia and multiple myeloma, by inhibiting tumour growth and survival, causing 

cell cycle arrest and inhibiting differentiation115-118. 

 

JQ1 has been reported to affect various immune cell types. JQ1 was shown to inhibit 

LPS-induced activation of human monocyte-derived dendritic cells, reducing their 

expression of pro-inflammatory cytokines and co-stimulatory molecules, as well as 

their ability to activate T cells 119. JQ1 has also been reported to inhibit multiple aspects 

of B cell function, such as reducing isotype switching and proliferation in vitro 120, 121. 

In accordance with the ability of JQ1 to reduce inflammatory responses of multiple cell 

types in vitro, JQ1 treatment has been demonstrated to mediate potent anti-

inflammatory effects in vivo. Consistent with these findings, JQ1 has been reported to 

have a protective effect in a variety of animal models of autoimmunity or inflammatory 

disease, including sepsis, multiple sclerosis, atherosclerosis, periodontitis, psoriasis 

and arthritis 122-127.  

 

While JQ1 has been extensively studied in many immune cell contexts, the main 

targets and underlying molecular mechanisms are still unclear. For example, 

numerous studies have suggested that JQ1 acts by modulating Myc itself or Myc-

dependent pathways 128. However, contrasting reports illustrate the efficacy of JQ1 is 

often unrelated to the down-regulation of Myc, and this action alone is insufficient to 

drive the cell cycle arrest and inhibit the survival of the cells 129. BET bromodomain 

inhibitors have also been explored as immune-modulatory compounds, either to 

suppress pro-inflammatory signals in autoimmune diseases or to promote immune 

responses in the context of cancer 129-131. However, similar to other epigenetic 

modifying compounds (EMCs), the functional outcomes of targeting BET proteins in 
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the context of therapeutic intervention, cancer and healthy immunity remains poorly 

understood. 

  

As highlighted above, epigenetic modulation plays an important role in regulating the 

humoral antibody response. Epigenetic modifying compounds have also emerged as 

promising therapeutic agents for the treatment of various malignancies, in particular 

haematological malignancies and immune disorders. Thus, complete understanding 

of epigenetic contributors to immune responses and immune disorders will result in 

approaches to predict individual disease outcomes and the introduction of effective, 

target directed and tolerable therapies. Over the last decade, the role of epigenetic 

modifications on immune responses has been intensively investigated, especially in 

various forms of malignancies. However, the complexity of the interaction between 

epigenetic events and the downstream alteration of the immune system is yet to be 

understood completely. 

 

Quantitative approach to understanding epigenetic modulators – Cohort 

analysis  

Lymphocyte responses are regulated by both the quantity and quality of signals 

received. These signals combine to modulate the magnitude and type of the immune 

response produced through the regulation of cell proliferation, survival and 

differentiation. Traditional in vitro methods to examine lymphocyte proliferation take a 

snapshot of the number of dividing cells using tritiated-thymidine (3H-thymidine) or 

Bromodeoxyuridine / 5-bromo-2'-deoxyuridine (BrdU) incorporation 132, 133. The 

relative amount of radioactivity due to 3H-thymidine incorporation or the percentage of 

cells that had incorporated the thymidine analogue BrdU upon DNA replication could 

be used to estimate the relative number of new cells generated. However, these 

methods are unable to distinguish the number of times a cell population has divided. 

Thus, the introduction of the division tracking dye 5(6)-carboxyfluorescein diacetate 

succinimidyl ester (CFSE) marked a major breakthrough, allowing cell division number 

to be tracked by examining the dilution of the dye with each generation of cell division 

134-136. 
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The “Cyton Model” is a theoretical quantitative framework built from division tracking 

data sets 137-139. The approach separates lymphocyte behaviour into individual 

measurable components. In this model, a small number of parameters are able to 

describe the overall immune response in vitro and in vivo following stimulation. These 

parameters have been tested rigorously in vitro at the population level using flow 

cytometry and single cell time-lapse microscopy studies. Through this analysis, the 

lymphocyte response has been reduced to the following parameters : the mean time 

for immune cell populations to initiate activation (mean time to first division), the 

division rate of activated cells and the maximum number of cell divisions the population 

of cells undergo prior to quiescence (division destiny).  

 

This model provides a framework to perform non-biased quantitative analysis of 

division tracking data of viable lymphocytes in vitro, termed “cohort analysis” 140. This 

approach removes the effect of cell expansion of cells per division to allow the fate of 

original founding cells that are recruited into the antibody response to be measured. 

Using this approach, the cohort number over time enables changes in the cell survival 

to be measured. In addition, measuring progression through division by calculating the 

mean division number of responding cells over time, accurate measurements of 

proliferation kinetics can be determined. Rigorous experimental design has 

demonstrated that each parameter can be regulated independently by signal type, 

strength and genetics. Therefore, using in vitro population studies, the impact on each 

of these parameters can be studied independently.  
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Thesis hypothesis and aims 

 

Epigenetic mechanisms have emerged as promising therapeutic agents to treat 

various haematological malignancies and it is now clear that epigenetic modifying 

compounds (EMCs) also modulate the immune response in both direct and indirect 

mechanisms. I hypothesise that the dependency of B cells on epigenetic machinery 

provides a novel strategy to modulate the humoral response. I postulate that by 

understanding the mechanism of actions and gene targets of EMCs, I can target 

specific components of the humoral response to treat diseases involving the immune 

system and potentially, this will give us the opportunity to expand the uses of EMCs. 

Furthermore, the results from this study may have an impact on the use of EMCs in 

the clinic for treatment of haematological malignancies. Thus, I propose that by 

combining quantitative techniques to measure the functional effect of EMCs at the 

cellular level, and transcriptomic techniques to measure the molecular functions, we 

can better understand the interplay between epigenetic regulation and B cell function. 

 

The major aim of my thesis is to quantitatively investigate the effect of EMCs on 

humoral responses and identifying the mechanism of actions and gene targets of 

EMCs. Specifically, this aim was divided into two main objectives: 

1. To quantify the effects of an EMC that inhibits immune responses on B cell 

response and to investigate the mechanism of function through transcriptomic 

and epigenomic studies. 

2. To quantify the effects of an EMC that boosts immune responses on B cell 

response and to investigate the mechanism of function through transcriptomic 

and epigenomic studies. 
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MATERIALS 

 

Buffer recipes 

Media Recipe 

B cell medium 

RPMI medium 1640 supplemented with 5% heat inactivated 

FCS, 0.01M HEPES, 1mM sodium pyruvate, 0.1mM non-

essential amino acids, 2mM glutamax, 110µM β-

mercaptoethanol, 100µg/mL streptomycin and 100U/mL 

penicillin 

293T culture 

medium for 

transfection 

DMEM medium supplemented with 10% heat inactivated 

FCS, 100ug/mL streptomycin and 100U/mL penicillin 

MACS buffer PBS containing 2mM EDTA and 0.5% BSA 

FACS staining 

buffer 
PBS containing 2% FCS 

Intracellular staining 

fixation buffer 

PBS containing 0.5% paraformaldehyde, 0.2% Tween-20 

and 0.1% bovine serum albumin 

ELISA block 

solution 

PBS containing 1% FCS, 0.002% Tween-20 and 0.6% skim 

milk powder 

ELISA substrate 
Water containing 0.54mg/mL, 0.1M Citric Acid and 0.03% 

Hydrogen Peroxide (H202). 

ChIP nuclear 

extraction buffer 

Water containing 20mM Tris, pH 8.0, 10mM NaCl, 2mM 

EDTA, pH 8.10, 0.5% Igepal CA-630 and 1x Complete 

Protease Inhibitor 

ChIP sonication 

buffer 

Water containing 20mM Tris pH 7.5, 150mM NaCl, 2mM 

EDTA, 1% Igepal CA-630, 0.3% sodium dodecyl sulfate and 

1x Complete Protease Inhibitor 

ChIP dilution buffer 

Water containing 20mM Tris-HCl, pH 8.0, 150mM NaCl, 

2mM EDTA, 1% Triton X-100 and 1x Complete Protease 

Inhibitor 

ChIP wash buffer I 
Water containing 20mM Tris, pH 8.0, 150mM NaCl, 2mM 

EDTA, 1% Triton X-100 and 0.15% SDS 
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ChIP wash buffer II 
Water containing 20mM Tris, pH 8.0, 500mM NaCl, 2mM 

EDTA, 1% Triton X-100 and 0.1% SDS 

ChIP wash buffer III 
Water containing 20mM Tris, pH 8.0, 250mM LiCl, 2mM 

EDTA, 0.5% Igepal CA-630 and 0.5% sodium deoxycholate 

TE buffer Water containing 10mM Tris, pH 7.5 and 1mM EDTA 

ChIP elution buffer Water containing 0.1M NaHCO3 and 1% SDS 

Western blot block 

solution 
PBS containing 0.1% Tween-20 and 5% Milk 

Western blot wash 

buffer 
PBS containing 0.1% Tween-20 

 

Tissue culture buffer components 

Media Recipe Catalogue# 

Advanced RPMI 1640  GIBCO/Invitrogen (Carlsbad, CA, USA) 12633012 

Foetal calf serum (FCS) 

(Lot# 13K178) 

Sigma Aldrich 12003C 

HEPES GIBCO/Invitrogen (Carlsbad, CA, USA) 15630080 

Sodium pyruvate GIBCO/Invitrogen (Carlsbad, CA, USA) 11360070 

Non-essential amino acid GIBCO/Invitrogen (Carlsbad, CA, USA) 11140050 

Glutamax GIBCO/Invitrogen (Carlsbad, CA, USA) 35050061 

Streptomycin and 

penicillin 

GIBCO/Invitrogen (Carlsbad, CA, USA) 15140148 

β-mercaptoethanol Sigma Aldrich 516732 

 

Tissue culture stimuli and cell purification reagents 

Reagent Supplier Catalogue# 

Recombinant murine IL4 Purified from baculovirus-

transfected Sf21 insect cell 

supernatant, WEHI 

- 

Purified anti-CD40 

monoclonal antibody, clone 

1C10 

WEHI monoclonal antibody facility 

- 
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Lipopolysaccharide (LPS) 

derived from Salmonella 

typhosa 

Sigma Aldrich L7895 

CpG ODN 1668 Geneworks or IDT - 

B cell purification kit Miltenyi Biotec 130-090-862 

Percoll GE Healthcare 17089101 

 

Antibodies for flow cytometry 

Antibody Clone Supplier Catalogue# 

APC Rat anti-mouse B220 

(CD45R) 

RA3 6B2 BD Bioscience 553092 

PE Cy7 Rat anti-mouse 

CD19 

ID3 BD Bioscience 552854 

PE Rat anti-mouse IgD 1126C.2a BD Bioscience 558597 

Biotin Rat anti-mouse IgD 1126C WEHI Monoclonal 

Antibody facility, 

conjugated in house 

- 

FITC Rat anti-mouse IgM 11/41 BD Biosciences 553437 

Biotin Rat anti-mouse IgM 331.12 WEHI Monoclonal 

Antibody facility, 

conjugated in house 

- 

APC Rat anti-mouse IgG1 X56 BD Biosciences 550874 

BV421 Rat anti-mouse IgG1 A85-1 BD Bioscience 562580 

PE Rat anti-mouse CD138 281-2 BD Pharmingen 553714 

BV650 Rat anti-mouse 

CD138 

281-2 BD Pharmingen 564068 

Alexa 680 Rat anti-mouse 

CD38 

NIMR-5 WEHI Monoclonal 

Antibody facility 
- 

Biotin Rat anti-mouse Gr-1 RB6-8C5 WEHI Monoclonal 

Antibody facility, 

conjugated in house 

- 

APC conjugated NP - Made in house - 

PE conjugated Streptavidin - eBioscience 12-4317 



 32 

Rabbit anti-c-Myc D84C12 Cell Signaling 

Technology 

5605 

Rabbit IgG isotype  D1AE Cell Signaling 

Technology 

3900 

Goat anti-Rabbit IgG (H+L), 

Secondary Antibody Alexa 

Fluor 647 

Polyclonal Thermofisher Scientific A27040 

5-ethynyl eridine (EU) (Click-

IT RNA Alexa Fluor 594 

Imaging Kit) 

- 

Thermofisher Scientific C10330 

 

Reagents for ELISA 

Reagent Supplier Catalogue# 

96-well ELISA plates Sigma-Aldrich CLS3795 

ABTS (2’2-Azinobis (3-ethylbenzthiazoline 

Sulfonic Acid) Diammonium salt 

Sigma-Aldrich A-1888 

Hydrogen Peroxide UNIVAR 2014 

 

Antibodies for ELISA 

Antibody Clone Supplier Catalogue# 

Goat anti-mouse IgM Polyclonal Southern 

Biotech 

1020-01 

Goat anti-mouse IgG1 Polyclonal Southern 

Biotech 

1070-01 

NP3-BSA - Made in house - 

NP16-BSA - Made in house - 

Conjugated goat-anti-mouse 

IgM HRP 

Polyclonal Southern 

Biotech 

1020-05 

Conjugated goat-anti-mouse 

IgG1 HRP 

Polyclonal Southern 

Biotech 

1070-05 

IgM kappa standard TEPC183 Sigma Aldrich M3795 

IgG1 kappa standard MOPC31c Sigma Aldrich M9035 
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NP standard GSX2.1 

hybridoma 

Made in house 
- 

 

Reagents for RNA isolation 

Reagent Supplier Catalogue# 

RNeasy Mini Kit Qiagen 74106 

RNase-Free DNase Set Qiagen 79256 

 

Reagents for ATAC-sequencing 

Reagent Supplier Catalogue# 

Illumina Nextera DNA prep kit Illumina FC-121-1030 

MinElute PCR Purification Qiagen 28004 

KAPA Hifi hot start polymerase KAPA biosystems  

 

Reagents for ChIP-sequencing 

Reagent Supplier Catalogue# 

Complete Protease Inhibitor (EDTA-free) Roche 11836170001 

Igepal CA-630 Sigma Aldrich I8896 

Triton X-100 Sigma Aldrich T8787 

Formaldehyde solution Sigma Aldrich 252549 

Dynabeads Protein G Invitrogen 10004D 

Dynabeads Protein A Invitrogen 10002D 

ChIP DNA Clean and Concentrator Kit Zymo Research D5201 

 

Antibodies for ChIP-sequencing 

Antibody Clone Supplier Catalogue# 

Rabbit Anti-Brd4 Polyclonal Bethyl A301-985A100 

Rabbit Anti-Histone H3 (acetyl 

K27) antibody – ChIP Grade 

Polyclonal Abcam Ab4729 

Mouse Anti-Histone H3 (trimethyl 

K27) antibody – ChIP Grade 
- 

Abcam Ab6002 
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Reagents for Western Blot 

Reagent Supplier Catalogue# 

RIPA buffer Thermofisher 

Scientific 

89900 

Complete Protease Inhibitor (EDTA-free) Roche 11836170001 

NuPAGE 4-12% Bis-Tris Protein Gels Invitrogen NP0335BOX 

Trans-Blot Turbo RTA Transfer Kit, 

Nitrocellulose 

Bio-rad 1704270 

 

Antibodies for Western blot 

Antibody Clone Supplier Catalogue# 

Rabbit Anti-trimethyl-

Histone H3 (K27) 

Polyclonal Merck Millipore 07-499 

Anti-Ezh2    

β-Actin Antibody (C4) Mouse IgG1 Santa Cruz 

Biotechnology 

sc-

47778HRP 

 

Reagents for CRISPR screen 

Reagent Supplier Catalogue# 

AluminaSeal Sigma Aldrich Z740251-

100EA 

QIAprep Spin Miniprep Kit Qiagen 27106 

FuGENE 6 Transfection Reagent Promega E2692 

RetroNectin Made in house - 
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Drug treatment for in vitro studies 

Compound Supplier Catalogue# 

JQ1 Gift from Prof Ricky Johnstone 

(Peter MacCallum Centre) 
- 

PRMT5 inhibitor (CTX-

0391034) 

Cancer Therapeutics 
- 

GSK126 Selleckchem S7061 

GSK503 Selleckchem S7804 

UNC1999 Selleckchem S7165 

EED226 Selleckchem S8496 

Captisol (SBE-β-CD) CyDex Pharmaceuticals Inc RC-0C7-100 
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METHODS 

 

Mice 

Mice of 8-12 weeks of age were used for experiments for both in vitro and in vivo 

experiments. Mice deficient of Bim, Noxa and Puma were kindly provided by Phillipe 

Bouillet ( The Walter and Eliza Hall Institute of Medical Research (WEHI), Parkville, 

Victoria, Australia). Constitutive cas9 mice were provided by Marco Herold (WEHI, 

Parkville, Victoria, Australia)141. Conditional CD23cre and Ezh2fl/fl mice were kindly 

provided by Steve Nutt and Rhys Allan respectively (WEHI, Parkville, Victoria, 

Australia)81, 142. Blimp-1 GFP reporters used were previously described by Kallies et 

al 24. All mice were bred at the Walter and Eliza Hall Institute (WEHI) animal facility 

(Kew, Victoria). Mice were maintained in specific pathogen-free conditions at the 

WEHI animal facilities (Parkville, Victoria) and experiments were performed in 

accordance with WEHI animal ethics committee regulations. 

 

B cell isolation and culture 

Purified naïve B cells were isolated from mice using B cell isolation kit (Miltenyi Biotec) 

and labelled with division tracking dye, Cell Trace Violet (CTV). Purity of B cell 

population was verified as >95% B220+ CD19+ by flow cytometry. Labelled B cells 

were stimulated with αCD40 antibody (10µg/mL; WEHI) and IL-4 (500U/mL; WEHI), 

lipopolysaccharide (LPS) derived from Salmonella typhosa (15µg/mL; Sigma), or CpG 

(3µM; IDT). For in vitro differentiation studies, B cells were stained using antibodies to 

the following surface molecules : IgM (clone 11/41, BD Biosciences), IgG1 (clone X56, 

BD Biosciences) and CD138 (clone 281-2, BD Pharmingen). Triplicate plates were set 

up on the first day and left undisturbed – one plate was analysed at each timepoint. 

All lymphocytes were incubated at 37°C with 5% CO2 and humidity control. 

 

Quantitative analysis 

Absolute cell number was determined with the addition of 1x104 calibration beads 

directly to cells prior to analysis. 0.2µM Propidium iodide (PI) was also added with the 

beads to identify dead cells by exclusion. Ratio of live cells to beads was measured 

by flow cytometry to determine the absolute live cell number in cell culture. Cohort 

number calculation was performed as described by Hawkins and Hommel et al 140.  
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Western Blot 

Cells were lysed using RIPA Buffer (ThermoFisher Scientific) with EDTA-free protease 

inhibitor (Roche). 6x SDS was added to samples boiled at 90-95°C for 5 minutes prior 

to loading onto 1mm 12% gel. Protein was transferred to nitrocellulose membrane 

using BioRad Trans-Blot TurboTM Transfer System and incubated in block solution 

for 1 hour. The membrane was incubated with primary antibody overnight at 4°C, 

washed four times in wash buffer prior to addition of secondary HRP antibody in block. 

