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ABBREVIATIONS  
aa. Amino acids 

ATPase Adenosine Triphosphatase 

ATM/PI -3 

kinase 

Ataxia telangiectasia/phosphatidylinositol-3 kinase 

BAF  BRG1-associated factor 

BrD . Bromodomain 

BR -HLH-LZ Basic-Helix-Loop-Helix-Leucine Zipper 

CBP Calmodulin-binding peptide  

ChIP Chromatin immunoprecipitation  

ChIP-qPCR Chromatin immunoprecipitation -quantitative PCR  

CMV promoter  Cytomegalovirus promoter 

Co-IP Co-immunoprecipitation  

CRISPR Clustered regularly interspaced short palindromic repeats 

CRISPR/Cas9 CRISPR-associated protein 9 

DBS DNA binding site  

DMAP1    DNA methyltransferase 1-associated protein 1 

DSBs DNA double-strand breaks 

E-boxes    Enhancer boxes 

EGF Epidermal growth factor  

EGFR   Epidermal growth factor Receptor 

EP400 E1A binding protein P400  

EP400NL EP400 N-terminal -Like 

Esa1   Essential Sas2-related acetyltransferase-1 

ESCs Embryonic stem cells 

ET E1A-TRRAP  

FBS   Fetal bovine serum  

FDA  U.S. Food and Drug Administration  



vi 
 

FRTs Flip recombination target site  

GTFs   General transcription factors 

GUSB     Glucuronidase beta 

HAT    Histone acetyl transferase 

HEK293T    Human embryonic kidney 293 cells 

HAS Helicase/SANT-associated 

H3K27me     Histone H3 lysine 27  

H3K9me Methylation of histone H3 lysine 9  

H3K4me3      Histone H3 lysine 4 trimethylation  

H3K4me2/3                 Di- or trimethylation of lysine 4 on histone H3  

HLH Helix-loop-helix 

HR     Homologous recombination 

LAR II  Luciferase Assay Reagent II  

LZ Leucine zipper 

MED30 Mediator of RNA polymerase II transcription sub unit 30 

NPV Nuclear pellet volume  

NSCLC     Non-small cell lung cancer  

NuA4 Nucleosome acetyltransferase of H4 

PD-L1/PD -1                Programmed death ligand-1/programmed death-1 

PEI  Polyethylenimine  

PHD Plant homeodomain 

PIC Preinitiation complex  

pNTAP vector              N-terminal tandem affinity purification tagged vector  

Pol II  RNA polymerase II  

RAREs    Retinoic acid recognition elements 

RT-qPCR           Reverse transcription polymerase chain reaction 

RUVBL1/2                   RuvB-like 1/2  

SAGA      Spt-Ada-Gcn5 Acetyltransferase 
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1. INTRODUCTION  

1. 1 The molecular basis of chromatin structure 

Inside the nucleus, eukaryotic DNA condenses into chromatin by associating with 

four evolutionarily conserved histone proteins H2A, H2B, H3, and H4  (Luger et 

al., 1997, Kornberg and Lorch, 1999). Two copies of each of these histones form 

an octamer, which is comprised of a tetramer of H3 and H4 and two H2A and 

H2B heterodimers (Luger, 2003, Cutter and Hayes, 2015). The octamer is wrapped 

around by 1.7 turns of approximately 147 bp of DNA to form a nucleosome (Luger 

et al., 1997). There are 14 contact points between the histone proteins and DNA 

within the nucleosome which is the basic unit of chromatin  (Luger et al., 1997) 

(Figure 1.1). These multiple interactions enable DNA to be packaged into the 

nucleus and make the nucleosome one of the most stable protein-DNA complexes 

under physiological conditions (Workman and Kingston, 1998, Cutter and Hayes, 

2015). However, the nucleosome is not a simple static unit, i t possesses dynamic 

properties that are tightly regulated by various functional protein complexes 

(Chakravarthy et al., 2005, Lai an d Pugh, 2017). 

The chromatin fib re consists of a repeating array of nucleosomes that each 
contains 147 bp of DNA wrapped around an octamer of histone proteins. The 
fundamental unit of chromatin is the nucleosome, which consists of two copies 
each of H2A, H2B, H3, and H4 histones, eukaryotic DNA condenses into 
chromatin by specific interaction with histone proteins. This is an original artwork 
by Z.L.  

Figure 1.1 Fundamental unit of chromatin  



 

2 
 

1. 2 Transcriptional regulations 

The basic mechanism of transcription is similar between eukaryotes and 

prokaryotes; the initiation of the RNA polymerase II (Pol II) transcription cycle 

begins with the binding of activators upstream of the core promoter. This event 

leads to the recruitment of TATA -binding protein (TBP) which then facilitates 

the subsequent binding of the general transcription factors including TFIIA , 

TFIIH , and RNA polymerase II at the transcription start site (Imbalzano et al., 

1994, Thomas and Chiang, 2006). These factors and polymerase II constitute the 

preinitiation complex (PIC), where approximately 11-15 bp of DNA are melted 

around the transcription start site to generate an open complex for RNA synthesis. 

During transcription of the first 30  bp, the carboxyl -terminal domain of 

polymerase II is phosphorylated by the TFIIH subunit which allows the 

recruitment of regulatory factors that coordinate the mRNA elongation and 

processing (McCracken et al., 1997, Komarnitsky et al., 2000, Schroeder et al., 

2000, Krogan et al., 2003).  

Since none of these transcriptional activities can occur in a static chromatin 

environment, a better understanding of the enzyme activities that mediate 

chromatin dynamics can provide insightful information about the mechanisms of 

gene transcription and regulation. The dynamics of chromatin structure are 

tightly regulated through multiple mechanisms including histone modification s 

and chromatin remodelling (Chakravarthy et al., 2005, Armeev et al., 2021) . For 

instance, the analysis of the ATP -dependent SWI/SNF complex, which is a 

prototypical  chromatin remodelling complex, revealed the importance of 

chromatin-remodelling enzymes in altering chromatin structure and also 

regulating multiple nuclear  activities such as transcription, translation, DNA 

replication, and DNA damage repair (Stern et al., 1984, Carlson et al., 1984, 

Hirschhorn et al., 1992, Peterson and Herskowitz, 1992, Cote et al., 1994, Kwon 

et al., 1994).  
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1. 2. 1 Histone modifications 

Epigenetic modifications of histones can alter the compaction of the nucleosomal 

array. Both histone tails and globular domains can be altered by post-

translational modifications including methylation, acetylation, phosphorylation, 

and sumoylation, amongst others (Li et al., 2007) . Histone modifications can be 

generally categorized into two major functional groups based on their 

transcriptional activities; (a) A condensed form of chromatin called 

heterochromatin is enriched in modifications such as methylation of histone H3 

lysine 9 (H3K9me) and histone H3 lysine 27 (H3K27me) that result in 

transcriptional silencing and inactivation (Figure 1.2 , top panel), and (b) A lightly 

packed form of chromatin called euchromatin which is transcriptionally active 

and enriched with modifications such as acetylation of histone H3 and histone H4 

or di - or trimethylation of lysine 4 on histone H3 (H3K4me2/3) (Figure 1.2 , 

bottom panel) (Brown et al., 2000, Strahl et al., 2002, Li et al., 2007) .  

In general, histone acetylation of H3 and H4 increases the accessibility of 

nucleosomal DNA due to a weaker interaction between DNA and histone proteins 

by neutralizing the basic charge of histones, resulting in a relaxed open chromatin 

structure. Reader proteins (effector proteins) can then specifically recognize and 

bind to covalently modified hi stone tails for recruiting components of the 

transcriptional machinery and chromatin remodelling complexes. Histone 

methylation, on the other hand, retains the electron charge of Lys residue and 

exhibits no ability in the alteration of electrostatic proper ties of histone proteins 

and has been found predominantly in gene repression (Allis and Jenuwein, 2016). 

However, depending on the binding of different panels of transcriptional factors 

or reader proteins, histone methylation is not always associated with gene 

repression; for example, methylations of Lys and/or Arg amino acids on histones 

tails alter their association with reader proteins that result in either 

transcriptional repression or activation  (Teperino et al., 2010).  In summary, the 

polypeptide chain of the histone tail which emanates from the nucleosome core 
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can be subjected to multiple covalent modifications including acetylation and 

methylation.  These epigenetic modifications play a role as the prerequisite 

markers for either repression or activation of the genes neighbouring the region 

containing modified histones.  

(Top panel) DNA inaccessibility  leads to gene inactivation. Gene expression is 
switched off due to the tightly packed  heterochromatin enriched by histone 
methylation. (b)  DNA accessible leads to gene activation. Gene expression is 
switched on due to nucleosomes being spaced far apart  as euchromatin enriched 
in histone acetylation (Ac, acetylation; Me, methylation) . This is an original 
artwork by Z.L.  
 
 

 

 

Figure 1.2 Epigenetic modifications of histones. 
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H2A.Z and H3.3 have been reported to be enriched in transcriptionally active 

genes and enhancers (Mito et al., 2005, Jin et al., 2009, Yukawa et al., 2014) . 

Similarly to other histone variants, H3.3 differs from its canonical counterpart  by 

four or five amino acids and can be incorporated into the nucleosomes in a 

replication-independent manner (Ahmad and Henikoff, 2002, Tagami et al., 2004) 

A salt -dependent disruption experiment revealed that nucleosomes containing 

H3.3 variant exhibit less stability compared to  those with canonical H3 (Jin and 

Felsenfeld, 2007), suggesting that H3.3 may play a key role in generating a relaxed 

open chromatin structure. Further st udies have validated this point by showing 

H3.3 is enriched in transcriptionally active genes in a genome-wide analysis, and 

this enrichment is positively correlated with gene transcriptional levels (Goldberg 

et al., 2010, Kraushaar et al., 2016). H3.3 not only can be found in the adjacent 

areas towards the transcription start sites (TSSs) but is also enriched at active 

enhancers and insulators (Jin et al., 2009, Chen et al., 2013b). 

H2A.Z has been studied in multiple model organisms such as yeast, Drosophila, 

and mammalian cells in which its loading mechanism has been partially identified. 

H2A.Z variants share about 90% similarity among the various higher eukaryotes. 

H2A and H2A.Z differ in amino acid sequence and only share about 60% identity 

(Jackson et al., 1996). Thus, a unique chromatin structure can be formed by the 

enrichment of the H2A.Z variant within nucleosomes. H2A.Z exhibits an 

additional docking domain and an extended acidic patch for controlling chromatin 

factor binding and activity in its C-terminus. This unique structu re allows an 

efficient deposition of H2A.Z into the chromatin (Jensen et al., 2011, Wang et al., 

2011). Yeast protein SWR1 ( a yeast homologue of mammalian EP400) is a 

member of the SNF2 family of ATPases that  is responsible for incorporating 

H2A.Z into the nucleosome (Mizuguchi et al., 2004b, Li et al., 2005a, Buchanan 

et al., 2009, Altaf et al., 2010) . SWR1 complex is preferentially localized within 

the nucleosome depleted regions (NDRs) specifically at the first nucleosome in the 

direction of transcription , this particular NDR downstream nucleosome is referred 
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1. 2. 3 Chromatin remodelling  

Chromatin remodelling regulates the accessibility of nucleosomal DNA to 

transcription factors for transcription al initiation  by altering the interaction of 

histone and DNA . ATP hydrolysis, an enzymatic reaction that is often utilized 

by chromatin remodelling protein complexes such as SWI/SNF (SWItch/Sucrose 

Non-Fermentable), is used to change the contact points between histone proteins 

and DNA (Flaus and Owen-Hughes, 2004, Clapier et al., 2017). This event 

temporarily unwraps one end of DNA from the histone octamers to form a 

transitional DNA loop or slide s the nucleosomes off the transcriptional regulatory 

territories where the accessibility between nucleosomal DNA and transcription 

factors can be increased (Flaus and Owen-Hughes, 2004, Saha et al., 2006). 

Histone displacement has been characterized as one of the critical cellular 

activities in chromatin remodelling. A dynamic and flexible mechanism of histone 

displacement is catalyzed by the participation of ATP -dependent chromatin-

remodelling enzymes (Owen-Hughes et al., 1996). Histone H2B can be frequently 

exchanged from nucleosomes (Kimura and Cook, 2001), and H2A/ H2B are 

preferentially and rapidly exchanged in and out of nucleosomes as histone dimers 

(Ito et al., 2000, Bruno et al., 2003) . In addition to H2A /H2B dimer displacement, 

an entire octamer can also be evicted under some specific conditions (Engeholm 

et al., 2009). Histone eviction facilitate s transcription factor binding to the 

nucleosomal DNA to initiate transcription (Owen-Hughes et al., 1996, Workman, 

2006). The dysregulation of chromatin rem odelling complexes occurs by the 

translocations, mutations, or deletions of the complex subunits and has been 

implicated in  multiple human diseases and cancers  (Orlando et al., 2019). 

1. 2. 4 Transcription factor recruitment for transcriptional initiation  

Compared to prokaryotes, eukaryotes exploit multiple sophisticated strategies for 

transcription factor binding, particularly when the binding sites are hid den within 

chromatin (Hahn, 2004). While chromatin remodelling and histone modificati ons 

can alter the conformation of nucleosomal DNA to enhance the binding of 



 

9 
 

transcription factors, it is a complex process that is not entirely dependent on the 

disruption of histone-DNA contacts . Efficient interaction between sequence-

specific transcripti on factors and nucleosomal DNA also increases the binding 

affinity and serves as a foundation for loading additional cooperative regulatory 

factors (Taylor et al. , 1991, Adams and Workman, 1995). Conformational changes 

such as the unwrapping of nucleosomes are integral to many cellular processes 

including DNA replication, DNA repair , and transcriptional initiation 

(Annunziato, 2005, Shivaswamy et al., 2008, Zhang et al., 2011). Histone 

acetylation is known to play a major role in th e regulation of eukaryotic 

transcription as the acetylated histone tails are the binding target of multiple 

bromodomain-containing chromatin remodelling complexes (Sterner and Berger, 

2000, Josling et al., 2012). These chromatin remodelling complexes alter 

nucleosome structure to promote DNA - transcription factor binding and provide 

DNA access to additional regulators for gene activation (Workman and Kingston, 

1998, Zhang et al., 2016).  

Recent studies have shown that the nucleosome density at the promoter region 

bound by transcription factors is relatively lower than the codin g region of the 

genome (Lee et al., 2004, Sekinger et al., 2005). For instance, a 200 bp nucleosome-

free region was detected in the yeast promoter region that was flanked by H2A.Z -

containing nucleosomes (Yuan et al., 2005, Billon and Cote, 2012) , and 

transcription factor binding sites tend to be positioned in the region with  a low 

level of nucleosome occupancy in most eukaryotic cells. A genome-wide chromatin 

immunoprecipitation (ChIP) study revealed a high level of histone H3K4/79me 

and H3ac were required for the binding of transcriptional activator s such as Myc, 

indicating that presence of histone post-translational modifications  within 

chromatin can influence the binding of transcription factors (Guccione et al., 

2006a).  

Based on the transcription studies in eukaryotes, it has been proposed that a 

nucleosome-free region must form at the promoter, comprising approximately 200 
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bp of nucleosome-free DNA which can be flanked by a high level of H2A.Z-

containing nucleosomes in y east. The H2A.Z variant can be escorted by histone 

chaperones to large ATP-dependent chromatin remodelling enzymes such as the 

SNF2 family ATPase SWR1 containing complexo�  which is responsible for its 

deposition (Figure 1.4, A). This process occurs at the nucleosome-free region 

(NFR) which is the TSS -containing region sandwiched by -1 and +1 nucleosomes 

for the preparation of gene transcription (Figure 1.4, B and C). Since high 

occupancy of the H2A.Z-containing nucleosomes are not likely to be modified for 

the binding of effector proteins and Zhang et al suggested that the H2A.Z-bearing 

nucleosomes tend to be deposited at repressed/basal promoters (Li et al., 2005b, 

Zhang et al., 2005). Thus, to facilitate the exposure of the promoter DNA, it is 

essential to evict the H2A.Z variant upon transcription activation  (Figure 1.4, D) . 

H2A.Z  is dissociated from the nucleosomes on acetylation, active transcription 

ensures following its eviction (Zanton and Pugh, 2006). Studies suggest that 

H2A.Z-containing nucleosomes need to be removed to provide enough space for 

PIC formation, but this is not essential to create a complete nucleosome-free zone. 

Instead, the accumulation of acetylated histones (H3 and H4) are predominantly 

located in the promoter region after H2A.Z eviction for gene activation (Pokholok 

et al., 2005). Therefore, the removal of H2A.Z-containing nucleosomes can be seen 

as a strategy to provide enough space for the translocation of other residual 

nucleosomes as well as to increase the accessibility of the underlying DNA (Zhang 

et al., 2005).  

