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ABSTRACT 

EP400 is an ATP-dependent chromatin remodelling enzyme that has been 

implicated in DNA double-strand break repair and transcription regulation 

including Myc-dependent gene expression. It was previously shown that the 

ectopic expression of the N-terminal domain of EP400 increases the efficacy of 

chemotherapeutic drugs against cancer cells. This prompted the question of 

whether the EP400 N-terminal-Like (EP400NL) gene, which resides next to the 

EP400 gene locus, also plays a similar role in epigenetic transcriptional regulation 

to the full-length EP400 protein.  

To characterize the function of the EP400NL nuclear complex, a stable cell line 

expressing TAP-tagged EP400NL was established, and the EP400NL complex 

was affinity purified and analyzed by mass spectrometry. EP400NL was found to 

form a human NuA4-like chromatin remodelling complex that lacks both the 

TIP60 histone acetyltransferase and EP400 ATPase. However, despite no histone 

acetyltransferase activity being detected, the EP400NL complex displayed H2A.Z 

deposition activity on a chromatin template comparable to the human NuA4 

complex, suggesting another associated ATPase such as BRG1 or 

RuvBL1/RuvBL2 catalyses the reaction.  

In addition to a role in H2A.Z deposition, it was also determined that the 

transcriptional coactivator function of EP400NL is required for serum and IFNγ-

mediated transcriptional activation of the immune checkpoint gene PD-L1. 

EP400NL, cMyc and multiple identified ATPases such as BRG1, 

RuvBL1/RuvBL2 were shown to be recruited to the promoter region of PD-L1. 

To further demonstrate the importance of EP400NL in regulating Myc and IFNγ-

mediated PD-L1 expression, CRISPR/Cas9 mediated EP400NL indels were 

introduced in H1299, a human non-small cell lung carcinoma cell line. These 

EP400NL indel cell lines show compromised gene induction profiles with 

significantly decreased PD-L1 expression from both Myc and IFNγ stimulation 
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experiments. In contrast to full-length EP400NL, two deletion mutants (Δ246-

260 and Δ360-419) lacked the ability to enhance the expression level of PD-L1 

mRNA or protein, indicating that these regions are important for coactivator 

activity. 

Collectively, these data show that EP400NL plays a role as a transcription 

coactivator for cMyc-mediated gene expression and provides a potential target to 

modulate PD-L1 expression in cancer immunotherapy. 
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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. 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. The octamer is wrapped around by 

1.7 turns of approximately 147 bp of DNA to form a nucleosome. 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. However, the nucleosome is not a simple static unit, it possesses 

dynamic properties that are tightly regulated by various functional protein 

complexes. 

The chromatin fibre 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 
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1. 2 Transcriptional regulation 

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 modifications 

and chromatin remodelling. 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 histone 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 properties 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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1. 2. 2 Histone variants and their role in transcription 

In addition to the canonical histones, H2A, H2B, H3, and H4, several histones’ 

variants are integral to a variety of nuclear events including DNA repair and 

transcriptional regulation. A phenomenon in which histones H2A and H3 are 

replaced by their respective histone variants H2A.Z and H3.3 has been implicated 

in transactional activation (Figure 1. 3) (Jin et al., 2009). H1 is a linker histone 

that facilitates the compaction of the chromatin, allowing the formation of a 

higher-ordered chromatin structure that is transcriptionally inactive.  

 

 

 

 

 

 

 

 

Examples of histone tail modifications (Ac, acetylation; Me, methylation) and 

histone variants (H2A.Z and H3.3) are shown. Arrows indicate the replacement 

of canonical histones with histone variants. This is an original artwork by Z.L. 

 

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 

Figure 1. 3 Schematic of histone variant exchange in a nucleosome 



 

6 

 

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 studies 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 structure 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., 2005b, 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 

to as the + 1 nucleosome that contains the transcription start sites (TSSs) (Iyer, 

2020). Interestingly, the H2A.Z-containing nucleosomes are occupying the NDR 

displaying promoters for the assembly of the transcription pre-initiation complex 

(Yague-Sanz et al., 2017). In line with this, H2A.Z appears to be deposited by 

ATPases and is enriched near the TSSs of transcriptionally active genes and 

enhancers to positively regulate their gene expression (Mizuguchi et al., 2004b, 
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Jin et al., 2009, Yukawa et al., 2014). In addition, H2A.Z incorporation has been 

reported to be coupled with H3.3 incorporation, the double variant incorporation 

synergistically altering the landscape of the chromatin and severely destabilized 

chromatins containing either one of those variants (Jin and Felsenfeld, 2007, Jin 

et al., 2009, Yukawa et al., 2014). 

A study investigating the relationship between H2A.Z deposition and RNA 

polymerase demonstrated that the incorporation of H2A.Z reduced pol II stalling 

in the transcription initiation step and facilitated pol II elongation (Weber et al., 

2014). As H2A.Z is predominantly repositioned by the SWR1 complex and its 

two mammalian homologs EP400 or SRCAP chromatin remodelling complexes, 

the inhibition of H2A.Z incorporation was observed on the deletion of the SRCAP 

complex, which resulted in transcriptional suppression of target genes (Wong et 

al., 2007). However, several studies have raised the possibility that in certain 

circumstances, H2A.Z deposition is negatively correlated with gene transcription. 

H2A.Z was reported to decrease the transcriptional activity by increasing 

nucleosome stability in vitro (Chen et al., 2013b) and no differences in nucleosome 

stability were observed between the H3.3/H2A and H3.3/H2A.Z containing 

nucleosomes as opposed to the concept that destabilized chromatin structure is a 

hallmark for transcriptional activation (Thakar et al., 2009). Thus, these studies 

remain controversial and reveal that the role of histone variant H2A.Z in gene 

regulation is complex. 

1. 2. 3 Chromatin remodelling  

Chromatin remodelling regulates the accessibility of nucleosomal DNA to 

transcription factors for transcriptional 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 
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transitional DNA loop or slides 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 facilitates transcription factor binding to the 

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

2006). The dysregulation of chromatin remodelling 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 hidden within 

chromatin (Hahn, 2004). While chromatin remodelling and histone modifications 

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

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

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

specific transcription 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 
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acetylation is known to play a major role in the 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 coding 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 activators 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 

bp of nucleosome-free DNA which can be flanked by a high level of H2A.Z-

containing nucleosomes in yeast. 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 complex， 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 
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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., 2005a, 

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, TIP60 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 

acetyltransferase complex contains approximately twenty other proteins including 

TRRAP, the ATM-related cofactor TRA1, and GCN5, a histone acetyltransferase 

within the SAGA protein complex. Therefore, acetylation of histones H3 and H4 

is crucial for transcription initiation, especially for the preparation of PIC 

assembly before transcription elongation. 

In conclusion, once transcriptional activators bind to their cognate DNA binding 

sites occurs, a set of coactivators such as SWI/SNF or SAGA will be recruited to 
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enhance activator – DNA binding (Raisner et al., 2005, Yuan et al., 2005). These 

coactivators are generally chromatin remodelling complexes, histone modification 

enzymes, and mediators, which not only enhance the activator binding efficiency 

but are also able to increase the accessibility of nucleosomal DNA to general 

transcription factors. 

                                                                                                        

(A) H2A.Z incorporation in chromatin by the replacement of H2A–H2B dimers 

with H2A.Z–H2B dimers. The ATP-dependent exchange event is coordinated by 

Figure 1. 4 Schematic representation of histone H2A.Z in gene activation 
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H2A.Z–H2B chaperones and Swr1-related complexes which results in a less stable 

chromatin structure. (B and C) A nucleosome-free region (NFR) is sandwiched 

by two well-positioned nucleosomes in the yeast promoter. Chromatin-containing 

incorporated H2A.Z is the prerequisite for the preparation steps of transcriptional 

activation. (D) H2A.Z acetylation occurs upon the binding of transcriptional 

activators. Transcription initiation leads to the eviction of H2A.Z containing 

nucleosomes. Figure modified from  (Billon and Cote, 2012), reproduced with 

permission. 

 

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., 2007, Euskirchen et al., 2012b, 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 transcriptional 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 sharing 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 chromatin dynamics and flexibilities which influence gene 

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

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 (ASF1) 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).  

 

Figure 1. 5 Brief summary of double variants in transcription 



 

14 

 

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 tumour suppressor) or E1A-p300/ CREB-binding protein 

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

chromatin conformation changes and therefore, exhibit transcriptional regulatory 

effect (Nevins, 1992, Goodman and Smolik, 2000).  

EP400 is a multidomain protein that contains four functional domains; an HSA 

(Helicase and SANT Associated) domain, a SWI2/SNF2 (SWItch 2/Sucrose Non-

Fermentable 2) homology domain, a poly Q (poly-glutamine), and a SANT (Swi3-

Ada2-N-Cor-TFIIIB) domain (Figure 1. 6) (Aasland et al., 1996). The HSA 

domain is a primary binding platform for nuclear actin-related proteins (ARPs) 

which are the core components of multiple chromatin remodelling complexes and 

have been implicated in transcriptional control. Thus, HSA domains are necessary 

for the assembly of its specific ARP–actin modules and the HSA bound ARPs can 

further regulate chromatin remodelling ATPases (Szerlong et al., 2008). Physical 

interaction analysis of EP400 and SOX10 revealed that EP400 can interact with 

transcription factor SOX10 and binds to the regulatory regions of the MYRF gene, 

and this process is achieved by interacting with the HSA and the SANT domains 

of EP400, but not to the N-terminal region, the ATPase domain or the glutamine-

rich C-terminal region (Elsesser et al., 2019). The SWI2/SNF2 domain is a well-

characterized region in many ATPases which has been shown to exhibit an ATP-

dependent histone exchange activity, but little has been reported regarding the 

other domains of the EP400 (Fuchs et al., 2001, Mizuguchi et al., 2012). 
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Scheme of EP400, its functional HSA, bipartite ATPase, SANT, and Q-rich 

domains. Full-length EP400 is 3122 amino acids in length. It contains several 

functional domains including the HSA domain (763 aa. -834 aa.), the SWI2/SNF2 

homology domain (Bipartite ATPase) (1050 aa. -1977 aa.), the SANT domain 

(2372 aa. – 2426 aa.), and the poly-Q domain (poly-glutamine) (2756 aa. -2784 

aa.). This is the original work by Z.L. 

 

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 RuvBL2 

(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 

Figure 1. 6 Schematic representation of full-length EP400 
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NuA4 complex was initially purified from 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 HAT 

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 

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 hEAF6. A SWI2-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 original artwork created with referenced to (Doyon and Cote, 

2004b). 

 

 

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 dynamic 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 double-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 al., 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 results 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 
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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.  

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 
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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 results 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). Although increased Myc copy 

numbers do not correlate with Myc overexpression, the frequency of Myc gene 

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 tumour-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.  
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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 alteration 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 domains 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 activator, the majority of Myc targeted genes can only be 

upregulated by an average of two-fold which suggests a relatively weak 

transcriptional 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 thriving since the 

discovery of its interacting 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 
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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 abundance 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 

will also bind to E-boxes located at distal enhancer sequences or imperfect E-box 

binding sequences  (Lin et al., 2012).  

Lastly, Myc can interact with other DNA binding transcription factors to enhance 

transcription. This mechanism was discovered as a general strategy in most 

eukaryotic organisms (Gerstein et al., 2012). Myc/Max dimers can be recruited 

by retinoic acid receptor-α for regulating downstream cellular responses and 

further activating retinoic acid recognition element (RARE)-containing promoters 

that lack the E-box sequences. This process maintains a balance between 

proliferation and differentiation of leukemia cells in a hormone-dependent manner 

(Uribesalgo et al., 2011).  

Taken altogether, these data show that the Myc/Max dimers can bind to the 

specific E-box sequences (CACGTG) and activate gene transcription. However, 
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this is not the only pathway for triggering transcription activation of all Myc 

targeted genes. The permissive status of chromatin is also a key factor, which 

includes inherited epigenetic, posttranslational modifications, doses of Myc 

expression, and CpG islands. These are unique conditions that change across 

different cell types. Indeed, the discovery of Myc co-binding transcription factors 

has also opened new ideas and avenues of investigation for understanding Myc 

mediated transcriptional regulation.  

1. 5. 4 Myc and its nuclear cofactor TRRAP 

TRRAP (Transactivation/transformation Associated Protein) is a highly 

conserved 434 kDa protein that has been biochemically identified as a direct 

binding partner of Myc from purified Myc/cofactors protein complex (McMahon 

et al., 1998). An internal domain of TRRAP binds directly to Myc, and the 

strength of the specific binding correlates with the Myc oncogenic transformation 

activity (Park et al., 2001). Moreover, reduction of TRRAP expression by 

antisense RNA inhibits Myc-mediated oncogenic transformation, suggesting that 

TRRAP is an important co-factor for mediating Myc function (Park et al., 2001).  