Secondary antibody was incubated for 1 hour before washing with wash buffer three 

times for 5 minutes each. 1mL of development reagent was added to surface of 

membrane and incubated for 1 minute. Membrane was digitally developed using 

Biorad ChemiDocTM MP system. 

 

Intracellular staining of Myc 

Myc protein staining were performed as previously described110. Briefly, cells were 

harvested at indicated timepoints and were resuspended in fixation buffer at room 

temperature for at least 16 hours, or until the end of the course of the experiment. 

Staining of all fixed samples within one experiment was performed at the same time. 

90% of samples in each well were incubated with anti-c-Myc (Cell Signaling) and 

remaining were stained with isotype control (Cell Signaling) in a separate well for 45 

minutes in room temperature. Cells were then washed and incubated for 45 minutes 

with anti-rabbit IgG conjugated to Alexa Fluor 647 in room temperature. Cells were 

washed post incubation and analysed by flow cytometry. 

 

Intracellular staining of nascent RNA for analysis by flow cytometry 

5-ethynyl uridine (EU) (Click-iT RNA Alexa Fluor 594 Imaging Kit, Thermofisher 

Scientific) was added (500µM final) to cultured cells at specified timepoint and 

incubated under normal cell culture conditions for 1 hour. Cells were harvested and 

were immediately resuspended in fixation buffer at room temperature for at least 16 

hours until staining was performed. Fixative was removed and cells were washed with 

PBS twice prior to staining with 100µL cocktail mix from the kit (85.6µL Reaction buffer, 

4µL CuSO4, 0.125µL AF549 and 10.3µL 1X Buffer Additive) per sample. Cells were 

stained for 30 minutes at room temperature away from light. Stained cells were 
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washed with rinse buffer provided by the kit, followed by PBS and lastly washed twice 

with fixation buffer. 

 

Enzyme-linked ImmunoSorbent Assay (ELISA) 

Supernatant was removed from lymphocyte cultures and stored at -20°C until ELISA 

analysis. 96-well ELISA plates (Sigma-Aldrich) were coated with corresponding plate 

coat antibody (Southern Biotech), diluted in PBS and incubated overnight at room 

temperature in humid conditions. Plates were then washed in PBS + Tween-20, PBS 

and distilled water. Supernatant samples and standards (Sigma) were titrated, diluted 

in block solution. Plates were incubated at room temperature in humid conditions 

overnight. Plates washed as before. Appropriate detection antibodies (Southern 

Biotech) were diluted in block solution and added into each well. Plates were incubated 

for 4 hours at room temperature in humid conditions. Plates were washed as before 

and substrate solution were added into each well. Plates were left to develop for 30-

45 minutes at room temperature in humid conditions, protected from light. Colour 

development was analysed on VersaMax ELISA microplate reader (Molecular 

Devices), using wavelengths 415 minus 492. 

 

NP-immunisation and analysis 

8-10 weeks old female C57BL/6 mice received a single intraperitoneal injection of 

100µg nitrophenyl coupled to keyhole limpet haemocyanin (NP-KLH) at a ratio of 21:1 

and precipitated onto alum, prepared as described. Mice were treated with epigenetic 

modifying compounds 5 days post immunisation for seven days. Serum and spleen 

were harvested on day 14 for analysis. To determine immune response to NP 

immunization, single cell suspensions were stained as described using antibodies to 

the following surface molecules : CD38 (clone:NIMR-5), CD19 (clone:1D3), IgM 

(clone:331.12), IgD (clone:11-26C), Gr-1 (clone:RB6-8C5), CD138 (clone:281.2) and 

IgG1 (clone:X56;BD Pharmingen). NP binding was detected as described 143.  

 

In vivo therapy 

8-10 weeks old female C57BL/6 mice that were subjected to NP-immunisation were 

treated with specified concentrations of GSK126, made up with 20% Captisol five days 

post NP-immunisation. GSK126 was given daily for seven days via intraperitoneal 
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injection. Organs were harvested 14 days post-immunisation. Analysis was performed 

as above. 

 

Preparation of splenic sections  

Splenic samples were performed as previously described 144. Briefly, spleens are 

harvested and embedded in Tissue-Tek OCT compound (Miles), by flash-freezing in 

2-methylbutane (Sigma-Aldrich) cooled with dry ice. The frozen tissues were stored at 

-80C until sectioning. Seven-micrometre sections were cut on a cryostat (Microm 

HM550) and mounted onto gelatin-coated slides. Sections were allowed to air-dry for 

10 minutes, fixed in ice-cold acetone for 10 minutes, air-dried and stored at -20°C until 

staining.  

 

Immunohistochemical staining of splenic sections and analysis 

Spleen sections were rehydrated with PBS and endogenous peroxidase activity was 

locked by 10 minutes incubation with 0.3% H202 before staining. The sections were 

then washed and blocked with 3% FCS + PBS for 30 minutes. Sections were stained 

with antibodies GL7, IgD, CD3 and B220. Zen Black 2012 software was used for data 

processing and images were quantified with ImageJ (NIH). 

 

RNA-Sequencing and analysis 

Total RNA was extracted using RNeasy Mini Kit (Qiagen, Hilden, Germany). The 

extracted RNA was analysed on the Agilent 4200 Tapestation prior to library 

preparation. High quality RNA with RINe values greater than 9 was used for 

downstream application. 3’mRNA-sequencing libraries were prepared from 100ng of 

total RNA using the QuantSeq 3’ mRNA-Seq Library Prep Kit (Lexogen) according to 

the manufacturer’s instructions and sequenced on the NextSeq 500 (Illumina). The 

single-end 75bp were demultiplexed using CASAVAv1.8.2 and Cutadapt (v1.9) was 

used for read trimming 145. The trimmed reads were subsequently mapped to the 

mouse genome (mm10) using HISAT2 146. FeatureCounts from the Rsubread package 

(version 1.34.7) was used for read counting after which genes without counts per 

million reads (CPM) in at least 3 samples were excluded from downstream analysis147, 

148. Count data were normalised using the trimmed mean of M values (TMM) method 

and differential gene expression analysis was performed using the limma-voom 
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pipeline (limma version 3.40.6)147, 149, 150. Comparisons between different doses (4µM 

vs 0µM, 8µM vs 0µM and 8µM vs 4µM) for different time points (6, 71 and 95 hour) 

and comparisons between different timepoints (6 hour vs 0 hour, 71 hour vs 0 hour 

and 95 hour vs 0 hour) for 0µM were made. Adjustment for multiple testing was 

performed per comparison using the false discovery rate (FDR) method151. GSEA-

2.2.2 was used for Gene set enrichment analysis (GSEA) 152, 153. The goana method 

in limma was used to test for over-representation of gene ontology (GO) terms154. The 

R/Bioconductor package TCseq (version 1.8.0) was used to perform time course 

clustering analysis, and ggplot2 (version 3.2.1) was used to plot the cluster-specific 

trends155, 156. 

 

ChIP-Sequencing and analysis 

B cells were cross-linked with 2% formaldehyde for 10 minutes at room temperature 

and quenched with addition of 1.25M glycine. Cells were washed twice (5% BSA, 800g, 

5min, 4°C) and lysed in nuclear extraction buffer three times. Nuclei resuspended in 

sonication buffer and sonicated with a Covaris S220 sonicator (peak power, 105; duty 

factor, 20; cycle/burst, 200; duration, 750s). Samples were cleared by centrifugation 

at 12,000g for 20 min, and one volume of dilution buffer was added to cleared 

chromatin. Samples were precleared with 20µl Dynabeads Protein G (Life 

Technologies) blocked with 0.1% BSA for 2 hours. 1% chromatin was taken as input. 

Immunoprecipitation was performed overnight at 4°C with rotation with 2µg antibody 

(anti-H3K27me3 antibody, Millipore; anti-H3K27ac antibody, Abcam; anti-BRD4 

antibody, Bethyl). Immunoprecipitated samples were captured by incubation with 20µl 

Dynabeads Protein G (Life Technologies) blocked with 0.1% BSA for 2 hours. Beads 

were then washed twice each with wash buffer 1, wash buffer 2, wash buffer 3 and TE 

buffer. DNA was eluted with 100µL elution buffer for 30 minutes twice and reverse 

crosslinked. DNA product was purified using Zymo ChIP DNA Clean and Concentrator 

Kit. ChIP-enriched DNA was processed and sequenced using TruSeq Sample Prep 

Kit (Illumina) according to manufacturer’s instructions on HiSeq2500 (Illumina). 20 

million single-end 50bp reads were generated per sample. CASAVA (v1.8.2) was used 

for demultiplexing. The Fastq files generated were aligned to the mouse reference 

genome (mm10) using bowtie (v2.2.3) 157. Samtools (v1.3) was used for manipulation 

of SAM and BAM files and MACS (V2.0.10) was used for peak calling 158, 159. HOMER 
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(v4.8.3) was used for quantification and annotation of the ChIP-Seq datasets and data 

were visualised using R and deeptools (v2.5.3) 160. FeatureCounts from the Rsubread 

package (version 1.34.7) was used to quantify gene body and promoter counts147, 148.  

Genes without a log2CPM value of -2 in at least 2 samples were excluded. Count data 

was normalized using trimmed mean of M-values (TMM) method and differential 

binding analysis was performed using limma-voom pipeline149, 150. Comparisons 

between different doses (4µM vs 0µM, 8µM vs 0µM and 8µM vs 4µM) for different time 

points (48 hour and 72 hour) and comparisons between different timepoints (48 hour 

vs 0 hour and 72 hour vs 0 hour) for 0µM were made. Adjustment for multiple testing 

was performed per comparison using the FDR method151. The goana method was 

used to test for over-representation of gene ontology (GO) terms154. The 

R/Bioconductor package TCseq  (version 1.8.0) was used to perform time course 

clustering analysis, and ggplot2  (version 3.2.1) was used to plot the cluster-specific 

trends155, 156. 

 

ATAC-Sequencing and analysis 

ATAC-Sequencing was performed as previously described161. Briefly, 5x104 cells were 

lysed and nuclei washed, followed by chromatin tagmentation using TD1 enzyme and 

TDE buffer supplied in Illumina Nextera DNA prep kit. Chromatin was tagmented at 

37°C for 30 minutes, then purified using Minielute kit (Qiagen). DNA library was 

prepared for sequencing by ligating adapters and amplifying using KAPA hot start 

polymerase (KAPA biosystems) according to manufacturer’s instructions and purified 

using Minielute kit (Qiagen). QC was performed using D1000 high-sensitivity screen 

tape with 4200 Tapestation Instrument (Agilent Technologies) before size selection for 

fragments between 150bp and 700bp. Libraries were pooled and sequenced with 

75bp single-end sequencing to a depth of 15-20x106 reads per sample on a NextSeq 

(Illumina). The Fastq files generated by sequencing were aligned to the mouse 

reference genome (mm10) using bowtie2 (v2.2.3) 157. Samtools (v1.3) was used for 

manipulation of SAM and BAM files 158. Data were visualised using deeptools (v2.5.3) 

160. FeatureCounts from the Rsubread package (version 1.34.7) was used to quantify 

gene body and promoter counts.  Regions with low counts were filtered out using 

filterByExpr function in edgeR (version 3.26.8)162. Count data was normalized using 

trimmed mean of M-values (TMM) method and differential binding analysis was 
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performed using the limma-voom pipeline150. Comparisons between different doses 

(4µM vs 0µM, 8µM vs 0µM and 8µM vs 4µM) for different time points (48 hour and 72 

hour) and comparisons between different timepoints (48 hour vs 0 hour and 72 hour 

vs 0 hour) for 0µM were made. Adjustment for multiple testing was performed per 

comparison using the FDR method151. 

 

CRISPR gRNA library 

gRNAs were obtained from the Sanger Arrayed Whole Genome Lentiviral CRISPR 

Library (Sigma-Aldrich). This library consists of gRNAs within the third generation 

lentiviral plasmid vector U6-gRNA:PGK-PuroR-2A-tagBFP. 

 

Production of lentiviral vectors 

Lentiviral production was performed using Fugene6 (Promega). 293T cells were 

plated at 2x104 cells per well of a 96 well plate and incubated overnight before the 

addition of the transfection mixture. The transfection mixture consisted of 0.6µg pMDL, 

0.4µg pRSV-Rev and 0.6µg gRNA plasmid, in the combination with either 0.4µg Eco 

or 0.4µg pCMV-VSV-G. Fugene6 was added to the transfection mixture at a ratio of 

6:1 to the total DNA content and incubated for 15 minutes at room temperature before 

addition to 293T media. Following the addition of the transfection mixture, 293Ts were 

incubated for a further 48 hours, at which point the lentivirus containing supernatant 

was frozen and stored at -80°C until use. 

 

Lentiviral transduction of primary mouse B cells 

Non-tissue culture treated 96 well plates were coated for 12 hours with retronectin at 

32µg/mL and blocked with 2% BSA + PBS prior to the addition of cells and lentivirus 

supernatant. Plates were centrifuged at 1200rpm at 28°C for 90 minutes. Following 

lentiviral transduction, viral supernatant was removed and cells were cultured in 

lipopolysaccharide (LPS) derived from Salmonella typhosa (15µg/mL; Sigma) and IL-

4 (500U/mL; WEHI) for 48 hours prior to GSK126 treatment. Expression of CD138 

was measured via flow cytometry two days post GSK126 treatment. 
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INTRODUCTION 

Epigenetic modifying compounds have recently emerged as promising therapeutic 

agents for haematological malignancies and immune disorders. To date, successful 

efforts have been limited to chromatin modifying proteins with the roles as “writers” 

and “erasers”. Inhibitors for histone binding proteins, “readers” are less well 

characterised.  

 

BET-bromodomain proteins are one of the most studied epigenetic “readers”. 

Members of the BET-bromoprotein family, Brd2, Brd3 and Brd4 are associated with 

acetylated chromatin and facilitate transcription activation by increasing the effective 

molarity of recruited transcriptional activators163. In the recent years, a lot of studies 

have been focused on the inhibitor of BET-bromodomain proteins, JQ1, which has 

been reported to have a high potency and specificity toward Brd444. JQ1 has been 

shown to induce cytotoxicity in a variety of haematological malignancies by inhibiting 

tumour growth and survival, causing cell cycle arrest and inhibiting differentiation. 

While the mechanism of JQ1 in the context of many immune cell contexts has been 

studied extensively, the main targets and underlying mechanisms are still unclear. In 

addition, the functional outcomes of targeting BET proteins in the context of 

therapeutic intervention and healthy immunity remains poorly understood. 

 

To investigate the molecular consequences of JQ1 treatment on healthy B cells and 

the underlying epigenetic processes related to regulation of antibody response, I 

utilised both mathematical methods and genomic studies. I first dissected the effects 

of JQ1 on antibody response using mathematical methods based on Cyton model, 

where a small number of independent quantifiable parameters that can be used to 

describe B cell proliferation, survival and differentiation to antibody production 

following stimulation can be measured. By pairing this approach with genomic studies, 

I am able to gain new insights into the gene targets of JQ1 and the molecular 

mechanisms that control lymphocyte functions. 

 

Here, I show that JQ1 directly affects multiple components of the antibody response 

including induction of apoptosis, reduced proliferation and inhibition of effector cell 

differentiation. I demonstrate the reduction of antibody production occurs indirectly by 
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inhibiting cell division, rather than modifying the differentiation program itself. In-depth 

genome-wide characterisation of the JQ1 response in stimulated B cells demonstrates 

that these phenotypic responses are the result of global Brd4 displacement, which 

drives a remarkably limited and specific transcriptional response exemplified by the 

exclusive dependency on the pro-apoptotic molecule Bim to induce apoptosis in 

stimulated B cells in response to JQ1. 

 

RESULTS 

JQ1 inhibits the production of antibody production and reduces B cell survival 

in vitro. 

I investigated the effect of JQ1 on the T cell independent (TI) antibody response by 

measuring antibody levels in the supernatant following 4 days in vitro culture with 

lipopolysaccharide (LPS), a stimulus that induces strong antibody response and 

significant plasma cell differentiation 164. Treatment with JQ1 led to a dose dependent 

reduction in total levels of secreted IgM (Figure 3.1a) As antibody levels are the net 

product of B cell proliferation and differentiation165, 166, I examined whether JQ1 directly 

targeted effector function machinery, or alternatively if changes in differentiation were 

linked to reductions in cell division and survival. 

 

I stimulated CTV labelled follicular B cells with LPS to induce a substantial traceable 

ASC population in vitro and measured the total proportion of CD138+ cells164. JQ1 

significantly reduced the proportion of CD138+ cells in culture (Figure 3.1b). When 

analysed in relation to cell division, it was clear the loss of ASC differentiation may 

have resulted from stalling in progression of B cells through division and therefore 

reducing division-dependent differentiation into CD138+ cells (Figure 3.1c). This 

observation was confirmed when ASC were quantified relative to cell division. The 

effect of JQ1 on B cell differentiation was minimal, indicating that the reduction in ASC 

differentiation was predominantly a result of impaired cell division (Figure 3.2) rather 

than modifying differentiation itself. 

 

JQ1 has been reported to have multiple context specific effects in certain tumour cell 

types including induction of apoptosis 167-169. Therefore, to determine whether the 

reduction in antibody secretion (Figure 3.1a) was a result of altered B cell 
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differentiation via impaired cell division, or a consequence of multiple compartments 

of the humoral immune response, I measured the induction of apoptosis in LPS 

activated B cells in response to JQ1. Small naïve B cells were stimulated with LPS in 

varying concentrations of JQ1 and viability was measured after 48 hours via the uptake 

of propidium iodide (PI). In a similar fashion to antibody production and proliferation, 

treatment with JQ1 had a significant dose dependent effect on cell viability (Figure 

3.3a and b). Thus, my initial results indicated that JQ1 has a direct 

immunosuppressive effect of the humoral immune response by targeting multiple 

components of B cell response. 
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Figure 3.1 JQ1 treatment results in reduction in antibody production and ASC 

differentiation of B cells in vitro. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of JQ1. (a) IgM production four days post stimulation. (b) Percentage 

of differentiated cells four days post stimulation and (c) representative plots were 

shown. Data in a-b are mean ± s.e.m of triplicate samples. Data in c are representative 

plots from triplicate samples. All data are representative from three independent 

experiments. *denotes that the level of antibody is below detection limit. All statistical 

tests were performed in comparison to untreated control. Significance differences 

were determined using ANOVA Bonferroni corrections. *** p≤0.001, **** p≤0.0001. 
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Figure 3.2 Effect of JQ1 on B cell differentiation per division was minimal. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of JQ1. Percentage of differentiated cells per division was quantified. 