Increased histone acetylation is positively correlated with transcriptional 

initiation (Pokholok et al., 2005), and histone acetyltransferase (HATs) such as 

GCN5, ESA1, and its mammalian homolog, T IP60 are recruited to the global 

promoter region together with SAGA ( SPT-ADA -GCN5 Acetyltransferase), 

which is an evolutionarily conserved transcription coactivator , prior to  PIC 

formation (Bhaumik and Green, 2001, Han et al., 2014). Although the functions 

of many components of the SAGA complex remain unknown, the 1.8 mDa 
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1. 2. 5 Summary of histone variants in transcriptional regulation  

In brief, the regulation of eukaryotic chromatin depends on multiple processes 

including the covalent modifications of histones, and the incorporation of histone 

variants. Histone variant incorporation plays key roles in a variety of nuclear 

events such as DNA replication and repair, transcription, and chromosome 

packaging and segregation (Li et al., 200 7, Euskirchen et al., 2012a, Venkatesh 

and Workman, 2015, Clapier et al., 2017). Some of the histone variants are also 

implicated in diseases such as cancer when their expression is dysregulated 

(Vardabasso et al., 2014, Giaimo et al., 2019). As high-order nucleosomes 

assembled by canonical histones H3, H4, H2A, and H2B are generally depleted in 

transcription regulatory regions such as enhancers and promoters, and ultimately 

form a highly repressive chromatin structure that is not accessible to RNA 

polymerase II (RNAP II) and correspondent transcription factors  (Figure 1.5, left 

panel). Thus, transforming the tightly compacted chromatin to its relaxed open 

form is essential for tra nscriptional activation .  

Despite most nucleosomes being comprised of canonical histones, some 

nucleosomes contain variant histones such as H3.3 and H2A.Z instead of canonical 

forms (Figure 1.5, middle panel) (Hake et al., 2006, Buschbeck and Hake, 2017). 

Canonical histones and their variants are generally share high sequence identities 

with minor changes in amino acids sequence (e.g., canonical H3 and H3.3) (Maze 

et al., 2014, Mattiroli et al., 2015) . These structural differences trigger the 

alteration of chromati n dynamics and flexibilities which influence gene 

transcription  by associating with chromatin modifiers such as SWI/SNF complex 

(Figure 1.5, middle panel) (Volle and Dalal, 2014, Buschbeck and Hake, 2017). 

Double variants (H2A.Z and H3.3) containing nucleosomes can be evicted by 

interacting with their correspondent histone chaperone which leads to the 

assembly of the pre-initiation complex  onto the underlying DNA  (Figure 1.5, right  

panel) (Jiang and Pugh, 2009). Therefore, histone variants are necessary for 

altering the landscape of the chromatin and interacting partners of the nucleosome 
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by its distinctive biochemical properties  which ultimately leads to the 

transactivation of targeted genes. 

(Left panel) A stable nucleosome with less DNA accessibility. (Middle panel) A 
remodelled nucleosome with relatively higher DNA accessibility. (Right panel)  An 
evicted nucleosome with full  DNA accessibility is ready for the binding of 
transcriptional activators. Three transcription factor binding sites are the orange, 
red, and yellow boxes, these sites are not available for binding in the left panel 
but being exposed in the middle panel due to the nucleosome being slide away as 
indicated by the arrow or modified by chromatin remodelers (green and purple 
complexes) and histone modification such as acetylation indicated as Ac. (Right 
panel) Anti -silencing function 1 (A SF1) and H2A.Z-specific chaperone (CHZ1) 
are examples of histone chaperones that can assist the eviction of variants 
containing nucleosomes for the preparation of transcriptional initiation.  This 
figure is an original artwork created  by Z.L.  with referenced to (Jiang and Pugh, 
2009).  
 
1. 3 Activation of transcription by E1A binding protein P400 (EP400) 

EP400 was first characterised as a subunit of a protein complex that can interact 

with adenovirus E1A oncoprotein for onco-transformation. E1A oncoprotein 

elicits abnormal biological effects including the promotion of cell cycle progression, 

immortalization, and blockade of differentiation by targeting the specific cellular 

proteins (Fuchs et al., 2001). Binding of E1A to its targeted cellular protein such 

as E1A-pRb (A tumo ur suppressor) or E1A-p300/ CREB-binding protein 

(Transcriptional coactivator/signal integrating proteins) can lead to local 

Figure 1.5 Brief summary of double variants in transcription  
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EP400 is a component of two multi -protein complexes known as the EP400 

complex and the TIP60 complex, which is also referred to as the hNuA4 complex 

(Ikura et al., 2000, Fuchs et al., 2001). These two complexes share the same 

composition of the subunit proteins except for TIP60, which is not in the EP400 

complex. Other subunit proteins that are shared by both EP400 and TIP60 

complex include TRRAP (Transformation/transcription domain -associated 

protein) , BAF53 (53 kDa BRG1-associated factor), RuvBL1, and RuvBL 2 

(TATA -binding protein (TBP) -interacting protein). Unlike the TIP60 complex, 

the EP400 complex does not exhibit histone acetylase activity, however, given 

their similar composition, it is feasible to suggest a possible dynamic exchange of 

the subunit proteins within the two complexes (Ikura et al., 2000, Fuchs et al., 

2001, Park et al., 2010).  

The human NuA4 (hNuA4) histone acetyltransferase (HAT) complex regulates 

transcription through chromatin remodelling of target genes (Doyon et al., 2004, 

Yamada, 2012). It consists of approximately 16 subunits including the 

phosphatidylinositol 3-kinase family protein kinase homolog TRRAP, TIP60 

histone acetyltransferase, EP400, and BRD8 (Figure 1.7) (Yamada, 2012). The 

NuA4 complex was initially purified fr om Saccharomyces cerevisiae to study its 

nucleosomal H4/H2A HAT activity  (Grant et al., 1997)  in which an ESA1 protein, 

a yeast counterpart of human TIP60, was found to be the catalytic H AT 

component (Allard et al., 1999) . In addition to its HAT activity, yESA1 or 

hTIP60 also contain a chromodomain (CHD) which has been suggested to bind 

specific methylated histone isoforms or RNA-binding modules (Akhtar et al., 2000, 

Vaquero et al., 2003). EP400 in the TIP60 protein complex is an ATP -dependent 

chromatin remodeler that  exhibits multiple functions specifically in regulating 

gene expression and DNA double-strand break repair (Lu et al., 2009, Xu et al., 

2012). Unlike canonical chromatin, chromatin containing acetylated H2A.Z and 

H3.3 double variants stimulates transcription in vitro  (Mizuguchi et al., 2004a, 

Ruhl et al., 2006, Gevry et al., 2007), and higher occupancy of these histone 
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variants at the promoter and enhancer region is positively correlated with  gene 

activation (Ahmad and Henikoff, 2002, Chen et al., 2013a). EP400 is required for 

the activation of gene expression by assisting the deposition of H2AZ/H3.3 onto 

the promoter and enhancer regions which is an essential process in regulating 

transcription in vivo  (Pradhan et al., 2016a, Pradhan et al., 2016b). Higher 

enrichment of EP400 is also found within the preinitiation complex and this 

facilitates the exchange of canonical histones with variant histones to trigger gene 

transcription. (Pradhan et al., 2016b). Taken together, EP400 is a chromatin-

remodeler, which plays a critical role in promoting  transcriptional initiation.   
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The Human NuA4 complex consists of approximately 16 subunits including 
TRRAP, EP400,  BRD8 EPC1/EPC -like, TIP60, DMAP1, ING3, YL -1, RUVBL1, 
RUVBL2, BAF53, Actin, MRG15, GAS41, MRGBP, and hE AF6. A SWI 2-related 
ATPase (EP400) and a histone acetyl transferase (TIP60) present in the human 
NuA4 complex are homologous to the subunits of the yeast SWR1 complex and 
ESA1. Other subunits such as double-bromodomain factor (BRD8) and RuvB-
like helicases (RUVBL1, RUVBL2) are also essential subunits for recognizing 
acetylated histones tails via its bromodomains and displaying ATPase activity 
via its ATPase domain respectively. This complex can be divided into two 
modules based on its nuclear functions. (Top) A module involved in transcription, 
DNA repair, and recruitment of functional proteins ( purple, green, red, and blue); 
(Bottom) A module associated with nucleosomal HAT activity and recognition of 
epigenetically modified histones (yellow). Domains are indicated with underlines. 
This figure is an artwork created by Z.L, the pattern of interactions  and the design 
of the figure is referenced (Doyon and Cote, 2004a). 
 

 

 

 

 

Figure 1.7 Schematic representation of human NuA4 HAT complex 
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1. 4 EP400 is implicated in multiple cellular functions  

1. 4. 1 EP400 in DNA double-strand break repair 

Chromatin is a highly dyn amic structure that is altered during  transcription and 

DNA break repair. An expansion of chromatin was observed at sites neighbouring 

DNA break which is presumably due to the additional space required by the repair 

proteins. This chromatin expansion ensures higher DNA accessibility and leads to 

an efficient DNA double -strand break repair. EP400, as an ATPase, facilitates 

changes in chromatin conformation via nucleosome destabilisation at the break 

sites, and knock down or loss of EP400 activity increases the cellular sensitivity 

to radiation which results in chromosomal aberrations (Jiang et al., 2010, Xu et 

al., 2010). Additionally, the EP400-containing TIP60 complex is required for the 

acetylation of both H2A.X and H4 histones at the DNA break sites in order to 

promote an open chromatin structure (Bird et al., 2002, Murr et al., 2006) . 

Additionally, EP400 is required for DNA repair by homologous recombination 

(HR). EP400 has been shown in the same complex with RAD51 (a key component 

of HR) and can recruit RAD51 to DNA dou ble-strand break sites for homology-

directed repair (Courilleau et al., 2012). Therefore, the interaction between EP400 

and Rad51 is required for chromatin remodelling and decompaction around DNA 

double-stranded breaks, and loss of EP400 causes defects in the DNA double-

stranded break repair (Courilleau et al., 2012).  

1. 4. 2 EP400 in carcinogenesis 

The name of EP400 originated from the specific binding to adenovirus E1A 

oncoprotein, which is required for viral replication and cellular transformation of 

primary rodent cells (Bayley and Mymryk, 1994, Fuchs et a l., 2001). A mutant 

of E1A with no EP400 binding site is defective in cellular transformation, which 

suggests that EP400-E1A binding is essential for oncogenic transformation (Fuchs 

et al., 2001). An in vitro study revealed that the ratio of EP400 and TIP60 

expression is crucial to carcinogenesis, given the fact that either overexpression or 
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siRNA knockdown of EP400 or TIP60 result s in the apoptosis of colon cancer 

cells indicating the importance of balanced expression of EP400/Tip60 in cancer 

progression (Mattera et al., 2009) .   

1. 4. 3 EP400 in stem cell maintenance and embryonic development 

An in vivo study demonstrated the importance of EP400-TIP60 in stem cell 

maintenance and embryonic development; RNAi screening of 1008 loci encoding 

chromatin-related proteins in mouse ESCs identified seven subunits of the TIP60 -

EP400 complex (TRRAP, TIP60, EP400, DMAP1, RuvBL1, RuvBL2, and 

GAS41) that  resulted in diverse phenotypes upon knockdown. ESCs depleted of 

these EP400-TIP60 subunits exhibited phenotypes consistent with a defect in 

maintaining the identity of the ESCs including impairment  of colonies formation, 

defects in embryoid bodies (EBs) aggregation, dysregulation of the cell cycle, 

cellular proliferation, and poor expression of Alkaline phosphatase (AP) activity , 

which normally is high in undifferentiated ESCs and becomes weaker upon 

differentiation (Martin and Evans, 1975, Fazzio et al., 2008). The screening also 

indicates that histone H3 lysine 4 trimethylation (H3K4me3) is indispensable for 

EP400 localization within the promoter region of both active and silent genes . 

Embryonic developmental regulators are predominantly deregulated upon TIP60-

EP400 knockdown (Fazzio et al., 2008). Nanog, a transcription factor involved in 

embryonic development, is associated with EP400 and depletion of Nanog can 

decrease the binding of EP400 to promoters, which inhibits the transcription of 

Nanog targeted genes that are essential for embryonic development (Fazzio et al., 

2008). In short, TIP60 -EP400 orchestrates the gene expression in ESCs by 

processing signals from both Nanog and H3K4me3. The study also showed that 

homozygous TIP60-EP400 knock-out mice cannot survive after embryonic day 

11.5 (E11.5). When the phenotypic analysis was undertaken, an incomplete neural 

tube maturation and an anaemic appearance potentially caused by a defect in 

embryonic haematopoiesis were observed. These abnormal phenotypic 

characteristics are likely brought by the deregulation of genes that are responsible 



 

21 
 

for embryonic development such as the Hox gene cluster (Ueda et al., 2007, Fazzio 

et al., 2008). In conclusion, in addition to the role of EP400 associated protein 

complex in cancer progression, it is also necessary to maintain stemness in 

embryonic stem cells (ESCs) in vivo (Fazzio et al., 2008).  

1. 4. 4 Summary 

In addition to DNA breaks repair and cancer progression, the EP400 containing 

TIP60 complex is also involved in a variety of biological processes and cellular 

activities such as cell cycle progression, stem cell maintenance and differentiation, 

cell migration, and invasion (Yamada, 2012). The EP400-associated protein 

complexes are essential for normal transcriptional regulation within cells, but also 

help to maintain cell homeostasis, and their dysregulation contributes to 

malignancy.  

 

 

 

 

 

 

 

 

 

 

 



 

22 
 

1. 5 The transcription factor Myc  

One of the cellular candidates that is targeted by EP400 is the oncoprotein Myc, 

which is a global transcription factor that is implicated in 10 -15% of genes in 

humans (Fernandez et al., 2003, Li et al., 2003). Hence, the interrelationship 

between EP400 and Myc and the mechanisms of Myc-mediated transcriptional 

regulation require further investigation.  

Myc has been investigated for decades due to its importance in many of the 

molecular biological networks it regulates to orchestrate tissue homeostasis. The 

Myc family contains three evolutionary conserved transcription factors cMyc, 

nMyc, and lMyc (Soucek and Evan, 2010). They are functionally similar and 

coordinate a variety of cellular activities such as cell proliferation, cell cycle 

progression, biosynthetic metabolism, and apoptosis (Gallant, 2005). Myc protein, 

as a transcription regulator, can regulate a large number of genes for diverse 

activities such as somatic cell proliferation, stem cell maintenance and even 

triggering cancer progression (Lotterman et al., 2008, Lin et al., 2009). In normal 

cells and tissues, Myc function is tightly regulated by developmental signals. 

These signals facilitate mitosis and ensure the appropriate regulation of somatic 

cell expansion and germ cell proliferation (Soucek and Evan, 2010). Fibroblasts 

that lack  cMyc have a significant decrease in the rate of proliferation and the 

deletion of either cMyc or nMyc result s in embryonic death around E11 

(Cavalheiro et al., 2017). Therefore, Myc is essential in maintaining normal tissue 

homeostasis and embryonic development. In contrast, the deregulation of Myc 

has been pinpointed as a fundamental yet universal mechanism of tumorigenesis.  

1. 5. 1 The deregulation of Myc in cancer development 

Overexpression of Myc proto-oncogene is one of the most common routes for 

driving cancer development (Land et al., 1983). More than 50% of human cancers 

involve Myc overexpression, which may contribute to the  low survival rate of 

cancer patients (Vita and Henriksson, 2006). Alth ough increased Myc copy 

numbers do not correlate with Myc overexpression, the frequency of Myc gene 
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amplification has been seen as one of the indicators of metastatic disease and poor 

prognosis (Singhi et al., 2012). Myc overexpression can result from several 

biological processes; for example, the deregulation of Myc is often accompanied 

by the occurrence of a common retroviral promoter insertion which leads to the 

significant gene activation of Myc family members (Hayward et al., 1981). 

Increased synthesis of Myc mRNA can also be induced by genomic changes such 

as single nucleotide polymorphisms (SNPs)(Stine et al., 2015); an inherited 

nucleotide variant rs6983267 appeared more than one mega-base away from the 

Myc gene on chromosome 8q24 is a typical risk indicator for causing colorectal 

and prostate cancer (Haiman et al., 2007). Despite the remote distance, this 

polymorphism exhibits a tumo ur-promoting trait that can assist the binding of a 

transcription activator TCF -4 to a distal Myc enhancer. This would ultimately 

result in an increased Myc transcription.  

Thus, the Myc overexpression is caused by a dynamic and sophisticated 

mechanism that can be mediated not only by a higher frequency of the Myc gene 

amplification but also by the genomic al teration and rearrangements. 

1. 5. 2 Transcriptional functions of Myc 

Transcriptional regulation via Myc is often achieved by a variety of nuclear 

transcription cofactors to promote either normal cellular proliferation or oncogenic 

transformation (Cowling and Cole, 2006, Stine et al., 2015). Both the C -terminus 

and N-terminus of Myc are essential for Myc functions including transcriptional 

regulation (Oster et al., 2003). The Leucine zipper (LZ) and a helix -loop-helix 

(HLH) are the evolutionarily conserved DNA binding domain s in the C -terminus 

of Myc. The transactivation domain was identified by fusing the Myc N -terminus 

to the Gal4 DNA -binding domain, which demonstrated that Myc N -terminus is 

also a transactivator (Cowling and Cole, 2006). Despite being a global 

transcriptional acti vator, the majority of Myc targeted genes can only be 

upregulated by an average of two-fold which suggests a relatively weak 
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transcription al activity of Myc compared to other transcription factors (Patel et 

al., 2004).  