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

is required for hNuA4-mediated transcriptional 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 TIP60 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, TIP48, and TIP49 

(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 

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 gene 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 
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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).  

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. 
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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. 

 

1. 6 PD-L1 in cancer immune evasion 

The immune system is an efficient and powerful biological tool to fight foreign 

pathogens, viruses, bacteria, and mutated cells that are programmed to become 

cancerous. However, in battle with cancer, the immune system that serves as our 

bodyguard does not always win as cancer cells have their specific defence 

strategies to hide or even compromise the armies developed from our immune 

responses. The immune system is a complex apparatus that relies on a coordinated 

balance between activating and inhibitory mechanisms to counteract foreign 

invasion of viruses, infections, or cancer formation without causing excessive 

damage to the healthy cells and tissues. The concept of an immune check has 

become a hot topic due to its crucial role in orchestrating the balance in the 

immune system and its relevance in cancer immunotherapy (Schildberg et al., 

2016, Antonangeli et al., 2020). 

Figure 1. 8 E1A stabilized Myc via EP400 in promoting Myc targeted genes 
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Immune checkpoints are groups of inhibitory receptor/ligand pairs that serve as 

gatekeepers of the immune response; they can regulate multiple signalling 

pathways including self-tolerance, which prevents the immune system from 

attacking cells indiscriminately (He and Xu, 2020). This mechanism can be 

adopted and taken advantage of by cancerous cells for cancer immune escape. 

Cytotoxic T lymphocytes can directly trigger apoptosis of tumour cells through 

granule exocytosis (perforin, granzyme) or death-ligand–death receptor (Fas–

FasL, TRAIL) systems (Martinez-Lostao et al., 2015, Tokarew et al., 2019), 

however, cancer cells can protect themselves from recognition and elimination by 

the cytotoxic T lymphocytes via stimulating immune checkpoint targets. Among 

these immune checkpoints, the blockade of programmed death-protein 1 (PD-1) 

and its ligand (PD-L1) has attracted much attention and has been utilized as one 

of the major treatments in cancer immunotherapy by enhancing T cell immune 

responses against tumour cells (Wu et al., 2019). 

The PD-L1/PD-1 immune checkpoint inhibits the activation of effector T 

lymphocytes to enhance the immune tolerance of tumour cells, and ultimately 

leads to tumour immune escape (Jiang et al., 2019a). Tumour immune escape is 

a phenomenon in which tumour cells can grow and metastasize indefinitely 

without being recognized and attacked by the immune system. Among all the 

checkpoints, PD-L1 has been focused on for years due to its abnormally high 

expression in cancer cells (Qin et al., 2015, Tang et al., 2017, Lin et al., 2015, 

Zhou et al., 2017), and its widespread expression through a diverse range of other 

cell types (Keir et al., 2008, Yamazaki et al., 2002).  

On the other hand, PD-1 is a transmembrane protein that is expressed 

predominantly in a wide range of immune cells, and when it binds PD-L1, it 

activates its intracellular signalling pathways for inhibiting the activities of the 

immune cells (Figure 1. 9). This results in a decrease in antibody production and 

cytokine secretion for maintaining the homeostasis of the immune system. In 

addition, the specific PD-L1/PD-1 binding can subsequently trigger the apoptosis 
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of lymphocytes in facilitating the immune evasion process by allowing tumour 

cells to escape or suppress the host immune surveillance (Jiang et al., 2019b). 

Based on this concept, anti-cancer drugs such as Nivolumab, Pembrolizumab that 

work as PD-L/PD-L1 antagonists were previously approved by the FDA and are 

currently in clinical trials (Gong et al., 2018). Further, blocking immune 

checkpoints with monoclonal antibodies would potentially allow a proportion of 

patients to gain significant survival benefits. 

 

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 tumour 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 cancer 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 immune 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 

Figure 1. 9 Schematic of cancer cell immune escape by expressing PD-L1 
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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 

cancer (NSCLC) patients in which Myc expression was significantly correlated 

with PD-L1 expression (Kim et al., 2017). When Myc expression was suppressed, 

both RNA and protein expression levels of PD-L1 decreased accordingly and 

further enhanced the anti-tumour immune response. In addition, when Myc was 

inactivated under the overexpression of PD-L1, the anti-tumour immune response 

remained inhibited, and the tumour cells continued to grow. Indeed, Myc 

inactivation in mouse tumour models results in the recruitment of immune cells 

to the tumours for initiating proper immune responses (Rakhra et al., 2010). 

These reports indicate that Myc can associate directly with the PD-L1 promoter 

for transcription regulation and participate in the process of manipulating immune 

regulatory molecules (Casey et al., 2016).  

1. 6. 2 Interferon-gamma (IFNγ) mediated PD-L1 expression 

The pro-inflammatory cytokine interferon-gamma (IFNγ) is also known to induce 

PD-L1 expression in a variety of tumours including melanoma, non-small cell lung 

cancer (NSCLC), and renal cell carcinoma (Seliger, 2019, Karachaliou et al., 2018). 

This phenomenon has been referred to as innate immune resistance which is a 

survival strategy of tumour cells to escape immune surveillance (Chen et al., 2016, 

Jiang et al., 2019b, Keir et al., 2008). IFNγ activates the IFNγ receptor, which 

further activates various signalling pathways such as PI3K/AKT/mTOR and 

JAK-STAT (Lastwika et al., 2016, Moon et al., 2017). The activation of these 

pathways can ultimately recruit downstream transcription factors such as IRF1, 
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HIF-1α/2α, STAT1 dimers, STAT3, Myc, and NF-κB to the interferon-gamma 

activated site elements or other regulatory sites within the promoter region of 

PD-L1 to induce expression (Gowrishankar et al., 2014, Lastwika et al., 2016, 

Moon et al., 2017, Gong et al., 2018, Sun et al., 2018, Garcia-Diaz et al., 2019, 

Antonangeli et al., 2020).  

Taken together, these data indicate that deciphering the molecular mechanisms 

of PD-L1 induction by oncogenic Myc and IFNγ as well as seeking other cofactors 

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 promoter 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 susceptibility 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 tumour cells for preventing cellular 

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

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 regulation 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%.  

 

 

 

RNA-sequencing data showing the relative expression of EP400NL across 54 

human tissues. Dots represent the biological replicates, and the median TPM 

(transcript per million) reads are indicated as the horizontal white bar in each 

sample. Two black arrows indicate the pituitary gland (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. 

 

 

 

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 complexes 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, as well as how these individual proteins or complexes contribute to the 

Myc-targeted PD-L1 gene expression and oncogenic Myc functions (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 

for driving PD-L1 expression, E1A-EP400 binding can stabilize Myc to the 

promoter region to maintain the consistent expression of Myc targeted genes. 

Figure 1. 12 Chromatin remodeling complexes in regulating PD-L1 gene 

expression 
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EP400NL, a protein of our interest, can be another coactivator for regulating PD-

L1 expression. This is the original work by Z.L. 

 

 

1. 9 Hypothesis 

❖ EP400NL forms a unique chromatin remodelling complex and regulates PD-

L1 gene expression 

 

1. 10 Aims of the project 

To determine whether EP400NL interacts with Myc to regulate PD-L1, it is 

crucial to identify other functional proteins which contribute to the formation of 

the EP400NL-containing nuclear complex. Therefore, a series of biochemical 

assays in characterising the enzyme activities associated with EP400NL are 

attempted for the confirmation of its role as a potential chromatin remodeler. 

Functional characterization of the EP400NL complex is subsequently conducted 

to investigate its role in Myc mediated transcriptional regulation.  

Objective 1. Purification of EP400NL complex   

❖ Establish a stable cell line expressing TAP-tagged EP400NL using Flp-In™ T-

REx™ system 

❖ Determine the subcellular localization by cellular fractionation 

❖ Purify the EP400NL-containing protein complex by affinity purification and 

size exclusion chromatography  

❖ Identify EP400NL interacting proteins by mass spectrometry 

❖ Confirm EP400NL interacting protein candidates by co-immunoprecipitation  

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 
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Objective 3. Functional characterisation of the EP400NL complex in 

transcriptional regulation 

 

❖ Investigate the transcriptional 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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2. MATERIALS AND METHODS 

2. 1 Mammalian cell culture for providing experimental materials 

FLP-In T-REX cells were maintained in Dulbecco’s Modified Eagle’s Medium (5% 

FBS, 4.5 g/l D-Glucose, 25 mM HEPES, Gibco/Life Technologies) with 15 μg/ml 

blasticidin and 100 μg/ml Zeocin. FLP-In T-REX cells that stably express 

EP400NL were maintained in the same media with 15 μg/ml blasticidin and 30 

μg/ml hygromycin. All other cell lines were maintained in Dulbecco’s Modified 

Eagle’s Medium (4.5 g/l D-Glucose, 25 mM HEPES, Gibco/Life Technologies) 

supplemented 5% fetal bovine serum (FBS) and 0.5% Penicillin-Streptomycin in 

a 5% CO2 incubator. For serum starvation, cells were grown for 48 h in the 

DMEM medium containing 1% FBS and then stimulated with 20% fetal bovine 

serum (FBS) or IFNγ (5 ng/ml and 20 ng/ml). All the untreated cells were 

maintained at 37 °C in a humid atmosphere of 95% air and 5% CO2 with 5% fetal 

bovine serum (FBS). 

2. 2 Methods for the purification of EP400NL complex 

2. 2. 1 Generation of a stable cell line stably expressing EP400NL 

Cells that stably expressing EP4000NL were generated using the Flp-In™ T-REx™ 

System (Invitrogen). Flp-In™T-REx™ cells are HEK 293-T cells with a stably 

integrated flip recombination target (FRT) site which allows for the integration 

of a gene of interest with homogenous and robust expression. These cells stably 

express the lacZ-Zeocin fusion and an FRT site at a transcriptionally active locus. 

EP400NL was previously cloned into the pcDNA5/FRT/TO expression vector, 

and when co-transfected with pOG44, which contains a recombinase. The inserted 

cDNA of EP400NL can flip into the host genome by homologous recombination. 

The expression of the EP400NL is under the control of a tetracycline-inducible 

promoter, allowing for induced expression with tetracycline treatment at a final 

concentration of 1 μg/ml. Cells were selected by the addition of 30 μg/ml 

hygromycin to the media as the expression plasmid encodes a hygromycin 
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resistance cassette linked to FRT under the control of a cytomegalovirus (CMV) 

promoter. 48 hours post-transfection, non-transfected cells died within a week, 

monoclonal EP400NL integrated cell lines were selected using single-cell cloning 

rings. A western blot was used to examine the EP400NL protein expression of 

each clone. 

2. 2. 2 Subcellular fractionations 

Cells that stably express EP4000NL were generated using the Flp-In™ T-REx™ 

System (Invitrogen). Flp-In™ T-REx™ cells were washed and scraped after 

tetracycline induction. Cells were pelleted and resuspended with hypotonic buffer 

(10 mM Tris pH 7.3, 1 mM KCl, 1.5 mM MgCl2, 0.01 M KCl) and the supernatant 

was removed after centrifugation. Hypotonic buffer was then added and 

homogenized with size B pestle of Dounce homogenizer. Cells were spun at 4000 

rpm (1500 rcf) for 15 min and the supernatant was used as the cytosolic fraction. 

The nuclear pellet was then resuspended with low salt buffer (20 mM Tris pH 7.3, 

12.5% Glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 20 mM KCl) and transferred for 

homogenization. High salt buffer (20 mM Tris pH 7.3, 12.5% Glycerol, 1.5 mM 

MgCl2, 0.2 mM EDTA, 1.2 M KCl) was added to the homogenized nuclear pellet 

at 4°C and stirred for 30 min followed by 30 min centrifugation at 30,000 rpm 

(40,320 rcf). After taking the supernatant as the nuclear soluble fraction, the 

nuclear pellet was then resuspended and centrifuged at the same speed for the 

nuclear pellet fraction.  