Data are mean ± s.e.m of triplicate samples. All data are representative from three 

independent experiments.  
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Figure 3.3 JQ1 treatment results in reduction in survival of B cells in vitro. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of JQ1. (a) Cell death resulting from JQ1 treatment at 48 hours post 

stimulation measured by propidium iodide staining. (b) Representative plots were 

shown. Data in a are mean ± s.e.m of triplicate samples. Data in b are representative 

plots from triplicate samples. All data are representative from three independent 

experiments. All statistical tests were performed in comparison to untreated control. 

Significance differences were determined using ANOVA Bonferroni corrections. **** 

p≤0.0001.  



 50 

Quantifying the effect of JQ1 treatment on B cell responses in vitro. 

The overall antibody response is a combined output of multiple pathways controlling 

B cell survival, proliferation and differentiation (as noted above). Therefore, I 

performed quantitative analysis of B cell responses with the Cyton model, a 

probabilistic model of lymphocyte responses. 

 

This model provides a framework to perform non-biased quantitative analysis of 

division tracking data of viable lymphocytes in vitro (shown for B cells in response to 

titrated doses of JQ1 in Figure 3.4a), termed “cohort analysis”. This approach 

removes the effect of cell expansion of cells per division to allow the fate of original 

founding cells that are recruited into the antibody response to be measured. Using this 

approach, the cohort number over time enables changes in the cell survival to be 

measured (Figure 3.4b). In addition, measuring progression through division by 

calculating the mean division number of responding cells over time, accurate 

measurements of proliferation kinetics can be determined (Figure 3.4c). This includes 

the mean time for immune cell populations to initiate activation (mean time to 1st 

division), the division rate of activated cells and the maximum number of cell divisions 

the population of cells undergo prior to quiescence (division destiny) (Figure 3.4c). By 

employing this approach, I could fully describe the features of the B cell response to 

JQ1 treatment and link the underlying molecular effects to quantitative changes 

through extensive molecular profiling. 

 

Small resting follicular B cells were purified from spleens from C57BL/6 mice, labelled 

with the division tracking dye cell trace violet (CTV) and the response to JQ1 measured 

in the context of TI stimulation in the presence of JQ1. In addition to LPS, I also 

investigated effects on stimulation with the Tlr9 ligand CpG. CpG induces significant 

B cell activation in the absence of ASC differentiation. This allows the impact on cell 

division and survival independent of differentiation to be measured164. Time course 

analysis was performed over 4 days in culture and B cell numbers per division were 

quantified relative to a known number of calibration beads added to samples at the 

time of analysis by flow cytometry (Figure 3.5a). JQ1 had a broad range of effects on 

multiple components of the B cell response (Figure 3.5a-c). This included significant 

induction of cell death in both dividing and non-dividing B cell populations (as indicated 

by reduced cohort number over time; Figure 3.5b) consistent with earlier 
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measurements of cell death in undivided B cells (Figure 3.3). However, I also noted 

significant effects on B cell activation (time taken for B cells to progress through the 

first division and the kinetics of proliferation (subsequent division times). This is 

reflected in graphical analysis by a reduced intercept with 1 on the y-axis (indicating 

delays in entry to the first division), a reduced gradient of the cohort plot (delayed 

division rates/cell cycle times) and reduced maximum division numbers (division 

destiny) (Figure 3.5c). Furthermore, these effects were consistent in LPS and CpG 

stimulation. Thus, I can conclude that JQ1 directly targets antibody responses by 

inducing apoptosis and inhibiting the activation and division progression of B cells in 

vitro that manifests as reduced B cell differentiation and antibody production (Figure 

3.1). 

 

JQ1 has been reported to exert its biological effects in haematopoietic lineage cells 

through targeted down-regulation of Myc, a key transcriptional pathway linked to cell 

cycle and apoptosis106, 111. As Myc levels have recently been described as a key 

component of a division ‘timer’ that modulates the level of expansion of the antibody 

response (division destiny)110,  I measured the effect of JQ1 treatment on Myc in the 

context of in vitro antibody responses. Consistent with previous studies, Myc 

expression is upregulated upon B cell activation, and is downregulated when cells 

cease to proliferate (Figure 3.6). Upon treatment with JQ1, I found significant down-

regulation of Myc by JQ1 in a dose dependent manner (Figure 3.7a - c). Furthermore, 

when measured on a per division basis, Myc down-regulation was found to occur 

concomitantly as the progression of B cells through division was stalled. These results 

suggest that JQ1 inhibits B cell expansion and the antibody response via targeting the 

Myc pathway. 

 

  



 52 

 

 

 

Figure 3.4 Quantitative analysis of division tracking data of viable lymphocytes 

in vitro. 

(a) Proliferation profiles of LPS stimulated CTV labelled B cells with indicated 

concentration of JQ1. (b) Total cell numbers per division for data in a were determined 

by quantification to a known number of added beads and then corrected to reduce the 

effect of expansion, giving total cohort number. Gradient of total cohort number line 

over time reveals survival of lymphocyte population over time. (c) Cohort analysis plot 

of Mean Division Number (MDN) reveals division rate, time to first division and division 

destiny.   
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Figure 3.5 Quantitative analysis on the effect of JQ1 on survival and proliferation 

of B cells in vitro. 

(a) Total Cell number, (b) total cohort number and (c) mean division number of purified 

CTV labelled B cell stimulated with LPS or CpG in presence of indicated 

concentrations of JQ1. Data in a-c are mean ± s.e.m of triplicate samples. All data are 

representative from three independent experiments.   
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Figure 3.6 Myc expression upon B cell activation in vitro.  

Purified CTV labelled B cells were stimulated with LPS. Percentage of Myc expressing 

B cells were examined over time. Representative plots of Myc-staining were shown. 

All data are representative plots from triplicate samples and are representative from 

three independent experiments. 
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Figure 3.7 JQ1 treatment downregulates Myc expression in vitro. 

Purified CTV labelled B cells were stimulated with LPS and stained for Myc expression 

at timepoints specified. (a) Representative plots of Myc staining at 48 hours post 

stimulation for untreated and JQ1 treated (125nM) B cells. (b) Percentage Myc 

expressing B cells over time with indicated concentration of JQ1. (c) Percentage of 

Myc positive cells at peak expression (48 hours) for various concentrations of JQ1 

treatment. Data in a are representative plots from triplicate samples. Data in b-c are 

mean ± s.e.m of triplicate samples. All data are representative from three independent 

experiments. All statistical tests were performed in comparison to untreated control. 

Significance differences were determined using ANOVA Bonferroni corrections. **** 

p≤0.0001.   
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JQ1 treatment in B cells induces global displacement of Brd4. 

On a molecular levels JQ1 mediates the displacement of BET bromodomain 

containing proteins thereby directly perturbing transcription. To investigate whether 

the phenotypic effect observed in response to JQ1 (Figures 3.1, 3.3 and 3.5), are 

caused by global, preferential or selective Brd4 displacement, I profiled genome-wide 

Brd4 occupancy via Chromatin Immunoprecipitation sequencing (ChIP-Seq) in 

stimulated B cells. B cells were stimulated with LPS and treated with or without JQ1 

for 8 hours after which ChIP-seq was performed. The next-generation sequencing 

datasets were subsequently analysed to identify Brd4 peaks significantly enriched 

over background (input control) after which the Brd4 occupancy was quantified in 

these regions in a genome-wide manner (Figure 3.8a). Visualisation of Brd4 

occupancy around Brd4 peak summits or transcriptional start site (TSS) proximal 

transcriptional units revealed a global reduction in Brd4 occupancy in JQ1 treated 

conditions across all Brd4 peaks at TSS regions (Figure 3.8 and 3.9). This included 

a number of genes previously implicated with Brd4 pathway interactions, perhaps best 

illustrated by reduction in binding to Hexim1 and Myc (Figure 3.10)170.  

 

To quantify Brd4 displacement across all peaks I performed statistical analysis on two 

independent biological replicates. This analysis revealed that, consistent with near 

global displacement, the number of peaks with down-regulated Brd4 binding were 

substantially higher than those with up-regulated binding in response to treatment with 

JQ1 (5432 versus 89 respectively; Figure 3.11a and c). In addition, JQ1 preferentially 

caused a genome-wide displacement of Brd4 across nearly all peaks (Figure 3.11b 

and c), especially at the promoter regions (Figure 3.11d). Interestingly, most promoter 

regions of JQ1 targets that were reported earlier such as Myc and Hexim1 were not 

preferentially targeted in comparison to the majority of other Brd4 occupied loci in the 

genome (Figure 3.11e). This is further supported by data showing that top peak 

regions with the largest fold-change did not include Hexim1 or Myc (Figure 3.12). This 

is in contrast to previous studies that demonstrate locus specific and gene selective 

displacement of Brd4 in response to JQ1 in haematopoietic lineage cells169, 170. My 

data suggests that Brd4 displacement is a poor marker for gene-selective JQ1 

responses, as previously proposed for some haematological lineages and thus there 

is little support for preferential displacement of specific genes (such as Myc)171. 
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Thus, my results conclusively demonstrate that JQ1 does not cause gene selective 

displacement of Brd4. An alternative explanation for the multi-parameter effect of JQ1 

on B cell responses is that the observed levels of Brd4 displacement are sufficient to 

down-regulate transcription at a global level, either directly or indirectly via down-

regulation of Myc which has been demonstrated to mediate global transcriptional 

amplification in B cells resulting in increased RNA content per cell upon activation171.  

Therefore, I used Myc levels as a surrogate marker of the effect of JQ1 in B cell 

cultures. I addressed this hypothesis by measuring the effect of JQ1 on transcription 

rates (via incorporation of 5-Ethynyl Uridine (EU)) in relation to Myc expression at both 

the population level and relative to cell division (Figure 3.13). Indeed, I observe a 

global increase in EU incorporation as B cells enter division, fitting with the notion that 

upon activation, there is an increase in cellular RNA-content (Figure 3.13).  Consistent 

with my previous results, treatment with JQ1 in EU pulsed cultures reduced expression 

of Myc (Figure 3.13 and Figure 13.14a) and delayed cell division (Figure 3.14b).  

However, JQ1 treatment did not lead to a reduction in proportion of RNA producing 

cells nor RNA production as measured by the MFI (Figure 3.14c and Figure 3.15a), 

until B cells reached their division destiny and were stalled in proliferation as 

represented by loss of Myc (Figure 3.15b and c). This effect of Myc loss and division 

destiny was also correlated with reduced transcription in cells with Myc down-

regulation (Figure 3.15d). Together, my results provide strong evidence that Brd4 

displacement is promiscuous in the context of JQ1. However, I reasoned that gene 

transcription could potentially be regulated in a more specific manner. Therefore, I 

extended my quantitative approach to include genome-wide measurements of gene 

expression. 

 

  



 58 

 

 

Figure 3.8 JQ1 treatment results in global reduction of Brd4 occupancy 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM) at 8 hours post activation. (a) Brd4 

occupancy across all Brd4 peaks at TSS and TES regions between untreated and JQ1 

treated samples at 8hr post activation. (b) Heatmap showing the log fold-change of 

Brd4 peaks between untreated and JQ1 treated samples of the first replicate of Brd4 

ChIP-Sequencing.  
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Figure 3.9 JQ1 treatment results in global reduction of Brd4 occupancy at TSS 

region 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM) at 8 hours post activation. Heatmap showing 

the Brd4 occupancy at the TSS region of untreated and JQ1 treated (250nM) samples 

for both independent biological replicates. 
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Figure 3.10 Brd4 binding on Hexim1 and Myc locus is downregulated upon JQ1 

treatment. 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM). Brd4 peak summits at Hexim1 and Myc is 

shown. 
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Figure 3.11 Brd4 binding on Hexim1 and Myc locus is downregulated upon JQ1 

treatment. 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM). (a) Downregulated and upregulated Brd4 

peaks in response to JQ1 treatment for two independent biological replicates 

quantified using csaw. Volcano plot for all differentially regulated peaks with (b) top 20 

differentially regulated peaks or (c) Myc and Hexim1 labelled. Red indicates 

differentially regulated peaks that are statistically significant. (d) Fold-change of Brd4 

occupancy between untreated and JQ1 treated samples at promoter and enhancer 

region Promoter region defined as <10000bp within TSS region and enhancer region 

defined by >10000bp from TSS region. (e) Volcano plot for differentially regulated 

peaks at promoter regions with Hexim1 and Myc labelled. Significance differences 

were determined using Wilcoxon signed-rank test. **** p≤0.0001.   
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Figure 3.12 Brd4 binding on Hexim1 and Myc locus is downregulated upon JQ1 

treatment. 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM). (a) Top 10 peaks that were downregulated 

and upregulated of all Brd4 peaks ranked by the fold change in relation to untreated 

samples were labelled. (b) Hexim and Myc were labelled in relation to all Brd4 peaks 

ranked by the fold change.
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Figure 3.13 JQ1 treatment causes a reduction in Myc protein expression. 

Purified CTV labelled B cells were stained for Myc protein expression and nascent RNA production. Nascent RNA production was 

measured via incorporation of 5-Ethynyl Uridine (EU). Flow cytometry staining for untreated and JQ1 treated samples are shown 

along with single stain controls.
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Figure 3.14 JQ1 treatment causes a significant reduction in Myc protein 

expression but the reduction on nascent RNA production is insignificant. 

Purified CTV labelled B cells were stained for Myc protein expression and nascent 

RNA production. Nascent RNA production was measured via incorporation of 5-

Ethynyl Uridine (EU). Histograms were generated to examine (a) the expression of 

Myc protein, (b) proliferation profile and (c) expression of nascent RNA of untreated 

samples (red) and JQ1 treated (250nM) samples (Green). Staining controls were 

shown in grey.  
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Figure 3.15 Quantification of nascent RNA and Myc expression per division. 

Purified CTV labelled B cells were stained for Myc protein expression and nascent 

RNA production. Nascent RNA production was measured via incorporation of 5-

Ethynyl Uridine (EU). (a) MFI of nascent RNA per division, (b) proportion of cells 

expressing nascent RNA per division and (c) proportion of Myc protein expressing 

cells per division were quantified. (d) proportion of Myc expressing cells that are 

positive for nascent RNA production per division was quantified. 
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Treatment with JQ1 induces cell cycle and cell death gene expression 

signatures. 

To identify gene-specific effects in response to JQ1, I measured genome-wide 

changes in gene expression using 3’RNA-seq. My aim was to identify the mechanism 

of JQ1 mediated changes in antibody production by pairing quantitative 

measurements of immune function (Figures 3.1, 3.3 and 3.5) with specific genes 

differentially expressed in JQ1 treated cultures. I performed triplicate time-course 

experiments analysing gene expression at 2, 8, and 48 hours post stimulation with 

LPS stimulation (Figure 3.16 to Figure 3.18) in the presence or absence of JQ1. 

Previous studies have shown that B cells undergo rapid transcriptional changes and 

chromatin remodelling post activation and these changes are almost completely 

imprinted from 24 hours post activation 34. Thus, I chose the early time points (2 and 

8 hours) and late time point (48 hours) to examine direct effects of JQ1 on early and 

late changes in gene expression respectively. As expected, treatment with JQ1 

induced widespread changes in gene expression by 48 hours. These changes in gene 

expression clustered in relation to time post-activation (Figure 3.16a) consistent with 

the LPS induced transcriptional response. In addition, distinct subgroups clustered 

within each time-point according to treatment with JQ1 (Figures 3.16a-c: 1071 

differentially expressed genes (DEG)). Importantly, DEG analysis of these data sets 

consistently detected changes in JQ1 targets such as upregulation of Hexim1 and 

downregulation of Myc (Figure 3.17a and b).  

 

I reasoned that detailed analysis of DEG from 2 hours could identify mechanistic 

details about the response of activated B cells that were direct targets of JQ1 (namely, 

apoptosis and cell cycle arrest). Gene ontology analysis of DEG revealed expected 

changes consistent with findings presented in Figures 3.1 and 3.3 (Figure 3.18a) 

including lymphocyte homeostasis, regulation of cell cycle arrest and B cell activation 

amongst others. This is further reflected via Gene set enrichment Analysis (GSEA) 

that showed a positive enrichment of apoptosis and cell cycle checkpoint genes. 

However, I measured no significant enrichment of antibody secreting genes (Figure 

3.18b). This is consistent with my functional analysis that illustrate loss of antibody 

production in the context of JQ1 treatment is a combined result of altered B cell 

survival and proliferation, not transcriptional pathways related to plasma cell 

differentiation. I initially focussed my analysis on JQ1 induced cell death in B cell 
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cultures. To isolate candidate genes responsible for the pro-apoptotic effect of JQ1 on 

B cells (Figures 3.1 and 3.3), I cross-referenced DEG from my data sets with gene 

ontology associated with cell death, using the database “Hallmarks of apoptosis” (161 

genes). In addition, I also compared this dataset with genes with differential Brd4 

occupancy in response to JQ1 shown earlier (Figures 3.8 to 3.12). Of particular 

interest, when I segregated shared genes between these lists, I identified 9 genes that 

overlapped with both data sets (Figures 3.19 and 3.20). Of interest, the final gene list 

included the pro-apoptotic family members Pmiap1 (Noxa) and Bcl2l11 (Bim), which 

have been shown to play a crucial role in lymphocyte survival (Figures 3.19 and 3.20). 

These findings were of particular interest as JQ1 has been reported to up-regulate 

Bim expression and induce apoptosis in non-activated B cell subsets such as pro B 

cells, pre B cells and resting follicular B cells167. However, the contribution of these 

pathways in the context of B cell activation and antibody production remains 

unexplored. Therefore, I hypothesised that while JQ1 induced a number of changes 

in gene expression that contributed to the proliferation and differentiation 

compartments (which manifest as downstream changes in Myc levels as observed 

above), reduced cell survival could potentially be attributed to up-regulation of pro 

apoptotic genes (such as Pmiap1 and Bcl2l11). Surprisingly, analysis of the Pmaip1 

and Bcl2l11 associated Brd4 ChIP-seq peaks revealed that, similar to most Brd4 

occupied loci across the genome, Brd4 displacement was observed, although this 

change was not significant at promoter regions  (Figures 3.21a and b). These findings 

suggest that Pmaip and Bcl2l11 transcripts are induced or stabilised despite global 

Brd4 displacement (Figures 3.21c). 
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Figure 3.16 JQ1 treatment induces genome wide changes in gene transcription. 

3’ RNA-Seq analysis was performed on LPS stimulated B cells with and without JQ1 

(250nM). (a) MDS plot for LPS stimulated B cells with or without JQ1 treatment at 0, 

2, 8 and 48 hours. (b) Gene expression heatmap of DEGs between untreated and JQ1 

treated samples at 2 hours (cut-off values logFC ≥1 or log FC ≤1 and adj p-value≤0.01) 

for 0hr, 2hr, 8hr and 48hr. (c) Volcano plot for DEGs regulated by JQ1 in LPS 

stimulated cells 2hrs post activation with cut-off values logFC≥1 or log FC≤1 and p-

value≤0.05. 
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Figure 3.17 JQ1 treatment increases Hexim1 transcript and downregulates Myc 

transcript. 