1. 5. 3 Myc binding for the transcription of its targeted genes  

The studies of the transcription function of Myc have been thriv ing since the 

discovery of its inter acting partner Max. Unlike Max , which can homodimerize, 

Myc cannot and must heterodimerise with Max for recognizing and binding to a 

specific DNA binding sequence (Blackwood and Eisenman, 1991). Myc binding is 

influenced by several factors: firstly , Myc/Max dimers preferentially bind to the 

canonical sequence (CACGTG) called an E-boxes (enhancer box), which is 

present in approximately 15% of human genes. This E-box sequence exists 

throughout the genomic DNA and appears on an average of every 4kb (Eilers and 

Eisenman, 2008). It can be recognized not only by Myc but also by any other 

proteins that have the basic-Helix-Loop-Helix-Leucine Zipper (BR-HLH-LZ) 

structure (Jones, 2004).  

Secondly, in addition to the E -box sequence, the binding of Myc also depends on 

the permissive status of the chromatin. Dimerised Myc can preferentially bind to 

CpG rich islands near proximal promoter regions which are associated with open 

and active chromatin (Kundu and Rao, 1999, Zeller et al., 2006). In addition , Myc 

binding is also enhanced by the posttranslational modifications on nucleosomes. 

Histone H3 methylation at lysine residues 4 and 79 facilitates the transformation 

from heterochromatin into euchromatin, which allows those buried E -boxes to be 

recognized and detected by the potential interacting transcription factors (Lin et 

al., 2012, Guccione et al., 2006b).  

Thirdly, the abund ance of Myc also influences where the binding occurs. When 

Myc levels are low, the Myc/Max dimers bind primarily to the E -boxes containing 

promoters upon the induction of mitogenic signals (Fernandez et al., 2003). In 

addition to binding the proximal canonical E-boxes, when Myc levels are high, it 
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Myc is well known for its capability of recruiting HATs protein complexes to its 

target genes, and although TRRAP does not contain a HATs catalytic domain, 

it does interact with the histone acetyltransferase GCN5, the recruitment of which 

is increased by Myc under serum stimulation (Bouchard et al., 1999, Liu et al., 

2003).   

1. 5. 5 Myc interacts with human NuA4 (hNuA4) complex by binding to 
TRRAP  

TRRAP is one of the evolutionarily conserved subunits found in the histone 

acetylase TIP60/NuA4 complex (Cai et al., 2003b). It can be specifically recruited 

to chromatin by Myc for acetylation of histone H4; H4 hyperacetylation and 

targeted gene expression were found to be significantly reduced in Myc -deficient 

cells (Frank et al., 2001) . This result proved the post -translational acetylation of 

the histone H4 N-terminal tail by the hNuA4 histo ne acetyltransferase complex 

is required for hNuA4-mediated transcription al regulation (Xu et al., 2016) . 

Furthermore, overexpression of an enzymatically inactive form of TIP60/NuA4 

resulted in an hour delay of the Myc mediated H4 acetylation compared to the 

wild-type T IP60 containing complex (Frank et al., 2003) . On the contrary, Myc 

repression positively correlates with the loss of histone H4 acetylation (Xu et al., 

2001). Myc can recruit TIP60 to the cellular chromatin in vivo where its 

responsive genes are located, and this recruitment event requires additional 

subunits of the NuA4/TIP60 HAT complex: TRRAP, EP400, RuvBL2, and 

RuvBL1 (Frank et al., 2003) . Therefore, the histone acetyltransferase (HAT) 

complex appears to play a critical role in assisting Myc function. A recent study 

revealed the association of Myc with the hNuA4 complex can be enhanced by the 

interaction between E1A oncoprotein and the TRRAP subunit within the HAT 

complex (Zhao et al., 2017). Specifically, the N-terminal domain of E1A can target 

TRRAP and form an E1A -TRRAP targeting (ET) domain for enhancing the 

interaction between Myc and the hNuA4 complex. A global gene expression 

analysis comparing wild type and E1A N-terminal mutants revealed the 
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interaction of Myc with the hNuA4 complex resulted  in higher enrichment in a 

panel of genes which involved in cell cycle processes, ribosome biogenesis, gene 

expression, and also genes highly expressed in cancer cells (Ben-Israel and 

Kleinberger, 2002, Zhao et al., 2017). 

1. 5. 6 EP400 is critical in promoting Myc dependent g ene transactivation 

In addition to examining the role of the ET domain in facilitating the expression 

of Myc targeted genes, data from a decade ago already pointed out that EP400 is 

an essential factor for the regulation of E1A activity (Tworkowski et al., 2008) . 

E1A-mediated oncogenic transformation cannot occur without binding to EP400. 

Since adenovirus E1A drives oncogenesis by interacting with transcription factor 

Myc and other signalling pathways that control cell growth and  proliferation 

(Chakraborty and Tansey, 2009), it is critical to uncover the potential interacting 

partners of E1A and the downstream mechanisms, such as how the associated 

intracellular signalling and nuclear transfer of these E1A-bound functional protein 

complexes contribute to oncogenesis. Previous studies demonstrated that E1A 

stabilises Myc protein via EP400 and enhances the association between Myc and 

EP400 at Myc target genes to activate transcription (Figure 1.8) (Tworkowski et 

al., 2008). These findings indicate a crucial mediating role of EP400 in 

consolidating the stability between E1A and Myc in promoting their targeted 

gene expression (Tworkowski et al., 2008).  
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Taken together, a higher level of Myc expression leads to increased histone 

acetylation of Myc target genes. Myc recruitment of these histone 

acetyltransferases contributes to increased transcription by creating an open, and 

relaxed form of chromatin structure. Moreover, this process is heavily influenced 

by E1A stabilization with the cooperation of EP400  in adenovirus E1A-mediated 

oncogenesis (Tworkowski et al., 2008) . Since the expression of Myc is tightly 

linked to  oncogenesis and it is overexpressed in a variety of cancers, identification 

of the potential Myc -associated cofactors and how they regulate Myc-dependent 

transcription may shed light on the mechanisms through which Myc contributes 

to oncogenesis. 

 
 
 
 
 
 

EP400, a subunit of the hNuA4 HAT complex , can associate with E1A 
oncoprotein for stabilizing Myc, ultimately,  enhancing Myc targeted gene 
expression. This is an original artwork by Z.L.  
 

 

Figure 1.8 E1A stabilized Myc via EP400 in promoting Myc targeted gene s 
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The suppression of T cell activation and apoptosis is triggered by the specific PD-
1/PD -L1 binding between T-cells and tumour cells. The interaction between the 
programmed death 1 (PD-1) receptor, and its ligand PD -L1, is one of the most 
important immune checkpoints. The activity of T -cells will be switched on once 
the binding is interrupted by their inhibitors/antibodies which leads to the 
elimination of tumo ur cells targeted by T cells. This is an original artwork by Z.L.  
 

1. 6. 1 Myc mediated PD-L1 expression 

According to the national canc er institute report from the U.S. Department of 

Health and Human Services, cancer immunotherapy is one of the major 

treatments that modulate the immune system to fight cancer. Interestingly, it has 

recently been shown that Myc is involved in preventing imm une cells from 

attacking tumour cells by inducing PD-L1 gene expression (Sun et al., 2018). The 

ligand-receptor interaction between PD-L1 and PD-1 has been extensively studied 

as a target of cancer immunotherapy ever since it was implicated in the 

suppression of T lymphocytes and immune tolerance, ultimately leading to a 

tumour immune escape (Jiang et al., 2019a). cMyc has been demonstrated to bind 

to the PD -L1 gene promoter and induce expression, however, the molecular 

mechanisms through which this occurs are not well understood (Casey et al., 2016, 

Kim et al., 2017) .  

Casey et al. (Casey et al., 2016) suggest that Myc can bind to the PD-L1 promoter 

region directly and promote PD -L1 expression in a dosage-dependent manner, 

with higher Myc expression leading to higher PD -L1 expression in vitro. Similar 

results were also validated from tissues that were isolated from non-small cell lung 

Figure 1.9 Schematic of cancer cell immune escape by expressing PD-L1 
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that potentially affect the immune suppression mechanism warrants further 

investigation.    

1. 7 EP400NL, a step away from EP400 

EP400, as a member human NuA4 chromatin remodelling complex, has been 

implicated in transcription regulation and DNA double -strand break repair. As 

mentioned earlier in this report, EP400 facilitates the deposition of double variant 

H2AZ/H3.3 onto prom oter and enhancer regions for transcriptional activation 

(Pradhan et al., 2016a, Pradhan et al., 2016b). Previous data from this laboratory 

identified that EP400 can interact with ATM  kinase (a major DNA damage 

responsive protein) for efficient DNA double-strand break response and repair 

(Smith et al., 2016). These results indicated that the N -terminal fragments of 

EP400 interact specifically with ATM and lead to an increased suscepti bility to 

bleomycin without affecting ATM phosphorylation. Bleomycin is a known 

chemotherapy drug that induces DNA damage including DSB (Chen and Stubbe, 

2005). Furthermore, a bleomycin sensitivity assay using U2OS tumour cells that 

express the N-terminal fragment of EP400 (1aa. -719aa.) displays normal cellular 

growth without bleomycin treatment, however, they are sensitised upon 

bleomycin treatment as observed by the reduced proliferation pattern (Smith et 

al., 2016). Bleomycin binds to the DNA of tumo ur cells for preventing cellular 

growth and proliferation, as well as causing free radicals inside the cell nucleus by 

acting as a DNA damaging agent. Thus, it has been utilized as a medication for 

multiple cancer treatments (2000, Chen and Stubbe, 2005). In brief, Smith et al 

suggest that the N -terminal domain of EP400 is not only crucial for maintaining 

the integrity of DNA but is also able to enhance the susceptibility of tumo ur cells 

toward potential anticancer drugs.  

Interestingly, an EP400 N-terminal -Like (EP400NL) gene resides downstream of 

the EP400 gene on chromosome 12q24.33 (Figure 1.10 A). After the polypeptide 

sequences of EP400 and EP400NL were aligned, nine fragment matches were 

found (Figure 1.10, B). The sequence alignment of EP400 and EP400NL shows 
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that the N -terminal fragment of EP400 (131-490 amino acid sequence) is almost 

identical to EP400NL (51 -404 amino acid sequence), sharing the highest sequence 

similarities (92%) over 84.5% of the total EP400NL amino acids sequence (Figure 

1.10, B). Despite its initial  annotation as a pseudogene that has no obvious 

functional domain, EP400NL gene expression appears to be regulated by an 

independent promoter sequence, and the exon regions are highly conserved in 

many vertebrates (UCSC genome browser). Compared to EP400 

(ENSG00000183495.13) which exhibits a high expression pattern throughout 

various tissue samples, the gene expression profile of EP400NL 

(ENSG00000185684.12) displays a higher tissue-specific expression pattern in the 

pituitary gland and testis , indicating a potential regulatory role of EP400NL in 

these two annotated tissues (Figure 1.11). Given their adjacent genetic location 

and sequence similarity, we hypothesized that EP400NL may have a unique 

regulatory function distinct from its homolog EP400 in the reg ulation of EP400-

target genes.  
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(A) EP400NL (EP400 N -terminal -Like) gene resides right next to the EP400 gene 
locus on 12q24.33 which produces a protein of 419 amino acids. (B) Amino acid 
sequence alignment between EP400 and EP400NL. Nine matches were detected 
from the sequence alignment. The Y-axis and x-axis of the dot plot show the 
amino acid sequence number of EP400NL and EP400 respectively. A double-
headed arrow indicates the sequence alignment between EP400 (131aa. -490aa.) 
and EP400NL (51aa. -404aa.) which displays the highest protein sequence 
similarity up to 92%.  Protein BLAST was used for protein sequence alignment 
which searches protein databases using a protein query within the NCBI library.  
 
 

 

RNA-sequencing data showing the relative expression of EP400NL across 54 
human tissues. Dots represent the biological replicates for each specific tissue, and 
the median TPM (transcript per million)  reads are indicated as the horizontal 
white bar in each sample. Two black arrows indicate the pituitary glan d (N=283; 
Median TPM=16.52) and testis (N= 361; Median TPM= 20.23) respectively which 
exhibit significantly higher EP400NL expression up to approximately 17 and 20 
times compared to the baseline. GTEx RNA -sequence from GTEx portal.  X-axis 
is the list of 54 specific tissues being examined. 
 
 
 

Figure 1.10 The genetic localization and sequence alignment of EP400 and 
EP400NL 

Figure 1.11 Gene expression pattern of EP400NL in 54 tissues 
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1. 8 Motivation of the work presented in the thesis  

PD-L1 overexpression is a predictor of recurrent cancer incidence and is associated 

with a poor prognosis in cancer patients (Wang et al., 2016, Casey et al., 2016). 

Recent studies have shown that Myc directly binds to the promoter region of PD -

L1 to facilitate increased expression (Casey et al., 2016), and Myc expression 

correlates with PD-L1 expression in non-small cell lung cancer (Kim et al., 2017) . 

Multiple transcription factors and epigenetic protein com plexes such as TRRAP, 

EP400, and TIP60. have been identified as interacting partners with Myc to 

induce and maintain cancerous phenotypes. But little is known about the role of 

EP400NL, whether it can compete or directly interact with the well characterize d 

TIP60 containing hNuA4 complex remain elusive. Therefore, understanding how 

these individual proteins or complexes contribute to the Myc-targeted PD-L1 gene 

expression and oncogenic Myc functions is crucial and require further 

investigation (Figure 1.12).  

Considering its potential interaction with EP400 -related epigenetic protein 

complexes, the role of EP400NL in Myc mediated PD-L1 targeted transcriptional 

regulation was investigated. Furthermore, elucidating the association between 

PD-L1 and EP400NL may shed a light on strategies for developing new cancer 

therapeutics and provide meaningful insights for cancer immunotherapy. 

Epigenetic protein complexes serve as transcription coactivators of Myc in 
upregulating PD-L1 expression. Multiple epigenetic protein complexes such as 
TRRAP, EP400, TIP60. have been identified as interacting partners with Myc 

Figure 1.12 Chromatin remodelling complexes in regulating PD-L1 gene 
expression 





 

39 
 

Objective 2. Characterisation of EP400NL complex associated enzymatic 
activities 

�™ Determine whether the EP400NL complex is associated with HAT activity   
 

�™ Determine whether the EP400NL complex is associated with H2A.Z 
deposition activity  

 
 

Objective 3. Functional characterisation of the EP400NL complex in 
transcriptional regulation  
 
�™ Investigate the transcription al activity of EP400NL using the GAL4-DBS 

system 
 

�™ Investigate if EP400NL can be recruited to the GAL4 -DBS in a Myc 
dependent manner by Chromatin Immunoprecipitation Assay (ChIP)  
 

�™ Determine whether EP400NL and Myc physically interact  
 

�™ Investigate the alteration of protein interactions and transcriptional 
coactivator activities using EP400NL deletion mutants 

 
 

Objective 4. Elucidating the role of EP400NL complex in PD-L1 expression 
 
�™ Investigate the role of EP400NL in Myc mediated PD -L1 transcription  using 

RT-qPCR 
 

�™ Investigate if EP400NL and other EP400NL interacting functional proteins 
can be recruited to the PD -L1 promoter in a Myc dependent manner by 
Chromatin Immunoprecipitation Assay (ChIP)  
 

�™ Investigate the role of EP400NL in PD-L1 gene transcription  

1) EP400NL deletion mutants  by InterPro bioinformatic prediction tool  

2) Indel mutated EP400NL by CRISPR/Cas9 genomic editing 
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conducted using 10% SDS-PAGE. Separated proteins were then transferred to a 

nitrocellulose blotting membrane (GE Healthcare Life Sciences), which was 

blocked in 5% skim milk in TBST plus 0.02% sodium azide for 30 minutes at 

room temperature. Membranes were incubated with primary antibodies overnight 

at 4°C in TBS T and washed with TBST three times before the incubation with 

secondary antibodies for 1 hour at room temperature. All secondary antibodies 

were diluted at 1:10000. Membranes were imaged using the Azure c600 (Azure 

Biosystems). Target proteins were detected by Western blot analysis with 

antibodies listed in the table below. 