2. 2. 3 Western-Blot Analysis 

Whole-cell extract was lysed using 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) with 1× protease inhibitor cocktail (cOmplete™, Mini, EDTA-

free Protease Inhibitor Cocktail, Sigma-Aldrich), then protein concentrations were 

measured by NanoDrop Protein Quantification. Protein lysates were separated by 

10–15% SDS-PAGE for HAT assay, 5–15% SDS-PAGE for colloidal staining and 

either 5% or 10% SDS-PAGE for Co-immunoprecipitation assays, all others were 
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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 TBST 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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2. 2. 4 Size exclusion chromatography  

EP400NL complex was isolated from the established EP400NL expressing FLP-

In T-REX cell line after tetracycline induction. Flp-In™ T-REx™ cells were 

harvested from 40 × 15 cm plates. Nuclear soluble samples were fractionated and 

used as the input for size exclusion chromatography. Bio-Gel A1.5 gel is an 

agarose-based size-exclusion resin that provides high resolving power, the gel 

media consists of spherical beads containing pores of the specific size distribution 

for separating protein complexes based on their molecular weight. The gel was 

washed with distilled water and packed into a column. The packed column was 

then equilibrated 3 volumes of streptavidin binding buffer (10 mM Tris pH 8.0, 

150 mM sodium chloride, 2 mM EDTA pH 8.0, 0.1% NP40, and 10 mM 2-

Mercaptoethanol). The nuclear soluble fractionated protein sample was applied 

to the column inlet using the SBB buffer (0.3 ml/min). The UV absorbance and 

conductivity curve from the chromatogram were monitored, each fraction was 

separately collected into a 15 ml tube (3 ml/Fraction). A total of 60 tubes (180 

ml) were collected and stored at 4°C for further analysis. 

2. 2. 5 Purification and elution of EP400NL complex  

Tetracycline-induced EP400NL protein from the pNTAP vector (N-terminal 

tandem affinity purification tagged vector) is tagged with both streptavidin-

binding peptide (SBP) and calmodulin-binding peptide (CBP) and can be purified 

by using streptavidin-conjugated agarose beads (EZview™ Red Streptavidin 

Affinity Gel, Sigma-Aldrich). Streptavidin affinity beads were equilibrated with 

streptavidin binding buffer and reconstituted as a 50% slurry before use. Fractions 

that contain proteins were identified from the peaks from the size exclusion 

chromatography. The fractions of both parental Flp-In™ T-REx™ and established 

Flp-In™ T-REx™ cells were collected and pooled together respectively after the 

size exclusion chromatography. Every 12 ml collected fractions were incubated 

with 500 μL of 50% slurry (streptavidin affinity beads) with constant rotation at 

4°C overnight. The beads were collected by centrifugation at 3000 rpm (800 rcf) 
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for 5 minutes at 4°C and were washed 3 times with streptavidin binding buffer 

(10 mM Tris pH 8.0, 150 mM sodium chloride, 2 mM EDTA pH 8.0, 0.1% NP40, 

and 10 mM 2-Mercaptoethanol), one last wash with PBS buffer and eluted by 

biotin elution buffer (50 mM Biotin, 10 mM EDTA pH 8.0, 1.5% SDS, 1×PBS) 

that had been reconstituted with 1× PMSF and 1× protease inhibitor (cOmplete™, 

Mini, EDTA-free Protease Inhibitor Cocktail, Sigma-Aldrich). Streptavidin bound 

EP400NL protein was eluted twice with 200 μL of elution buffer rotating 

constantly overnight at 4°C. Eluted protein samples were utilized as an input 

source for mass spectrometric analysis. 

2. 3 Methods for the identification of EP400NL interacting candidates 

2. 3. 1 Mass spectrometry 

Protein samples were separated by SDS-PAGE, the gel was fixed in 10 % (v/v) 

acetic acid, 40 % (v/v) methanol for one hour at room temperature and washed 

three times in distilled water. The gel was stained overnight in colloidal Coomassie 

blue (75.6 mM ammonium sulphate, 2 mL 5 % Coomassie G250, 1.2 mL 

phosphoric acid, distilled water to a final volume of 100 mL). The gel was 

destained in distilled water at room temperature. Protein bands were excised from 

the gel in the safety cabinet and all stain was removed by three 30-minute washes 

in 50 mM ammonium bicarbonate, 50 % methanol (v/v) at 37 °C with a final 

wash in 80 % acetonitrile. All liquid was removed, and the gel pieces were dried 

in a centrifugal evaporator. The gel pieces were rehydrated in 10 mM DTT in 50 

mM ammonium bicarbonate and incubated at 37 °C for one hour. The gel pieces 

were then washed three times in 50 mM ammonium bicarbonate and once in 80 % 

acetonitrile, then dried in a centrifugal evaporator. The gel pieces were rehydrated 

in 0.5 mM iodoacetamide in 50 mM ammonium bicarbonate for one hour in the 

dark. The gel pieces were washed three times in 50 mM ammonium bicarbonate 

and once in 80 % acetonitrile then dried in a centrifugal evaporator. The gel pieces 

were eventually rehydrated in 20 ng/μL trypsin in 50 mM ammonium bicarbonate 

and incubated overnight at 37 °C for proper trypsin digestion. Trypsin digested 
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samples were sonicated in an ultrasonic bath for 2 minutes twice and centrifuged 

for final collection. Protein peptides were first extracted by 2 minutes sonication 

with 50 µL 5% formic acid in 50% MeCN buffer, and then ultra-sonicated for 2 

minutes in 50 µL 0.1% formic acid, 80% acetonitrile. A total of 100 µL collection 

for each sample was dried in a centrifugal evaporator and reduced to around 50 

µL and stored at -80°C until analysis was performed. Proteome Discoverer™ 

Software (Thermo Scientific™) was utilized for the identification and 

quantification of peptide sequences. 

2. 3. 2 PEI transient transfection for Co-IP assays 

HEK-293T cells (1.5 × 107) were seeded into four 15 cm cell culture dishes (Greiner 

Bio-One). After 24 hours, cells were transfected with 16 μg plasmid DNA to 

express HA-tagged GST, FLAG-tagged EP400NL, FLAG-tagged DMAP1, and 

FLAG-tagged TIP60 respectively using polyethyleneimine (PEI) transient 

mammalian cell transfection. PEI transfection was conducted with transfection 

reagent in 2% FBS without antibiotics. 40 hours post-transfection, cells were lysed 

using 500 μL of lysis buffer containing 25 mM Tris pH 7.05, 50 mM sodium 

chloride, 30 mM sodium pyrophosphate, 50 mM sodium fluoride, 10% Glycerol, 

and 0.5%v/v Triton X-100. The lysis buffer was reconstituted with 1× PMSF and 

1× protease inhibitor (cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail, 

Sigma-Aldrich) just before use. 50 µL of cell lysate from each of the four samples 

was saved separately as input controls for western blot. The remaining 450 µl cell 

lysate was mixed with 30  μL of anti-FLAG® M2 Affinity Gel (Sigma-Aldrich) 

that was equilibrated in BC50/1%NP40 (50 mM KCl, 50 mM Tris pH 7.5, 0.2mM 

EDTA, 10%v/v Glycerol, 1%v/v NP40) and rotated constantly overnight at 4°C. 

Beads 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) 3 times, and final wash with 

1×PBS. Beads from each sample were then eluted in 50 µL FLAG peptide elution 

buffer (1 mg/ml FLAG peptide, 1×protease inhibitor mix, in PBS). thirteen 

microliters out of the 50 µL of immunoprecipitates was used for HAT (histone 
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acetyltransferase) assays (described below), 37 µL was used for western-blot 

analysis to confirm protein-protein interactions. 

 

2. 4 Methods for the characterization of EP400NL associated enzymatic 

activities 

2. 4. 1 Histone acetyltransferase assay 

As described in the above section (2.3.2), 13 µL out of the 50 µL 

immunoprecipitates was used for HAT (histone acetyltransferase) assays, 16 µL 

of 2 × HAT buffer (40Mm Tris pH 9.0, 100mM KCl, 1mM EDTA, 10mM DTT, 

20mM sodium butyrate, 10% glycerol), 1 µg Hela free histones as substrate protein, 

and 0.02 mci of [14C]- acetyl-coenzyme A was used for each reaction. 2 × HAT 

buffer, substrate histone protein, and immunoprecipitated protein were initially 

incubated for 10 minutes at 30°C, followed by the addition of [14C]-Acetyl-

Coenzyme and incubated for another one hour at 30°C. The reactions were 

inactivated by the addition of 6 µL of 6 × SDS sample buffer. Samples were boiled 

at 90°C for 5 minutes before 10-15% SDS-PAGE analysis. Proteins were 

transferred onto a membrane blot by semi-dry and immediately stained with 

Ponceau for detecting histone proteins. Membranes were air-dried in the air 

circulating safe cabinet overnight and exposed to Biomax MS film at -80°C for 5 

days for radioactive signal exposure. 

2. 4. 2 H2A.Z deposition assay 

Plasmids that contain nineteen repeats of 601-Widom nucleosome positioning 

sequences (pUC19/19x601) were utilized for generating multi-nucleosomes by 

interacting with wild-type free histones. The template utilized in the experiment 

was biotin-labelled chromatin assembly, non-labelled ones serve as the negative 

control. MNase digestion revealed a pattern of periodic spacing of both wild-type 

and biotinylated chromatins which represents the properly assembled chromatins. 

Biotin labelling of the nucleosome assembly was conducted using the EZ-Link™ 
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Psoralen-PEG3-Biotin kit (Thermo Scientific™) following the manufacturer’s 

protocol. EP400/TIP60 complex was purified from HeLa cell nuclear extracts 

which TIP60 is HA/FLAG-tagged. Individually aliquoted HeLa nuclear extracts 

(5 mL) were mixed with same volume of F-lysis 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). Ten microlitres of the HeLa nuclear extracts was 

mixed with 100 μL of anti-FLAG® M2 Affinity Gel (Sigma-Aldrich) that had 

been equilibrated in BC50/1%NP40 (50 mM KCl, 50 mM Tris pH 7.5, 0.2mM 

EDTA, 10%v/v Glycerol, 1%v/v NP40) and rotated constantly overnight at 4°C. 

M2 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 Dual‐Luciferase® 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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collected data was processed by the MARS Data Analysis Software (BMG 

LABTECH). For final data analysis, the relative Firefly activity of the internal 

control (cells co-transfected with CbF-GST and Gal4-Myc) was set as 1, all tested 

samples were subsequently normalized against the internal control.  

2. 5. 2 Cell cycle analysis by flow cytometry 

Cells were harvested by trypsinization and washed with ice-cold PBS (PH 7.4). 

The cells were then resuspended into 2 mL PBS to a final concentration of 

1×106/mL. 1 mL of cell suspension was then aliquoted into individual 15 mL tubes. 

three volumes of ice-cold 100 % ethanol were added dropwise into tubes and mixed 

with cells in suspension by slow vortexing. After ethanol fixation for 1 hour at 

4°C, the cells were centrifuged (400 g, 5 min) and washed in the PBS buffer twice. 

Fifty microlitres of 1 mg/mL RNase A (EN0531, Thermo Fisher Scientific) was 

then added to each sample and the samples were incubated at 37 °C for 30 min. 

After incubation, 1 mL of 50 μg/mL propidium iodide (P1304MP, Thermo Fisher 

Scientific) was added to each tube for 30 min to provide the nuclear signal for 

flow cytometry. 

 

2. 6 Methods for elucidating the role of EP400NL on PD-L1 expression 

2. 6. 1 Real-Time qRT-PCR (Real-Time Quantitative Reverse Transcription 

PCR) 

Total RNA was extracted from H1299 and FLP-In T-REX cells with TRIzol 

reagent (Invitrogen) following the manufacturer’s instructions, and 4 µL of 20 

ng/µL of RNA was then reversely transcribed to single-stranded cDNA and 

subsequently quantitatively analyzed by real-time PCR using the SensiFAST™ 

SYBR® No-ROX One-Step Kit (Bioline) according to the manufacturer's 

instructions. The sequences of the primer set of GUSB (housekeeping gene) and 

PD-L1 (target) are bioinformatically validated and provided by QuantiTect 

Primer Assays (QIAGEN). Reverse transcribed cDNA was used as a DNA 
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template for amplification using both GUSB and PD-L1 primer sets by the light 

cycler 480 II (Roche). Instead of using the ΔΔCT method, a standard curve 

method for relative quantification was utilized to minimize errors caused by 

different amplification efficiencies from different primer sets. Non-diluted (100 

ng/µL) and a serial dilution consisting of 1:5 (20 ng/µL) and 1:25 (4 ng/µL) 

concentrated RNA extracted from control cells were prepared for both GUSB and 

PD-L1, the average Cp value from the non-diluted and two serial diluted samples 

were used to draw the standard curve for both GUSB and PD-L1 with the average 

of Cp value on the X-axis and log100, log20, log4 on the Y-axis. The Cp value 

from the GUSB samples was averaged and normalized first based on the standard 

curve of its own for calculating the baseline expression level. The Cp value from 

the PD-L1 samples was also averaged and normalized by its standard curve for 

the calculation of the raw expression level and then normalized against the 

expression level of GUSB for calculating the relative expression level of PD-L1 

(14. APPENDIX 6). 