3’ RNA-Seq analysis was performed on LPS stimulated B cells with and without JQ1 

(250nM). Expression of (a) Hexim1 and (b) Myc transcript at 0, 2 and 8 hours post 

stimulation. All data are mean ± s.e.m of triplicate samples. Significance differences 

were determined using unpaired student t-test. ** p≤0.01, *** p≤0.001.  
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Figure 3.18 JQ1 treatment downregulates cell proliferation and survival 

signature but does not significantly changes ASC differentiation signature. 

3’ RNA-Seq analysis was performed on LPS stimulated B cells with and without JQ1 

(250nM). (a) Gene ontology analysis on DEGs regulated by JQ1 was performed. (b) 

GSEA analysis of genes differentially regulated by JQ1 (250nM). Antibody secreting 

cell gene signature obtained from Shi et al Nature Immunology (2015) (GSE60927)172.  
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Figure 3.19 Differentially regulated apoptotic genes with dysregulated Brd4 

binding. 

Venn diagram showing DEGs regulated by JQ1, genes of differentially regulated Brd4 

peaks by JQ1 treatment and Hallmark Apoptosis Genes (Broad Institute MSigDB 

M5902). 
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Figure 3.20 Expression of apoptotic genes regulated by JQ1. 

3’ RNA-Seq analysis was performed on LPS stimulated B cells with and without JQ1 

(250nM). Expression of apoptotic genes regulated by JQ1 identified in Figure 3.19. 

All data are mean ± s.e.m of triplicate samples. Significance differences were 

determined using unpaired student t-test. ** p≤0.01, *** p≤0.001. 
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Figure 3.21 Brd4 occupancy at Bcl2l11 and Pmaip1 regions. 

ChIP-sequencing was performed on LPS stimulated B cells to examine the Brd4 

occupancy upon JQ1 treatment (250nM). Volcano plot for (a) all differentially regulated 

peaks and (b) differentially regulated promoter peaks highlighting Bcl2l11 and Pmaip1. 

(c) Brd4 peaks were ranked by the fold change in relation to untreated samples 

highlighting Bcl2l11 and Pmaip1. Red indicates differentially regulated peaks that are 

statistically significant.   
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JQ1 treatment induces death in B cells via up-regulation of Bcl2l11 via a 

compartment specific effect. 

To establish if the effects of JQ1 on cell death during antibody responses in vitro 

(Figures 3.1 and 3.3) could be solely attributed to up-regulation of pro-apoptotic 

genes Pmiap1 and Bcl2l11, I performed quantitative cohort analysis of JQ1 treated B 

cell cultures using B cells deficient for pro-apoptotic BH3-only protein family members. 

I investigated the response of Bim and Noxa deficient B cells (differentially expressed 

in response to JQ1 treatment) as well as Puma-deficient B cells (unaffected by JQ1 

treatment) to LPS stimulation as performed previously (Figure 3.19). Interestingly, 

JQ1 induced cell death (identified in Figure 3.3 and 3.5) was absent in cultures with 

Bim-/- B cells (Figure 3.22e). This finding is illustrated in “total cohort plots” tracking 

founder cells over the 4-day culture period (Figure 3.22b versus Figure 3.22f). In the 

absence of Bim, JQ1 induced cell death was ablated and all founder cells remained 

traceable (Figure 3.22f), regardless of JQ1 concentration used (Figures 3.22a and b 

versus Figures 3.22e and f). Despite the complete abrogation of cell death, JQ1 

treatment still had a significant and almost indistinguishable effect on cell division 

(measured by mean division number over time) and differentiation in Bim-/- B cells 

compared to wildtype B cells (Figure 3.22c and d versus Figure 3.22g and h). In 

stark contrast, quantitative functional assays of B cells deficient for Noxa (differentially 

expressed in JQ1 cultures) and Puma (unaffected by JQ1) were identical to wildtype 

B cells (Figures 3.22i-p).  These findings were consistent with quantitative analysis of 

CpG stimulated B cell cultures (Figure 3.23). Thus, by applying a quantitative 

functional and genomic approach combined with analysis of pro-apoptotic gene 

deficient models, I could validate the findings from gene expression studies and 

demonstrate that the molecular mechanism of JQ1 mediated cell death during B cell 

activation and in vitro antibody production could solely be attributed to the gene 

Bcl2l11 (Bim). In contrast, the effects of JQ1 on B activation and proliferation were 

independent of Bim. These findings suggest distinct and independently regulated gene 

networks control these epigenetic processes. 
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Figure 3.22 Deletion of Bcl2l11 rescues cell death resulted by JQ1 treatment in 

LPS stimulated B cell cultures. 

Cohort analysis was performed on purified B cells stimulated with LPS. Total cell 

number, total cohort number, mean division number and proportion of CD138 positive 

cells were quantified for (a,b,c,d) C57BL/6, (e,f,g,h) Bim KO, (i,j,k,l) Noxa KO and 

(m,n,o,p) Puma KO respectively. All data are mean±s.e.m of triplicate samples and 

are representative from three independent experiments. All statistical tests were 

performed in comparison to untreated control. Significance differences were 

determined using ANOVA Bonferroni corrections. ** p≤0.01, *** p≤0.001, **** 

p≤0.0001.  
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Figure 3.23 Deletion of Bcl2l11 rescues cell death resulted by JQ1 treatment in 

CpG stimulated B cell cultures. 

Cohort analysis was performed on purified B cells stimulated with CpG. Total cell 

number, total cohort number and mean division number were quantified for C57BL/6, 

Bim KO, Noxa KO and Puma KO respectively. All data are mean±s.e.m of triplicate 

samples and are representative from three independent experiments. All statistical 

tests were performed in comparison to untreated control. Significance differences 

were determined using ANOVA Bonferroni corrections. ** p≤0.01, *** p≤0.001, **** 

p≤0.0001.
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Effect of JQ1 on B cell proliferation is similar to the effect of Myc inhibition. 

As my results suggested that non-selective down-regulation of Myc was associated 

with reduced B cell proliferation and activation, I attempted to validate my finding that 

Myc controlled B cell activation and proliferation could be targeted independently of 

cell survival. I performed quantitative analysis of B cells in response to treatment with 

CTX-0391034 that is reported to inhibit Myc expression via PRMT5. Interestingly, 

treatment with the PRMT5 inhibitor had no effect on cell survival as represented by 

total cell numbers over the first 48 hours in culture (Figure 3.24a) and tracking founder 

cells in cohort plots (Figure 3.24b). Instead, increasing concentrations of PRMT5 led 

to a significant reduction in progression through cell division (Figure 3.24d) and 

subsequent reduction in mean division number (Figure 3.24c) that occurred 

concomitantly with decreased expression of Myc protein throughout the time course 

(Figure 3.24e). These results are consistent with my paired analysis of B cell function 

and molecular profiling that illustrate independent epigenetic regulation of proliferation 

and survival compartments. Furthermore, they provide strong support for my rationale 

that the effect of JQ1 on cell survival is mediated solely through Bim while non-

selective JQ1 mediated down-regulation of Myc is associated with reduced B cell 

proliferation and cell division. 
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Figure 3.24 PRMT5 inhibitor causes a reduction in B cell proliferation and Myc 

expression in vitro. 

Cohort analysis was performed on LPS stimulated CTV labelled B cells with PRMT5 

inhibitor. (a) Total cell number, (b) total cohort number and (c)mean division number 

were quantified. (d) Proliferation profile at 72 and 96 hours. (e) Expression of Myc with 

PRMT5 inhibitor at different timepoints. All data are mean±s.e.m of triplicate samples 

and are representative from three independent experiments. 
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DISCUSSION 

 

Therapeutic strategies targeting epigenetic mechanisms are emerging as potential 

new avenues for treating cancers and immune disorders. However, the effect of many 

EMCs on the protective immune system is not well understood. Similarly, the precise 

molecular mechanism that drives changes in cell fate in the context of epigenetic 

modifiers are unclear. Here, I applied a system-wide compartmentalised approach to 

study how JQ1 can affect protective antibody responses. I paired quantitative 

functional measurements with genome wide molecular analysis to identify JQ1 

mediated changes in gene expression and assigned them to the underlying protective 

function of B cells (summarised in Figure 3.25). Here, I illustrate that JQ1 has a 

significant effect on humoral immune responses. The overall antibody response is 

significantly inhibited as a result of combined reduction of cell survival, initial activation 

and cell division. As B cell differentiation is division linked, the impact of JQ1 on 

antibody production could be directly attributed to changes in B cell survival and 

expansion, whilst the differentiation compartment is not affected. 

 

JQ1 has been proposed to exert its biological effects by displacing Brd4 in a gene 

specific manner, thus resulting in targeted outcomes such as reduced proliferation or 

induction of cell death 128. However, my ChIP-Seq results demonstrate that treatment 

of B cells with JQ1 leads to global displacement of Brd4 with little evidence of gene 

selectivity (Figures 3.8, 3.9 and 3.12). In addition, I did not observe a significant down-

regulation of gene expression at the population level, driven by Brd4 displacement or 

down-regulation of Myc on the protein level. Thus, an alternative hypothesis to 

reconcile my findings with previous studies is that gene selectivity occurs at the post-

transcriptional level or is determined by gene-intrinsic factors affecting RNAP II 

pausing ratios and RNA production rates. This is in agreement with recent findings by 

Zuber and colleagues, that demonstrate that low dose of JQ1 results in gene-selective 

effects despite global displacement of Brd4, which was observed to be associated with 

multiple gene specific parameters such as SUPT5H occupancy at the promoter as 

well as H3K27ac levels 171. Interestingly, despite the down-regulation of Myc 

expression, JQ1 treatment had little effect on global RNA output of the cell at the 

population level as measured by EU incorporation. These results suggest that the 
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effect of JQ1 on B cell responses is not mediated by a global Brd4 displacement and 

reduced overall downregulation of transcription. This supports the idea that gene-

intrinsic properties result in an apparent selective response at the transcriptional level 

in spite of global Brd4 displacement. Interestingly, my data also demonstrates that 

global RNA production is unaffected by acute down-regulation of Myc. This is in line 

with recent studies demonstrated that the transcriptional increase driven by Myc 

results from changes in a limited number of genes (~750) rather than promiscuous 

global transcriptional amplification across all genes 173. The only exception I found was 

a reduction in transcriptional rates in B cells with division progression stalled by JQ1. 

In this scenario, EU incorporation occurred concomitantly with down-regulation of Myc 

as B cells reached division destiny, a previously described autonomous response that 

regulates long-term B cell expansion and identified earlier as an effect targeted by JQ1 

110. In many systems, Myc has been implicated to influence cell death. However, in 

this context I demonstrate that changes in Myc levels are not associated with cell death 

174, 175. This is most striking in Bim-/- B cells treated with JQ1 that are completely 

protected from cell death. Using a PRMT5 inhibitor, I showed that Myc is most likely a 

downstream amplifier of the response to JQ1 with regards to proliferation as levels of 

Brd4 displacement at Myc and transcript levels were not specifically targeted by JQ1. 

These results are consistent with recent studies using HDACi. Here, Panobinostat was 

shown to reduce proliferation of T cell acute lymphoblastic leukemia cells as a result 

of indirect downregulation of Myc induced by targeting drivers of the oncogenic 

signature rather than Myc itself 176. Similarly in the transgenic Eu-Myc B cell lymphoma 

model, Myc transcript levels were unaffected by JQ1 treatment and global Brd4 

displacement but nonetheless a Myc signature and significant transcriptional response 

can still be observed, providing further evidence that Myc transcriptional networks can 

be disrupted in the absence of Myc downregulation 129.  

 

In summary, this study illustrates that the compartmentalised epigenetic regulation of 

fundamental components of immune cell biology and how quantitative techniques 

combining cell biology with transcriptomics are powerful approach that allow these 

effects to be dissected. This provides the opportunity to identifying combination 

therapies that use distinct pathways or epigenetic machinery thus providing a 

quantitative platform to measure the effects on immune response. 
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Figure 3.25 Graphical depiction of JQ1 mediated changes in B cell function. 

JQ1 affects multiple parameters of B cell function via global displacement of Brd4. 

This results in subsequent changes in gene transcription irrespective of Brd4 

displacement. My results suggest that gene selectivity occurs at the post-

transcriptional level (e.g. RNA degradation). By combining quantitative analysis 

with genomic studies, I have shown that the regulation of apoptosis by JQ1 is 

mediated solely through the pro-apoptotic protein Bim. Conversely, regulation of 

the cell cycle by JQ1 is linked to the downregulation of Myc-associated genes. 

This combined effect in the context of B cells leads to a JQ1 mediated 

downregulation of antibody production. 
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INTRODUCTION 

The humoral immune response plays a crucial role in targeting and clearing 

foreign pathogens through the production of antibody and the establishment of 

protective immunity. The orchestration of humoral responses is regulated by the 

dynamic modulation of gene expression, controlled primarily by the expression of 

transcription factors and chromatin remodelling via epigenetic modifications. 

 

Polycomb repressive complex 2 (PRC2) is an essential epigenetic silencing 

pathway identified as a critical regulator of lymphocyte function81-83, 177. The main 

components of the PRC2 complex include the histone methyltransferase 

Enhancer of zeste homolog 2 (Ezh2), Suppressor of zeste 12 homolog (Suz12) 

and Embryonic ectoderm development (Eed) protein. Higher vertebrates also 

harbor a second H3K27 methylase, Ezh1, that in some contexts can compensate 

for Ezh2 loss. The PRC2 complex catalyses the trimethylation of lysine 27 of 

histone-H3 (H3K27me3), a histone mark strongly associated with repressive 

chromatin states and transcriptional repression4. Thus, it is not surprising that 

PRC2 has been reported to play an important role in lymphocyte development. 

Inducible deletion of the Su(var)3-9, Enhancer-of-zeste and Trithorax (SET) 

domain of Ezh2 in all haematopoietic cells results in arrested lymphocyte 

development at the pro-B cell and double negative3 (DN3) thymocyte stage81-83, 

178. Ezh2 has a complex temporal expression pattern, particularly during germinal 

centre (GC) formation and humoral immune responses81, 83, 84. Ezh2 is expressed 

at low levels in quiescent naïve B cells but is significantly upregulated once these 

cells enter the GC. Ezh2 expression is downregulated in B cells located outside 

of the GC, but upregulated as activated B cells differentiate into antibody-

secreting cells (ASC). This is highlighted in models of mature B cell-specific 

deletion of Ezh2 that do not form GC leading to significant defects in antibody 

production83, 179. Ezh2 is also important for B cell responses elicited in the 

absence of T cell help86. In addition, Ezh2 interacts with key transcription factors 

for ASC differentiation such as Blimp-1 and ablation of Ezh2 results in de-

repression of Blimp-1 targets, including Spib and Tlr98. 
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Ezh2 is also dysregulated in various GC derived lymphomas identifying Ezh2 as 

a valid clinical target for treatment of B cell neoplasms. For example, 

heterozygous somatic point mutations in the catalytic domain of Ezh2 are 

regularly identified in B cell malignancies. These mutations most commonly affect 

the Y641 residue (~22%) in diffuse large B cell lymphoma (DLBCL) and 7% of 

follicular lymphoma87, 180. Knockdown of Ezh2 with small interfering RNA also 

inhibits the growth of lymphoma cells. These findings have promoted the 

development of small molecule inhibitors of Ezh2 as potential therapeutics for 

Ezh2 driven malignancies. These include UNC1999 that inhibits Ezh2 and its 

relative Ezh1, GSK126 and GSK503 that compete with S-adenosylmethionine 

(SAM) for Ezh2 binding, and EED226 that binds to the H3K27me3 binding pocket 

of Eed, inhibiting PRC2 activity40-43. All these inhibitors have been shown to 

reduce global levels of H3K27me3 and are effective in inhibiting the growth of 

Ezh2 dependent cancer cell lines. However, as the timing of Ezh2 expression 

during GC formation and output as well as B cell function fluctuates significantly 

and is extremely complex, the effect of Ezh2 inhibition on healthy humoral 

responses and antibody production has yet been fully characterised. Given the 

importance of Ezh2 in B function, particularly in the production of protective 

antibody, we propose that manipulation of Ezh2 activity could be an approach to 

modulate B cell responses for clinical benefit.  

 

Here, I used a multi-layered approach to investigate the effect of Ezh2 inhibition 

on B cell function. I applied mathematical methods to perform individual 

quantitative measurements of B cell proliferation, survival and differentiation. By 

pairing this approach with genomic studies, I sought to gain new insights into the 

gene targets of Ezh2 and the molecular mechanisms their primary immune 

function. I show that low dose Ezh2 inhibition increases ASC differentiation while 

high dose inhibition reduces survival and proliferation of B cells in an Ezh2 

independent manner. Consistent with these results, treatment with GSK126 in 

immunized mice led to a significant increase in antibody production without 

disrupting GC formation, structure or size. The effect of GSK126 on ASC 

differentiation correlates with the degree of H3K27me3 loss, but surprisingly was 

completely independent of underlying chromatin remodelling in contrast to the 

existing dogma of gene regulation. Analysis of temporal transcriptional changes 
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induced by GSK126 revealed that as expected, Ezh2 inhibition drives the 

acquisition of B cell differentiation associated signatures. However, I also 

identified a number of novel, previously uncharacterised Ezh2 regulated genes 

in the context of ASC differentiation including Mybl1, Gas7, Myof and Atoh8. 

Inactivation of each of these genes selectively impaired the GSK126 induced 

acquisition of ASC markers. I demonstrate Ezh2 inhibition relieves repression of 

Atoh8 via demethylation of H3K27me3. This in turn facilitates transcription 

normally repressed by Blimp-1 in the steady state, priming Atoh8 for rapid 

transcription upon loss of Ezh2 driven H3K27me3 repression. My findings 

demonstrate that Ezh2 mediated H3K27me3 at novel Ezh2 target genes such as 

Atoh8 repress B cell differentiation, thus identifying Ezh2 repression of Blimp-1 

target genes regulates the differentiation status of activated B cells and GC 

output in vivo. 
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RESULTS 

Ezh2 inhibition boosts differentiation of B cells in vitro. 

It has been previously suggested that Ezh2 inhibition promoted ASC 

differentiation181. Here, I examined the effects of various therapeutic agents that 

inhibit Ezh2 activity including GSK126, GSK503, UNC1999 and EED226 on B 

cell differentiation to ASC after stimulation with LPS in vitro. Ezh2 inhibition 

resulted in increased plasmablast differentiation in a division dependent manner 

(as determined by expression of the plasma cell marker CD138 in relation to the 

division tracking dye cell trace violet (CTV) (Figure 4.1 a-e)). I further validated 

this finding using GFP reporter mice for Blimp-1 (the master regulator of B cell 

differentiation)24 (Figure 4.1 f-g). I observed a significant increase in ASC 

differentiation in a dose dependent manner.  