Anti -BAF53 antibody was received from Dr Michael Cole, Department of 
Molecular Biology, Princeton University, Princeton, NJ . 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 2.1 Source and dilution of the antibodies used for western-blot analysis 
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Affinity Gel were washed with F -buffer once, BC300 (300 mM KCl, 50 mM Tris 

pH 7.5, 0.2 mM EDTA, 10% v/v Glycerol, 1% v/v NP40) four times, and final 

wash with 1×PBS. M2 Affinity Gel from the sample was then eluted in 100 µL 

FLAG peptide elution buffer (1 mg/ml FLAG peptide, 1 ×protease inhibitor mix, 

in PBS) and preserved in 25% glycerol at -20°C for future use. Transient 

transfection of FLAG -EP400NL and HA-GST constructs into HEK293T cells for 

protein expression was conducted using Effectene Transfection Reagent 

(QIAGEN), followed by the affinity binding of the anti -FLAG M2 agarose beads. 

samples were then eluted in 50 µL FLAG peptide elution buffer (1 mg/ml FLAG 

peptide, 1×protease inhibitor mix, in PBS) and preserved in 25% glycerol at -20°C 

for future use. The expression of EP400 and EP400NL was confirmed by western 

blot. An equivalent of 500 ng of DNA was preincubated for 15 min at 30°C with 

or without apyrase (1 U) and all components including 1 ×protease inhibitor mix, 

substrates (FLAG-H2A.Z/H2B dimers), and exchange buffer (25 mM HEPES -

KOH at pH 7.6, 0.1 mM EDTA, 5 mM MgCl2, 10% glycerol, 0.02% NP-40, 1 mM 

DTT, 0.1 mg/mL BSA, 70 mM KCl) were added and mixed. Enzyme preps which 

previously purified from the HEK293T cells were included at the final stage. After 

the preincubation step, exchange reactions were assayed for 1 hour at 30°C in the 

absence or presence of 1 mM ATP, exchanged FLAG -H2A.Z were investigated by 

anti -FLAG immunoblots.  
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2. 5 Methods for the characterization of EP400NL associated 
transcriptional activity   

2. 5. 1 Dual-luciferase reporter assays 

HEK293TGal4-Luciferase cells were established by the incorporation of a Gal4 

luciferase reporter into HEK 293T cells, the Gal4-Myc fusion protein can 

specifically target and bind to the Gal4 DNA binding site within the Gal4 

luciferase reporter for driving downstream gene expression. Thus, to test if the 

following co-activators can show a positive effect in up-regulating Myc targeted 

gene expression, cells were seeded in 24-well plates, co-transfections of the CbF-

GaL4-Myc construct (20 ng), pRenilla -CMV vector (1  ng) together with the 

appropriate transcription co-factors, which include CbS-GST (200 ng), CbF-

TRRAP (Full -length 1-3830aa.) (200 ng), CbF-TRRAP -Deletion (1-3760aa.) (200 

ng), CbF-EP400 (Full -length 1-3122aa.) (200 ng), CbF-EP400-Mutated (ATPase 

mutated EP400, 200 ng) and CbF-EP400NL (200 ng) were conducted.  Plasmids 

were added to each well simultaneously using Effectene Transfection Reagent 

(QIAGEN). After 48 hours, firefly luciferase and renilla luciferase activities were 

measured using the DualoÀLuciferase® Reporter Assay System (Promega). Each 

sample was measured in triplicate and three independent experiments were 

conducted. The firefly luciferase reporter is measured first by adding Luciferase 

Assay Reagent II (LAR II) to generate a stabilized luminescent signal. After 

quantifying the firefly luminescence, this reaction is quenched, and the Renilla 

luciferase reaction is simultaneously initiated by adding Stop & Glo® Reagent 

to the same sample. The Stop & Glo® Reagent also produces a stabilized signal 

from the Renilla luciferase, which decays slowly throughout the measurement. 

The luminescent signals are measured and recorded every 0.5 seconds in intervals 

from 2 seconds to 20 seconds, once both reagents were added, data were selected 

from the last 10 intervals and averaged. Averaged firefly activity was normalized 

by the averaged corresponding Renilla activity. The luminescent activity was 

measured using the POLAR star Omega plate reader (BMG LABTECH), 
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2. 6. 2 Chromatin immunoprecipitation -quantitative PCR (ChIP -qPCR) assay 

Chromatin immunoprecipitation (ChIP) assays were performed according to the 

protocol obtained from Abcam high -sensitivity ChIP kit (ab185913, Abcam) with 

several modifications. 1×107 HEK -293TGal4-Luciferase cells were treated with 

formaldehyde at a final concentration of 1% for 5 min at room temperature for 

the prevention of over-crosslinking. Glycine was added to a final concentration of 

0.125 M for 5 min at room temperature. Cells were washed with cold 1×PBS twice 

and lysed with F -buffer, DNA was then sonicated to a size of approximately 500 

bp. The concentration of sonicated DNA fragments was measured using the 

Nanodrop, and 0.2 µg of sonicated DNA was used as 1% input control, 20 µg of 

sonicated DNA per reaction was immunoprecipitated overnight with antibodies 

against FLAG (A8592, Sigma-Aldrich), CBP (sc -33000, Santa Cruz 

Biotechnology), BRG1 (# 710894, Invitrogen), RuvBL2, RuvBL 1 (kind gifts from 

Dr. Cole) and IgG which was included in the Abcam high -sensitivity Chip kit 

(ab185913). Immune complexes were collected using a protein A/G PLUS-

Agarose beads (sc-2003, Santa Cruz Biotechnology), washed once with F-buffer 

(25 mM Tris pH 7.05, 50 mM sodium chloride, 30 mM sodium pyrophosphate, 50 

mM sodium fluoride, 10% Glycerol, 0.5% Triton X -100) and once with LiCL2 

buffer and eluted in 50 µL fresh elution buffer (v/v1% SDS, 50mM Tris pH 7.0, 

10mM EDTA). The DNA was reverse cross-linked by incubating with 0.5 µL 

RNase A (10 mg/mL) per reaction at ro om temperature for 1 hour followed by 

0.5 µL proteinase K (50 mg/mL) per reaction overnight at 65°C. Reverse cross-

linked DNA was then extracted using phenol-chloroform and ethanol. Protein was 

removed by incubating with proteinase K at 65°C  for 3 hours. A ll chromatin 

samples were sonicated and pulled down by six antibodies (anti-cMyc, anti -CBP, 

anti -BRG1, anti - RuvBL2, anti - RuvBL 1, and IgG).  ChIP -qPCR was performed 

on the Light cycler 480 II (Roche). Immunoprecipitated DNA was quantified using 

the Luna® Universal qPCR Master Mix (NEB)  and qPCR was carried out to 

and amplify the specific targeted regions of the Gal4DNA binding site within the 
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promoter regulatory region and PD-L1 promoter region respectively. The coding 

region of p21 and GAPDH which are the  non-specific binding sites that serve as 

negative controls were examined correspondently. Single melt curve and melt peak 

of GUSB and PD-L1 are used to validate a single PCR product. Primer sets 

designed to amplify regions of luciferase transcription start site (TSS) that are 

also being recognized as the Gal4-DNA binding site, p21 gene, PD-L1 promoter 

region, and GAPDH gene are listed in Table 2.3 and the sequences of the primers 

are referenced from the following sources (Kufe, 2020, Ghosh et al., 2018).  

Serial dilutions consisting of 0.2% and 0.04% from the 1% input control of the 

sonicated DNA were prepared and examined on the Light cycler 480 II (Roche) 

together with all samples. The average Cp value from the input controls was used 

to draw the standard curve with the average Cp value on X-axis and log100, log20, 

log4 correspondently on Y-axis. The Cp value from the samples was also averaged 

and normalized based on the standard curve for calculating the relative 

enrichment compared to the input controls. All reactions were carried out in 

duplicate. 

 

 

 

Table 2.3 Information of the primers used for ChIP qPCR assay  
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paraformaldehyde in PBS for 15 minutes at room temperature. Coverslips were 

washed three times with PBS followed by the final rinse with ddH 2O before being 

mounted on a slide glass using 50 µL antifade and fixed using nail polish. Samples 

were examined by Zeiss LSM900 confocal laser scanning microscope. The dye and 

absorption wavelengths used are shown in table 2.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.4 Dyes used during confocal microscopy 
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Two protein peaks (blue) were detected from this chromatogram. The presence 
of proteins was detected by monitoring their UV absorbance at A280nm and the 
salts were detected by monitoring the conductivity of the buffer. Y -axis refers to 
the UV absorbance, X-axis refers to the fraction number in red and volume of the 
eluted buffer in black (ml). V0: void volume; Vt: total bed volume.  
  

Figure 3.10 Chromatogram of the established EP400NL cells stably expressing 
TAP -EP400NL 
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Fractions from 13 to 25 were sampled and probed with anti -EP400NL, anti -
BAF53, and anti -cMyc antibodies. Four fractions (14, 15, 16, and 17) contain ing 
TAP -EP400NL (68kDa), BAF53, and cMyc  were identified. IPT: Input.  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.11 Confirmation of protein s from the detected protein peaks (Established 
EP400NL cells) 
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Eluted proteins from the parental and the established EP400NL cells were 
detected by anti -EP400NL immunoblot  (top panel), anti -CBP immunoblot  
(middle panel), and anti -BAF53 immunoblot  (bottom panel) respectively. IP: 
Input; FT: Flow -through; EL: Eluent; BD: Streptavidin beads.  
  

Figure 3.12 Verification of biotin eluted proteins from streptavidin affinity 
purification  





 

78 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Seventeen gel slices were digested by trypsin and analysed by mass spectrometry. 
The column in the middle shows the identified proteins, number of their identified 
unique peptides on the right. The right column indicates the molecular weight of 
each protein that w as identified from the analysis. Gel No in the first column 
indicates the gel slice number. 

 

Table 3.1 Summary of EP400NL associated protein candidates identified via mass 
spectrometry. 
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Eighteen specific peptides of the EP400NL interacting protein candidates were 

identified,  six of which ( BAF53 (ACTL6A) , BRD8, BRG1, DMAP1 , H2A.Z, and 

RuvBL2 (TIP48) ) were selected for further analysis, based on the criteria that 

they are either involved in transcriptional regulation or members of multiple 

chromatin remodelling complexes (Yamada, 2012). 

As expected, BAF53 (ACTL6A) is not only an essential component of the hNuA4 

complex but also a key subunit of the SWI/SNF chromatin remode lling complex 

for transcriptional activation or repression  (Doyon and Cote, 2004a, Euskirchen 

et al., 2012b). The presence of BAF53, a BRG1-associated factor, is essential to 

the ATPase activity of BRG1 and promote s the interaction between the BRG1-

containing modifying complex and the chromatin matrix (Zhao et al., 1998). The 

identification of BAF53 from mass spectrometry also coherent to the results of 

the detection of protein presences (Figure 3.9 and Figure 3.11, anti-BAF53 

immunoblots). 

BRD8 is a transcriptional co -activator recruited by hormone nuclear receptors 

and has been identified as a subunit of the hNuA4 histone acetyltransferase (HAT) 

complex for transcriptional activation. Nucleosomal histones H4 and H2A can be 

modified by BRD8 associated HAT activity and the modified histones can further 

recruit other regulatory proteins such as transcriptional act ivators for promoting 

gene transcription (Monden et al., 1997, Yamada, 2012). Interestingly, three other 

identified proteins, DMAP1, BAF53 , and RuvBL2 were also previously shown as 

the key components of the hNuA4 histone acetyltransferase complex for 

transactivation through histone modification and chromatin remode lling (Doyon 

et al., 2004, Yamada, 2012).  

DMAP1 (DNA methyltransferase  1-associated protein 1) was initially identified 

as a transcriptional corepressor by interacting with HDAC2 for histone 

deacetylation (Rountree et al., 2000). However, it is also a subunit of the hNuA4 

complex (Doyon et al., 2004).  
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RuvBL2 is an ATPase that  not only  positively regulates gene transcription as a 

component of the HAT complex  but is also involved in the removal of  histone 

H2A.Z from the nucleosome when it forms an SWR-1 like complex (Alatwi and 

Downs, 2015).  H2A.Z is a histone variant of H2A  that is commonly incorporated 

into nucleosomes in place of the canonical histone H2A. RuvBL2 is also an ATP -

dependent DNA helicase that  can be recruited to the sites of damaged DNA to 

facilitat e the DNA double strand break repair. (Lans et al., 2012). The 

identification of RuvBL2, as well as a unique peptide of H2A.Z in the mass 

spectrometry data, warrants further investigation into  whether H2A.Z deposition 

can be catalysed by the EP400NL-containing complex.  

BRG1 is a critical enzymatic subunit of SWI/SNF chromatin remode lling 

complexes that associate with chromatin conformation changes by altering the 

DNA -histone interactions in an ATP -dependent manner (Trotter and Archer, 

2008, Wu et al., 2017). However, unlike BRD8, DMAP1, RuvBL2, and BAF53 , 

which are all found as subunits of the hNuA4 histone acetyltransferase complex, 

BRG1 has not been reported to interact with this complex, thus this interaction 

warrants further characterisation.  (Doyon and Cote, 2004a, Yamada, 2012).  
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3. 4 Confirmation of EP400NL interacting protein candidates  
 

Following mass spectrometric identification of putative EP400NL -interacting 

proteins, co-immunoprecipitation was carried out to confirm the individual 

interactions. T hree FLAG-tagged proteins (EP400NL, DMAP1, and TIP60) were 

transiently expressed separately in HEK293T cells and partially purified by anti -

FLAG M2 agarose beads (Figure 3.14). Consistent with the results obtained from  

the mass spectrometry, BRG1, BRD8, BAF53, and RuvBL2  all 

coimmunoprecipitated with EP400NL (Figure 3.14). Although RuvBL1 was not 

identified by the mass spectrometry, since it forms a hetero-oligomeric complex 

with RuvBL2 in most human nuclear complexes (Lopez-Perrote et al., 2014), the 

blot was also probed with an anti -RuvBL1 antibody and it was also found to 

interact with EP400NL (Figure 3.14). On the other hand, TIP60 and EP400 were 

not detectable in the immunoprecipitates (Figure 3.14). 

The interaction between BRG1 and EP400NL was also confirmed by co-

immunoprecipitation (Figure 3.14). These data suggest that while BRG1 has not 

been reported to interact with the hNuA4 complex (Doyon and Cote, 2004a, 

Doyon et al., 2004, Yamada, 2012), it may interact in a unique complex containing 

EP400NL and DMAP1 (Figure 3.14).  
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HEK293T cells were transiently transfected with plasmids expressing HA-GST, 
FLAG -EP400NL, FLAG -DMAP1, or FLAG -TIP60 and the whole-cell lysates 
were immunoprecipitated by anti -FLAG antibody. The immunoprecipitates were 
analyzed by immunoblots using anti -FLAG, anti -EP400, anti -EP400NL, anti -
BRG1, anti -BRD8, anti -BAF53, anti -RuvBL1, and anti -RuvBL2 antibodies.      

 

 

  

Figure 3.14 Interaction of EP400NL with the candidate proteins by co -
immunoprecipitation assay. 
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3. 5 Discussion 

A stable cell line for tetracycline -inducible expression of TAP-EP400NL was 

successfully generated and the TAP-EP400NL associated proteins were purified 

and subjected to mass spectrometry. Several proteins that were identified to 

associate with EP400NL are also shared with the hNuA4 complex, including 

DMAP1, BRD8, RuvBL1, RuvBL2, BAF53, MRGBP, MRG15(MORF4L1), and 

YEATS4o� GAS41o�  (Doyon and Cote, 2004b, Yamada, 2012). According to a 

protein-protein interaction (PPI) network and functional enrichment analysis t ool 

(STRING bioinformatical analysis from ELIXIR's Core Data Resources), multiple 

known and predicted protein-protein interaction s were further revealed (Figure 

3.15). Only the prediction of possible EP400NL interacting proteins were 

summarised using STRING analysis. 

Predicted and known protein interactions were summarized and visualized as 
nodes that are connected by coloured lines. Presence of fusion evidence (red line); 
neighbourhood evidence (green line); cooccurrence evidence (blue line); 

Figure 3.15 String analysis for known and predicted EP400NL interactors  
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experimental evidence (purple line); text mining evidence (yellow line); database 
evidence (light blue line ); co-expression evidence (black line).  The physical 
distances between two nodes along an edge in a graph have no meaning and only 
represent connections between proteins.  

The hNuA4 complex contains 16 subunits with  eight of them shared by the 
EP400NL containing complex (es) (red labelled proteins in EP400NL circle), 
seven additional EP400NL interacting candidates were identified from the mass 
spectrometric analysis (black labelled proteins in EP400NL circle), the underlined 
candidates were confirmed by immunoprecipitation after the identification by 
mass spectrometry. String predicted another ten EP400NL interacting candidates 
(blue labelled proteins in EP400NL circle).  
 

 

 

 

Figure 3.16 Venn diagram showing the overlap of hNuA4 complex and EP400NL 
interacting candidates. 
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In addition to the previously identified protein candidates from the mas s 

spectrometry (Figure 3.16, EP400NL interacting candidates, labelled in black), 10 

new protein candidates (H2A.V (H2AFV) , BRM  (SMARCA2), BAF47 

(SMARCB1), BAF60A  (SMARCD1) , BAF170 (SMARCC2) , BAF155 

(SMARCC1) , TRIP12, PHF12, ZNIT1, and YL -1 (VPS72)) are predicted to 

interact with EP400NL directly or indirectly (Figure  3.16, EP400NL interacting 

candidates, labelled in blue). Similar to H2A.Z, H2A.V , also known as H2A.Z2, is 

another histone variant of the canonical histone H2A encoded by a separate gene. 