 

 

 

 

 

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 

Table 2. 2 QIAGEN catalogue number of GUSB and PD-L1 for Real-Time qRT-

PCR assay. The primer sequences of the genes are proprietary. 
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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), TIP48, TIP49 (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 room 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. All chromatin 

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

anti-BRG1, anti-TIP48, anti-TIP49, 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 

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 



 

50 

 

region, and GAPDH gene are listed in Table 2. 2 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. 

 

2. 6. 3 Tetracycline induction for co-IP and reverse co-IP assays 

FLP-In T-REX cells (Invitrogen) were seeded into four 10 cm cell culture dishes 

(Greiner Bio-One). All cells were serum-starved (1% FBS) for 24 hours and 

followed by a combination of treatments of 1 μg/mL tetracycline induction and 

serum stimulation (20% FBS) for 24 hours. Cells were scraped and lysed in 500 

μL F-lysis buffer which was described in the previous Co-IP section followed by 

either Co-IP or reverse Co-IP assays. In Co-IP analysis, 20 μL streptavidin-

conjugated agarose beads (EZview™ Red Streptavidin Affinity Gel, Sigma-Aldrich) 

was added into each cell lysis for overnight precipitation at 4°C and further 

denatured by boiling at 90°C in 2× SDS sample buffer. All denatured 

Table 2. 3 Information of the primers used for ChIP qPCR assay 
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immunoprecipitated samples were examined by SDS-PAGE followed by western 

blotting for protein detection (EP400NL, BRG1, TIP48, and TIP49). In reverse 

Co-IP analysis, cells of each treatment were lysed in 1000 μL F-lysis buffer and 

separated evenly into two portions for overnight precipitation with 2 μL 

antibodies (anti-BRG1/anti-TIP48/anti-TIP49) and IgG negative controls. 

Protein A/G PLUS-Agarose beads (sc-2003, Santa Cruz Biotechnology) were 

utilized the following day for immunoprecipitation for one hour at room 

temperature. The expression of EP400NL was examined from each of the 

immunoprecipitated samples using both anti-EP400NL and anti-CBP 

immunoblots. 50 µL of cell lysate from each sample was saved separately as input 

controls for western blot. 

2. 6. 4 Generation of indel mutated EP400NL cell lines by CRISPR/Cas9 

Guide RNAs were designed based on a Toronto KnockOut (TKO) CRISPR 

Library and the fourth exon of the EP400NL genomic sequence was specifically 

targeted.  EP400NL targeted guide RNA sequence 

(AGGTTGTGGCCAGAAAGCAC), luciferase targeted guide RNA sequence 

(AACGCCTTGATTGACAAGGA), and scrambled guide RNA sequence 

(AAACATGTATAACCCTGCGC) were submitted to GenScript and engineered 

into enhanced specificity CRISPR/Cas9 plasmids (eSpCas9-LentiCRISPR,v2) 

which are structurally engineered for improved target specificity by Feng Zhang 

laboratory at the broad institute (Slaymaker et al., 2016). HEK293T cells were 

seeded in a 10 cm plate at a density of 1 × 106 cells/plate and incubated for one 

day followed by the co-transfection of lentiviral packing plasmids and EP400NL-

sgRNA-LentiCRISPR plasmids by Effectene Transfection Reagent (QIAGEN). 

10 mL fresh DMEM media supplemented with 5% FBS, 0.5% Pen/Strep, and 

0.5mM Caffeine was changed after 17 hours of transfection in order to increase 

the virus titre. The lentiviral medium was collected twice after 41 hours and 65 

hours post-transfection respectively as a total of 20 mL for each co-transfection. 

The lentiviral medium was subsequently concentrated using Lenti-X™ 



 

52 

 

Concentrator (Takara Bio) following the manufacturer’s protocol. Individual 

transfection of Luciferase-sgRNA-LentiCRISPR plasmid and Scrambled-sgRNA-

LentiCRISPR plasmid was carried out using the same procedure as described 

above. H1299 cells were then infected with these concentrated lentiviruses 

respectively for 24 hours and selected with 2ug/mL puromycin for a week. High-

Resolution Melt (HRM) was utilized for the detection of created mutations within 

the EP400NL coding region. sgRNAs specifically recognize and bind the exon 4 

of the protein-coding region of EP400NL (Figure A.1), gRNA-Cas9 complexes 

subsequently digest the targeted sequences upon specific binding which leads to 

non-homologous DNA end joining (NHEJ). NHEJ resulted in either insertions or 

deletions at the Cas9 targeted EP400NL coding region and ultimately introduced 

indel mutations.  

HRM analysis was performed on double-stranded genomic DNA samples. Real-

time PCR was utilized before HRM analysis to amplify the DNA region in which 

EP400NL indel mutation lies. The process involves increasing the temperature of 

the amplicon DNA from approximately 50˚C up to around 95˚C. When the 

melting temperature of the amplicon is reached, the two strands of DNA melt. 

The melting temperature of the amplicon was monitored by using a DNA 

intercalating dye. The fluorescence of the dye was monitored and plotted by the 

HRM capable light cycler 480 II (Roche) for generating melt curves and melt peak 

shifts. Western blot was used to examine EP400NL protein expression in the 

polyclonal  indel mutation cells. 

2. 6. 5 Confocal microscopy 

Cells were seeded in a 6 well plate at a density of 1.5×105/mL together with two 

UV sterilized coverslips in each well. Cells were allowed to adhere overnight before 

serum starvation followed by treatments such as serum stimulation and 

tetracycline induction as appropriate. Cells were washed three times for 5 minutes 

with PBS and fixed with 2% paraformaldehyde in PBS for 15 minutes at room 

temperature. There was no shaking in all the above processes. Cells were then 
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washed with PBS twice for 5 minutes each and permeabilized with 0.2% Triton 

X-100 in PBS for 5 minutes with a gentle mix every few minutes. Cells were 

blocked for 60 minutes (PBS, 5% BSA, 0.05% Tween-20) with gentle shaking after 

two 10 minutes washes by PBS. Coverslips were overlaid with primary antibodies 

diluted in blocking buffer and incubated overnight at 4°C. The primary antibody 

solution was removed the next morning, coverslips were washed three times for 5 

minutes each in PBS with 0.1% Triton X-100. Coverslips were kept in dark from 

this point on to prevent photo-bleaching. Coverslips were overlaid with secondary 

antibodies diluted in blocking buffer and incubated for 60 minutes at room 

temperature. Coverslips were then washed three times for 5 minutes each with 

0.1% Triton X-100 in PBS and once in PBS followed by the fixation in 2% 

paraformaldehyde in PBS for 15 minutes at room temperature. Coverslips were 

washed three times with PBS followed by the final rinse with ddH2O 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. 

 

 

 

 

 

2. 7 Statistical analyses 

Statistical analysis was performed using GraphPad Prism software version 8.0 

(GraphPad Software Inc., San Diego, CA, USA). Data were compared with a two-

way ANOVA statistical test followed by Tukey's multiple comparisons test for 

cell cycle analysis and cell proliferation assays, Sidak's multiple comparisons test 

for ChIP-qPCR assays in Myc-dependent EP400NL recruitment, and Tukey's 

Table 2. 4 Dyes used during confocal microscopy 
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multiple comparisons test for the recruitment of other candidates. Data were 

compared with one-way ANOVA statistical test followed by Dunnett's multiple 

comparisons test in investigating the Dual-luciferase reporter activity of both 

titrated EP400NL and multiple coactivators, two-way ANOVA followed 

Dunnett's multiple comparisons test were used for comparing the reporter activity 

of EP400NL mutants. Data on H2A.Z deposition activity were compared by one-

way ANOVA followed by Tukey's multiple comparisons test. RT-qPCR data from 

the EP400NL inducible Flp-In™ T-REx™ cell line and H1299 cell line were 

compared with ordinary one-way ANOVA and two-way ANOVA statistical test 

respectively, but all followed by Tukey's multiple comparisons test. P values less 

than 0.05 were considered statistically significant. (N.S. P > 0.05, * P ≤ 0.05, ** 

P ≤ 0.01, *** P ≤ 0.001, **** P ≤ 0.0001). All data shown were determined for 

the independent experiments and presented as the mean ± SD. 
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3. INVESTIGATION OF THE EP400NL COMPLEX  

To study the function of EP400NL, the first approach was to determine and 

identify proteins in complex with EP400NL. A method was developed for the 

affinity purification of epitope tagged EP400NL and its associated proteins from 

cultured human cells, followed by mass spectrometry to determine the identity of 

these proteins. The first goal of this strategy was to develop a stable cell line for 

the inducible expression of EP400NL. 

3. 1 Establishment of a stable cell line expressing TAP-tagged EP400NL  

To generate a stably transfected cell line for inducibly expressing EP400NL, a 

pNTAP vector expresses EP400NL with an in-frame N-terminal streptavidin-

binding peptide (SBP) and a calmodulin-binding peptide (CBP) epitope tag was 

obtained from Dr. Park (Figure 3. 1). The Flp-In™ T-REx™ System was used for 

inducible expression of EP400NL, as it is designed for the rapid generation of 

stable cell lines that ensure stable expression of the protein of interest. The cells 

were modified from a human epithelial HEK293T cell line carrying an Flp 

Recombination Target (FRT) site in which the expression vector containing 

EP400NL was used to integrate into the genome via Flp recombinase-mediated 

DNA recombination at the FRT site (Ogorman et al., 1991). To generate the 

target protein expression vector, TAP-EP400NL was excised from the pNTAP 

vector with Not1 and Apa1 and inserted into pcDNA5/FRT/TO vector.  
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The red DNA fragment indicates the EP400NL TAP-tagged sequence that was 

digested by Not1 and Apa1. The digested sequence was then inserted into 

pcDNA5/FRT/TO vector that had been digested by the same restriction enzymes. 

 

pcDNA5/FRT/TO and pOG44 (which constitutively expresses FLP recombinase 

under the control of the human CMV promoter) was co-transfected into the FLP-

In T-REX cell line (Figure 3. 2). TAP-EP400NL is integrated into the genome of 

the host Flp-In™ T-REx™ cells via site-specific recombination between FRT sites 

in the host cell genome, which is mediated by the FLP recombinase.  

 

Figure 3. 1 pNTAP vector (N-terminal tandem affinity purification tagged vector) 
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pcDNA5/FRT/TO-TAP-EP400NL vector was co-transfected with pOG44 into 

the Flp-In™ T-REx™ cells for homologous recombination into the FRT site. Cells 

with genomic integration of pcDNA5/FRT/TO-TAP-EP400NL were selected by 

resistance to hygromycin, and expression of TAP-EP400NL can be induced by 

the addition of tetracycline. Figure modified from Thermo Fisher Scientific, 

reproduced with permission. 

 

After the co-transfection of pcDNA5/FRT/TO-TAP-EP400NL and pOG44, the 

Flp-In™ T-REx™ cells were cultured in the presence of hygromycin for two weeks 

to select for genomic integration of pcDNA5/FRT/TO-TAP-EP400NL. Following 

the establishment of the TAP-EP400NL inducible Flp-In™ T-REx™ cells, 

Figure 3. 2 Flp-In™ T-REx™ System for generating stable EP400NL expressing 

cell line. 
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individual cells were isolated with cloning rings to obtain monoclonal cell lines, 

which then could be characterised to identify the suitable incubation time and 

the line with the highest expression level of TAP-EP400NL on induction. As the 

Tet repressor (TetR) binds the operator (TetO2) and represses the expression of 

EP400NL. Therefore, upon addition of tetracycline, TetR disassociates from 

TetO2 and allows expression of EP400NL (Figure 3. 2).  