 

In addition, I observed that high doses of GSK126 led to a reduction in total cell 

numbers over time (Figure 4.2a). To investigate the cell biology underpinning 

this process, I performed quantitative analysis of B cell responses using a 

validated quantitative framework (the Cyton model)137, 140, 164. This technique 

facilitates quantitative analysis of division tracking data of stimulated lymphocytes 

in vitro and is called “cohort analysis”140. The approach removes the effect of cell 

expansion allowing the fate of original founding cells that are recruited into the 

antibody response to be measured. Using this approach, the cohort number over 

time enables changes in the cell survival to be measured. In addition, measuring 

progression through division by calculating the mean division number of 

responding cells over time, accurate measurements of proliferation kinetics can 

be made. Using this approach, I showed that high doses of GSK126 treatment 

(>8µM) results in a reduction in survival and proliferation (Figure 4.2 b-c). 

 

I validated the role of Ezh2 in B cell differentiation using mouse models where 

Ezh2 was conditionally deleted in mature CD23+ B cell subsets (CD23cre). In the 

absence of GSK126, I observed a significant increase in ASC differentiation in B 

cells isolated from both Ezh2fl/+ CD23cre and Ezh2fl/fl CD23cre compared to 

wildtype counterparts, confirming increased ASC differentiation is Ezh2 

dependent (Figure 4.3 a-b). I observed no significant difference in proliferation 
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and survival of B cells from both Ezh2fl/+ CD23cre and Ezh2fl/fl CD23cre compared 

to wildtype counterparts (Figure 4.4 a-c). I observed a reduction in mean division 

number at 96 hours post activation in B cells isolated from Ezh2fl/fl CD23cre mice. 

However, this can be explained by the increased proportion of differentiated cells, 

which have been shown to have a different proliferation kinetics compared to non-

differentiated B cells. 

 

Stimulation via the Tlr9 ligand CpG induces B cell activation in the absence of 

ASC differentiation164, 182. Thus, I examined whether inhibiting Ezh2 via GSK126 

treatment was sufficient to reprogram gene expression and induce antibody 

production as seen in earlier experiment. Interestingly, GSK126 did not induce 

ASC differentiation CpG stimulated B cells as shown by the lack of Blimp-1 

expression upon addition of GSK126 (Figure 4.5 a-b). However, the effect of 

GSK126 on cell proliferation and survival is maintained in CpG stimulated B cells, 

indicating that Ezh2 inhibition has an effect on CpG stimulated B cells (Figure 

4.6 a-c). Thus, I conclude that inhibition of Ezh2 activity increases the propensity 

of B cells to differentiate, but only in the presence of transcription factors involved 

in ASC priming such as Blimp-123.  

 

 

  



 91 

 

 

Figure 4.1 Ezh2 inhibition increases ASC differentiation. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of inhibitors added at the start of culture. (a) CD138 expression 

three days post stimulation and treatment with indicated concentrations of 

GSK126. Percentage of CD138 positive cells three days post-stimulation with (b) 

GSK126, (c) GSK503, (d) EED226 and (e) UNC1999. (f) Blimp-1/GFP 

expression three days post stimulation with indicated concentrations of GSK126 

and quantified proportion of Blimp-1/GFP expressing cells were shown in (g). 

Data in a and f are representative plots from triplicate samples. Data in b-e and 

g are mean ± s.e.m of triplicate samples. All data are representative of three 

independent experiments. All statistical tests were performed in comparison to 

untreated control. Significance differences were determined using ANOVA 

Bonferroni corrections. * p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001.  
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Figure 4.2 High doses of GSK126 reduces B cell survival and proliferation. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of inhibitors added at the start of culture. (a) Total cell number, (b) 

total cohort number and (c) mean division number at various timepoints with 

indicated concentrations of GSK126. Error bars denote mean ± s.e.m of triplicate 

samples. All data are representative of three independent experiments.   
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Figure 4.3 Deletion of Ezh2 increases ASC differentiation in vitro. 

Purified CTV labelled B cells from C57BL/6, Ezh2fl/fl, Ezh2fl/+ CD23cre and Ezh2fl/fl 

CD23cre were stimulated with LPS. (a) CD138 expression three days post 

stimulation. (b) Proportion of CD138 positive cells were quantified. Data in a are 

representative plots from triplicate samples. Data in b are mean ± s.e.m of 

triplicate samples. All data are representative of three independent experiments. 

Significant differences were determined using ANOVA Bonferroni corrections. ** 

p≤0.01, **** p≤0.0001.  
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Figure 4.4 Deletion of Ezh2 does not affect B cell survival and proliferation 

in vitro. 

Purified CTV labelled B cells from C57BL/6, Ezh2fl/fl, Ezh2fl/+ CD23cre and Ezh2fl/fl 

CD23cre were stimulated with LPS. (a) Total cell number, (b) total cohort number 

and (c) mean division number over the time course were quantified. Error bars 

denote mean ± s.e.m of triplicate samples. All data are representative of three 

independent experiments.  
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Figure 4.5 GSK126 cannot induce differentiation in CpG stimulated B cells. 

Purified CTV labelled B cells were stimulated with CpG in presence of indicated 

concentrations of GSK126. (a) Blimp1 expression three days post stimulation 

was examined and (b) total number of Blimp1 positive cells were quantified. Data 

in a are representative plots from triplicate samples. Data in b are mean ± s.e.m 

of triplicate samples. All data are representative of three independent 

experiments. Significant differences were determined using ANOVA Bonferroni 

corrections. Note : Total Blimp1 positive cells are quantified instead of percentage 

of Blimp1 positive due to low number of ASC differentiation in CpG stimulated B 

cells.182  
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Figure 4.6 GSK126 reduces the survival and proliferation of CpG stimulated 

B cells. 

Purified CTV labelled B cells were stimulated with CpG in presence of indicated 

concentrations of GSK126. (a) Total cell number, (b) total cohort number and (c) 

mean division number over the time course were quantified. Error bars denote 

mean ± s.e.m of triplicate samples. All data are representative of three 

independent experiments.   
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Effect of GSK126 on survival and proliferation of B cells is independent of 

Ezh2. 

As demonstrated earlier, high doses of GSK126 led to a reduction in total cell 

numbers, cell proliferation and survival over time (Figure 4.2 a-c). To examine 

whether the effects of GSK126 on B cell proliferation, survival and differentiation 

were dependent on Ezh2, I performed a titration of GSK126 on B cells with 

varying expression levels of Ezh2 (Figure 4.7 and Figure 4.8). As expected, I 

observed that the effect of Ezh2 inhibition by GSK126 on differentiation is 

abrogated in the absence of Ezh2, with the exception of 16µM of GSK126 (Figure 

4.7 a-d). However, due to the low number of viable cells at 16µM, as shown in 

Figure 4.8c, the proportion of CD138 positive cells is inaccurate. Total cell 

numbers were reduced in response to GSK126 treatment in all conditions 

irrespective of Ezh2 expression (Figure 4.8 a-c), mainly as a result of reduced 

survival (Figure 4.8 d-i). Thus effect of GSK126 on survival and proliferation of 

B cells is independent of Ezh2, while the effect on ASC differentiation is driven in 

an Ezh2 specific mechanism. 

 

I extended my analysis to investigate the temporal importance of GSK126 

treatment on ASC differentiation by examining the effect of introducing GSK126 

at the following timepoints: initial B cell activation, 24 hours post activation and 

48 hours post activation. I also examined if the effect of GSK126 was reversible 

by removing GSK126 from culture at 24 hours and 48 hours post stimulation and 

GSK126 treatment (Figure 4.9 and 4.10). I observed a significant temporal effect. 

Most noticeably, GSK126 is more effective at later timepoints once B cells are 

sufficiently primed, thus boosting ASC differentiation. In contrast, GSK126 does 

not affect ASC differentiation when removed at 24 hours or 48 hours post 

activation. In line with these findings, the addition of GSK126 at later timepoints 

results in an increased proportion of differentiated B cells (Figure 4.9 a-b). 

Consistent with these findings, when I investigated the kinetics of GSK126 

mediated H3K27me3 status by western blot, I could quantify the kinetics of 

H3K27me3. Here, I noted that addition or removal of GSK126 required 

approximately 48 hours to alter the methylation status of H3K27 (Figure 4.10 a-

b). 
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Figure 4.7 Effect of GSK126 on B cell differentiation is Ezh2 dependent. 

Purified CTV labelled B cells isolated from Ezh2fl/fl, Ezh2fl/+CD23cre and 

Ezh2fl/flCD23cre mice were stimulated with LPS with indicated concentration of 

GSK126 added at the start of culture. CD138 expression for B cells isolated from 

(a) Ezh2fl/fl, (b Ezh2fl/+CD23cre and (c) Ezh2fl/flCD23cre mice three days post 

stimulation. (d) CD138 expression for B cells isolated from Ezh2fl/fl , Ezh2fl/+ 

CD23cre and Ezh2fl/fl CD23cre with 0µM, 2µM, 4µM or 8µM of GSK126. All 

statistical tests were performed in comparison to untreated control. Data in a-d 

are mean ± s.e.m of triplicate samples. All data are representative of three 

independent experiments.  Significant differences were determined using 

ANOVA Bonferroni corrections. * p≤0.05, ** p≤0.01, **** p≤0.0001.  
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Figure 4.8 GSK126 decreases B cell proliferation and survival independent 

of Ezh2. 

Purified CTV labelled B cells isolated from Ezh2fl/fl, Ezh2fl/+CD23cre and 

Ezh2fl/flCD23cre mice were stimulated with LPS with indicated concentration of 

GSK126 added at the start of culture. (a,b,c) Total cell number, (d,e,f) total cohort 

number and (g,h,i) mean division number for Ezh2fl/fl, Ezh2fl/+CD23cre and 

Ezh2fl/flCD23cre cells. Data are mean ± s.e.m of triplicate samples. All data are 

representative of three independent experiments.   
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Figure 4.9 Timing of GSK126 treatment is important for its effect on B cell 

differentiation. 

Purified CTV labelled B cells were stimulated with LPS in presence of indicated 

concentrations of GSK126 at different timepoints : treatment with GSK126 when 

cells were stimulated, treatment with GSK126 for the first 23hr or 47hr, treatment 

with GSK126 23hr or 47hr post stimulation. (a) CD138 expression at 95hr was 

examined and (b) proportion of CD138 positive cells were quantified. Data in a 

are representative plots from triplicate samples. Data in b are mean ± s.e.m of 

triplicate samples. All data are representative of three independent experiments. 

Significant differences were determined using ANOVA Bonferroni corrections. * 

p≤0.05, ** p≤0.01, *** p≤0.001, **** p≤0.0001. 
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Figure 4.10 Effect of GSK126 on B cell differentiation correlates with the 

loss of H3K27me3. 

(a) Western blot was performed to examine the level of H3K27me3 and Ezh2 on 

LPS stimulated with B cells where GSK126 was added at different timepoints : 

treatment with GSK126 when cells were stimulated, treatment with GSK126 for 

the first 23hr or 23hr post stimulation. (b)Western blot was performed to examine 

the level of H3K27me3 on LPS stimulated B cells at 2hr, 6hr, 12hr and 24hr with 

the addition of indicated concentrations of GSK126 at the start of culture.  
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GSK126 treatment increases antigen specific antibody responses in vivo. 

Given the strong effect of GSK126 on B cell differentiation in vitro, I investigated 

whether a similar approach could be applied therapeutically to boost antibody 

production in vivo. As I had identified GSK126 dosage was critical to target ASC 

differentiation in an Ezh2 specific manner without disrupting B cell survival and 

expansion, I treated mice with a range of GSK126 doses and measured the 

antibody response following immunization with the model antigen NP-KLH (4-

Hydroxy-3-nitrophenylacetyl hapten conjugated to Keyhole Limpet 

Hemocyanin)176, 183, 184. Constitutive deletion of Ezh2 prevents GC formation83. 

Therefore, I initiated GSK126 treatment five days post immunisation with NP-KLH 

to ensure efficient GC formation and priming of the immune response as I have 

done previously with other epigenetic modifiers176 (Figure 4.11a). I measured the 

overall effects at the peak of the humoral immune response (day 14). Low doses 

of GSK126 (5mg/kg) led to no significant increase in both the proportion (%) and 

number of NP+IgG1+ antigen specific B cells (Figure 4.11 b-c). However, 

consistent with in vitro findings I detected a significant increase in proportion of 

NP+IgG1+CD138+ plasma cell and number (Figure 4.11 d-e) without disrupting 

bifurcation to the memory cell lineage (Figure 4.11 f-g). The significant boost in 

plasma cell differentiation led to a GSK126 mediated increase in both antibody 

production with a dose component effect as noted from in vitro experiments 

(Figure 4.12 a-b). I also examined the number of number of antibody secreting 

cells using ELISpot and observed that GSK126 increases the number of antibody 

secreting cells (Figure 4.12 c-d). Size of the “spots” in GSK126 treated cohort 

are also significantly bigger than the vehicle treated cohort, suggesting that 

GSK126 also increases the amount of antibody secreted per cell (Figure 4.12 e-

g). As Ezh2 inhibition has also been suggested to affect other immune cell 

lineages, I investigated overall GC structure by immunofluorescence (IF). Spleen 

sections were stained for B220, IgD, GL-7 and CD3 allowing quantification of GC 

size and structure. Interestingly, the overall size and structure of GC was not 

affected suggesting that the GSK126 largely contributed to antibody secreting 

cell differentiation (Figure 4.12e and Figure 4.13). These results suggest that 

inhibiting Ezh2 has potential as a therapeutic approach to boost antibody 

responses in vivo. 
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Figure 4.11 GSK126 treatment boosts antigen specific response in vivo. 

(a) C57BL/6 mice were immunised with NPKLH-Alum and treated with doses of 

GSK126 as indicated for seven days starting on the fifth day post immunization. 

Spleen and serum samples were analysed 14 days after immunization. 

Proportion and total cell number normalised to the spleen for (b,c) antigen 

specific IgG1, (d,e) antigen specific plasma cells and (f,g) antigen specific 

memory cells in the spleen were quantified. Vehicle, n=5, 5mg/kg/day GSK126 

treated group, n=4, 10mg/kg/day and 20mg/kg/day GSK126 treated groups, n=5. 

Error bars denote mean ± s.e.m. All data are representative of two independent 

experiments. Significant differences were determined using ANOVA Bonferroni 

corrections. * p≤0.05, ** p≤0.01, **** p≤0.0001. 
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Figure 4.12 GSK126 treatment boosts antibody production in vivo. 

C57BL/6 mice were immunised with NPKLH-Alum and treated with doses of 

GSK126 for seven days starting on the fifth day post immunization. Spleen and 

serum samples were analysed 14 days after immunization. (a) Total antibody and 

(b) high affinity antibody levels in the serum were quantified. (c) Total antibody 

secreting cells and (d) high affinity antibody secreting cells were quantified. (e) 

Total area of antibody secreting cells or “spots” were quantified. (g) 

Representative images of ELISpot data. Vehicle, n=5, 5mg/kg/day GSK126 

treated group, n=4, 10mg/kg/day and 20mg/kg/day GSK126 treated groups, n=5. 

Error bars denote mean ± s.e.m. All data are representative of two independent 

experiments. Significant differences were determined using ANOVA Bonferroni 

corrections. * p≤0.05, ** p≤0.01, **** p≤0.0001. 
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Figure 4.13 GSK126 treatment does not affect germinal centre formation in 

vivo. 

C57BL/6 mice were immunised with NPKLH-Alum and treated with doses of 

GSK126 for seven days starting on the fifth day post immunization. Spleen and 

serum samples were analysed 14 days after immunization. Representative 

images of germinal centres were shown. The size of germinal centres was 

quantified as defined in materials and methods. Vehicle, n=5, 5mg/kg/day 

GSK126 treated group, n=4, 10mg/kg/day and 20mg/kg/day GSK126 treated 

groups, n=5. Error bars denote mean ± s.e.m. All data are representative of two 

independent experiments. Bars in represents 100µm. Significant differences 

were determined using ANOVA Bonferroni corrections. 
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GSK126 treatment downregulates H3K27me3 without altering the 

chromatin accessibility. 

Ezh2 catalyses the H3K27 trimethylation driving transcriptional repression of 

PRC2 target genes. My previous observations illustrated induction of B cell 

differentiation was associated with the loss of H3K27me3 levels (Figure 4.10a). 

This finding is in concordance with the notion that upon activation, B cells adopt 

a more open chromatin state and become more transcriptionally active. The 

effect of GSK126 on total H3K27me3 levels was only observed upon relatively 

long exposure (48 hours), with no effect at acute time points (Figure 4.10b) 

suggesting that the turnover of this mark is relatively low in activated B cells. 

Importantly, GSK126 reduced global H3K27me3 levels after 4 days of exposure, 

even when the drug was added at 24 hours post activation (Figure 4.10a). 

 

To examine the impact of Ezh2 inhibition at the gene specific level, I performed 

chromatin immunoprecipitation (ChIP) Sequencing analysis on the H3K27me3 

histone mark in the presence of GSK126 doses that function via Ezh2 (as I 

describe previously, i.e <8µM). As expected, GSK126 treatment induces a global 

downregulation in H3K27me3 levels (Figure 4.14 and Figure 4.16). I also 

observed time dependent and GSK126 dose mediated changes in H3K27me3 in 

genes associated with ASC differentiation including Prdm1 (Blimp-1) and 

Sdc1(Syndecan-1/CD138) (Figure 4.15). The downregulation of H3K27me3 is 

consistent for both promoter and enhancer regions (Figure 4.16 c-d). 

Interestingly, upon quantification, I observed some upregulated binding of 

H3K27me3 at 4µM of GSK126, but all these peaks were downregulated upon 

treatment with 8µM of GSK126 (Figure 4.16e and 4.16g). As expected, all the 

genes with downregulation of H3K27me3 at 4µM of GSK126 treatment also lost 

H3K27me3 binding at 8µM of GSK126 (Figure 4.17a). Gene ontology analysis 

on genes with significant loss of H3K27me3 upon GSK126 treatment were found 

to be involved in cell fate commitment and development (Figure 4.17b) as 

expected from my previous findings. 

 

The current dogma is that H3K27me3 mark is associated with transcriptional 

repression and chromatin condensation. Thus, I examined chromatin 

accessibility upon GSK126 treatment using Assay for Transposase-Accessible 
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Chromatin sequencing (ATAC-Seq). As reported previously, B cell activation 

resulted in significant changes in the chromatin accessibility (Figure 4.18 a-b). 

However, despite significant changes in H3K27me3, I observed minimal changes 

in chromatin accessibility upon GSK126 treatment at both promoter and 

enhancer regions (Figure 4.18 c-f). This indicates that GSK126 treatment, at 

least in the short term, does not alter the chromatin accessibility of B cells despite 

inducing significant changes in H3K27me3 and that traditional views of gene 

regulation are not universally applicable throughout the genome. 
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Figure 4.14 GSK126 treatment causes global downregulation of H3K27me3. 

ChIP-sequencing was performed to examine the H3K27me3 occupancy upon 

treatment with GSK126. Analysis was performed to analyse the genes that are 

bound by H3K27me3 at 72 hours post activation. Heatmap shows the H3K27me3 

of these genes in untreated and GSK126 (4µM) treated samples.  
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Figure 4.15 GSK126 treatment downregulates H3K27me3 in a dose 

dependent manner. 