There are only three amino acids differences between H2A.Z and H2A.V and 

currently , no antibodies are available to distinguish between them (Dryhurst et 

al., 2009, Matsuda et al., 2010, Dunn et al., 2017). There has been little study to 

date on H2A.V , however, it has been observed to be overexpressed in many 

cancers including breast, prostate, bladder, and lung cancer. H2A.Z has been 

shown to replace conventional H2A in a subset of nucleosomes for altering DNA 

accessibility, which modulates a variety of processes such as transcription 

regulation, DNA repair, DNA repl ication, and chromosomal stability (Farris et 

al., 2005, Gevry et al., 2007, Jin and Felsenfeld, 2007, Billon and Cote, 2012, Xu 

et al., 2012, Alatwi and Downs, 2015, Giaimo et al., 2019). Therefore, it will be 

of interest to investigate the importance of the interactions between EP400NL 

and H2A.Z/H2A.V in these processes and whether EP400NL influences the 

deposition of these histone variants.  

YL -1 (VPS72) was also identified as a potential interactor with EP400NL. YL -1 

is a shared subunit of both the hNuA4 complex as well as the chromatin 

remodelling SRCAP-containing complex. Both these complexes catalyze H2A.Z 

exchange (Ruhl et al., 2006, Wong et al., 2007, Giaimo et al., 2019). Moreover, 

the ATPases BRG1 and RuvBL2 have also been reported to reside in multiple 

chromatin remodelling complexes that promote H2A.Z exchange events in an 

ATP -dependent manner, therefore, the role of EP400NL in the deposition of 

H2A.Z is the focus of the next chapter. 
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Nine protein candidates identified by either mass spectrometry or STRING 

bioinformatical analysis are shared by both the EP400NL containing complex and 

the hNuA4 complex. Of these, the five underlined candidates were confirmed by 

the coimmunoprecipitation (Figure 3.16, labelled in red) . DMAP1, BRD8, BAF53, 

and two ATPases (RuvBL1/2) are components of the  hNuA4 complex. Together 

with other interacting partners such as the c atalytic subunit s TIP60 and EP400, 

these proteins synergistically orchestrate the conformation changes of the 

chromatin through acetylation of nucleosomal histones H4 and H2A, ATP -

dependent deposition or eviction of histones, and ultimately leads to 

transcriptional activation of those select genes (Murr et al., 2006, Yamada, 2012, 

Wang et al., 2018).  

The bromodomain specifically binds to acetylated lysine residues on histone tails, 

resulting in the targeted recruitment of the bromodomain -containing protein 

complexes towards the acetylated chromatin for the transcription regulation 

(Fujisawa and Filippakopoulos, 2017). BRD8 (Bromodomain -containing protein 

8) is a transcripti onal coactivator recruited by hormone nuclear receptors, in 

which isoforms of BRD8 were reported as the subunit of hNuA4 histone 

acetyltransferase complex for transcriptional activation (Cai et al., 2003a, 

Yamada, 2012).  

The evolutionarily conserved BRG1, as the core catalytic ATPase in multiple 

BAF complexes, was initially confirmed as one of the interacting candidates of 

EP400NL. Interestingly, another core ATPase: BRM , and additional subunits of 

the mammalian BAF complexes: BAF47, BAF60A, BAF170,  and BAF155 were 

also predicted to interact with EP400NL from the STRING bioinformatical 

analysis. BAF complexes are important because it is a subfamily of SWI/SNF 

ATP -dependent chromatin remodelers that dynamically modulate chromatin 

structure to regulate fundamental cellular processes including gene transcription, 

cell cycle control, and DNA damage response (Hodges et al., 2016, Yan et al., 

2017, Watanabe et al., 2017). Moreover, variant subunits can assemble into 
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different combinations that contain either BRG1 or BRM as the catalytic ATPase , 

of which, four of them (BAF47, BAF60A, BAF170, and BAF155 ) were predicted 

to interact with  EP400NL. BAF47, BAF170, and BAF155  are the core 

components of the BAF complex that act as  scaffolds for the assembly, 

maintenance, and stability of the complex formation (Chen and Archer, 2005, 

Muratcioglu et al., 2015) . On the other hand, BAF60A, a member of the BAF60 

subfamily, is one of the accessory subunits of the BAF complex. The expression 

of BAF60 proteins changes in a tissue-dependent manner and the proteins from 

the BAF60 family can bridg e the interaction between the transcription factors 

and the core BAF complexes (Wang et al., 1996, Wang and Crabtree, 1997, 

Lickert et al., 2004) . Therefore, an association between EP400NL and the BAF 

complexes requires further investigation to consolidate the role of EP400NL in 

transcriptional regulation.  

A total of 24 protein candidates that potentially interact with EP400NL were 

identified through a combination of mass spectrometry and bioinformatic  

prediction, seven of which were confirmed by coimmunoprecipitation. PHD Zinc 

Finger Transcription Factor  (PHF12) and Zinc finger HIT domain -containing 

protein 1 (ZNHIT 1) are transcriptional repressor/mediators that were also 

identified in the STRING bioinformatical analysis , however, whether they do 

interact with EP400NL is yet to be confirmed.  

Mass spectrometric data also indicated that EP400NL interact s with a 

multifunction al ATP -dependent nucleic acid helicase DHX9 and a probable ATP -

dependent RNA helicase DDX23. DHX9 unwinds DNA and RNA in a 3' to 5' 

direction that plays important roles in many processes including DNA replication, 

mRNA translation , and post-transcriptional  RNA regulation  and stability  (Lee 

and Pelletier, 2016, Zhang and Grosse, 1994). DDX23, on the other hand, was 

reported to be involved with pre-mRNA splicing and its phosphorylated form (by 

SRPK2) is required for spliceosomal B complex formation (Mathew et al., 2008) 

Coincidently, a nucleic acid-binding protein  hnRNPU ( Heterogeneous Nuclear 
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Ribonucleoprotein U) and an RNA binding protein PTBP1 ( Polypyrimidine tract -

binding protein 1 ) which binds specifically to the polypyrimidine tract of introns  

in premature mRNAs were also identified from the ma ss spectrometry. These pre-

mRNA binding proteins play roles in several cellular processes such as 

transcription, mRNA alternative splicing and stability  (Xiao et al., 2012, Yugami 

et al., 2007, Weidensdorfer et al., 2009, Oberstrass et al., 2005, Xue et al., 2009). 

Additionally, MRG15(MORF4L 1) was reported to serve as a chromatin-binding 

protein that can recruit splicing regulators such as polypyrimid ine tract binding 

proteins (PTB Ps). MRG15 specifically recognizes the methylated H3K36 and 

recruits PTB P isoforms including PTBP1/2  at intronic splicing silencer elements 

near an exon to suppress exon insertions into mRNA (Wang and Manley, 1997, 

Luco et al., 2010).  

Both PTBP1 and MRG15 are essential for pre-mRNA splicing events during 

spermatogenesis. Germline-specific MRG15 Conditional KO (cKO) males  display 

spermatogenic arrest at the round spermatid stage (Iwamori et al., 2016) . PTBP1, 

on the other hand, contributes to spermatogenesis through the regulation of 

spermatogonia proliferation. PTBP1 cKO mice exhibit a significantly decreased 

sperm count at six months old with severe degenerations in seminiferous tubules 

in the testis. In vitro  models using germline stem cells also revealed a retarded 

proliferation accompanied by an increase of apoptotic cell death when PTBP1 

was deleted (Senoo et al., 2019). Gene expression profiling of 54 tissues from the 

GTEx RNA -sequence shows that EP400NL is expressed at the highest level in 

the testis, suggesting a specialized function of EP400NL in the tissue. Therefore, 

the specific identification of hnRNPU , MRG15, and PTBP1  as interactors of 

EP400NL suggest it would be of interest to investigate whether EP400NL plays 

a role in mRNA splicing and whether it is involved in the pre-mRNA splicing 

during spermatogenesis.  
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In summary, by combining these previously published results with the 

identification of EP400NL interacting c andidates from our mass spectrometry, it 

is feasible to suggest that EP400 and EP400NL complexes share both 

bromodomain-containing candidates (BAF53 and BRG1) and the ATPase 

proteins (RuvBL1, RuvBL2 , and BRG1) may exhibit some similar nuclear 

functionaliti es specifically for chromatin remodelling and transcriptional 

regulation. Thus, the next chapter will focus on investigating the role of EP400NL 

in histone acetylation and H2A.Z deposition.  
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4. THE INVESTIGATION OF EP400NL-ASSOCIATED 
ENZYMATIC ACTIVITIES  
 

4. 1 Characterization of EP400NL complex -associated HAT activity  

In this chapter, we conducted experiments on a partially purified EP400NL 

complex to assess its potential HAT (Histone Acetyltransferase) or H2A.Z 

deposition activity in vitro. Although we did not detect specific peptides of TIP60  

(the enzymatic subunit of the hNuA4 HAT complex ) within the EP400NL -

containing complex, the presence of shared subunits between the hNuA4 and 

EP400NL complexes prompted further investigation into the potential HAT 

activity of the EP400NL -containing complex. However, our findings revealed no 

detectable HAT activity.  Conversely, the partially purified EP400NL complex 

demonstrated H2A.Z deposition activity using chr omatin assemblies. Given the 

similar composition of the EP400 and EP400NL complexes, it is plausible to 

speculate that they may have interchangeable roles in specific instances of the 

chromatin remodelling process within the cell nucleus. Nonetheless, further 

confirmation is required in future studies.  

Although the EP400NL complex does not contain the HAT enzyme TIP60, it 

shares several proteins with the hNuA4 histone acetyltransferase complex, 

including BAF53, BRD8, DMAP1, GAS41, RuvBL1, and RuvBL2. Theref ore, it 

was of interest to investigate whether the EP400NL complex is also associated 

with HAT activity.  In this method, radioactive isotope 14C -labelled acetyl 

function group of coenzyme A is transferred to the �t -Nitrogen of the lysine 

residues on the histone tails by histone acetyltransferases, which leads to a 

conformational change from closed chromatin to a form of relaxed open chromatin 

(Figure 4.1, top panel). If a transiently expressed enzymatic protein exhibits HAT 

activity, the radioactive signal on the histone tails can be detected using a 

maximum sensitivity radioisotope film (Figure 4.1, bottom panel).  
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Closed chromatin can transform to relaxed chromatin by histone acetylation, 
which leads to transcriptional activation (top panel). Radioactive isotope 14C 
incorporated into the acetyl function group of the coenzyme A is transferred to 
histones (�t-Nitrogen of the lysine residues) by histone acetyltransferases (HAT) 
(bottom panel).  
 
 
4. 1. 1 Preparation of chromatin and protein complexes for the HAT enzymatic 
assay 

The HAT assay is typically carried out  by incubating the HAT catalytic domain-

containing enzymes with histone H3 or histone H4 peptide in the presence of 

Acetyl -Coenzyme A. The HAT catalyses the transfer of acetyl groups from Acetyl -

Coenzyme A to the histone peptide, resulting in the generation of acetylated 

peptide and CoA-SH. However, instead of using a single histone substrate peptide, 

plasmid DNA assembled with histone octamers (artificial nucleosomes) was 

utilized for better mimicking a physiological substrate.   

Figure 4.1 [14C]-Acetyl -Coenzyme A-based EP400NL HAT assay 
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Three plasmids that express FLAG -EP400NL, FLAG -DMAP1, and FLAG -TIP60 

were transiently transfected into HEK293T cells, and anti -FLAG® M2 Affinity 

Gel was used to partially purify the proteins bound to FLAG -tagged EP400NL, 

DMAP1, and TIP60 respectively under native condit ion by FLAG peptide elution 

(Figure 4.2). Partially purified DMAP1 and TIP60 protein complexes are the two 

positive controls as they are the core subunits of the TIP60 histone 

acetyltransferase (HAT) complex (Figure 4.2) (Yamada, 2012, Lu et al., 2009) 

and HA-GST serves as a negative control (Figure 4.2). EP400NL complex-

associated HAT activity was then assayed with assembled nucleosomes as a 

substrate. A p lasmid that contain s nineteen repeats of 601-Widom nucleosome 

positioning sequences (pUC19/19x601) was used to generate the chromatin 

assembly by incubation with wild -type core histones. The proper assembly of 

histone proteins into chromatin was assessed via micrococcal nuclease (MNase) 

analysis. The micrococcal nuclease preferentially cleaves linker DNA between 

nucleosomes. Thus, MNase digestion should reveal a pattern of 200 bp periodic 

spacing from the assembled nucleosomes (Bulger et al., 1995) (Figure 4.3). 

 

 

 

 

 

Confirmation of the transiently expressed proteins (FLAG -EP400NL, FLAG -
DMAP1, and FLAG -TIP60) from the input controls and immunoprecipitates 
after FLAG peptide elution by using anti -FLAG immunoblot.  

Figure 4.2 Confirmation of expression of partially purified proteins after FLAG 
peptide elution  
 





 

94 
 

4. 1. 2 EP400NL has no associated HAT activity  

Partially purified enzymatic protein complexes were incubated with the chromatin 

assembly in the presence of [14C]-Acetyl -Coenzyme A, radioactive isotope 14C -

labelled acetyl function group of coenzyme A can be transferred to the histone 

tails only if these purified complexes exhibit histone acetyltransferases activity. 

The presence of Hela core histones was first examined and the transferred 14C -

labelled acetyl function group was subsequently detected on a radioisotope film 

with maximum sensitivity .  The equivalent loading of HeLa core histones was 

confirmed by Ponceau staining (Figure 4.4, top panel) followed by the 

examination of EP400NL complex-associated HAT activity (Figure 4.4, bottom 

panel). Chromatin assemblies are acetylated by DMAP1 -containing TIP60 

complexes (Lalonde et al., 2014), and the TIP60 complex possesses high HAT 

catalytic activity on all histones substrates (Figure 4.4), validating the ability of 

this assay to detect histone acetylation. However, a partially purified EP400NL 

complex did not show any HAT activity (Figure 4 .4). 

 

 
 
 
 
 
 
 
 
 
 
 
 

(Top) validation of equivalent loading of Hela histone proteins by Ponceau 
staining. (Bottom)  detection of the radioactively labelled histones. One unit input 
of EP400NL and DMAP1 were added to each reaction, TIP60 was tested using 
both one unit input and 0.2-unit input  to confirm that  the increased HAT activity 
is dose dependent. 

Figure 4.4 Detection of EP400NL associated HAT activity  
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4. 2 Characterization of EP400NL associated H2A.Z deposition activity  

The identification of H2A.Z as an EP400NL interacting protein  suggested that 

the EP400NL-complex may mediate ATP-dependent H2A.Z deposition as 

previously shown by the EP400 complex (Mizuguchi et al., 2004a, Xu et al., 2012). 

FLAG -tagged H2A.Z/H2B histones were used as a substrate to investigate if a 

partially purified FLAG -tagged EP400NL complex could catalyse H2A.Z 

deposition into chromatin (Figure 4.5).  Biotinylated pUC19/19x601 plasmids were 

assembled with recombinant canonical histones. Following assembly of H2A/H2B-

containing histone octamers, they were incubated with the purified EP400NL -

complex. If this complex exhibits H2A.Z deposition activity, the H2A/H2B dimers 

would be replaced with the FLAG -H2A.Z/H2B dimers. The bi otinylated 

chromatin assemblies deposited with FLAG-tagged H2A.Z can then be affinity 

isolated with streptavidin beads and the deposition activity is assessed by the 

presence of FLAG-H2A.Z. 

Biotinylated chromatin assemblies (pUC19/19x601 with core histones) were 
incubated with the purified EP400NL -complex. The H2A/H2B dimers can be 
replaced with the FLAG -H2A.Z/H2B dimers  if this complex exhibits H2A.Z 
deposition activity.  The biotinylated chromatin assemblies with FLAG -tagged 
H2A.Z can be affinity isolated with streptavidin beads . This is an original artwork 
by Z.L.  

Figure 4.5 Schematic illustration of H2A.Z deposition assay 
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4. 2. 1 Material preparation for the H2A.Z deposition assay  

To obtain the substrate to be used in the deposition assay, recombinant histone 

FLAG -H2A.Z/H2B dimers were reconstituted and purified by gel filtration 

chromatography after individual core histone expression in Escherichia coli cells. 