The optimal induction time point was investigated by incubating established cells 

with 1 μg/ml tetracycline and harvested at the selected intervals over a 96-hour 

time course (Figure 3. 3, top panel). Maximum expression of EP400NL was 

achieved after 48 hours therefore this time point was used in all subsequent 

experiments. Three individual cultures were treated with 0 or 1 μg/mL 

tetracycline for 48 hours, then harvested and processed for western blotting. Clone 

#3 exhibited the highest TAP-EP400NL level after tetracycline induction and 

was selected for further analysis. The lower bands around 52kDa indicate the 

endogenous expression of EP400NL (Fig 3. 3 bottom panel).  
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(Top) An interval of 24 hours of tetracycline induction from 0 to 96 hours was 

tested. 48 hours of tetracycline induction were able to produce sufficient 

expression of TAP-EP400NL. (Bottom) Clone #3 exhibits the highest EP400NL 

expression compared to other clones. Tet: Tetracycline; hrs: hours; Poly: 

Polyclonal cells. 1 μg/mL of tetracycline was added for the optimal induction 

followed by the manufacturer’s protocol, 50 μg of protein was loaded after 

extraction from the whole cell lysate, protein expression was subsequently 

confirmed by anti-EP400NL immunoblots.  

 

To distinguish the expression of TAP-EP400NL from endogenous EP400NL, both 

the parental cell line (Flp-In™ T-REx™) and the stably EP400NL expressing cell 

line (hereafter referred to as the “established EP400NL” cell line) were cultured in 

the presence and absence of 1 μg/mL tetracycline and harvested 48 hours later. 

The molecular weight of both EP400NL and TAP-EP400NL was estimated by 

first constructing a standard curve using the protein marker. The molecular 

weight of the protein marker was then transformed into log10 value for generating 

a linear correlation, the coefficient of the linear correlation was subsequently 

calculated for the molecular weight estimation of these proteins (endogenous 

Figure 3. 3 Optimisation of tetracycline induction 
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EP400NL, 51kDa; TAP-EP400NL, 68kDa) (Figure 3. 4). Inducible expression of 

the TAP-EP400NL was confirmed by immunoblotting. A band was detected at a 

molecular weight of approximately 68kDa, which corresponds to the estimated 

size of EP400NL of 51 kDa plus a 17kDa of the TAP tag (SBP and CBP) and it 

was only detected in lysates of the established cells in the presence of tetracycline, 

as expected (Figure 3. 5, lane 4). The endogenous expression of EP400NL was 

also detected in all cell lysates, and the co-detection of the 68 kDa band in the 

established cell line treated with tetracycline confirmed the identity of this protein 

as EP400NL (Figure 3. 5).  
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(Top panel) Immunoblots of anti-EP400NL and anti-CBP (TAP-EP400NL 

detection) after 48 hours of 1 μg/mL tetracycline induction based on the 

manufacturer’s protocol using both parental and established EP400NL cells. 50 

μg of whole-cell lysate was loaded after extraction from the whole cell lysate. 

(Middle panel) Standard curve construction. Migration of each band of the protein 

marker was measured (cm), the molecular weight of the protein marker was 

transformed into Log value (middle panel, left) for generating a linear correlation 

Figure 3. 4 Molecular weight estimation of EP400NL and TAP-EP400NL 
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between the Log (kDa) and protein band migration (cm). (Bottom panel) 

migration of both EP400NL and TAP-EP400NL was measured, and the 

corresponding Log value was calculated based on the equation y = -0.1449x 

+2.3301, R² = 0.9541. (Log10 value: TAP-EP400NL, 1.83; EP400NL, 1.71), the 

molecular weight of these proteins was subsequently calculated (TAP-EP400NL, 

101.83=67.6 kDa; EP400NL, 101.7=50.9kDa). Tet: Tetracycline; MW: molecular 

weight. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

After 48 hours of tetracycline induction (1 μg/mL), TAP-EP400NL was only 

detected from the established EP400NL cells followed by hygromycin selection. 

The protein bands at approximately 52kDa are endogenous EP400NL. The 

expression of TAP-EP400NL is the protein band about 68 kDa. The expression 

of TAP-EP400NL and endogenous EP400NL was detected by anti-CBP and anti-

EP400NL, respectively. Tet: Tetracycline. 

 

The established EP400NL cell line was then characterised to determine the 

subcellular distribution of TAP-EP400NL via cellular fractionation (methods and 

materials section 2. 2. 2) and immunocytochemistry. Following tetracycline 

induction, cells were harvested, and the cytosolic (CT), soluble nuclear (SN), and 

insoluble nuclear fractions (IN) were isolated and analysed by immunoblotting to 

identify the subcellular localization of TAP-EP400NL (Figure 3. 6, left panel). 

The same blots were also probed with antibodies for three proteins PPM1B, 

MED30, and Lamin A/C of known subcellular distribution to verify the accuracy 

of the fractionation: PPM1B is a cytosolic marker, (Bruce et al., 2012),  MED30 

Figure 3. 5 Confirmation of tetracycline induced expression of TAP-EP400NL 
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(mediator of RNA polymerase II transcription subunit 30) is a subunit of the 

nuclear mediator complex and thus a nuclear marker (Baek et al., 2006, Baek et 

al., 2002), and Lamin A/C is an intermediate filament protein that is a part of 

the nuclear lamina and a marker for the insoluble component of the nucleus (Alvisi 

et al., 2018, Muchir et al., 2004). EP400NL was found to localize predominantly 

to the soluble nuclear fraction. TAP-EP400NL also colocalized with DAPI stained 

cell nuclei of Flp-In™ T-REx™ HEK293 cells, which supports the subcellular 

fractionation results that the endogenous EP400NL localises predominantly to the 

nucleus (Figure 3. 6, right panel).  

Cellular fractionation of TAP-EP400NL. Whole-cell lysate (IPT), cytosolic 

fraction (CT), soluble nuclear fraction (SN), and insoluble nuclear pellet (IN) 

were analysed by immunoblotting (left panel). Subcellular localization of TAP-

EP400NL was analysed by immunocytochemical analysis (right panel). TAP-

EP400NL inducible Flp-In™ T-REx™ cell line was treated with or without 

tetracycline. Scale bar denotes 10 µm. 

 

Figure 3. 6 Subcellular localization of TAP-EP400NL 
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3. 2 Purification of EP400NL protein complexes 

To identify associated proteins with EP400NL, a strategy was developed in which 

TAP-EP400NL and associated proteins would be purified and isolated via size 

fractionation and affinity chromatography and subjected to mass spectrometry 

(Figure 3. 7) 

This process includes size exclusion chromatography for the detection of specific 

protein peaks and streptavidin binding of those detected proteins followed by 

biotin elution of the targeted EP400NL complex for mass spectrometric analysis. 

This is an original artwork by Z.L. 

 

3. 2. 1 Isolation of TAP-EP400NL complexes from the inducible Flp-In™ T-

REx™ cells  

To identify proteins in complex with EP400NL, TAP-tagged EP400NL associated 

complexes were isolated from the soluble nuclear fraction of the established 

EP400NL cells by a combination of size exclusion chromatography and affinity 

purification. After the fractionation of the cell lysates, the soluble nuclear fraction 

was collected then subjected to size exclusion chromatography. This protocol was 

first carried out on the parental Flp-In™ T-REx™ cells to determine the elution 

profile of endogenous EP400NL. 

Figure 3. 7 Proposed workflow of TAP-EP400NL complex isolation using 

multistep purification. 
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The elution of protein complexes was detected by monitoring the UV absorbance 

at A280 nm and the salts were detected by monitoring the conductivity of the 

buffer. The protein elution profiles indicated that large protein complexes were 

eluted right after the void volume (V0), whereas small protein complexes or 

protein monomers were eluted later. Finally, salts from the input sample that 

potentially have full access to the resin pores indicated the total bed volume (Vt) 

of the column. Agarose-based size exclusion gel (Bio-Gel A1.5) was used at a flow 

rate of 0.3 mL/min. A total of 3 mL 60 fractions were collected (Figure 3. 8).  

This chromatogram shows the elution profile of the nuclear soluble fraction 

isolated from the parental HEK293 Flp-In™ T-REx™ cells which serve as an 

internal negative control. 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. 8 Chromatogram of parental Flp-In™ T-REx™ cells 
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Fractions from 13 to 25 were sampled and probed with antibodies against 

EP400NL, BAF53, and cMyc. Three factions (15, 16, and 17 in red) contain the 

endogenous EP400NL (52kDa). IPT: Input.  

 

Two protein peaks corresponding to fractions 13 to 25 were detected from the 

parental Flp-In™ T-REx™ cells by measuring the UV absorbance at A280 nm 

(Figure 3. 8), which were then analysed by immunoblotting to determine whether 

any of the peaks contain EP400NL.   

Figure 3. 9 shows three fractions contain EP400NL, given that BAF53 is a 

common subunit of several multi-subunit chromatin remodelling complexes 

containing TIP60 and EP400 (Fuchs et al., 2001, Ikura et al., 2000), thus, it was 

of interest to determine that EP400NL eluted in the same fraction as BAF53, 

indicating they are in a similar-sized complex.  To examine if the lower molecular 

weight fractions contain proteins as a protein peak around fraction 23 was 

detected, a widely expressed global transcription factor cMyc was utilised to 

Figure 3. 9 Confirmation of EP400NL in the detected protein peaks (Parental 

Flp-In™ T-REx™ cells) 
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confirm protein presence in these fractions. Since cMyc cannot homodimerize and 

the cMyc-Max heterodimer is unstable, which leads to higher populations of 

dissociated cMyc monomers (Mustata et al., 2009), thus the presence of cMyc 

represents protein fractions with lower molecular weight monomers. Based on this, 

cMyc should be detected at higher levels as the fraction number increases from 

13 to 25, because higher molecular weight proteins or complexes elute in early 

fractions followed by the elution of smaller proteins or monomers in relatively late 

fractions. EP400NL containing complexes were collected from the fractions 14, 15, 

16, 17 which corresponded to the first protein peak with relatively higher 

molecular mass detected from the chromatogram (Figure 3. 8). This step also 

eliminated most of the smaller proteins fractionated at the second peak.  

After determining the fractions that contained endogenous EP400NL and 

associated proteins including BAF53 and cMyc, soluble nuclear fraction from the 

established EP400NL were collected for size exclusion chromatography. Similar 

to the chromatogram of the parental cells, two protein peaks were detected from 

the established EP400NL cells by measuring their UV absorbance at A280nm 

(Figure 3. 10). Immunoblotting was carried out to examine whether these 

fractions also contain the same protein complexes as the parental cell line (Figure 

3. 11). Since fractions 13 to 25 overlap with the protein peaks, the fraction pattern 

of EP400NL, BAF53, and cMyc was subsequently examined. The presence of 

EP400NL, BAF53, and cMyc was detected across fractions 14, 15, 16, and 17. 

cMyc was detected in the relatively late stage of the elution ranging from fraction 

20 to 24 which corresponds to the second protein peak (Figure 3. 10). cMyc was 

also present in fractions 14 to 16, suggesting that the EP400NL complex may 

interact with cMyc under physiological conditions. Since both EP400NL and 

BAF53 were detected in fractions 14, 15, 16, and 17 (Figure 3. 11), these fractions 

were pooled together for subsequent streptavidin affinity purification. 
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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) containing 

TAP-EP400NL (68kDa), BAF53, and cMyc were identified. IPT: Input.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11 Confirmation of proteins from the detected protein peaks 

(Established EP400NL cells) 
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3. 2. 2 Streptavidin affinity purification and biotin elution of the EP400NL 

complex 

 

TAP-EP400NL tagged with the streptavidin binding peptide (SBP) binds to 

streptavidin resin through its SBP tag and is dissociated from the resin by the 

addition of excess biotin. Fractions from 14 to 17 from either parental or 

established EP400NL cells were pooled together and incubated overnight with 

streptavidin beads for optimal streptavidin binding and followed by the biotin 

elution. Endogenous EP400NL was detected in both input and flow-through 

samples from the parental and the established Flp-In™ T-REx™ cells (Figure 3. 

12, top panel, IP and FT), showing the requirement of SBP tag in the binding to 

the streptavidin resin. TAP-EP400NL was detected in the eluent from established 

cells only after tetracycline induction (Figure 3. 12 middle panel, lane 5, 6, 7, and 

8) and with the highest amount of protein level from the biotin eluted fraction 

(Figure 3. 12 middle panel, lane 7). BAF53 was also detected in the eluent from 

established cells expressing EP400NL, suggesting that it interacts with EP400NL 

(Figure 3. 12, bottom panel, lane 7). 
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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 
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3. 3 Identification of EP400NL interacting proteins by mass spectrometry  

Following optimisation of the procedure for purification of TAP-EP400NL-

containing nuclear complex, the purified protein samples derived from parental 

and established EP400NL cells were resolved by SDS-PAGE (Figure 3. 13) and 

the protein gel was stained with Coomassie Brilliant blue. The whole length of 

the protein gel from the established cells was excised and separated into 17 gel 

slices and processed for mass spectrometry (2. 3. 1). (Table 3. 13). 