ChIP-sequencing was performed to examine the H3K27me3 occupancy upon 

treatment with GSK126. H3K27me3 peaks of 0hr, 48hr (0µM, 4µM and 8µM 

GSK126) and 72hr (0µM, 4µM and 8µM GSK126) at Prdm1 and Sdc1 regions. 

Grey boxes highlight promoter region that are bound by H3K27me3.   
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Figure 4.16 GSK126 treatment induces significant downregulation of 

H3K27me3. 

ChIP-sequencing was performed to examine the H3K27me3 occupancy upon 

treatment with GSK126. (a) MDS plot for H3K27me3 samples at 0hr, 48hr and 

72hr post stimulation with 0µM, 4µM or 8µM GSK126. (b) Upregulated and 

downregulated H3K27me3 peaks with 4µM and 8µM GSK126 at 72 hours. Fold 

change of peaks between (c) untreated and 4µM and (d) untreated and 8µM 

GSK126 at 72 hours at promoter and enhancer region. Volcano plot for 

differentially bound H3K27me3 peaks between (e) untreated and 4µM and (f) 

untreated and 8µM GSK126 at 72hr. (g) Volcano plot for differentially bound 

H3K27me3 peaks between untreated and 8µM GSK126 treated samples 

highlighting genes that had upregulated H3K27me3 at 4µM GSK126 in 

comparison to untreated samples.  
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Figure 4.17 GSK126 treatment causes downregulation of H3K27me3 but 

does not alter chromatin accessibility of B cells. 

ChIP-sequencing was performed to examine the H3K27me3 occupancy upon 

treatment with GSK126. (a) Venn diagram showing the genes with H3K27me3 

downregulation in comparison to untreated samples at 72hr with cut off p-val ≤ 

0.05. (b) Gene ontology analysis on genes that had downregulation of 

H3K27me3 in both 4µM and 8µM in comparison to untreated samples at 72hr.   
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Figure 4.18 GSK126 treatment does not affect chromatin accessibility. 

ATAC-sequencing was performed to examine chromatin accessibility upon 

treatment with GSK126. (a) MDS plot for ATAC-Seq samples at 0hr, 48hr and 

72hr post stimulation with 0µM, 4µM or 8µM GSK126. (b) Volcano plot for 

differentially accessible regions of LPS stimulated B cells between 0hr and 72hr. 

Volcano plot for differentially accessible regions between (c) 0µM and 4µM and 

(d) 0µM and 8µM GSK126 at 72hr. Accessibility of regions between (e) 0µM and 

4µM and (f) 0µM and 8µM GSK126 at 72hr at promoter and enhancer sites. 
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GSK126 treatment induces a unique Ezh2 mediated ASC differentiation 

signature. 

To link functional data, gene methylation status and chromatin structure with 

gene expression, I performed 3’ RNA-Sequencing on B cells treated with 

GSK126 over time following activation with LPS (0 hour, 6 hours, 71 hours and 

95 hours post activation). As expected, activation of B cells resulted in major 

changes in the transcriptome (Figure 4.19 and Figure 4.20 a-b). These changes 

were largely dependent on time post-activation with minor changes observed 

according to treatment with GSK126 (4µM : 96 DEGs, 8µM : 245 DEGs; FC ≥ 1 

or ≤-1, adj p value ≤ 0.05) (Figure 4.19). Importantly, I noted significant 

upregulation of typical ASC differentiation genes such as Prdm1 (Blimp-1) and 

Xbp-1 (X-box binding protein 1), as has been previously reported181. However, I 

also identified a number of genes not previously linked to ASC differentiation 

including genes associated with regulation of histone 1 (Hist1h2aj, Hist1h2ai, 

Hist1h2ad, Hist1h2ak, and Hist1h2af) as well as genes associated with B cell 

transcription regulation networks Mybl1. In addition, Gas7, Atoh8 and Myof were 

significantly upregulated despite no previous association with plasma cell 

differentiation (Figure 4.19). My findings were also supported by Gene Set 

Enrichment Analysis (GSEA) that showed a positive enrichment for antibody 

secreting cell and plasma cell signatures (GSE60927 and MSigDB M4552) 

(Figure 4.20c). Thus, by comparing GSK126 induced gene signatures to 

previously characterised ASC genes, I identified a number of novel Ezh2 

regulated genes not previously associated with B cell differentiation.  

 

To identify the genes that are the direct target of Ezh2 inhibition, I used statistical 

analysis to isolate genes that lost H3K27me3 in response to GSK126 treatment 

that also had a significant increase in transcripts levels (4µM: 62 genes; 8µM: 

180 genes) (Table 4.1 and Table 4.2). Gene ontology analysis revealed that 

these genes are involved in cell development and cell differentiation (Figure 

4.21).  

 

Interestingly, I observed no correlation between H3K27me3 and RNA expression 

changes upon treatment with GSK126 (Figure 4.22 a-b). This is consistent for all 

groups of genes, separated by the changes in RNA expression upon treatment 
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with GSK126 (Figure 4.22 c-d). I also investigated whether genes with higher 

levels of H3K27me3 in steady state are more sensitive to the effect of Ezh2 

inhibition. My result showed no correlation between basal level of H3K27me3 

status with changes in RNA expression upon treatment with GSK126 (Figure 

4.23). I also performed a separate analysis where I examined the top 500 genes 

with the highest level of methylation at each timepoint and examined genes 

shared in all timepoints (358 genes). I then ranked the DEGs from the RNA-Seq 

analysis by their fold-change and highlighted genes from this previous analysis. 

I observed that the genes with the highest basal H3K27me3 are not more 

sensitive to the effect of Ezh2 inhibition suggesting a mechanism that regulates 

gene specific sensitivity to demethylation (Figure 4.24). 
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Figure 4.19 GSK126 treatment induces small number of differentially 

regulated genes. 

3’ RNA-Seq was performed on LPS stimulated B cells at various timepoints with 

indicated concentrations of GSK126 added at the start of culture. Gene 

expression heatmap of DEGs between 0µM and 4µM GSK126 at 71hr post 

stimulation and 95hr post stimulation with cut-off values of adj p-value≤0.01 and 

logFC≥1 or log FC≤1.   
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Figure 4.20 GSK126 treatment increases genes of ASC signature. 

3’ RNA-Seq was performed on LPS stimulated B cells at various timepoints with 

indicated concentrations of GSK126 added at the start of culture. (a) MDS plot 

for LPS stimulated B cells at 0hr, 6hr, 71hr and 95hr with 0µM, 4µM or 8µM 

GSK126. (b) Volcano plots showing DEGs between 0µM and 4µM at 71hr and 

0µM and 8µM at 71hr. (c) GSEA analysis of 0µM and 4µM and 0µM and 8µM at 

71hr and 95hr compared to ASC gene signature obtained from Shi et al Nature 

Immunology (2015) (GSE60927) and Tarte Plasma cell vs B lymphocyte gene 

signature (MSigDB : M4552).   
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Figure 4.21 Gene targets of Ezh2 inhibition are involved in cell development 

and cell differentiation. 

Gene ontology analysis on genes with upregulated transcripts between 0µM and 

4µM and 0µM and 8µM, which also show significant loss of H3K27me3 from 

ChIP-sequencing data.   
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Figure 4.22 No correlation between RNA expression and H3K27me3 status 

upon treatment with GSK126. 

(a) Scatter plot showing RNA expression versus changes in H3K27me3 between 

0µM and 4µM GSK126 at 72hr post activation. (b) Scatter plot showing RNA 

expression versus changes in H3K27me3 between 0µM and 4µM GSK126 at 

72hr post activation. Colours indicate the level of logFC in RNA transcript upon 

treatment with GSK126 (4µM). Violin plot shows the changes in H3K27me3 upon 

treatment with (c) 4µM and (d) 8µM GSK126 of groups of genes separated by 

the changes in RNA expression. downHigh indicates logFC of less than -2, 

downMid indicates logFC between -2 and -1, downLow indicates logFC between 

-1 and 0, no changes indicate no changes in RNA expression, upLow indicates 

logFC between 0 and 1, upMid indicates logFC between 1 and 2, upHigh 

indicates logFC greater than 2. 
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Figure 4.23 No correlation between RNA expression upon treatment with 

GSK126 and basal H3K27me3 level. 

Violin plot shows the changes in H3K27me3 upon treatment with (a) 4µM and (b) 

8µM GSK126 of groups of genes separated by the changes in RNA expression. 

downHigh indicates logFC of less than -2, downMid indicates logFC between -2 

and -1, downLow indicates logFC between -1 and 0, no changes indicate no 

changes in RNA expression, upLow indicates logFC between 0 and 1, upMid 

indicates logFC between 1 and 2, upHigh indicates logFC greater than 2.  



 125 

 

 

 

 

Figure 4.23 No correlation between RNA expression upon treatment with 

GSK126 and basal H3K27me3 level. 

Top 500 genes with the highest level of methylation at each timepoint were 

identified and genes that are highly trimethylated in all timepoints (0hr, 48hr and 

72hr) were used for downstream analysis (358 genes). (a) Dot plot of RNA-

Sequencing data ranked by their fold-change highlighting genes that are highly 

trimethylated in red. (b) Barcode plots examining the correlation between highly 

trimethylated genes and RNA expression pattern.  
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Table 4.1 List of genes with upregulated RNA expression and 

Downregulated H3K27me3 ( 0µM vs 4µM) 

 

ENTREZID SYMBOL TXCHROM 

271711 Tmem169 chr1 

104086 Cyp27a1 chr1 

226751 Cdc42bpa chr1 

381310 Stum chr1 

13800 Enah chr1 

18516 Pbx3 chr2 

13661 Ehf chr2 

12509 Cd59a chr2 

381417 Gm14085 chr2 

269389 Tox2 chr2 

72147 Zbtb46 chr2 

100042355 Gm10705 NA 

16905 Lmna chr3 

280411 Lix1l chr3 

83679 Pde4dip chr3 

100121 Tdrd7 chr4 

16656 Hivep3 chr4 

230815 Man1c1 chr4 

212632 Iffo2 chr4 

213649 Arhgef19 chr4 

22612 Yes1 chr5 

272158 Poln chr5 

433940 Fam222a chr5 

215707 Ccdc92 chr5 

76800 Usp42 chr5 

83922 Cep41 chr6 

71720 Osbpl3 chr6 

232975 Atp1a3 chr7 

18987 Pou2f2 chr7 

16504 Kcnc3 chr7 

68667 Trpm4 chr7 

78748 Rassf10 chr7 

67865 Rgs10 chr7 

19267 Ptpre chr7 

100504608 Eef1akmt3 chr10 

74901 Kbtbd11 chr8 

104271 Tex15 chr8 
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12745 Clgn chr8 

234797 6430548M08Rik chr8 

19340 Rab3d chr9 

330914 Arhgap32 chr9 

20686 Spa17 chr9 

59095 Fxyd6 chr9 

244871 Zc3h12c chr9 

68304 Kdelc2 chr9 

108153 Adamts7 chr9 

56517 Slc22a21 chr11 

432572 Specc1 chr11 

94092 Trim16 chr11 

213980 Fbxw10 chr11 

77579 Myh10 chr11 

380711 Rap1gap2 chr11 

319634 Efcab5 chr11 

328329 Mast4 chr13 

21411 Tcf20 chr15 

110197 Dgkg chr16 

57738 Slc15a2 chr16 

23969 Pacsin1 chr17 

407788 BC051142 chr17 

67242 Gemin6 chr17 

208922 Cpeb3 chr19 

240672 Dusp5 chr19 

21416 Tcf7l2 chr19 

  



 128 

Table 4.2 List of genes with upregulated RNA expression and 

Downregulated H3K27me3 ( 0µM vs 8µM) 

 

ENTREZID SYMBOL TXCHROM 

263764 Creg2 chr1 

77300 Raph1 chr1 

271711 Tmem169 chr1 

104086 Cyp27a1 chr1 

69080 Gmppa chr1 

64294 Itm2c chr1 

394430 Ugt1a10 chr1 

12269 C4bp chr1 

67313 Inava chr1 

19734 Rgs16 chr1 

226525 Rasal2 chr1 

103967 Dnm3 chr1 

320078 Olfml2b chr1 

16456 F11r chr1 

226751 Cdc42bpa chr1 

381310 Stum chr1 

12151 Bmi1 chr2 

67991 Nacc2 chr2 

20181 Rxra chr2 

64292 Ptges chr2 

73737 1110008P14Rik chr2 

18516 Pbx3 chr2 

69601 Dab2ip chr2 

13661 Ehf chr2 

69065 Chac1 chr2 

17754 Map1a chr2 

381417 Gm14085 chr2 

12075 Bfsp1 chr2 

12608 Cebpb chr2 

320634 Ocrl chrX 

208968 Zfp280c chrX 

70380 Mospd1 chrX 

236848 Tmem185a chrX 

67790 Rab39b chrX 

102866 Pls3 chrX 

71398 5430427O19Rik chrX 

94275 Maged1 chrX 
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13641 Efnb1 chrX 

12705 Cited1 chrX 

67075 Magt1 chrX 

245622 Fam199x chrX 

245638 Tbc1d8b chrX 

209497 Tmem164 chrX 

58194 Sh3kbp1 chrX 

56078 Car5b chrX 

54156 Egfl6 chrX 

100041480 Gm9833 chr3 

12870 Cp chr3 

72640 Mex3a chr3 

213121 Ankrd35 chr3 

83679 Pde4dip chr3 

214137 Arhgap29 chr3 

65973 Asph chr4 

140577 Ankrd6 chr4 

72685 Dnajc6 chr4 

52430 Echdc2 chr4 

14073 Faah chr4 

16656 Hivep3 chr4 

15530 Hspg2 chr4 

213649 Arhgef19 chr4 

18822 Plod1 chr4 

230904 Fbxo2 chr4 

272158 Poln chr5 

231125 Zfyve28 chr5 

76710 2210406O10Rik chr5 

280662 Afm chr5 

114642 Brdt chr5 

15507 Hspb1 chr5 

14738 Gpr12 chr5 

65963 Tmem176b chr6 

93695 Gpnmb chr6 

71093 Atoh8 chr6 

71779 Mar-08 chr6 

436022 Dnaaf3 chr7 

67441 Isoc2b chr7 

434128 Pnmal2 chr7 

232975 Atp1a3 chr7 

210104 Zfp658 chr7 

68667 Trpm4 chr7 
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101685 Spty2d1 chr7 

100038347 Fam174b chr7 

64176 Sv2b chr7 

12406 Serpinh1 chr7 

78748 Rassf10 chr7 

319622 Itpripl2 chr7 

67865 Rgs10 chr7 

320495 Ipcef1 chr10 

215821 Arfgef3 chr10 

12142 Prdm1 chr10 

69288 Rhobtb1 chr10 

103406 Zfr2 chr10 

17179 Matk chr10 

58250 Chst11 chr10 

216233 Socs2 chr10 

100504608 Eef1akmt3 chr10 

320165 Tacc1 chr8 

68192 Leprotl1 chr8 

67887 Saraf chr8 

330790 Hapln4 chr8 

12931 Crlf1 chr8 

17132 Maf chr8 

234797 6430548M08Rik chr8 

382034 Gse1 chr8 

73420 Ccsap chr8 

12289 Cacna1d chr14 

77945 Rpgrip1 chr14 

219140 Spata13 chr14 

100503545 Nuggc chr14 

21807 Tsc22d1 chr14 

66214 Rgcc chr14 

380928 Lmo7 chr14 

64929 Scel chr14 

19340 Rab3d chr9 

330914 Arhgap32 chr9 

64011 Nrgn chr9 

20686 Spa17 chr9 

382074 Foxr1 chr9 

72565 Uaca chr9 

235431 Coro2b chr9 

108153 Adamts7 chr9 

12700 Cish chr9 
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114679 Selenom chr11 

67815 Sec14l2 chr11 

14778 Gpx3 chr11 

78303 Hist3h2ba chr11 

11671 Aldh3a2 chr11 

13855 Epn2 chr11 

432572 Specc1 chr11 

14457 Gas7 chr11 

77579 Myh10 chr11 

75580 Zbtb4 chr11 

380711 Rap1gap2 chr11 

360013 Myo18a chr11 

56405 Dusp14 chr11 

67888 Tmem100 chr11 

15410 Hoxb3 chr11 

57765 Tbx21 chr11 

217198 Plekhh3 chr11 

52639 Wipi1 chr11 

217310 Hid1 chr11 

210029 Metrnl chr11 

50709 Hist1h1e chr13 

214579 Aldh5a1 chr13 

666794 Rbm24 chr13 

56278 Gkap1 chr13 

218294 Cdc14b chr13 

13039 Ctsl chr13 

328329 Mast4 chr13 

14226 Fkbp1b chr12 

64075 Smoc1 chr12 

170721 Papln chr12 

81703 Jdp2 chr12 

24000 Ptpn21 chr12 

17263 Meg3 chr12 

12709 Ckb chr12 

11512 Adcy6 chr15 

66120 Fkbp11 chr15 

70152 Mettl7a1 chr15 

16668 Krt18 chr15 

11515 Adcy9 chr16 

14724 Gp1bb chr16 

18951 Sep-05 chr16 

110197 Dgkg chr16 
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57738 Slc15a2 chr16 

110948 Hlcs chr16 

77106 Tmem181a chr17 

16004 Igf2r chr17 

58226 Cacna1h chr17 

20681 Sox8 chr17 

23969 Pacsin1 chr17 

224796 Clic5 chr17 

14913 Guca1a chr17 

66060 Cystm1 chr18 

240261 Ccdc112 chr18 

12583 Cdo1 chr18 

21873 Tjp2 chr19 

208922 Cpeb3 chr19 

226154 Lzts2 chr19 

240672 Dusp5 chr19 

21416 Tcf7l2 chr19 
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Deletion of Atoh8 abrogates the effect of GSK126 on ASC differentiation 

My results have shown that GSK126 treatment increases ASC differentiation both 

in vitro and in vivo via both known and previously unidentified mechanisms. 

Therefore, I performed a functional validation of GSK126 target genes using an 

arrayed CRISPR-screen to determine their role in Ezh2 mediated ASC 

differentiation. I designed my screen to include genes upregulated with GSK126 

treatment in comparison to untreated samples (both 4µM and 8µM – 78 DEG) 

(Figure 4.25a). Cas9 transgenic B cells were pre-activated prior to transduction 

with an arrayed gRNA lentiviral library. Transduced B cells were cultured in 

LPS+IL4 for two days then treated with GSK126 for an additional two days. 

Following this process, I quantified the effect of targeted genes on ASC 

differentiation as determined by CD138 expression (Figure 4.25b). To improve 

the accuracy and sensitivity of my screening approach, I stimulated B cells with 

LPS in the presence of IL-4 that significantly reduces ASC differentiation and 

increases correlation of the differentiation marker CD138 with bona fide Blimp-1+ 

plasma cells24, 164. Addition of IL-4 to cultures also has no effect on GSK126 

phenotypes described above (Figure 4.26 a-b). Thus, I could improve the signal-

to-noise ratio for the CRISPR-screen.  