The protein expression of FLAG -H2A.Z and H2B was first visualized by 

Coomassie blue staining and the identity of H2A.Z was confirmed by immunoblot 

with the anti -FLAG antibody (Figure 4.6).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

250ng and 500ng of recombinant histone FLAG-H2A.Z/H2B dimers were 
visualized by Coomassie blue staining (top panel), and the expression of an 
increased amount of FLAG -H2A.Z/H2B from 25 ng to 200 ng was confirmed by 
an anti -FLAG immunoblot (bottom panel)  
 

For this deposition assay, two major protein complexes (EP400 containing hNuA4 

complex and EP400NL associated complex) need to be purified. The hNuA4 

complex, a functional protein complex that contains both TIP60 and EP400 

enzymatic subunits, served as a positive control as it has been reported to catalyse 

H2A.Z deposition in an ATP -dependent manner (Altaf et al., 2010, Yamada, 

2012). The hNuA4 complex was purified from HeLa nuclear extract using FLAG -

Figure 4.6 Confirmation of the substrate expression of FLAG -H2A.Z/H2B dimers  
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tagged TIP60 followed by the confirmation using both anti -FLAG and anti -EP400 

immunoblots (Figure 4.7, top panel, red arrows). The FLAG -EP400NL-containing 

complex was partially purified by transiently expressing EP400NL in HEK293T 

cells followed by FLAG pe ptide elution. Expression of FLAG -EP400NL was 

confirmed by both anti -FLAG and anti -EP400NL immunoblots (Figure 4.7, 

bottom panel).  The plasmids containing the 601-Widom repeats (pUC19/601x19) 

were biotinylated and used to generate synthetic chromatin with recombinant 

canonical core histones. Synthetic chromatin assemblies were validated by MNase 

digestion that showed a 200bp spaced ladder (Figure 4.8). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The expression of FLAG-tagged TIP60 and EP400-containing protein complex 
were validated by anti -FLAG and anti -EP400 immunoblots, in which the 
expression of these proteins is indicated by red arrows (top panel). Expression of 
the FLAG peptide -eluted EP400NL was confirmed by both anti -FLAG an d anti -
EP400NL immunoblots, HA -GST was transiently expressed in HEK293T cells 
and serves as a negative control after FLAG-peptide elution (bottom panel). IPT: 
Input; ELT: Eluent.  

Figure 4.7 Confirm the expression of TIP60/EP400 containing protein complex 
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Chromatin substrates assembled with either biotin-labelled pUC19/601x19 or 
unlabelled plasmid DNA (wild type) were digested with an increased 
concentration of MNase (3.75 ×10-3 U (low); 1.5 ×10-2 U (high)) and analysed by 
1% agarose gel electrophoresis. 
 
4. 2. 2 Optimization of substrate addition and non-specific binding of the 
substrate (FLAG -H2A.Z/H2B dimers) to the chromatin assemblies  

To perform H2A.Z deposition assay, several steps need to be optimised. The 

amount of the substrate (FLAG -H2A.Z/H2B dimers) used in the deposition assay 

is critical and needs to be initially determined. This ensures the non-specific 

binding of the substrates to the chromatin assemblies is avoided. Secondly, to 

eliminate non-specific binding to the streptavidin beads, high salt wash steps with 

Tris/KCl -EDTA buffer (BC -Buffer) are necessary. However, high salt 

concentration can disrupt the biochemical interactions between the substrate 

histone dimers and either chromatin assemblies or their associated enzymatic 

protein complexes. Thus, the optimal concentrations of the substrate and the 

washing buffer needs to be empirically determined.  

In the preliminary H2A.Z deposition assays, substrate histone dimers (FLAG -

H2A.Z/H2B dimers) ranging from 50 ng to 500 ng were tested without the 

Figure 4.8 MNase digestion assay of the assembled chromatin 
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addition of any chromatin assemblies. Theoretically, no FLAG -tagged protein 

expression should be detected due to neither enzymatic proteins nor chromatin 

assemblies were added. The purpose is to provide enough substrate in the reaction 

without causing non-specific binding of the substrate to the streptavidin beads 

and consequently determine an appropriate amount of FLAG -H2A.Z/H2B dimers 

used in the follow up H2A.Z deposition assay. Increasing amount of the FLAG -

H2A.Z/H2B dimers (1 ng, 5 ng, and 10 ng) were utilized as loading controls. After 

confirming the accuracy of the H2A.Z./H2B dimer  (Figure 4.6), a control needs 

to be included when investigating the non-specific binding of the substrate to the 

streptavidin beads to understand if those non-specific binding is from the 

overloaded substrates. A very faint band was observed when loading 10 ng of the 

substrate, although it was challenging to visualize in the electronic version of the 

image. (Figure 4.9), the immunoblot analysis also did not detect the presence of 

the substrate at 1 ng and 5 ng protein concentrations, indicating that a minimum 

of more than 10 ng of protein needs to be loaded as loading controls. (Figure 4.9). 

Among all four loaded substrates, 500 ng shows the highest level of non-specific 

binding to the streptavidin beads followed by the loading of 200 ng substrate. To 

avoid the risk of low detection, 100 ng of the FLAG -H2A.Z/H2B dimers was 

utilized for the following experiments (Figure 4.9).  

 

 

 

 

 

The elimination of the non -specific binding of substrate (FLAG -H2A.Z/H2B 
dimers) to the streptavidin beads. 100 ng was determined as the appropriate 
amount of loading substrate, the ideal amount of the substr ate is labelled in red. 
1 ng, 5 ng, and 10 ng of the FLAG -H2A.Z/H2B dimers are the loading controls.  

Figure 4.9 Optimize the amount of the substrate loading  
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Next, two different salt concentrations of the washing buffer BC500 (500 mM KCl 

in 1% v/v NP40) and BC750 (750 mM KCl, in 1% v/v NP40) ( reference to section 

2. 4. 2) were tested. Histone substrate (100 ng) was included in each reaction with 

either non-labelled or biotinylated chromatin assemblies, initially in the absence 

of the EP400NL or hNuA4 complexes. Given the previous results (figure 4.9), an 

increased amount of substrate ranging from 10 ng to 30 ng was used for the 

loading control (figure 4.10). As expected, no H2B can be detected from the non-

labelled chromatin assembly as no chromatin assemblies could bind to  the 

streptavidin beads (Figure 4.10, lane 4 and 5). In contrast, H2B can be detected 

from the biotinylated assemblies which represents the non-specific binding as no 

EP400NL complex was present for the deposition of FLAG-H2A.Z. (Figure 4.10, 

lane 6 and 7). Washing with BC750 significantly reduced the non-specific binding 

of the FLAG -H2A.Z/H2B dimers  to the chromatin assemblies isolated by the 

streptavidin beads compared to washing with BC500, this reduced level of H2B 

may come from the biotinylated chromatin assembly itself rather than the 

deposited H2B histones (Figure 4.10, lane 7). 

 

 

 

 

 

 

The washing procedure was optimized to eliminate the non-specific binding of 
substrate (FLAG -H2A.Z/H2B dimers) to the chromatin assemblies. Washing with 
BC750 eliminated most of the non-specific binding and was determined as the 
appropriate concentration for the washing procedures, the ideal concentration of 
the washing buffer is labelled in red. 10 ng, 20 ng, and 30 ng of the FLAG -
H2A.Z/H2B dimers are the loading contr ols, the blot was probed with anti H2B 
antibody. 

Figure 4.10 Optimiz ation of the concentration of the washing buffer 
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This experiment was repeated, and the blot was probed with the anti -FLAG 

antibody to further confirm that non -specific binding to chromatin assemblies by 

substrate dimers was minimised by washing with BC750 (Figure 4.11. Lane 5 and 

7). Therefore, a combination of 100 ng of histones substrate (FLAG -H2A.Z/H2B 

dimers) with the BC750 washing step was used in the following H2A.Z deposition 

assay. 

 

 

 

 

 

 

Addition of FLAG -H2A.Z/H2B dimers (100 ng) followed by washing with  BC750 
reduced most of the non-specific binding of the histone substrate to either the 
chromatin assemblies or the streptavidin beads, the ideal combination is labelled 
in red. 10 ng, 20 ng, and 30 ng of the FLAG -H2A.Z/H2B dimers are the loading 
controls. The blot was probed with anti -FLAG to detect FLAG -H2A.Z. 
 

4. 2. 3 Evaluation of EP400NL complex-associated H2A.Z deposition activity  

The hNuA4 complex, which serves as a positive control in the assay, was initially 

examined to determine whether it could catalyse an efficient incorporation of 

H2A.Z to the chromatin . The hNuA4 complex was purified from a HeLa cell line 

that stably expressed FLAG-TIP60. Mock purification  from parental HeLa cells 

served as a negative control.  Following immunoprecipitation of FLAG -TIP60, 

the presence of the eluted hNuA4 complex was confirmed by both anti -EP400 and 

anti -FLAG immunoblots, in which the two major catalytic subunits EP400 and 

TIP60 were detected (Figure 4.12, red arrows for lane 4 of each blot).  

 

Figure 4.11 Final validation of the experimental optimization  
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Affinity purification of the hNuA4 complex from the FLAG -TIP60 expressing cell 
line was validated by the presence of its two major components (EP400 and 
FLAG -TIP60) using anti -FLAG and anti -EP400 immunoblots respectively. 
Neither protein was isolated from the parental cell line. Proteins are indicated by 
red arrows. FL-TIP60: FLAG -tagged TIP60; IPT: Input; ELT: Eluent.  
 

To establish the H2A.Z deposition assay, substrates (FLAG-H2A.Z/H2B dimers) 

were incubated with either biotinylated or non -labelled chromatin assemblies in 

the presence of partially purified hNuA4 complex containing TIP60 and EP400. 

The hNuA4 complex was tested for the presence of H2A.Z deposition activity in 

preliminary experiments using biotinylated chromatin assemblies. Non-labelled 

chromatin assemblies served as a negative control.  FLAG-H2A.Z was detected 

in biotinylated chromatin assemblies incubated with the hNuA4 complex via anti -

FLAG immunoblot (Figure 4.13, top panel, anti -FLAG immunoblot lane 3). Faint 

bands were detected in the other lanes which are considered to be non-specific 

binding, as it was detected in the parental cell line which does not express FLAG-

TIP60 and in the non-biotinylated chromatins (Figure 4.13, top panel, anti -FLAG 

immunoblot lane 1, 2, and 4). H 2B detection serves as an internal control as the 

amount of H2B remains constant before and after H2A.Z exchange (Figure 4.13, 

top panel, anti -H2B immunoblot lane 3 and 4). Therefore, the level of FLAG -

H2A.Z can be normalized against the reference of H2B. 

Figure 4.12 Immunoprecipitation of the  hNuA4 complex 
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To test if the EP400NL -containing protein complex can catalyse the exchange of 

H2A with H2A.Z, similar experiments were performed as described above with 

chromatins incubated with the EP400NL complex.  HA -GST, which serves as a 

negative control for indicating background presence of H2A, was transiently 

expressed in HEK293T cells and isolated by FLAG-peptide elution (Figure 4.13, 

bottom panel). A similar amount of FLA G-H2A.Z was detected in the reactions 

with the EP400NL complex as those incubated with the hNuA4 complex, 

indicating that the EP400NL complex also exhibits H2A.Z deposition activity 

(Figure 4.13, bottom panel, anti -FLAG immunoblot lane 6). H2B was not 

detected in the non-labelled chromatin assemblies as only the biotinylated 

chromatin assemblies can be harvested after incubation with streptavidin beads 

(Figure 4.13, bottom panel, anti -H2B immunoblot). And as an internal control, 

the expression of H2B remained consistent throughout the assay (Figure 4.13, 

bottom panel, anti -H2B immunoblot) .  
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Detection of FLAG -H2A.Z incorporation into the chromatin substrate by 
immunoblotting. The reactions were resolved by SDS-PAGE and H2A.Z 
deposition was analyzed by anti-FLAG immunoblot. Exam ination of the hNuA4 
complex (top panel) and EP400NL complex (bottom panel) associated enzymatic 
activity. hNuA4 com.: hNuA4 complex; EP400NL com.: EP400NL complex.  

Figure 4.13 Examination of the H2A.Z activity in hNuA4 and EP400NL 
complexes 
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Since EP400 is an ATPase within the hNuA4 complex and displays the H2A.Z 

deposition activity through ATP consumption (Mizuguchi et al., 2004a, Xu et al., 

2012), further investigation was conducted to determine whether the EP400NL 

complex catalyses the H2A.Z deposition in an ATP -dependent manner. As a 

positive control, the hNuA4 complex was purified from HeLa nuclear extract using 

FLAG -tagged TIP60, and the presence of each core protein (RuvBL1, RuvBL2, 

BRG1, and BAF53) was confirmed by immunoblotti ng (Figure 4.14). Consistent 

with the mass spectrometry data, the hNuA4 and EP400NL complexes share 

multiple common protein subunits, however, BRG1 was only present in the 

EP400NL complex, not the hNuA4 complex (Figure 4.14, anti -BRG1). 

 

 

 

 

 

 

 

 

 

 

 

Protein preparation used in the H2A.Z deposition assay was analyzed by 
immunoblots for the core components of the protein complexes including EP400, 
EP400NL, RuvBL1, RuvBL2, BRG1, and BAF53. Negative controls in lane 1 and 
lane 2 were supplemented with PBS and GST respectively. hNuA4 com.: hNuA4 
complex; EP400NL com.: EP400NL complex. 
 

Figure 4.14 Identification of protein candidates from the hNuA4 and EP400NL 
complexes 
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The H2A.Z deposition assay was repeated with the EP400NL complex in the 

presence and absence of ATP. As expected, the hNuA4 complex catalysed the 

deposition of H2A.Z, with the highest incorporation of FLAG -H2A.Z. The 

presence of the EP400NL complex, which contains the ATPases BRG1, RuvBL2, 

and RuvBL1, also increased FLAG-H2A.Z deposition activity (Figure 4.15), as 

did the hNuA4 complex in the presence of ATP (Figure 4.15) . In the presence of 

Apyrase (1 U), which degrades residual ATP that might still have b een associated 

with the purified enzymatic protein complexes , H2A.Z deposition was no different 

from controls (Figure 4.15). Thus, these results collectively show that the 

EP400NL complex catalyses H2A.Z deposition in an ATP -dependent manner.  
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4. 3 Discussion  

Previous studies have shown that chromatin remodelling complexes with either 

HAT or histone variant deposition activity are critical for  cellular functions such 

as the regulation of gene transcription, differentiation, and proliferation  (Frank 

et al., 2003, Mizuguchi et al., 2004b, Saha et al., 2006, Wong et al., 2007, Mattera 

et al., 2009, Yamada, 2012, Pradhan et al., 2016b, El Hadidy and Uversky, 2019). 

One of the key components of these complexes is the ATPase subunits that  serve 

as energy providers for these cellular functions. Given the importance of 

understanding how these specific biological traits are orchestrated, exploring and 

understanding these functional protein complexes is essential.  EP400NL appears 

to form a nuclear complex like the TIP60 -deficient EP400 complex but also 

contains the BRG1 ATPase. The association of multiple identified ATPases such 

as BRG1, RuvBL1, and RuvBL2 with the EP400NL complex may be critical for 

conferring the regulatory functions of EP400NL.  

The hNuA4 complex not only exhibits HAT activity but also cataly ses histone 

acetylation induced H2A.Z deposition (Mizuguchi et al., 2004a, Altaf et al., 2010, 

Ranjan et al., 2013, Giaimo et al., 2019). Specifically, the acetylated histone tails 

can stimulate and enhance the H2A.Z exchange by a cooperative action of 

RuvBL1 and RuvBL2 via their ATPase activities (Puri et al., 2007, Choi et al., 

2009).  

HATs play key  roles in the epigenetic modulation of gene transcription by 

modifying histone proteins. TIP60 is the enzymatic subunit of the hNuA4 HAT 

complex, even though no specific peptides of TIP60 were detected from the 

EP400NL containing complex, the detection of multiple subunit s that are shared 

by both the hNuA4 and the EP400NL containing complexes prompted an 

investigation into whether the EP400NL-containing complex also displays some 

levels of HAT activity . However, no HAT activity was detected.   
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This was consistent with the lack of identification of HAT(s) in  the mass 

spectrometric analysis (Chapter 3. 3), The EP400NL complex did however exhibit 

ATP dependent H2A.Z deposition activity . This was a lower exchange efficiency 

only about 58% compared to the hNuA4 complex, but it was significantly higher 

compared to the reactions either with the addition of GST or PBS, which serve 

as two negative controls with a background expression level of incorporated 

FLAG -H2A.Z. Mechanistically, the acetylated histone tails are recognized by 

bromodomain-containing proteins and the bromodomain-containing hNuA4 

complex is recruited to stimulate H2A.Z deposition by acetylation of H4 and H2A 

histone tails within the nucleosome (Choi et al., 2009, Altaf et al., 2010, Ranjan 

et al., 2013). Since the synthetic chromatin in the H2A.Z deposition assay was 

prepared using recombinant core histones expressed in Escherichia coli lacking 

acetylation, it will be interesting to test if acetylated H2A or H4 would further 

increase the EP400NL complex-mediated H2A.Z deposition activity. In brief, 

acetylation of histones is critical for the enhancement of the activity but may not 

necessarily be the prerequisite in the EP400NL mediated H2A.Z deposition, t he 

investigation of EP400NL associated complex(es) remains superficial and further 

exploration needs to be carried out to piece together the jigsaw puzzle of the 

EP400NL associated chromatin remodelling mechanisms.   