 

 

 

 

 

 

 

 

 

 

 

Protein samples were purified from Flp-In™ T-REx™ cell lines either expressing 

TAP-EP400NL or parental control, respectively. The gel slices were excised and 

processed for mass spectrometry. Identified proteins are indicated on the right 

side of the stained gel. 

 

Figure 3. 13 Colloidal Coomassie Blue G250 staining of EP400NL nuclear 

complex. 
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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 was identified from the analysis. 

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 remodelling complex 

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

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

the ATPase activity of BRG1 and promotes 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 activators 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 remodelling (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 

facilitate 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 remodelling 

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, 2004b, Yamada, 2012).  

 

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. Three 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 
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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, 2004b, 

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-TIP60, 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 

YEATS4（GAS41） (Doyon and Cote, 2004a, Yamada, 2012). According to a 

protein-protein interaction (PPI) network and functional enrichment analysis tool 

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

known and predicted protein-protein interactions were further revealed (Figure 3. 

15).  

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); 

experimental evidence (purple line); text mining evidence (yellow line); database 

Figure 3. 15 String analysis for known and predicted EP400NL interactors  
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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). 

 

In addition to the previously identified protein candidates from the mass 

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 

Figure 3. 16 Venn diagram showing the overlap of hNuA4 complex and EP400NL 

interacting candidates. 
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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 replication, 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. 

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 catalytic subunits TIP60 and EP400, 
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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 transcriptional 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 

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 
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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 bridge 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 (ZNHIT1) 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 interacts with a 

multifunctional 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 

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 mass 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). 
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Additionally, MRG15(MORF4L1) was reported to serve as a chromatin-binding 

protein that can recruit splicing regulators such as polypyrimidine tract binding 

proteins (PTBPs). MRG15 specifically recognizes the methylated H3K36 and 

recruits PTBP 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.  

In summary, by combining these previously published results with the 

identification of EP400NL interacting candidates 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 

functionalities 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 

While EP400NL complex lacked a HAT (TIP60), since this complex has multiple 

proteins in common with hNuA4 histone acetyltransferase complex such as BAF53, 

BRD8, DMAP1, GAS41, RuvBL1, and RuvBL2. It was investigated whether the 

EP400NL complex was also associated with HAT activity.   

In this method, radioactive isotope 14C -labelled acetyl function group of coenzyme 

A is transferred to the Ɛ -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).  

 

 

 

 

 

 

 

 

 

 

 

 

Closed chromatin can transform to relaxed chromatin by histone acetylation, 

which leads to transcriptional activation (top panel). Radioactive isotope 14C 

Figure 4. 1 [14C]-Acetyl-Coenzyme A-based EP400NL HAT assay 
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incorporated into the acetyl function group of the coenzyme A is transferred to 

histones (Ɛ-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.   

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 condition 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 plasmid that contains 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). 
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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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Micrococcal nuclease (MNase) assay to assess the assembly of chromatin by 

detecting a periodic spacing after digestion with MNase. Chromatin was incubated 

with MNase at 0, 3.75 ×10
-3
 U and 1.5 ×10

-2
 U, then digested chromatin was 

analysed by 1% agarose gel electrophoresis. 

 

Figure 4. 2 Confirmation of expression of partially purified proteins after FLAG 

peptide elution  

 

Figure 4. 3 Micrococcal nuclease (MNase) digestion for HAT assay 
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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. Thirteen (μL) 

of EP400NL and DMAP1 were added to each reaction, TIP60 was tested using 

both 3 μL and 13 μL 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 

biotinylated 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  

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 

mailto:H@A.Z
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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 peptide 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 and 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.  

Figure 4. 8 MNase digestion assay of the assembled chromatin 
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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 

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 faint band can be detected from loading 10 ng of the 

substrate (Figure 4. 9), but 1 ng and 5 ng of substrate cannot be detected on the 

immunoblot which means a minimum of 10 ng of protein needs to be loaded to 

serve as the 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 

Figure 4. 9 Optimize the amount of the substrate loading  
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amount of loading substrate, the ideal amount of the substrate is labelled in red. 

1 ng, 5 ng, and 10 ng of the FLAG-H2A.Z/H2B dimers are the loading controls. 

 

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 

Figure 4. 10 Optimization of the concentration of the washing buffer 
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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 controls, the blot was probed with anti H2B 

antibody. 

 

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 

Figure 4. 11 Final validation of the experimental optimization 
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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).  

 

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 

Figure 4. 12 Immunoprecipitation of the hNuA4 complex 
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FLAG-TIP60 and in the non-biotinylated chromatins (Figure 4. 13, top panel, 

anti-FLAG immunoblot lane 1, 2, and 4). H2B 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. 

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 FLAG-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. Examination 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 immunoblotting (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 been 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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Detection of FLAG-H2A.Z incorporation into the chromatin substrate by 

immunoblotting (top panel). The reactions were resolved by SDS-PAGE and 

H2A.Z deposition activities were analyzed by anti-FLAG immunoblot 

(immunoblots). The relative intensity of FLAG-H2A.Z was initially normalized 

by the H2B signals and the normalized value from the negative control (PBS and 

non-biotinylated chromatin) was set to one and the relative activities from other 

samples were plotted (bar graph) (bottom panel) [Ordinary one-way ANOVA, F 

(3,24) = 65.75, p < 0.0001; post-hoc Tukey’s HSD, ***p < 0.001]. hNuA4 com.: 

hNuA4 complex; EP400NL com.: EP400NL complex  

Figure 4. 15 Examination of an ATP-dependent H2A.Z deposition activity in 

EP400NL complex 
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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 catalyses 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 subunits 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, the 

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 little 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 certain 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  

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 GAL4 DNA binding domain fused to a 

transcriptional 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). 

 

 

 

 

GAL4Myc binds to the GAL4 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 293TGAL4-Luciferase cells. As a control, previously 

known coactivators of the hNuA4 complex (TRRAP, EP400, and their defective 

Figure 5. 1 Model of GAL4Myc luciferase system 
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mutants) were included to compare to EP400NL. These coactivators were 

transiently expressed in 293TGAL4-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). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

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 293TGAL4-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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293TGAL4-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 and the relative values for other 

samples were calculated [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 293TGAL4-Luciferase cells followed by the dual-luciferase reporter 

assay [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 (top panel) and the relative luciferase 

activity was plotted against the amount of DNA used in the transfection (bottom 

panel). 
 

 

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 binds to 

the DBS (DNA Binding Site) and recruits its corresponding co-activators (Figure 

Figure 5. 4 Titration of EP400NL expression 
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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 interacts 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 binding occurs and the enrichment of both FLAG-

GAL4Myc and TAP-EP400NL bound chromatin can then be detected by ChIP 

after sonication. 

 

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 293TGAL4-Luciferase cells in the 

presence or absence of ectopic FLAG-GAL4Myc and TAP-tagged EP400NL. 

Figure 5. 5 ChIP for demonstrating Myc dependent EP400NL recruitment 
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293TGAL4-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. TAP-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 

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. 

Figure 5. 6 Confirmation of protein expression for ChIP assay 
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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). [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]. 

 

 

5. 1. 4 EP400NL physically interacts with cMyc in HEK293 cells 

Since EP400NL is recruited by Myc and enhances Myc-dependent transcription 

in a dose-dependent manner. This suggests that EP400NL may physically interact 

with Myc, therefore, pull-down assays were performed to test if this was the case. 

The expression of cMyc is induced by growth factors and studies have shown that 

the cMyc gene exhibits serum-responsive activity which endogenous Myc 

expression is increased under conditions of high serum (Dean et al., 1986, Richman 

and Hayday, 1989b, Schmidt, 1999). Therefore, the stably TAP-EP400NL 

expressing Flp-In™ T-REx™ cells was induced with tetracycline in high serum 

condition. After the tetracycline induction and serum stimulation, TAP-EP400NL 

was isolated by streptavidin beads and successful pulldown was confirmed via 

immunoblotting with anti-EP400NL and anti-CBP antibodies (Figure 5. 8). Myc 

was also detected in the precipitates containing EP400NL, confirming that these 

two proteins interact under physiological conditions. 

Figure 5. 7 ChIP analysis for investigating the Myc dependent recruitment of 

EP400NL  
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EP400NL protein complexes were precipitated by streptavidin beads followed by 

immunoblotting with anti-EP400NL and anti-CBP to confirm successful pulldown. 

The co-precipitation of cMyc was evaluated by the anti-cMyc immunoblot 

 

 

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, it 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 regulates 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. 

 

 

Figure 5. 8 Interaction between EP400NL and cMyc 
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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 was 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 remodelling complexes (Park et al., 2002, 

Trotter and Archer, 2008, Yamada, 2012, Chiu et al., 2017, Wu et al., 2017) To 

investigate the importance of these regions in the interactions with BAF53, BRD8, 

and BRG1, full-length EP400NL and four FLAG-tagged deletion mutants of 

EP400NL (Δ1-50, Δ141-156, Δ246-260, Δ360-419) were designed (QIAGEN) and 

transiently expressed in HEK293T cells (Figure 5. 10). 
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(Top panel) orange box represents the full-length E400NL (1-419aa.), green box 

represents the EP400 homology domain (50-402aa.), white boxes represent the 

seven predicted functional sites by the bioinformatic tool (InterPro, not to scale). 

The regions of EP400NL (Δ1-50, Δ141-156, Δ246-260, and Δ360-419) that were 

selected for the generation of mutants are shown in blue boxes. (Bottom panel) 

four constructs of EP400NL deletion mutants (Δ1-50, Δ141-156, Δ246-260, and 

Δ360-419) were generated based on the InterPro prediction. 

 

 

Full-length EP400NL and its mutants were cloned into mammalian expression 

CbF vectors. The CbF backbone was used to express FLAG-tagged proteins (10. 

APPENDIX 2), thus, plasmids expressing full-length EP400NL, and its deletion 

mutants were transiently transfected into HEK293T cells, and their expression 

was confirmed via anti-FLAG immunoblot (Figure 5. 10, Input panel). All four 

deletion mutants were expressed at a higher level than wild-type EP400NL 

(Figure 5. 10, anti-FLAG immunoblot).  

Figure 5. 9  InterPro prediction of potential regions of functional importance in 

EP400NL  
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To determine whether the mutants display altered binding to BAF53, BRD8 or 

BRG1, which were identified as binding partners of EP400NL via mass 

spectrometry (Chapter 3. 3), anti-FLAG immunoprecipitation was carried out. 

All mutants retained the ability to interact BAF53, BRD8, and BRG1. Despite 

higher levels of mutants were immunoprecipitated with FLAG, they all display a 

relatively lower interaction with BAF53 compared to the full-length EP400NL (1-

419aa.) in which Δ246-260 and Δ360-419 showed a much weaker interaction 

(Figure 5. 10). 

 

 

 

 

 

 

 

 

 

 

 

 

Co-immunoprecipitation assays of wild type EP400NL and deletion mutants. 

HEK293T cells were transiently transfected with plasmids expressing FLAG-

tagged full length and mutant 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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5. 2. 2 Investigate the alteration of transcriptional regulation using EP400NL 

deletion mutants 

 

To examine whether the mutants also retained transcriptional coactivator activity, 

they were tested for their ability to co-activate GAL4Myc-mediated luciferase 

reporter expression. The deletion mutants and full-length EP400NL (419aa.) were 

each co-transfected with FLAG-GAL4Myc and pRenilla-CMV vector followed by 

luciferase assay. The expression of each construct was confirmed by an anti-FLAG 

immunoblot (Figure 5. 11). The deletion of either aa246-260 or aa360-419 resulted 

in the loss of coactivator activity compared to full-length EP400NL, however, the 

deletion of aa1-50 resulted in a significant enhancement of luciferase activity over 

full-length EP400NL and other mutants (Figure 5. 12).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transient transfection of full-length EP400NL (1-419aa.) and the four deletion 

mutants (Δ1-50, Δ141-156, Δ246-260, and Δ360-419) into HEK293TGal4-

Luciferase cells, followed by luciferase assay. Transient expression of the FLAG-

tagged EP400NL and its deletion mutants was confirmed by anti-FLAG 

immunoblot. 

 

Figure 5. 11 Confirmation of expression of full-length 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 normalisation to renilla luciferase activity, the firefly luciferase 

activity from the control cells (GAL4Myc expression + CbF empty vector) set to 

1 and the relative values of other samples are calculated [Two-way ANOVA, F 

(5,24) = 50.28, p < 0.0001; post-hoc Tukey’s HSD, **p < 0.01, ****p < 0.0001]. 