 

The functional response of all 78 DEG were tested via CRISPR screening and 

responses ranked according to CD138 differentiation in both untreated and 

GSK126 treated cultures (Figure 4.27 a-b). As controls, my screen included the 

PRC2 components Eed and Suz12 as well as positive regulators of ASC 

differentiation, Prdm1 and Irf4. As expected, deletion of PRC2 complex 

components, Eed and Suz12 increased ASC differentiation to the level of 

GSK126 treated uninfected controls with no additional effect observed upon 

addition of GSK126 (Figure 4.27a and Figure 4.27c). Interestingly, I also 

observed that deletion of histone genes, including Hist1h2ad, Hist1h2ak, 

Hist1h2ab and Hist1h1e also results in increased ASC differentiation, resulting in 

the same effects as Eed and Suz12 deletion (Figure 4.27a). In negative controls, 

ASC differentiation was reduced in Irf4 and Prdm1 cultures compared to 

uninfected controls as expected and did not respond to GSK126 treatment 

(Figure 4.27c). Using this approach, I validated the effect of genes previously 

identified by RNA-seq as targets of Ezh2 mediated ASC differentiation. I 
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observed that genes with most significant loss in ASC differentiation in response 

to GSK126 treatment were Mybl1, Atoh8, Gas7 and Myof, genes that have not 

previously been associated with ASC differentiation (Figure 4.27b). I examined 

the expression of Atoh8, Gas7, Mybl1 and Myof in various subsets of B cells 

using a previously published RNA-sequencing dataset generated by Shi et al 

(Figure 4.28). Atoh8 is only expressed in plasma cell subsets, including bone 

marrow plasma cells, splenic plasmablasts, splenic plasma cells and also 

MPC11, a plasmacytoma cell line. Gas7 is also expressed in some subsets of 

plasma cells (bone marrow plasma cells, splenic plasmablasts and splenic 

plasma cells), but is most highly expressed in B1 cells. However, Mybl1 and Myof 

were not expressed in plasma cell subsets.  

 

To dissect whether these genes are direct or indirect targets of Ezh2, I examined 

the status of H3K27me3 upon GSK126 treatment. Interestingly, I observed very 

little changes in H3K27me3 at Gas7, Mybl1 and Myof upon GSK126 treatment, 

suggesting the effects on ASC differentiation observed here are indirectly 

regulated by Ezh2 (Figure 4.29a). However, at Atoh8 (a Blimp-1 target), 

H3K27me3 levels were significantly reduced upon GSK126 treatment (Figure 

4.29a). 

 

To gain further mechanistic insight into the processes regulating Atoh8 mediated 

ASC differentiation I analysed previously published datasets (GSE71698) 

characterising the transcriptional state of Atoh8. I observed in untreated B cells, 

Atoh8 expression is repressed by H3K27me3 in all stages of B cells – activated 

B cells, pre-plasmablasts and plasmablasts while little to no methylation was 

observed in Gas7, Mybl1 and Myof25 (Figure 4.29c). In plasmablasts, I also noted 

significant binding of key ASC transcriptional components such as Blimp-1, Irf4 

and PU.1 to Atoh8 (Figure 4.29b). To investigate the relationship between Atoh8 

and Blimp-1, I used non-biased statistical methods to examine the expression 

pattern of these novel genes upon B cell activation in untreated samples. 

Interestingly, Atoh8 and Mybl1 share the same expression pattern as Prdm1, 

gene that encodes for Blimp-1, suggesting a bone fide link to the B cell 

differentiation compartment (Figure 4.30). This is further supported by the 
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analysis showing that the H3K27me3 pattern upon B cell activation of Atoh8 and 

Mybl1 also correlates with the H3K27me3 pattern seen in Prdm1 (Figure 4.31). 

 

I also observed that in addition to H3K27me3, Atoh8 region is also bound by 

H3K9ac, H3K4me2 and H3K4me3, indicating that the gene is maintained in a 

poised state (Figure 4.29b). Together, these data suggest the removal of 

H3K27me3 upon GSK126 treatment releases the repression mark, allowing 

active transcription of Atoh8. These findings are especially relevant given 

correlating mass spectrometry evidence that Ezh2 itself is directly bound to 

Blimp-1, which is consistently found at the Atoh8 locus25 (Figure 4.32). 

 

 

  



 136 

 

 

Figure 4.25 CRISPR screen to identify gene targets of GSK126. 

(a) Venn diagram for DEGs that are upregulated between 0µM and 4µM GSK126 

and 0µM and 8µM GSK126. (Cut-off values : FC≥ 1 and adj p-val ≤0.05) (b) 

Schematic showing the workflow for CRISPR-screen. Naïve B cells were isolated 

from Cas9 transgenic mice. Cells were activated with LPS (15µg/mL) overnight 

prior to transduction with arrayed gRNA lentiviral library. Transduced cells were 

cultured with LPS (15µg/mL) + IL4 (100U/mL) for 48 hours before the addition of 

GSK126 (4µM). Samples were examined on flow cytometry for the expression of 

CD138 48 hours post treatment with GSK126.   
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Figure 4.26 Effect of GSK126 on B cell differentiation is still observed in 

LPS+IL4 stimulated B cells. 

(a) Proportion of CD138 positive cell of LPS (15µg/mL) activated B cells at 71hr, 

95hr and 120hr. (b) Proportion of CD138 positive cells of LPS (15µg/mL) + IL4 

(100U/mL) at 71hr, 95hr and 120hr. Data are mean ± s.e.m of triplicate samples 

and are representative of three independent experiments.   
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Figure 4.27 Deletion of Atoh8, Mybl1, Gas7 and Myof abolishes the effect of 

GSK126 on B cell differentiation. 

(a) Genes that result in increase in ASC differentiation upon deletion. (b) Genes 

that abolishes the effect of GSK126 on B cell differentiation upon deletion. (c) 

Expression of CD138 for untreated and GSK126 treated (4µM) for B cells deleted 

for the indicated genes. Data in c denotes mean ± s.e.m of duplicate samples for 

two different guides and are representative of two independent experiments.  
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Figure 4.28 Expression of Atoh8, Gas7, Mybl1 and Myof in different B cell 

subsets. 

Expression of (a) Atoh8, (b) Gas7, (c) Mybl1 and (d) Myof in different subsets of 

B cells (Follicular B cells (FoB), germinal centre B cells (GCB), marginal zone B 

cells (MZB), B1 cells (B1), bone marrow plasma cells (BMPC), splenic 

plasmablasts (SplPB) and splenic plasma cells (SplPC)), A20 (germinal centre 

cell line) and MPC11 (plasmacytoma cell line). Data were obtained from Shi et al 

Nature Immunology (2015) (GSE60927). 
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Figure 4.29 H3K27me3 states and transcriptional binding on Atoh8, Gas7, 

Mybl1 and Myof regions. 

(a) H3K27me3 at 0hr, 48hr and 72hr upon treatment with GSK126 at indicated 

concentrations at Atoh8, Gas7, Mybl1 and Myof. (b) Binding of IRF4, PU.1, Blimp-

1, H3K9ac, H3K4me2 and H3K27me3 in plasmablasts at Atoh8, Gas7, Mybl1 

and Myof regions. (c) H3K27me3 of Atoh8, Gas7, Mybl1 and Myof in activated B 

cells (Act B), pre-plasmablasts (Pre PB) and plasmablasts (PB). Data in b and c 

were obtained from GSE71698.  
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Figure 4.30 Atoh8 has the same RNA expression pattern as Prdm1 (Blimp-

1). 

Clustering analysis of RNA expression pattern of genes across various timepoints 

in B cell stimulated with LPS. 14375 genes were included in analysis.  
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Figure 4.31 Atoh8 has the same H3K27me3 expression pattern as Prdm1 

(Blimp-1). 

Clustering analysis of H3K27me3 expression pattern of genes across various 

timepoints in B cell stimulated with LPS. 14375 genes were included in analysis.  
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Figure 4.32 Graphical depiction of the mechanism of GSK126 in increasing 

B cell differentiation. 

In healthy or normal conditions, Atoh8 is bound by active mark H3K4me3 and 

Blimp-1. Blimp-1 recruits Ezh2 of the PRC2 complex to the site, which catalyses 

H3K27me3 on Atoh8, creating a “poised” state. This repressive mark prevents 

the transcription of Atoh8, thus limiting the amount of B cell differentiation and 

antibody production. Upon GSK126 treatment, Ezh2 activity is inhibited and the 

repressive mark H3K27me3 is removed. This allows for transcription to occur to 

increase the expression of Atoh8. This results in an increase in B cell 

differentiation and antibody secretion.  
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DISCUSSION 

Here, I have combined quantitative functional analysis of B cell function in the 

presence of epigenetic inhibitors. This approach has allowed us to dissect 

specific single effects of epigenetic modifying compounds to B cell functional 

units, and in this case, solely differentiation of B cells into the ASC lineage without 

the expense of B cell proliferation, survival or effector function. Furthermore, by 

combining functional analysis with whole genome techniques, I have 

demonstrated how simple accessible systems biology techniques available to 

immunologists can be combined to uncover significant mechanistic insight into 

the molecular regulation of B cell function. 

 

I characterised Ezh2 mediated regulation of plasma cell differentiation by 

combining Ezh2 inhibitors, genetic engineered mouse models, quantitative 

modelling and genomic approaches. Using this strategy, I identified four Ezh2 

regulated genes previously not associated with plasma cell differentiation (Atoh8, 

Myof, Mybl1 and Gas7). Of particular interest, I characterised Atoh8 mediated 

plasma cell differentiation, a Blimp-1 target gene previously shown to be 

expressed in B cell subsets, but not linked with plasma cell differentiation25. Atoh8 

is a bHLH domain transcription factor that has been implicated in the 

development of the nervous system, skeletal muscle, liver and pancreas185, 186. 

Studies have also implicated Atoh8 as a tumour suppressor in hepatocellular 

carcinoma, where downregulation of Atoh8 is correlated with poor survival in 

patients187, whereas Atoh8 was suggested to be an oncogene in colorectal 

cancer188. However, the role of Atoh8 in lymphocytes has yet to be characterised.  

 

I demonstrate that in the steady state, Atoh8 is bound by B cell transcription 

factors Blimp-1, PU.1 and Irf4. However, expression of Atoh8 is repressed via 

hyper-methylation of H3K27. In normal circumstances, this is most likely due to 

recruitment of Ezh2 by Blimp-1 to Atoh825. However, in the presence of GSK126, 

Ezh2 mediated H3K27 trimethylation is alleviated thus driving gene expression 

and plasma cell differentiation. This proposed mechanism is consistent with my 

earlier findings in the context of CpG stimulation. Here, Ezh2 inhibitors fail to 

induce ASC differentiation, consistent with the lack of expression of Blimp-1 
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induced by CpG. Thus, in line with my findings, the lack of Blimp-1 at Atoh8 could 

potentially prevent any effect of Ezh2 inhibitors leaving Atoh8 in an inactive state. 

 

Ezh2 inhibitors are being developed and trialled for efficacy against multiple 

cancer types, including B cell lymphomas. My findings suggest that inhibition of 

Ezh2 could be a viable therapeutic target for amplification of protective antibody 

responses. B cells and plasma cell have both been demonstrated to be extremely 

sensitive to epigenetic modifying compounds in the context that allows them to 

be targeted and deleted in disease associated with over-active antibody 

production176. However, this sensitivity to epigenetic modification (perhaps due 

to accumulation of heterochromatin) renders B cells sensitive to the reciprocal 

approach. As I demonstrate here, robust T cell help and GC formation are 

unaffected if both the dose and timing of Ezh2 inhibition are managed, thus 

studies with constitutive deletion of PRC2 components are not necessarily 

relevant in a therapeutic setting81, 82.  Furthermore, given the restricted effect on 

antibody production I have demonstrated here, treatment with Ezh2 inhibitors 

could potentially serve as a therapeutic option to boost antibody production in 

patients with unexplained antibody deficiency in syndromes such as Common 

Variable Immune Deficiency. 

 

My functional and molecular analysis both indicated that high doses of Ezh2 

inhibitors induced apoptosis and stalled cell cycle progression in addition to on 

target differentiation driven processes. These effects were observed in B cells 

deficient for Ezh2 expression highlighting the Ezh2 independent, off target nature 

of these biological effects. Thus, given Ezh2 inhibitors have been applied in pre-

clinical disease models and clinical trials to treat B cell malignancies (such as 

diffuse large B-cell lymphoma and follicular lymphoma) in the presence or 

absence of Ezh2 activating mutations, my data raises questions about the 

molecular mechanism that elicits this efficacy40, 43, 83. In addition, it is well 

established that plasma cells are highly dependent on a specific 

microenvironment, or niche, to maintain their survival189, 190. For this reason, Ezh2 

inhibitors could potentially function as an effective differentiation therapy for B cell 

malignancies, driving immature cancers into a differentiated state in the absence 

of supporting growth factors. However, as illustrated by my own data using CpG 
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stimulated B cells, these tumours would still require additional transcriptional 

machinery (such as Blimp-1) for efficacy as Ezh2 itself is not sufficient to drive 

ASC differentiation. 
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Chapter 5 : General 

Discussion 

and conclusion 
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Discussion 

Over the last decade, a growing body of studies have emphasised the importance 

of epigenetic pathways in the development and function of the immune system. 

In turn, correlations between epigenetic modifications and immune disorders 

have been identified. Thus, it is not surprising that compounds targeting 

components of epigenetic pathways have emerged as promising therapeutic 

agents to treat various diseases originating from cells related to the immune 

system such as haematological malignancies. However, the precise role of 

epigenetic machineries that drive disease development and mechanisms of 

current epigenetic modifying compounds that are being used remain unclear. 

Thus, the work presented in this thesis aims to address these questions by 

combining quantitative techniques with molecular approaches to identify novel 

epigenetic mechanisms that regulate B cell immunity.  

 

Interplay between Brd4 inhibition and Hdac inhibition 

JQ1 has been reported to have a very short half-life and dose concentrations 

required to mediate single agent activity are above physiologic safety levels in 

vivo. It was proposed that may be due to the lack of specificity, as JQ1 also 

targets other BET proteins. However, as mentioned above, it is also possible that 

the lack of efficacy is due to the low levels of Brd4 that are still present at TSS, 

which then recruit and interact with other proteins to cause downstream gene 

expression. Thus, other inhibitors that target the BET proteins, in particular ones 

that mediate the degradation of BET proteins were developed191. 

 

dBET1 is a small molecule pan-BET degrader based on proteolysis-targeting 

chimera (PROTAC) technology and demonstrates an increased efficacy in 

comparison to BET inhibition. Thus, examining the effect of ARC771 on B cell 

responses in comparison to the effects shown by JQ1 in Chapter 3 has potential 

to elucidate further information on the role or residual Brd4. This result could 

potentially identify other functions of Brd4 in addition to its role solely as a “reader” 

and provide an insight into the interactions of Brd4 with other proteins. 
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In Chapter 3, I showed that Brd4 inhibition via JQ1 treatment affects multiple 

parameters of B cell function, namely proliferation and survival. This combined 

effect results in a dramatic decrease in antibody secretion. Previous work has 

shown that histone deacetylase inhibitors (HDACi) can affect multiple parameters 

of B cell function, including proliferation and survival, in a histone deacetylase 

(Hdac) class specific manner176. In contrast to Brd4 (which functions as an 

epigenetic reader), HDACi act on histone deactylases, resulting in the removal of 

acetyl marks from the histone tails and are therefore characterised as “epigenetic 

erasers”. Thus, HDACi prevent the loss of acetyl groups resulting in an “open” 

chromatin. Thus, JQ1 and HDACi function via significantly different molecular 

mechanisms whilst the effect on B cell function is conserved. The underlying 

mechanism that links these pathways is interesting and understanding this could 

improve our knowledge on epigenetic regulation and potentially improve the 

treatments targeting these mechanisms.  

 

I hypothesise that the mechanism that links the effect of HDACi and JQ1, may be 

due to the accumulation of acetyl groups. Hdac inhibition results in a globally 

elevated histone acetylation, including in regions that are generally deprived or 

have low acetylation regions such as intergenic and gene body regions192-195. The 

redistribution of acetyl groups affects the recruitment of BET proteins, 

delocalising them from regulatory elements to the newly acetylated sites, 

resulting in similar effects as JQ1. This hypothesis is consistent with studies 

investigating the role of BET inhibition and Hdac inhibition in Myc-transgenic 

lymphoma cells. These studies showed that both approaches resulted in similar 

transcriptomic changes. This suggests that these compounds may work in a 

similar pathway196. In addition, BET inhibition was also shown to induce several 

histone related genes, further suggesting the interplay between BET proteins and 

histone proteins. Alternatively, the similarity in the transcriptomic output in 

response to BET inhibition and Hdac inhibition could be due to different genes 

whose transcription is suppressed.  

 

I postulate that the combination of the quantitative analysis and molecular 

approaches (transcriptomic and epigenomic studies) could potentially resolve 

these mechanisms. As mentioned above, previous studies have revealed that 
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HDACi functions in a Hdac class specific manner. Thus, studying the effects of 

these HDACi on B cell function and the downstream molecular mechanism, and 

comparing this information to the effects of BET inhibitors could provide more 

insight into the gene regulation of these inhibitors and dissect the interplay 

between BET proteins and histone proteins. 

 

Role of PRC2 in ASC differentiation 

PRC2 is a multi-subunit epigenetic protein complex that regulates gene 

expression by catalysing trimethylation of H3K27. PRC2 is typically composed by 

the core subunits, Ezh2, Eed and Suz12. In addition, the function of PRC2 is also 

influenced by accessory subunits that are differentially expressed. Studies of 

polycomb group proteins interactome have shown the existence of at least two 

types of PRC2 subcomplexes. The complexes were proposed to be termed 

PRC2.1 and PRC2.2, where the former contains Epop and Pcl1-3 and the latter 

subcomplex is composed of Jarid2 and Aebp2197. The functional relevance of 

these subcomplexes remains unclear. Recently it has been demonstrated in 

embryonic stem cells that the activity of PRC2.1 and PRC2.2 are correlated with 

cell cycle. PRC2.1 is active G1 and biased towards positive regulation of genes 

involved in cell differentiation. In contrast, PRC2.2 is preferentially active during 

S-G2-M, where genes involved in differentiation and development are inhibited198.  

 

Results from Chapter 4 demonstrated that Ezh2 inhibition results in an increase 

in ASC differentiation. Given the findings discussed above in relation to PRC2.1 

and PRC2.2 activity, I hypothesise that the dominant effect of Ezh2 on B cell 

function is through the activity of PRC2.2. I propose that Ezh2 inhibition via 

GSK126 supresses PRC2.2 and therefore the dominant active complex is 

PRC2.1, thus promoting the transcription of genes involved in differentiation. 