In this chapter, a partially purified EP400NL complex exhibited H2A.Z deposition 

activity using chromatin assemblies in vitro,  to further confirm the viability of 

these results, in vivo experiments using cell cultures would be one of the most 

straightforward methods to tackle this problem. The established EP400NL cells 

can be transiently transfected with FLAG -H2A.Z when an EP400NL targeted 

gene is transcriptionally active. Subsequently, the detection of FLAG -H2A.Z 

enrichment by ChIP  analysis which can specifically detect the recruitment of 

H2A.Z would reveal if the H2A.Z deposition activity of the EP400NL complex 

can be achieved. 
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Since EP400 and EP400NL complexes are of similar composition, it seems feasible 

to predict that EP400 and EP400NL may be interchangeable in some specific 

circumstances of the chromatin remodelling process in the cell nucleus but need 

to be further confirmed in the future.    

The bromodomain-containing BRD8 and BRG1 of the EP400NL complex can be 

recruited by a DNA -binding transcription factor and the interaction would be 

significantly enhanced by acetylated chromatin. Interestingly, the BRG1 -

containing BAF complex is known to play a role in H2A.Z deposition in embryonic 

stem cells but littl e is understood about its molecular mechanism (Hainer and 

Fazzio, 2015). It is tempting to speculate that the EP400NL complex is a carrier 

of BRG1 in c ertain genomic regions of H2A.Z deposition activity, however, the 

connection between BRG1 and EP400NL complex-mediated H2A.Z deposition 

and the coactivator function remains to be further elucidated.  
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5. CHARACTERISATION OF THE ROLE OF EP400NL 
IN TRANSCRIPTIONAL REGULATION  

5. 1 Functional analysis of EP400NL in Myc -mediated transcriptional 
regulation  

In this chapter, we present evidence demonstrating that EP400NL functions as a 

coactivator of Myc -mediated transactivation and forms a fun ctional epigenetic 

complex with Myc. Moreover, we observed that EP400NL significantly enhances 

cellular proliferation in a serum -dependent manner. Through transcriptional 

analysis using EP400NL deletion mutants, we identified two crucial polypeptide 

regions (246-260 and 360-419) adjacent to the C-terminus that play a vital role 

in its core transactivation activity.  Further investigation is warranted to elucidate 

the specific mechanisms by which EP400NL interacts with BAF53 and the two 

ATPases (RuvBL1, RuvBL 2, and BRG1). Additionally, it would be valuable to 

determine whether other proteins are involved in facilitating this interaction in 

future studies. 

Following the demonstration that EP400NL is associated with transcriptional 

regulators, the role of EP400NL as a transcriptional coactivator was investigated. 

As EP400 is a known coactivator of Myc-targeted gene expression (Zhao et al., 

2017), it was first investigated as to whether EP400NL is also a coactivator of 

Myc. 

5. 1. 1 Model for investigating the transcriptional regulatory activity of 
EP400NL 

To examine whether EP400NL induces gene expression in a Myc-dependent 

manner, a luciferase reporter system was developed using 293TGAL4-Luciferase 

cells (Figure 5.1). This cell line contains a GAL4 DNA binding site upstream of 

the firefly luciferase reporter gene. The GAL 4 DNA binding domain fused to a 

transcriptiona l activator such as Myc can induce transcription of luciferase, and 

the transcriptional activity can be further enhanced by the addition of multiple 

co-activators (Figure 5.1).  
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GAL 4Myc binds to the GAL 4 DNA binding site to induce the expression of the 
luciferase gene. The expression of additional co-activators can further enhance 
luciferase expression. 
 
5. 1. 2 EP400NL upregulates Myc-mediated gene expression 

Activation of luciferase expression by GAL4Myc was quantitatively assessed in 

the presence of EP400NL in 293TGAL 4-Luciferase cells. As a control, previously 

known coactivators of the hNuA4 complex (TRRAP, EP400, and their defective 

mutants) were included t o compare to EP400NL. These coactivators were 

transiently expressed in 293TGAL 4-Luciferase cells and the ectopic expression 

was confirmed by immunoblot to detect their FLAG tags (Figure 5.2).  

Consistent with the coactivator role of TRRAP and EP400  (McMahon et al., 

1998, Nikiforov et al., 2002, Liu et al., 2003) , TRRAP stimulated luciferase 

expression up to two-fold, whereas a C-terminal deletion mutant of TRAAP failed 

to promote similar gene activation. EP400 also significantly induced luciferase 

expression, whereas the ATPase-deficient EP400 did not. EP400NL induced 

reporter activity up to 2.2 -fold, indicating that EP400NL activates transcription 

at a level comparable to that of TRRAP (Figure  5.3). 

Figure 5.1 Model of GAL 4Myc luciferase system 
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Plasmids encoding FLAG-tagged full-length TRRAP (1 -3830 aa.), full-length 
EP400 (1-3132) and their defective mutants TRRAP (1 -3760 aa.) and ATPase 
defective EP400 and EP400NL were transfected into 293TGAL 4-Luciferase cells, 
then lysates were subjected to SDS-PAGE and immunoblotting with anti -FLAG 
to confirm expression.  HA-GST serves as a negative control.  The expected size 
of TRRAP (1 -3830 aa.), full-length EP400 (1-3132), TRRAP (1 -3760 aa.), 
ATPase defective EP400 and EP400NL are approximately 440kDa, 430kDa, 
400kDa, 400kDa, 52kDa respectively. 
 
 

Figure 5.2 Confirmation of the ectopic expression of the FLAG -tagged 
coactivators 
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293TGAL 4-Luciferase cells were transfected with each construct expressing either 
HA-GST (control), wild type TRRAP (1 -3830aa.), TRRAP C-terminal deletion 
mutant ( 1-3760aa.), wild type EP400 (1-3122aa.), ATPase mutated EP400, and 
wild type EP400NL (1 -419aa.) together with a plasmid expressing GAL4Myc, 
respectively. After normalisation to renilla luciferase activity, firefly luciferase 
activity of the control (HA -GST) was set to one (black bar) and the relative 
values for other samples (grey bars) were calculated, HA-GST was used as a 
reference [One-way ANOVA, F (5,12) = 55.96, p < 0.0001; Dunnett's post -hoc test, 
*p  < 0.05, ****p  < 0.0001]. 

 

To examine whether EP400NL serves as a bona fide co-activator of Myc , luciferase 

expression was examined in the presence of increasing amounts of EP400NL in 

293TGal4-Luciferase cells (Figure 5.4, top panel). In the presence of the same 

amount of GAL4Myc, there was a dose-dependent increase in luciferase expression 

of up to three -fold upon increased EP400NL level (Figure 5.4, bottom panel).  

 

Figure 5.3 Assessment of co-activator activity of EP400NL in comparison to 
known coactivators of Myc. 
. 
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Transient transfection of FLAG -EP400NL (0 ng, 25 ng, 50 ng, 100 ng, 200 ng, 
300 ng) into 293TGAL 4-Luciferase cells followed by the dual-luciferase reporter 
assay. After normalisation to the treatment of 0 ng of  FLAG -EP400NL, the firefly 
luciferase activity from the control cells ( cells transfected with 0 ng of FLAG -
EP400NL) is set to 1 and the relative values of other samples are calculated, 0 ng 
of FLAG -EP400NL was used as a reference [One-way ANOVA, F (5,12) = 61.11, 
p < 0.0001; Dunnett's post -hoc test, * *p < 0.01, ***p < 0.001, ****p < 0.0001]. 
Protein expression of EP400NL was confirmed by anti-FLAG immunoblot , �>-
actin serves as a loading control (top panel) . The relative luciferase activity was 
plotted against the amount of DNA used in the transfection (bottom panel).   
 

 

Figure 5.4 Titration of EP400NL expression  
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5. 1. 3 EP400NL can be recruited in a Myc-dependent manner 

The previous experiment showed that EP400NL acts as a transcriptional co-

activator of Myc -dependent transcription. To confirm the recruitment of 

EP400NL to the promoter , chromatin immunoprecipitation (ChIP -qPCR) was 

performed. In this experimental model, FLAG -GAL4Myc and TAP -EP400NL 

were transiently co-expressed in 293TGal4-Luciferase cells followed by 

immunoprecipitation using anti -FLAG and anti -CBP antibodies. When both 

FLAG -GAL4Myc and TAP -EP400NL are expressed, FLAG -GAL4Myc bind s to 

the DBS (DNA Binding Site) and recruit s its corresponding co-activators (Figure 

5.5, top panel). 293TGal4-Luciferase cells co-expressing HA-GST and TAP -

EP400NL serve as the negative control with no specific DNA binding at the 

promoter region (Figure 5.5, bottom panel). Chromatin that interact s with either 

FLAG -GAL4Myc or TAP -EP400NL was precipitated and served as DNA 

templates in the ChIP -qPCR analysis. The primers were designed to amplify  the 

GAL4 binding site within the promoter region of the Firefly luciferase.  

  

 

 

 

 

 

GAL4Myc binds to the GAL4 DNA binding site upstream of luciferase and 
recruits its co -activator EP400NL to activate downstream gene expression (Top 
panel). HA-GST does not bind, thus EP400NL is not recruited (bottom panel). 
DNA shearing by sonication is indicated as scissors. TAP-EP400NL can be 
recruited only when GAL4Myc bind ing occurs and the enrichment of both FLAG -
GAL4Myc and TAP -EP400NL bound chromatin can then be detected by ChIP 
after sonication. 

Figure 5.5 ChIP for demonstrating Myc dependent EP400NL recruitment  
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Before demonstrating an activator -dependent recruitment of EP400NL on target 

genes, the transiently  expressed FLAG -GAL4Myc and TAP -EP400NL need to be 

initially examined . Expression of TAP -EP400NL, FLAG -GAL4Myc , and 

endogenous EP400NL was confirmed by immunoblot analysis (Figure 5.6). ChIP 

was then performed on chromatin isolated from 293TGAL 4-Luciferase cells in the 

presence or absence of ectopic FLAG-GAL4Myc and TAP -tagged EP400NL. 

 

 

 

 

 

 

 

 

 

293TGAL 4-Luciferase cells were co-transfected with plasmids expressing either 
HA-GST (control) or FLAG -GAL4Myc together with TAP -EP400NL respectively. 
Protein expression was confirmed by immunoblotting. T AP-EP400NL was 
detected by an anti-CBP antibody, the transient expression of FLAG -GAL4Myc 
was detected by an anti-FLAG antibody.  
 
 

As TAP -EP400NL is CBP tagged, an anti -CBP antibody was used to 

immunoprecipitates chromatin bound to TAP -EP400NL and qPCR was 

conducted with primers designed to the GAL4 binding site to determine whether 

EP400NL was enriched at the promoter in a Myc -dependent manner. There was 

minimal TAP -EP400NL at the GAL4 binding site in the absence of GAL4Myc, 

however, recruitment was increased by approximately 8-fold in the presence of 

GAL4Myc (Figures 5.7, left and middle panels, GAL4-DBS). The distal exon 

region of p21, which is not expected to be bound by Myc,  was used as a control 

to establish the specificity as neither GAL4Myc nor EP400NL were enriched in 

Figure 5.6 Confirmation of protein expression for ChIP assay 
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that region (Figures 5.7, left and middle panels, p21). Non-specific binding of the 

IgG to the sonicated chromatin revealed no different enrichment between HA-

GST and FLAG -GAL4Myc  in the presence of TAP-EP400NL (Figures 5.7, right 

panel). Taken together, these results suggest that EP400NL promotes reporter 

gene expression by the specific recruitment onto the promoter in a Myc-dependent 

manner. 

ChIP analyses were performed using anti-CBP for TAP -tagged EP400NL (Left 
panel), anti -FLAG for GAL4Myc (Middle panel), and IgG as a negative control 
(Right panel). The ChIP data are plotted for relative enrichment of input 
chromatin from each ChIP reaction  over the GAL4 DNA binding site (GAL4 -
DBS) and p21 distal exon region (p21), variability between HA-GST and FL -
GAL4Myc was the effect presented. [Two-way ANOVA, F (1,4) = 225.7, p = 
0.0001 (CBP), F (1,4) = 107.0, p = 0.0005 (FLAG); Sidak's post -hoc test, * **p < 
0.001, ****p  < 0.0001]. Statistical analysis reveals that the p21 serves as a reliable 
negative binding site due to the v ariability between the two binding sites GAL4-
DBS and p21 being significant [Two-way ANOVA, F (1,4) = 196.1, p =  0.0002 
(CBP) ; F (1,4) = 126.7, p =  0.0004 (FLAG )], all experiments were performed in 
duplicate. 
 
 
 
 
 

Figure 5.7 ChIP analysis for investigating the Myc dependent recruitment of 
EP400NL  





 

120 
 

5. 2 Functional analyses of EP400NL in GAL4Myc -mediated 
transcriptional regulation  

The results from previous section have shown the coactivator function of 

EP400NL in Myc -mediated transcription followed by the confirmation of their 

physical interaction by pull -down assay. Thus, i t is of interest to investigate the 

specific function domain(s) of EP400NL and how these domains are involved with 

its transcriptional activity.  

Furthermore, since Myc is a global transcription factor that regulate s growth and 

cell cycle entry by its ability to induce expression of genes required for these 

processes (Cole and McMahon, 1999, Schmidt, 1999, Gallant, 2005), cell 

proliferation assay and cell cycle analysis were subsequently carried out  to test if 

EP400NL plays any role in facilitating the Myc mediated transcriptional network.  

 
 
5. 2. 1 Identification of the functional domains of EP400NL  

Given the detection of three candidates (BAF53, BRD8 , and BRG1) that are  in 

complex with EP400NL in  the previous mass spectrometric analysis, the 

interaction between BRD8, BAF53, BRG1 , and EP400NL was investigated. 

BRD8 displayed a variety of nuclear activities and w as identified in multiple 

chromatin remodelling complexes such as the hNuA4 complex. Interestingly 

BRG1 was revealed as a unique ATPase within many chromatin-modifying 

complexes but has not been found in the hNuA4 complex (Yamada, 2012, Xu et 

al., 2016). No specific functional domains within EP400NL have been identified 

to date, however, the bioinformatic prediction tool InterPro, an integrated 

database of protein families, domains, and functional sites, predicts seven 

potential functional regions within EP400NL (Figure 5.9, white boxes). BAF53, 

BRD8, and BRG1 have been shown to play key roles in multiple nuclear activities 

including transcriptional regulation and DNA damage repair,  and are also 

associated with multiple chromatin remode lling complexes (Park et al., 2002, 
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Co-immunoprecipitation assays of wild type EP400NL and deletion mutants. 
HEK293T cells were transiently transfected with plasmids expressing FLAG-
tagged full length and mutan t EP400NL, followed by immunoprecipitation with 
the anti -FLAG antibody. The co -precipitation of BAF53, BRD8, and BRG1 was 
examined via immunoblotting with their respective antibodies. Empty vector 
serves as a negative control. IP, Immunoprecipitation.  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.10 Co-immunoprecipitates of BAF53, BRD8 and BRG1 with wild -type 
and mutant EP400NL  
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Firefly luciferase reporter assays in 293TGal4-Luciferase cells. The cells were 
transfected with either 150 ng or 250 ng of plasmid DNA encoding either wild -
type EP400NL or the deletion mutants together with 1 ng of Gal4Myc expression 
plasmid. After normal isation to renilla luciferase activity, the firefly luciferase 
activity from the control cells (GAL4Myc expression + CbF empty vector) is set 
to 1 and the relative values of other samples are calculated. Six categorized groups 
(a, b, c, d, e, and f ) are subsequently compared. Groups b, c and d are recorded 
as significantly different to group a which are labelled with asterisks variability 
among empty construct, full length EP400NL  and its four deletion mutants was 
the effect presented in the figure.  Two-way ANOVA: plasmid DNA F (1,24) = 
0.07166, p =  0.7912; EP400NL variant F (5,24) = 0.2541, p =  0.9336; interaction 
F (5,24) = 0.2541, p =  0.9336. Tukey HSD tests were performed to determine 
differences in activity among EP400NL and its variants (*p < 0.0 5, **p < 0.0 1, 
****p < 0.0001, unlabelled comparisons were p >  0.05). The experiment was 
performed in tri plicate. 
 

 

 

 

 

 

Figure 5.12 Examine the EP400NL deletion mutants in transcriptional regulation  
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quiescent when being cultured from the cloning rings, and those that did grow 

expressed a similar level of EP400NL to wild type. Therefore, polyclonal EP400NL 

indel mutated cells were utilized after being infected with lentiviral medium and 

puromycin selection. Indel mutation A and Indel  mutation B are two biological 

replicates of EP400NL polyclonal indel mutated cell lines (hereafter called EP400 

indel cell lines). Two guide RNAs , Luciferase and Scramble were designed to 

target the coding sequence of luciferase (which is not present in these cells) and 

a random sequence within chromosome 10 (Hart et al., 2015)  respectively and 

serve as negative controls.  