 

To further confirm the loss of coactivator function of the Δ246-260, and Δ360-419, 

plasmid DNA encoding either full-length EP400NL or the deletion mutants was 

titrated to examine a possible dominant-negative effect as they could be impairing 

endogenous EP400NL activity. As observed in the previous experiment, both the 

deletion mutants failed to enhance GAL4-Myc activity, however as the amount 

of plasmid DNA transfected increased, the level of activity did not decrease below 

the basal level of GAL4Myc-mediated gene expression (Figure 5. 13), thus they 

do not appear to be acting in a dominant-negative manner. Taken together, these 

data show that regions within amino acids 246-260 and 360-419 of EP400NL are 

essential for transcriptional coactivation and whether this is due to reduced 

interaction with BAF53 warrants further investigation. 

 

Figure 5. 12 Examine the EP400NL deletion mutants in transcriptional regulation 
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HEK293 cells were transfected with increasing amounts of full length or mutant 

EP400NL plasmid followed by luciferase assay. After normalization to renilla 

luciferase, firefly luciferase activity from the control cells (dark blue) was set to 1 

and the relative values for other samples are calculated [Two-way ANOVA, F 

(2,36) = 21.11, p < 0.0001; post-hoc Tukey’s HSD, *p < 0.05, ****p < 0.0001].  

 

 

5. 3 Investigating the role of EP400NL in cell proliferation 

Myc has been depicted as a downstream effector of many signal transduction 

pathways including WNT, ERK/MAPK, and TGF-beta/SMAD which elicits 

positive or negative regulation of a series of biological functions (Leon et al., 2009, 

Dang, 2012, Wolpaw and Dang, 2018). In particular, Myc regulates the expression 

of genes that promote cell growth and proliferation. Myc induces positive cell-

cycle regulators such as several cyclins, CDKs and E2F transcription factors. On 

the other hand, it also represses genes encoding cell-cycle inhibitors such as p15, 

p21, or p27 (Cowling and Cole, 2006, Vita and Henriksson, 2006, Soucek and 

Evan, 2010, Garcia-Gutierrez et al., 2019). Given that EP400NL is a coactivator 

of Myc, it was of interest to investigate whether EP400NL influences cell 

proliferation and cell cycle progression. 

Figure 5. 13 EP400NL deletion mutants Δ246-260, Δ360-419 fail to enhance 

GAL4-Myc activity 
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To investigate whether alteration in the expression level of EP400NL impacts cell 

growth, a strategy was decided upon whereby cellular proliferation would be 

assessed in the presence of increased expression of EP400NL via the stably 

inducible TAP-EP400NL expressing Flp-In™ T-REx™ cell line (as discussed in 

Chapter 3. 1), and reduced expression via a CRISPR/Cas9 indel mutated a non-

small-cell lung carcinoma (NSCLC) cancer cell line (H1299). 

5. 3. 1 Establishment of EP400NL indel mutation cell lines by CRISPR/Cas9 

H1299 was utilized to establish the EP400NL indel cell lines due to its clinical 

and research significance in treating non‑small cell lung cancer (Zhao et al., 2016). 

To generate indel mutated H1299 cell lines, a single guide RNA (sgRNA) was 

designed to specifically target the protein-coding region of EP400NL. After co-

transfection of lentiviral packing plasmids and EP400NL-sgRNA-LentiCRISPR 

plasmids, the lentiviral medium was collected and subsequently concentrated, 

H1299 cells were then infected with the virus medium followed by seven days of 

puromycin selection. Multiple trials of cell cloning were conducted but failed to 

generate monoclonal EP400NL indel mutated cells as some clones became 

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 
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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) (Figure 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 which 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; Luciferase, 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. 

 

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 utilized 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 expression 

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).  

 

 

 

 

 

 

Figure 5. 14 CRISPR/Cas9 mediated EP400NL indel mutation  
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Cell proliferation analysis using Flp-In™ T-REx™ cells. Flp-In™ T-REx™ cells were 

treated with a combination of ±serum and ±tetracycline (left panel). Cell 

proliferation analysis using H1299 (right panel). Two EP400NL indel cell lines 

(Indel mutation A and B) were compared to the three control cell lines (Mock, 

Luciferase, Scramble.) under serum stimulation. [Two-way ANOVA, F (12, 40) = 

42.09, p < 0.0001 (left panel). F (12,80) = 15.49, p < 0.0001 (right panel); post-

hoc Tukey’s HSD, ****p < 0.0001]. Mock, Wild type H1299; Luciferase, gRNA-

luciferase; Scramble, gRNA-scrambled random sequence; Indel mutation (A), 

gRNA-EP400NL-A; Indel mutation (B), gRNA-EP400NL-B. 

 

Next, cell cycle profile was analysed using flow cytometry. Cells were harvested 

and fixed with 100% ethanol, after DNA staining with propidium iodide, flow 

cytometry was utilized to detect level of peaks that indicative of the DNA content. 

In order to exclude multiplets form the population, cells were first separated 

digitally by using forward/side scatters as forward scatter indicates cell size 

whereas side scatter relates to the complexity of the cells. These results were 

further analysed based on an area-width discrimination method established 

previously in the lab to eliminate the potential multiplets. Next, single cells were 

gated after doublets/multiplets discrimination in flow cytometry for the following 

up cell cycle analysis (13. APPENDIX 5). Similar patterns as the cell proliferation 

assay were confirmed from the DNA content analysis which gated single cells in 

the G2/M cell cycle displayed the highest ratio when TAP-EP400NL was induced 
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Figure 5. 15 Cell proliferation assay 
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with tetracycline (Figure 5. 16, top panel), and the lowest ratio in the indel cell 

lines (Figure 5. 16, bottom panel). The absolute cell numbers per sample counted 

vary in the flow cytometry, however, using the same gating strategy to compare 

the cell population from different samples under normalization mode can resolve 

this issue. The number of recorded events showing as the specific graph formatting 

‘Normalized to Mode’ allows unification of total cell numbers and visualisation of 

differences in relative percentages of cell populations of interest (G2/M). 

In summary, the results from the TAP-EP400NL inducible Flp-In™ T-REx™ cells 

showed a faster growth to the highest cell population under both serum 

stimulation and tetracycline induction (Figure 5. 16, top panel). On the other 

hand, the polyclonal EP400NL indel mutation cells exhibited the lowest cell 

population compared to the other control cell lines (Figure 5. 16, bottom panel), 

which are correspond to the cell proliferation pattern. Collectively, these data 

suggest that EP400NL regulates cell proliferation in a serum-responsive manner. 
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(Top left panel) cell cycle quantification of the gated Flp-In™ T-REx™ cells in 

DNA content analysis. (Bottom left panel) cell cycle quantification of the gated 

H1299 cells in DNA content analysis [Two-way ANOVA, F (6, 12) = 13.76, p < 

0.0001 (top left panel). F (8,30) = 42.08, p < 0.0001 (bottom left panel); post-hoc 

Tukey’s HSD, **p < 0.01, ****p < 0.0001]. (Top right panel) an overlay of four 

plots under four treatments (a combination of ±serum and ±Tetracycline) which 

shows the consistency among samples with respect to lack of sub G1 peak and an 

increased G2/M population from the treatment of -serum/-Tetracycline (red) up 

to the treatment of +serum/+Tetracycline (green). (Bottom right panel) cells 

harvested were fixed and stained with propidium iodide, and their DNA contents 

were analyzed by flow cytometry. An overlay of five plots under serum stimulation 

Figure 5. 16 Cell cycle analysis 
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shows the consistency among samples with respect to lack of sub G1 peak and a 

relatively lower G2/M population in the two polyclonal EP400NL indel mutation 

cell lines (red and blue) compared to the three control cell lines (brown, dark and 

light green). x - and y -axes denote DNA content and normalized cell number, 

respectively. 

 

5. 4 Discussion 

Functional characterization of the EP400NL complex revealed its transcriptional 

regulatory activity. EP400NL was subsequently confirmed as a bona fide co-

activator of Myc by using GAL4Myc reporter assays. To further examine if the 

EP400NL coactivates Myc-mediated transactivation and confirm if EP400NL can 

be specifically recruited in a Myc-dependent manner, a ChIP assay was conducted 

using 293TGAL4-Luciferase cells in which a GAL4 DNA binding domain can be 

targeted by GAL4 fusion proteins. These results showed GAL4Myc can 

specifically interact with the GAL4 DNA binding site and further recruit the 

TAP-EP400NL, which indicates that EP400NL is a coactivator of Myc.  

After the confirmation of interaction between EP400NL and cMyc, whether the 

EP400NL deletion mutants are required for Myc-mediated transcriptional 

coactivity was investigated. FLAG-tagged full-length EP400NL and its four 

deletion mutants (Δ1-50, Δ141-156, Δ246-260, and Δ360-419) were transient 

expressed from the 293TGAL4-Luciferase cells followed by the FLAG peptide 

elution in which the expression of the three major EP400NL interacting candidate 

proteins (BAF53, BRD8, and BRG1) was examined from the partially purified 

complexes. BRD8 and BRG1 both retained the interaction with full-length 

EP400NL and its deletion mutants. Despite a higher protein amount of two 

EP400NL deletion mutants (Δ246-260, Δ360-419) in the immunoprecipitates, 

they showed a weaker interaction with BAF53 than the full-length EP400NL and 

lost the coactivator activity of Myc in the luciferase reporter assay (Figures 5. 12 

and 5. 13). Since BAF53 functions as a critical Myc-interacting nuclear cofactor 

for oncogenic transformation (Park et al., 2002), these regions (246-260aa., 360-
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419aa.) of EP400NL are likely to play a role in the association with BAF53 for 

co-activating Myc-mediated transcription.  

Next, the transcriptional regulatory activity of these deletion mutants was 

investigated. Interestingly, the two EP400NL deletion mutants (Δ246-260, Δ360-

419) that are close to the C-terminus exhibited a reduced transcriptional activity 

compared to both the full-length EP400NL and the deletion mutants that are 

adjacent to the N-terminus. These results further consolidate the findings in the 

previous immunoprecipitation assay which a weak interaction with BAF53 was 

specifically observed from these two EP400NL deletion mutants (Δ246-260, Δ360-

419). Contrarily, the N-terminal deletion mutant (Δ1-50) displayed an elevated 

ability of transactivation despite three functional sites were predicted by the 

InterPro algorithm (Chapter 5. 2. 1). Given that the only known functional 

domain in which the EP400 homology domain of EP400NL is from residue 50 (50-

402 aa.), it seems like the first 50 amino acids from the N-terminus might not be 

as essential as the rest of the sequence especially compared to the C-terminus 

(Chapter 5. 2. 2). These results suggested a possibility that boosting the co-

transcriptional activity of EP400NL can be achieved by potentially removing the 

N-terminus (1-50) while maintaining the C-terminus intact.  

As the wild type EP400NL complex exhibits H2A.Z deposition activity (Chapter 

4. 2. 3), in addition to the core components (BAF53, BRD8), a unique ATPase 

BRG1 also interacted with the full-length EP400NL, which has not been found in 

the hNuA4 complex. Thus, experiments into understanding if the EP400NL 

deletion mutants, specifically Δ246-260 and Δ360-419, retain the ability to 

interact with other ATPases such as RuvBL1 and RuvBL2 warrants further 

investigation. Meanwhile, elucidating the interaction between the N-terminal 

deletion mutant (Δ1-50) of EP400NL with these three ATPases need to be 

conducted. 



 

126 

 

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, and 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.  

In addition to the 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 

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 mutants 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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6. INVESTIGATING THE ROLE OF THE EP400NL 

COMPLEX IN PD-L1 EXPRESSION 

The interaction between the programmed death 1 (PD-1) receptor and its ligand 

PD-L1 is a well-characterised adaptive immune checkpoint that has been widely 

targeted in cancer immunotherapy. PD-L1,  expressed on the tumour cell surface, 

is regulated by Myc (Casey et al., 2016), however little is known about the specific 

mechanism through which Myc regulates PD-L1 expression. The aim of the 

research in this chapter was to first confirm the transcriptional activation of PD-

L1 and then to examine the transcriptional regulatory function of EP400NL in 

regulating PD-L1 gene expression by either overexpressing or mutating EP400NL 

in the presence and absence of serum or IFNγ. Myc expression is positively 

correlated with the amounts of serum in the culture medium (Dean et al., 1986, 

Richman and Hayday, 1989a) and multiple studies have shown that Myc and 

IFNγ can both activate the expression of PD-L1 (Casey et al., 2016, Kim et al., 

2017, Lastwika et al., 2016, Moon et al., 2017, Nowicki et al., 2018). It was 

investigated whether EP400NL acts as a coactivator for IFNγ and/or Myc-

mediated expression of PD-L1.  