Investigating this hypothesis would shed more light onto the role of PRC2 in B 

cell function. Specifically, I propose examining recruitment of Ezh2 during 

different stages of cell cycle in B cells and how this is modulated by GSK126 

mediated Ezh2 inhibition. Furthermore, I would hypothesise that similar studies 

should be extended to include other proteins that form PRC2.1 and PRC2.2 

subcomplexes. For example, examining the binding of the components of the 
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PRC2.1 and PRC2.2 subcomplexes, Epop and Jarid2 respectively, at different 

cell cycle stages with or without the treatment of GSK126. These studies have 

the potential to identify the role of PRC2 subcomplexes in B cell differentiation 

and provide insight into the regulation of PRC2.1 and PRC2.2 subcomplexes. 

Although numerous studies have identified a role for PRC2.1 and PRC2.2 

subcomplexes in various biological systems, the mechanism of these complexes 

is poorly understood. For example, how do PRC2.1 and PRC2.2 cooperate to 

establish Polycomb domains? Given that PRC2 subcomplexes have been 

suggested to regulate different processes, what is their role in ASC differentiation 

and to what extent are these subcomplexes functionally distinct? What are the 

roles of the proteins involved in the subcomplexes? Which of the PRC2 

subcomplexes play a more dominant role in regulating B cell function? 

 

Zhou and colleagues have previously shown a negative correlation between cell 

division time and ASC differentiation, where reduced division times results in an 

increased cell differentiation199. However, the exact mechanism linking these two 

processes remains unclear. Thus, studying the effect of GSK126 on cell cycle 

and the effect on the other components and subcomplexes of PRC2 may provide 

an understanding in the regulation between cell cycle length and cell 

differentiation. Vice versa, cell cycle linked differentiation effects that have been 

reported previously may intrinsically be linked to epigenetic complexes, as is the 

case for PRC2. For example, B cell malignancies are characterised by 

dysregulation of the cell cycle, this novel link between cell cycle control and 

epigenetic regulation may present an alternative route by which normal 

transcriptional control is subverted to promote oncogenesis. 

 

In addition, my studies also raise a number of questions about the relationship 

between H3K27me3 and ASC differentiation. Specifically, I hypothesise that the 

role of H3K27 demethylase proteins on differentiation should be investigated. I 

showed that inhibition of Ezh2, a methyltransferase induces ASC differentiation. 

Thus, one could expect that the reciprocal activity of histone demethylase 

machinery should also affect ASC differentiation, enabling histone methylation to 

act as a molecular rheostat controlling cell fate. Ubiquitously Transcribed 

Tetratricopeptide Repeat on chromosome X (Utx) is a histone lysine demethylase 
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that demethylates both H3K27me2 and H3K27me3. Dysregulation of Utx 

expression has been implicated in various haematological malignancies, but the 

exact role and mechanism of Utx remains unclear. For instance, it has been 

reported that Utx is a tumour suppressor in T-ALL. However, separate study 

suggests that Utx is a pro-oncogenic cofactor essential for leukaemia 

maintenance in TAL1-positive T-ALL200. Consistent with my hypothesis, there is 

evidence that Utx plays an important role in regulating immune responses. Mice 

with T cell specific Utx deletion induces significant changes to immune 

phenotypes including: reduced T follicular helper cells, impaired germinal centre 

responses, absence of virus-specific immunoglobulin G (IgG) and were unable to 

resolve chronic lymphocytic choriomeningitis virus infections201. In mature B cells, 

loss of both Utx and Jmjd3, another histone lysine demethylase, results in a 

significant increase in splenic T2 transitional and marginal zone B cells, a 

reduction in circulating mature B cells in the bone marrow and impaired immune 

responses to influenza infection202. This suggests that histone lysine 

demethylases Utx and Jmjd3 play a role in B cell function, but the precise role 

and mechanism remains unclear. Thus, I hypothesis that future studies using 

quantitative analysis on the effect of Utx and Jmjd3 on B cell response has 

potential to shed light on the mechanisms that regulate these processes. In 

addition, I would also like to extend the CRISPR screen analysis performed in 

Chapter 4 to include other epigenetic modifiers that regulates histone methylation 

or acetylation. 

 

Effect of GSK126 treatment on epigenetic landscape 

H3K27me3 is often associated with gene repression and is highly correlated with 

the formation of heterochromatic regions (closed chromatin). However, data from 

Chapter 4 revealed that GSK126 treatment does not alter the chromatin 

accessibility despite the significant loss in H3K27me3. This suggests that the 

transcriptional effects of GSK126 and consequently H3K27me3 are likely 

primarily orchestrated by affecting the recruitment of lysine-methyl binding 

proteins thereby affecting transcription rather than through H3K27me3 mediated 

changes in chromatin structure.  
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The regulation of gene transcription is highly complex and is orchestrated by 

various components, including transcription factors, coregulators and epigenetic 

marks. For example, the current dogma is that H3K27me3 associated with gene 

repression while H3K4me3 is correlated with active gene transcription. However, 

these marks can interact with one another and various combinations at the same 

site can result in an altered transcriptional state. For instance, a combination of 

H3K27me3 and H3K4me3 results in a “poised” state, where the gene is 

repressed due to H3K27me3. However, due to the presence of H3K4me3, gene 

transcription can be initiated as soon as the H3K27me3 is lost. This is shown in 

Figure 4.27, where Atoh8 is present and potentially poised in a steady state. In 

Chapter 4, my studies focussed on the effect of GSK126 treatment on H3K27me3. 

However, for the reasons outlined above and our novel findings with regards to 

Atoh8, future studies should extend this analysis to other histone marks. This 

approach would determine if GSK126 treatment interacts with multiple histone 

marks to regulate ASC differentiation consistent with other biological systems 

where interplay between these histone marks has been demonstrated to play in 

important role in predicting cellular outcomes and regulating processes including 

transcription regulation, DNA repair, etc203.  

 

Building quantitative database on the effects of EMCs in immune cells 

As highlighted in Chapter 1, ECMs have emerged as promising therapeutic 

targets for cancer treatment and immune disorders. However, the precise 

mechanism of how EMCs regulate the immune response remains unclear. To 

date, the dogma of EMC is that they are global regulators of gene expression due 

to their role in regulating the epigenetic landscape. Thus, their effects are 

believed to be relatively promiscuous. However, both my studies and previously 

published work has demonstrated that the cellular effects of EMCs can be 

quantified and in some contexts are extremely specific, both in compound and 

cell-type specific manner. One of the key challenges of introducing EMC into the 

clinic has been off target effects related to the promiscuousity of these 

compounds. Establishing a functional database on the effect of EMCs on the 

immune response may provide an insight into the mechanism of function and 

potentially improve the integration of EMCs into clinical applications as means of 
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treating immune disorders or various cancers, particularly those involving altered 

lymphocyte function.  

 

In addition to B cell function, I would also like to extend this study to T cells and 

other immune cell subsets. Previous studies have shown that EMCs can function 

in a cell specific manner: for example the function of memory B cells remains 

intact upon treatment with Panobinostat, despite the drastic reduction in the 

primary immune response and depletion of autoimmune B cell populations. Thus, 

EMCs may provide the opportunity to target specific elements of the immune 

response, while leaving others unaffected176. Thus, Panobinostat, may be used 

to induce immune suppression in autoimmune settings, without affecting the 

memory response, maintaining the patients’ immune memory repertoire and 

long-term protective immunity at the expense of minor short term 

immunosuppression. 

 

This thesis has focused on two inhibitors of separate epigenetic pathways. JQ1 

acts targeting a “reader” and Ezh2 inhibiting a “writer”. In the future, I’m aiming to 

extend the approaches applied in this thesis to other inhibitors that target different 

components epigenetic regulatory mechanisms (such as HDACi). Several 

studies have demonstrated that high levels of histone acetylation are crucial in 

maintaining cells in an undifferentiated and pluripotent state, as treatment with 

HDACi reduces differentiation and induces expansion of both haematopoietic 

stem cells and embryonic stem cells populations204, 205. However, treatment of 

primary cells or cancer cells with HDACi has been shown to induce 

differentiation206-208. Together, these findings indicate that the mechanism and 

activity of Hdac can vary with cell type and context.  

 

Hdacs are highly conserved from yeast to human and are described as “eraser” 

of histone modifications due to their role in catalysing the removal of acetyl groups 

on both histone and non-histone proteins. This results in transcriptional 

repression through chromatin condensation, and alteration of protein stability and 

function. Consequently, essential functions of Hdac have been found in various 

biological processes, including proliferation and cell survival. Despite extensive 

studies on Hdac, the precise functional role of almost all Hdac remain unknown, 
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especially in the context of different cell types. Hdacs have been shown to play a 

crucial role not only in development during early stages of life, but also in 

lymphocytes. However, major dependency on Hdac for developmental processes 

is almost completely abrogated in adults (except for cell types with high turnover 

such as gut epithelium). This provides the opportunity to target lymphocyte 

functions regulated by Hdac while circumventing development issues. In addition, 

combining known anticancer effects and the newly emerging immunomodulatory 

effects of HDACi represents a promising new combinatorial therapeutic approach 

for HDACi treatments. 

 

Atoh8 as a regulator of ASC differentiation 

Atoh8 is a bHLH domain transcription factor that has been implicated in the 

development of the nervous system, skeletal muscle, liver and pancreas209-212. 

Atoh8 has been reported as a regulator of chondrocyte proliferation and 

differentiation213. Studies have also implicated Atoh8 as a tumour suppressor in 

hepatocellular carcinoma, where downregulation of Atoh8 is correlated with poor 

survival in patients187. However, the role of Atoh8 in lymphocytes has yet to be 

characterised. 

 

Atoh8 has been identified as a downstream target of Blimp-1, a master regulator 

of ASC differentiation. However, the contribution of Atoh8 to ASC differentiation 

is not understood. In Chapter 4, I showed that Atoh8 expression is repressed via 

trimethylation of H3K27 in all activated B cells, pre-plasmablasts and 

plasmablasts. In plasmablasts, Atoh8 remains in a poised state and is bound by 

H3K9ac, H3K4me2, H3K4me3 and H3K27me3 marks. GSK126 treatment 

abrogates the H3K27me3 mark and releases Atoh8 from its repressed state. I 

propose that Blimp-1 represses the expression of Atoh8 through H3K27me3 to 

prevent premature or over-differentiation of ASC cells. This raises the questions 

on the role of Atoh8 in ASC differentiation and the regulators of Atoh8. For 

instance, can Atoh8 act as a master regulator of ASC differentiation? To examine 

that, I would like to overexpress Atoh8 in B cells and examine the effects of that 

in various stimulation conditions in vitro. As highlighted above, CpG stimulation 

activates B cell proliferation and survival program without ASC differentiation. 
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Thus, I would like to examine if the overexpression of Atoh8 can drive ASC 

differentiation in B cells. The effects of Atoh8 overexpression on GC formation 

and antigen specific response could also be investigated in vivo using a chimera 

model and NP-KLH immunisation model. To gain further insights into the 

mechanism and the role of Atoh8 in gene regulation, I propose to perform RNA-

sequencing analysis to examine the transcriptomic changes in B cells with 

overexpression of Atoh8. In addition, ChIP-sequencing analysis of Atoh8 binding 

can also provide better understanding of the role of Atoh8 in B cells and its 

downstream targets. 

 

In addition to the role of Atoh8 in protective immune responses, I would also like 

to examine the involvement of Atoh8 in immune disorders, particularly those 

involving plasma cells. This includes examining the expression level, methylation 

status and mutations of Atoh8 in B cells in autoimmune models or immune 

deficient models. Results from this analysis could potentially reveal a new gene 

target to regulate the immune response. This approach could also be extended 

to include plasma cell malignancies, such as multiple myeloma. This has the 

potential to uncover the oncogenic effect of Atoh8 and potentially provide more 

insights into the treatment of plasma cell malignancies.  

 

Role of Gas7 in ASC differentiation 

Growth arrest specific protein 7 (Gas7) was identified as one of the regulators 

controlled by Ezh2 to modulate ASC differentiation in Chapter 4. Loss of Gas7 

abrogates the boost in ASC differentiation caused by Ezh2 inhibition. Gas7 is 

expressed primarily in terminally differentiated brain cells, predominantly in 

mature cerebellar Purkinje neurons. Overexpression of Gas7 in undifferentiated 

neuroblastoma cell cultures induces neurite-like outgrowth from these cells, 

suggesting that Gas7 may have a role in developmental maturation of cerebellar 

neurons214. Gas7 has also been reported to regulate mesenchymal stem cell 

derived bone development215. Truncated forms of Gas7 mutant protein have 

been reported in acute myeloid leukemia (AML) and in a paediatric acute 

lymphoblastic leukemia (ALL)216. Furthermore, it has been demonstrated that 

Gas7 may play critical roles in early B cell development and BCR-ABL1 driven 
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leukemia cell survival. However, the results from this thesis suggest that there is 

an unappreciated role for Gas7 in B cell differentiation, of which the molecular 

mechanism by which Gas7 affects B cell behaviour remains to be discovered. 

I examined the expression of Gas7 in various B cell subtypes using RNA-

Sequencing databases (GSE60927) and found that Gas7 is highly expressed in 

bone marrow plasma cells, splenic plasmablasts and splenic plasma cells in 

comparison to follicular B cells, GC B cells and marginal zone B cells. 

Interestingly, Gas7 is also highly expressed in B1 cells (6-fold higher than plasma 

cell subsets). B1 cells are a relatively small component of the humoral immune 

system but are unique as they are predominantly localised in the peritoneal cavity. 

B1 cells spontaneously secrete germline-like, repertoire skewed polyreactive 

natural antibody that acts as a first line defence that neutralises a wide range of 

pathogens before the initiation of the adaptive immune response. B1 cells can be 

further subdivided into B-1a and B-1b populations. RNA-Sequencing data have 

shown that Gas7 is highly expressed in B1 cell population. However, it is unclear 

whether Gas7 is highly expressed in both B1a and B1b, or if it is subset specific.   

 

B1 cells have been reported to be in a “preactivated” state, due to their ability to 

proliferate and differentiate rapidly (in comparison to follicular B cells), upon 

stimulation. In addition, B1 cells are the only population of B cells that differentiate 

into ASC upon stimulation with CpG, which is not observed in follicular B cells as 

shown previously in Chapter 4 and by Fairfax et al217. Thus, I would like to 

examine if Gas7 expression is responsible for the “preactivated” state of B1 cells, 

and whether Gas7 overexpression can induce differentiation in CpG stimulated 

follicular B cells. In addition, I would also like to investigate if deletion of Gas7 

abrogates the “preactivated” state of B1 cells and the subsequent effect of loss 

of Gas7 on B1 cell function. 

 

As shown in Chapter 4, Gas7 expression is increased upon treatment with 

GSK126 and deletion of Gas7 abolishes the boost in ASC differentiation caused 

by Ezh2 inhibition. As mentioned earlier, B1 cells have a high expression of Gas7. 

This raises the question on the effects of Ezh2 inhibition on B1 cells and if this 

increases ASC differentiation processes of these cells. However, GSK126 may 

not have effects on ASC differentiation in B1 cells and this may be due to the high 
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expression levels of Gas7. There may be a threshold which limits the ability of B1 

cells to undergo ASC differentiation. 

 

Inhibition of Ezh2 for differentiation therapy 

As discussed in Chapter 1, Ezh2 inhibitors have emerged as promising 

therapeutic agents for the treatment of haematological malignancies, especially 

for cancers involving Ezh2 mutation. In these cancers, Ezh2 inhibitors have been 

shown to induce apoptosis. I propose that Ezh2 inhibition may potentially be used 

for differentiation therapy. Differentiation therapy is an approach for treating 

advanced cancers in which malignant cells are encouraged to differentiate into 

more mature forms using pharmacological agents. Traditional chemotherapy or 

radiotherapy involves killing tumour cells, whereas differentiation therapy aims to 

reactivate endogenous differentiation programs in cancer cells to resume the 

maturation process into becoming normal healthy cells, usually dependent on 

growth factors that are sparse or positioned away from their require 

microenvironment that then selects against tumour phenotypes. Thus, this 

approach has become an area of significant interest. 

 

The potential for differentiation therapy to improve cure rates in leukemia is 

exemplified by the development of all-trans retinoic acid (ATRA) for the targeted 

treatment of acute promyelocytic leukemia (APL). Studies have reported that 

more than 90% of APL patients receiving ATRA therapy leads to complete 

remission218, 219. As inhibition of Ezh2 via therapeutic agents induces ASC 

differentiation, I propose that Ezh2 inhibition may potentially be introduced as 

differentiation therapy in leukaemia.  

 

Current studies examining the effect of Ezh2 inhibition uses a high dose of 

therapeutic agents reported to induce cell death in cancer cells. However, results 

in Chapter 4 suggests that the apoptotic effect of high doses of GSK126 are 

independent of Ezh2 activity and could be the result of off-target toxicity effect of 

the compound. I propose examining the effect of low dose treatment with Ezh2 

inhibitors, such as GSK126 in B cell cancer models. Low doses of Ezh2 can 

potentially reactivate the differentiation programs in transformed B cells driving 
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differentiation into ASC, a more mature but short-lived form of B cell when formed 

in the absence of appropriate microenvironments or growth factors, thereby 

eliminating the tumour. One of the models I propose to use is the B cell lymphoma 

1 model (BCL1). BCL1 is a spontaneously developed mouse B-lymphoma that 

have been shown to be able to differentiate into ASC through the expression of 

Blimp-1 and CD138 upon stimulation in vitro. BCL1 is a well characterised model 

for B cell lymphoma which mimics the diffuse large B cell lymphoma (DLBCL)220. 

Studies examining the effects of radiotherapy and chemotherapy has been 

performed on BCL1 models. In addition, BCL1 is also a model used to study 

cancer dormancy221. However, studies on differentiation therapy have yet to be 

studied in this model.   

 

Conclusion 

The regulation of the humoral immune response is highly complex and is 

orchestrated by a number of mechanisms at multiple levels. Understanding and 

integrating the findings from the cellular and molecular studies is challenging but 

are shown in this thesis is crucial to better understand how manipulation of the 

humoral immune system can improve immunity and to thwart autoimmune 

pathologies. Increasing studies have highlighted the role of epigenetic regulation 

in modulating the immune response. Thus, EMCs have been identified as 

promising therapeutic agents used to treat immune disorders. However, the 

introduction of EMCs into the clinic has been challenging due to the “promiscuous” 

nature of EMCs. Results from this thesis illustrate that the cellular effects of EMCs 

are often predictable and have the potential to be highly specific, both in the 

compound and cell-type specific manner. By combining quantitative functional 

analysis of EMCs with molecular approaches, I identified the gene targets of the 

EMCs, JQ1 and GSK126 with great accuracy. In addition, I also identified novel 

mechanisms that regulate B cell immunity. Thus, my thesis has identified 

potentially novel approaches to treat various immune disorders and cancers. 
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