High-Resolution Melt (HRM) was carried out to determine whether the extracted 

genomic DNA was altered at the EP400NL locus in the indel cell lines. Both 

melting peak shifts (Figure 5.14, A) and changes in fluorescent signals were 

detected which confirmed the specificity of the EP400NL targeted guide RNA in 

creating indels within the EP400NL coding region (Figure 5.14, B). EP400NL 

protein expression was also decreased considerably compared to the mock (non-

infected wild type H1299) and two negative controls (gRNA-luciferase and gRNA-

scrambled random sequence) (Fi gure 5.14, C). These results confirm that two 

CRISPR/Cas9 based EP400NL polyclonal indel cell lines were successfully 

established.  
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(Top panel) EP400NL indel mutation confirmed by HRM. Melting peak shifts 
were identified from the two EP400NL indel cell lines (Indel  mutation A, Indel  
mutation B) compared to the three control cell lines whic h are Mock, Luciferase, 
and Scramble respectively. (Middle panel) Normalized and Temp-shifted 
difference plot of the three control cell lines and the two -biological replicated 
EP400NL indels cell lines. Mock, Wild type H1299; Luci ferase, gRNA-luciferase; 
Scramble, gRNA-scrambled random sequence; Indel mutation A, gRNA -
EP400NL-A; Indel  mutation B, gRNA -EP400NL-B. ( Bottom panel) Analysis of 
EP400NL protein levels among the three controls and two EP400NL polyclonal 
indel cell lines. 

Figure 5.14 CRISPR/Cas9 mediated EP400NL indel mutation  
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5. 3. 2 EP400NL influences cell proliferation 

To identify if EP400NL influences cell proliferation, the EP400NL indel cell line 

and the established EP400NL inducible cell line were utili zed in the presence and 

absence of serum. The established EP400NL cell line was simultaneously induced 

by tetracycline for overexpressing TAP-EP400NL.  

Serum-starved cells exhibited no apparent differences regardless of tetracycline 

induction, however, the serum-stimulated EP400NL inducible cells proliferated 

significantly faster than the serum -starved cells. Interestingly, the proliferation 

rate further increased when serum-stimulated cells were treated with tetracycline 

(Figure 5.15, left panel), indicating that induction of EP400NL express ion 

increases proliferation.  

Conversely, a significantly decreased proliferation rate was observed in the two 

EP400NL indel cell lines compared to the mock (wild type H1299)  and negative 

control cell lines (luciferase and scramble) as the incubation extended to 108 hours. 

(Figure 5.15, right panel).  
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The deleted regions (246-260) and (360-419) of EP400NL were shown to be 

essential for Myc targeted transcription and binding of BAF53 in this in vitro  

system. Given that EP400NL exhibits the H2A.Z deposition activity, and that 

transcriptional activity was severely impaired when the two mutants were 

transiently expressed, this suggests that these two deleted regions might also be 

crucial for interacting with ATPases  for altering chromatin structure . 

Myc has been shown to play a critical role in cell proliferation, migration, a nd an 

important role  in the control of the cell cycle (Schmidt, 1999, Garcia-Gutierrez et 

al., 2019). Following verification  that EP400NL is a bonafide coactivator of Myc, 

experiments investigating whether manipulation of the  expression level of 

EP400NL alters cell proliferation were subsequently conducted. EP400NL 

overexpression promoted cell proliferation and increased the cell population in the 

G2/M cell cycle, whereas a decreased proliferation rate and G2/M cell population 

were observed in the EP400NL indel mutation cell lines.  We strongly believe that 

the overexpression of EP400NL plays a role in regulating Myc-targeted gene 

expression, thereby impacting cell proliferation and vice versa. However, the 

detection of a decreased G2/M cell population indicates a potential accumulation 

of cells in the G1/G0 phase of the cell cycle in the EP400NL indel mutation cells 

compared to the three control cell lines. Various factors can contribute to this, 

such as cell cycle arrest, disruptions, or experimental treatments that induce 

defects in cell cycle progression (Kumari and Jat, 2021) . Nonetheless, it is 

captivating that the detection of a decreased G2/M cell population offers insights 

into cell cycle dynamics and reflects cellular responses to diverse stimuli such as 

the serum that has been used in the incubation. Further investigation is warranted 

to gain a better and deeper understanding of this phenomenon under the context 

of the loss of EP400NL. 

In addition to t he ChIP data and the evidence for interaction between EP400NL 

and Myc, combined with the observation that EP400NL overexpression under 

serum stimulation exhibited the highest proliferation  rate, together indicate that 
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EP400NL-mediated coactivation of Myc is important to cellular function. Further 

studies should also be carried out to investigate the effect of EP400NL in 

regulating the proliferation of other cancer cell lines  

In brief, EP400NL coactivates Myc-mediated transactivation and can interact 

with Myc by forming a functional epigenetic complex. EP400NL enhanced and 

further promoted cellular proliferation in a serum-dependent manner. 

Transcriptional analysis using EP400NL deletion mut ants revealed the 

importance of the two polypeptide regions (246-260, 360-419) adjacent to the C-

terminus that are critical for its core transitional activity.  It is of interest to 

narrow down how BAF53 interacts with EP400NL and further clarify if other 

proteins are required for this interaction in the future.  
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Confirmation of Myc protein expression after transient transfection. Lysates were 
subjected to SDS-PAGE and western blotting with an anti -FLAG antibody. The 
level of Myc increased with an increasing amount of plasmid ranging from 0.4 µg 
to 2.0 µg. 
 
 
 
 
 
 
 
 
 
 
 
 

The investigation of PD -L1 mRNA expression level in response to the Myc 
transient transfection. FLAG -Myc plasmids range from 0.4 µg to 2.0 µg were 
transiently expressed in H1299 cells. The level of PD-L1 mRNA in cells 
transfected with HA -GST was set to one and served as a negative control in this 
experiment. PD-L1 expression in the other samples was normalized against the 
negative control. 
 

Figure 6.1 Confirmation of transient Myc  expression 

Figure 6.2 Level of PD-L1 mRNA expression in response to Myc by RT-qPCR  





















 

150 
 

6. 4 EP400NL complex recruitment for induction of  PD-L1 expression  

To determine whether EP400NL is recruited and enriched at the E-box region, 

which Myc heterodimers bind by the addition of serum , ChIP was carried out on 

the established EP400NL cells in the presence and absence of tetracycline and 

serum stimulation to  determine the relative enrichment of EP400NL within the 

promoter region of PD-L1. (Figure 6.10).  

As BRG1, RuvBL 1, and RuvBL2 were identified as EP400NL interactors via  mass 

spectrometric analysis and as components of the purified EP400NL complexes in 

the H2A.Z deposition assay (Chapter sections 3. 3 and 4. 2. 3), their recruitment 

to the PD -L1 promoter was also assessed via ChIP-qPCR. In addition,  

interactions between EP400NL and these candidates were investigated via co-

immunoprecipitation . 

PD-L1 promoter used in ChIP analysis. Myc/Max  binds to the E -box region 
(Enhancer box: CACGTG) for the recruitment of its co -activators (Endogenous 
EP400NL and tetracycline induced TAP-EP400NL) for inducing PD -L1 
expression under serum stimulation. Scissors represent the sonication of 
chromatins for subsequent ChIP assay. 
 
 
 
 
 
 
 
 

Figure 6.10 Schematic of PD-L1 promoter containing an E -box region  
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6. 4. 1 Optimisation of the  ChIP assay 

Before demonstrating if EP400NL can be recruited to the PD -L1 promoter with 

serum stimulation, the established EP400NL cells were used, and the expression 

of the endogenous EP400NL, induced TAP-EP400NL and cMyc from four 

combinations of treatment conditions (A: Serum -/ Tetracycline-, B: Serum-

/ Tetracycline+, C: Serum+/ Tetracycline-, and D: Serum+/ Tetracycline+) was 

initially confirmed by immunoblot ting (Figure 6.11). The expression of 

endogenous EP400NL was detected in samples of all four treatments and TAP -

EP400NL was detected via an anti -CBP immunoblot (Figure 6.11). No alteration 

in cMyc expression was detected across all four treatments (Figure 6.11, anti-

cMyc immunoblot).  

 

 

 

 

 

 

 

 
 
 

Protein expression of endogenous EP400NL, TAP-EP400NL, and cMyc in four 
different conditions (±Ser um/±  Tetracycline) were examined by immunoblots. 
TAP -EP400NL (CBP tagged) was detected by an anti -CBP antibody .  

 

Figure 6.11 Confirmation of protein expression for ChIP assay 
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(Top panel) Co-immunoprecipitation experiments for the protein -protein 
interaction of EP400NL, cMyc, BRG1, RuvBL1, and RuvBL2. EP400NL pr otein 
complexes were precipitated by streptavidin beads followed by anti-EP400NL and 
anti -CBP immunoblots. The co-immunoprecipitations of cMyc, BRG1, RuvBL1, 
and RuvBL2 were confirmed by the immunoblots. (Bottom panel) Reverse co-
immunoprecipitation experi ments were performed with the same cell lysates. 
Immunoprecipitation was carried out using anti -cMyc, anti -BRG1, anti -RuvBL1, 
and anti -RuvBL2 antibodies (Ab.) , and immunoblots were probed with anti -CBP 
and anti -EP400NL immunoblots. IgG immunoprecipitation serves as a negative 
control. 

Figure 6.14 Co-IP experiments for examining the protein -protein interaction 
between EP400NL and its associated protein candidates 
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can upregulate PD-L1 expression in response to serum stimulation. This suggests 

that, in addition to Myc, EP400NL may interact with other unidentified facto rs 

present in the serum to facilitate PD -L1 upregulation. Exploring these potential 

interactors of EP400NL in the serum necessitates further investigation. 

Myc-dependent target gene activation is a multi -step process in which the binding 

of Myc to the targ et gene promoter is important but not sufficient to activate 

target genes. Myc pre-binds its target genes but does not activate them ; this 

requires other cofactors such as P-TEFb, E2F1 , and chromatin remodelers (Cole 

and McMahon, 1999, Kanazawa et al., 2003, Cowling and Cole, 2006, Gargano et 

al., 2007, Leung et al., 2008). These mechanisms might explain why the level of 

Myc was unchanged on serum stimulation . 

The co-immunoprecipitation of Myc and the EP400NL complex and their 

enrichment at the Myc binding site of the PD-L1 gene support a model whereby 

cMyc recruits epigenetic modifying complexes to remodel the target gene 

promoters for transcriptional activation. Additionally, the PD -L1 expression 

pattern from cells with EP400NL indels suggests that EP400NL is required at an 

early stage of the transcriptional activation within 6 hours of serum stimulation 

(Figure 6.9, top panel).  

PD-L1 overexpression is a predictor of recurrent cancer incidence and is associated 

with a poor prognosis of cancer patients (Casey et al., 2016, Wang et al., 2016). 

Consistent with the role in the PD -L1 gene regulation, cMyc expression correlates 

with PD -L1 expression in NSCLC (Kim et al., 2017) . A previous study 

demonstrated that the tobacco-specific carcinogen NNK can trigger higher PD -

L1 expression and cause primarily lung adenoma in mice (West et al., 2004, 

Lastwika et al., 2016). Moreover, a meta-analysis of mRNA expression profile 

identified EP400NL being upregulated in lung adenocarcinoma tissue from the 

cancer patients who have a smoking history (He et al., 2018). Multiple 

transcription factors and epigenetic protein complexes including the hNuA4, 
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EP400, and BRG1-containing BAF complexes have been identified as interacting 

partners with Myc to induce and maintain cancerous phenotypes (McMahon et  

al., 1998, Park et al., 2001, Fuchs et al., 2001, Nikiforov et al., 2002, Park et al., 

2002, Frank et al., 2003, Liu et al., 2003, Cowling and Cole, 2006, Vita and 

Henriksson, 2006, Tworkowski et al., 2008, Yamada, 2012, Zhao et al., 2017).  

This research suggests that EP400NL forms a unique nuclear complex with BRG1 

and contributes to serum-mediated PD-L1 gene expression, providing a potential 

therapeutic target to suppress cancer-associated PD-L1 gene expression. 
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indicating that the two deleted regions may be essential for transcriptional 

coactivation.  

Myc directly bind s to the promoter region of PD -L1 for increased expression level 

(Kim et al., 2017) , since EP400NL promotes reporter gene activity in a Myc 

dependent manner, it was investigated w hether the EP400NL nuclear complex 

can be recruited to the PD -L1 promoter in a serum-dependent manner given 

previous studies had shown serum stimulation positively regulates Myc expression 

(Dean et al., 1986, Richman and Hayday, 1989b, Perna et al., 2012). ChIP assays 

confirmed this hypothesis by showing EP400NL and the associated three core 

ATPases (BRG1, RuvBL1, and RuvBL2) were all significantly enriched at the 

promoter region of the targeted PD-L1 gene under serum stimulation.  

Expression of EP400NL resulted in a 3.2-fold increase in PD-L1 mRNA in the 

presence of serum stimulation. Conversely, the polyclonal EP400NL indel cells 

showed compromised transcript induction profiles with only about 30 -fold at the 

same time interval compared to the control cells which displayed a 100-fold 

increase. These results indicate that EP400NL requires simultaneous signals from 

serum treatment to exert its strong coactivator function in the activation of PD -

L1. On the other hand, the loss of function studies using CRISPR/Cas9 -mediated 

indels confirm the critical role of EP400NL in driving serum me diated PD-L1 

transactivation.  

However, despite the upregulated PD-L1 protein expression under both serum 

stimulation and tetracycline induction, the protein levels of PD-L1 in the 

EP400NL indel mutation cells remain ed unchanged, as did Myc protein levels 

under serum stimulation, indicating that EP400NL does not co-activate Myc  in 

this in vitro  system. It is therefore likely that EP400NL interacts with other 

unknown factors in the serum for upregulating PD -L1 expression and seeking 

those EP400NL interactors in the serum require further investigation.  
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Taken together, these data suggest that EP400NL promotes transcriptional 

upregulation by forming a functional protein complex that deposits H2A.Z onto 

the nucleosomes in an ATP-dependent manner and t ransforms the closed 

chromatin into a relaxed open structure. EP400NL complex subsequently 

coordinates cMyc by binding to the target gene promoter  together with multiple 

additional  functional protein candidates such as the ATPases RuvBL1/2 and 

BRG1 for regulating target gene expression (Figure 7.1). Interestingly, BRG1 has 

not been identified as a component of either the hNuA4 complex or EP400 

complex which suggests that the EP400NL containing complex may exhibit 

unique nuclear activities by forming a physically independent complex differ from 

the well-characterized EP400 containing hNuA4 complex.  

The findings and insights presented in part of our research (chapter three), which 

aimed to understand the components of the EP400NL complex, intriguingly 

coincide with a very recent article (Devoucoux et al., 2022). Although their focus 

was on the MRG proteins within the complex from a different perspective, there 

are notable overlaps and similarities in our observations.  A publication from July, 

2022 has revealed a novel complex consisting of MRG15/X-MRGBP -BRD8-

EP400NL, which exhibits functional similarities to the yeast TINTIN (Trimer 

Independent of NuA4 for Transcription Interactions with Nucleosomes) complex. 

The TINTIN complex utilizes a bromodomain and a chromodomain to regulate 

transcription. The study demonstrates that EP400NL plays a crucial role in the 

formation of the TINTIN -like complex by competing with EP400 for BRD8 

interaction. Specifically, both the region EP400 (aa194-446) and EP400NL (aa51-

297) have demonstrated strong affinity for BRD8, as they efficiently pull down 

the protein. Additionally, EP400NL was exclusively detected in the smaller s ize 

fraction, without any signal eluting with NuA4/TIP60. This suggests that 

EP400NL could be the key factor in the formation of a BRD8 -MRGBP -

MRG15/X -containing TINTIN complex, competing with EP400 for BRD8 
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interaction and functioning independently of NuA4 /TIP60  (Devoucoux et al., 

2022).  

EP400NL forms a unique chromatin remodelling complex that can transform 
closed chromatin into open chromatin via its ATP -dependent H2A.Z deposition 
activity. Sequence-specific DNA binding transcripti on activators such as Myc 
recruit the EP400NL complex at the target promoter to allow localised chromatin 
remodelling for transcriptional activation . This is an original artwork by Z.L.  
 
 
 
 
 
 
 
 
 

Figure 7.1 Working model of cMyc -dependent recruitment of EP400NL complex 
and transcriptional activation of target genes  
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interact ing candidate proteins are recruited into the complex will be a focus of 

future work. Thus, investigation of EP400NL-induced whole transcriptome 

changes and genome-wide ChIP-sequencing will provide better insight into  how 

EP400NL contributes to human epigenome maintenance and gene regulation, 

especially in connection with Myc-dependent cellular proliferation and oncogenic 

transformation. 
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9. APPENDIX 1 

9. 1 HRM primers and protocol  

 
Table A. 1 HRM primer sequences used for detecting indel mutations in the coding 
region of EP400NL 
HRM primers (indicated as black arrows) were designed to amplify specifically at 
the exon 4 of the EP400NL (DNA sequence labelled in dark green), EP400NL 
targeted guide RNA sequence (First red sequence) was utilized to create indel 
mutations (Chapter 2. 6. 4).  
 

 

 

Figure A. 1 Genomic location of the HRM primer s 


































