6. 1 Myc positively regulates PD-L1 expression 

To confirm that Myc regulates PD-L1, FLAG-Myc plasmids range from 0.4 µg to 

2.0 µg were transfected into a non-small cell lung cancer cell line (H1299). The 

increase in plasmid DNA that was transfected correlated with an increase in Myc 

protein as detected by western blot (Figure 6. 1). Next, RNA was extracted from 

the transfected cells for measuring PD-L1 mRNA expression level by RT-qPCR 

assays (Figure 6. 2). HA-GST transiently transfected cells in these assays serves 

as a negative control. It should be noted that PD-L1 is endogenously expressed 

in H1299 cells, however, this is at a relatively lower level in comparison to other 

non-small cell lung cancer cells (Kim et al., 2017), therefore, subtle changes in 

PD-L1 expression in H1299 can be easily detected compared to those non-small 

cell lung cancer cell lines such as H157, H441, H1975, and HCC827 which display 
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extremely higher expression of PD-L1 (Cao et al., 2017a). RT-qPCR data revealed 

a gradual increase in PD-L1 mRNA level in response to an increased protein 

expression level of Myc.  

 

 

 

 

 

 

 

 

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  
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6. 2 Serum stimulation increases PD-L1 expression 

Data from chapter 6. 1 indicated that Myc upregulates PD-L1, therefore it is of 

interest to determine whether this upregulation can be further enhanced by the 

presence of EP400NL. The PD-L1 expression was initially confirmed to be induced 

in both H1299 and the established EP400NL Flp-In™ T-REx™ cell lines in the 

presence of increased serum concentration, and the increased concentration of the 

serum has been previously shown to induce endogenous cMyc expression (Dean 

et al., 1986). Cells were serum-starved (1% serum) for 48 hours before serum 

stimulation (20% serum). RNA and protein samples were prepared after 0 hours, 

6 hours, 12 hours, 24 hours, and 36 hours of serum stimulation. PD-L1 mRNA 

expression level was determined by RT-qPCR. Both cell lines exhibit an increased 

level of PD-L1 mRNA expression after serum stimulation. The established Flp-

In™ T-REx™ cell line displayed increased PD-L1 mRNA expression up to 3.2-fold 

following 6 hours of serum stimulation and this remained at a relatively stable 

level over the 36-hour duration of the experiment (Figure 6. 3, top left panel). On 

the other hand, H1299 displayed a significantly higher level of PD-L1 expression 

of up to seven-fold following 6-hours of serum stimulation, which then dropped as 

the incubation time continued (Figure 6. 3, top right panel).  

To measure the induction of Myc after serum stimulation, the level of endogenous 

Myc expression was analysed. Unexpectedly, no detectable alteration was 

observed on an anti-Myc immunoblot, as the expression level remained consistent 

in these two cell lines before and after the serum stimulation (Figure 6. 3, bottom 

panel). Despite this, it was confirmed that serum stimulation leads to an increased 

level of PD-L1 mRNA in both cell lines, however, the lack of increase in Myc 

suggests that EP400NL is not acting through Myc to upregulate EP400NL. 
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(Top left panel) PD-L1 expression pattern of Flp-In™ T-REx™ cells and (top right 

panel) H1299 cells under 0 to 36 hours of serum stimulation after serum starvation. 

(Bottom panel) Immunoblot with anti-Myc showed the cMyc protein levels under 

serum stimulation in Flp-In™ T-REx™ cells (left) and H1299 cells (right), an equal 

amount of protein was loaded. 

 

6. 3 EP400NL in serum-mediated PD-L1 expression 

6. 3. 1 EP400NL positively regulates serum-mediated PD-L1 expression  

To elucidate the role of EP400NL in regulating PD-L1 expression, the inducible 

EP400NL Flp-In™ T-REx™ cell line was used to determine how the expression of 

EP400NL affects serum mediated PD-L1 expression. An increase in PD-L1 

expression up to 3.8-fold can be achieved after 12 hours of serum stimulation in 

Flp-In™ T-REx™ cells based on our preliminary experiments (Figure 6. 3 A). Cells 

were initially serum-starved for 48 hours for cell cycle synchronization 

Figure 6. 3 PD-L1 expression pattern in Flp-In™ T-REx™ and H1299 cells 
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(Khammanit et al., 2008)  and followed by 20% serum stimulation for 12 hours 

in the presence of 1 mg/ml tetracycline for induction of EP400NL expression. PD-

L1 expression increased up to approximately 2-fold on serum stimulation and 

expression was further increased up to 3.2-fold in the presence of both serum 

stimulation and EP400NL induction (Figure 6. 4, stripped bar). Consistent with 

the effect on PD-L1 mRNA level, PD-L1 protein expression in the serum-

stimulated and tetracycline induced cells was increased up to 2-fold compared to 

the untreated cells (Figure 6. 5, anti-PD-L1 immunoblot).  

 

 

 

 

 

 

 

 

 

 

 

Flp-In™ T-REx™ cells were treated with four different conditions (±Ser/±Tet) 

followed by an analysis of PD-L1 expression via RT-qPCR [One-way ANOVA, F 

(3,12) = 48.96, p < 0.0001; post-hoc Tukey’s HSD, ***p < 0.001]. Ser: Serum; Tet: 

Tetracycline. PD-L1 expression was normalized against GUSB which served as a 

housekeeping gene.  

Figure 6. 4 PD-L1 mRNA expression levels in response to serum stimulation and 

EP400NL induction 
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Protein expression levels of endogenous PD-L1 in four different conditions 

(±Ser/±Tet) were examined by immunoblots (left panel). The relative intensities 

of PD-L1 protein were quantified and plotted (right panel) [Ordinary one-way 

ANOVA, F (3,4) = 20.32, p = 0.0070; post-hoc Tukey’s HSD, *p < 0.05]. 

Quantitative data from experiments performed in duplicate. Ser: Serum; Tet: 

Tetracycline. 

 

PD-L1 upregulation was confirmed via confocal microscopy. Flp-In™ T-REx™ cells 

were treated with tetracycline to induce EP400NL after serum stimulation then 

stained with anti-PD-L1, anti-EP400NL, and DAPI. Increased expression of 

EP400NL was detected after tetracycline induction, but no alteration in PD-L1 

expression was observed during serum-starvation regardless of EP400NL 

induction (Figure 6. 6, top two panels).  

On the contrary, all cells expressed a significantly higher level of PD-L1 after 

serum stimulation, which was further increased when EP400NL was present 

(Figure 6. 6, bottom two panels). Taken together, these results demonstrate that 

EP400NL enhances the expression of PD-L1 following serum stimulation. 

 

 

Figure 6. 5 PD-L1 protein expression levels in response to serum stimulation and 

tetracycline induction 
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Cells were treated with a combination of serum stimulation and tetracycline as 

indicated, followed by staining with anti-PD-L1 and anti-EP400NL antibodies. 

Nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI). Scale bar 

= 5 µm. 
 

 

6. 3. 2 EP400NL deletion mutants are unable to enhance serum mediated PD-

L1 expression 

To determine the domains of EP400NL that are required for its coactivator 

function, the two deletion mutants (Δ246-260 and Δ360-419, Figure 5. 9) that 

lack coactivator function were transiently expressed and examined for their ability 

to induce PD-L1 expression in the presence of serum stimulation using H1299 

Figure 6. 6 Immunocytochemical analysis of PD-L1 expression in the TAP-

EP400NL inducible Flp-In™ T-REx™ cell line 
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cells. Full-length EP400NL (1-419) and its mutants (Δ246-260 and Δ360-419) 

were cloned into mammalian expression CbF vectors, the CbF backbone was used 

to express FLAG-tagged proteins (10. APPENDIX 2). HA-GST transfected 

H1299 cells were used as a negative control since GST originated from E. coli 

which is not expected to play a role in any transcriptional regulation in 

mammalian cell lines. 

In contrast to wild-type EP400NL, neither mutant induced the expression of PD-

L1 mRNA (Figure 6. 7) or protein (Figure 6. 8). These data confirm that the 

regions of EP400NL between amino acids 246-260 and 360-419 are required for 

EP400NL to coactivate the expression of PD-L1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

H1299 cells were transiently transfected with plasmids expressing either wild type 

EP400NL or two deletion mutants (Δ246-260 and Δ360-419) and PD-L1 mRNA 

levels induced by serum stimulation were determined by RT-qPCR [Two-way 

ANOVA, F(3, 8) = 18.60, p=0.0006; post-hoc Tukey’s HSD, ***p < 0.001, ****p 

< 0.0001]. HA-GST serves as the negative control. PD-L1 expression was 

normalized against GUSB which served as a housekeeping gene.  

 

Figure 6. 7 EP400NL mutants lack the ability to coactivate serum mediated PD-

L1 expression  
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(Top panel) H1299 cells were transiently transfected with plasmids expressing 

either wild type EP400NL or two deletion mutants (Δ246-260 and Δ360-419). 

Protein expression of PD-L1, transient FLAG-tagged proteins and cMyc was 

confirmed by immunoblots. (Bottom panel) PD-L1 protein levels induced by 

serum stimulation were determined by anti-PD-L1 immunoblots [Two-way 

ANOVA, F(3, 8) = 9.763, p=0.0047; post-hoc Tukey’s HSD, *p < 0.05, **p < 0.01]. 

HA-GST serves as the negative control. Immunoblotting was conducted in 

duplicate. 
 

Figure 6. 8 EP400NL mutants lose the coactivator function for serum mediated 

PD-L1 expression (protein) 
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6. 3. 3 Lack of EP400NL hinders serum-mediated PD-L1 expression 

The two EP400NL indel lines (Indel-A, Indel-B) were used to examine PD-L1 

expression in the presence of serum stimulation. In comparison to the control 

H1299 cell line which showed a drastic increase in PD-L1 mRNA of up to 

approximately 100-fold after six hours of serum stimulation, PD-L1 was induced 

only 30-fold in the EP400NL indel cells at the same time interval (Figure 6. 9, 

top panel).  

Despite a decreased mRNA expression of PD-L1, there was no significant 

reduction in PD-L1 protein (Figures 6. 9, bottom panel, anti-PD-L1 immunoblot). 
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(Top panel) PD-L1 mRNA expression levels in H1299 cell lines carrying EP400NL 

indels in the presence of serum stimulation. The level of PD-L1 protein at the 

zero time point was set to one and the expression levels of PD-L1 were calculated 

against their basal expression levels [Two-way ANOVA, F(4,25) = 21.10, p < 

0.0001 (Serum stimulation); post-hoc Tukey’s HSD, ****p < 0.0001 (Scr. Vs. 

Indel-A or Indel-B, serum stimulation)]. (Bottom panel) Immunoblots on lysates 

generated on cells treated identically to those processed for RT-qPCR: Mock, 

gRNA-luciferase (Luci.), gRNA-scrambled random sequence (Scr.), gRNA-

EP400NL-A (Indel-A), and gRNA-EP400NL-B (Indel-B).  

 
 

 

Figure 6. 9 EP400NL enhances serum mediated PD-L1 expression 

0 6 12 24 36 

0.1

1

10

100

1000

Serum stimulation (Hours)

P
D

-L
1

 e
x
p

re
s
s
io

n
 (

m
R

N
A

)

Mock

Luciferase

Scramble

Indel mutation (A)

Indel mutation (B)

****



 

138 

 

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, RuvBL1, 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. 

 

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 

Figure 6. 10 Schematic of PD-L1 promoter containing an E-box region  
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initially confirmed by immunoblotting (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 (±Serum/± Tetracycline) were examined by immunoblots. 

TAP-EP400NL (CBP tagged) was detected by an anti-CBP antibody.  

 

Furthermore, chromatin was isolated after the four treatments (A: Serum-

/Tetracycline-, B: Serum-/Tetracycline+, C: Serum+/Tetracycline-, and D: 

Serum+/Tetracycline+) and subsequently sonicated. The optimal size of 

chromatin for ChIP is in the range of 500-700 bp, and this was confirmed following 

sonication (Figure 6. 12)(Chapter section 2. 6. 2). 

Figure 6. 11 Confirmation of protein expression for ChIP assay 
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Chromatin was sonicated for 2 minutes and confirmed by 1% agarose gel 

electrophoresis. 15 μL and 30 μL of each sonicated chromatin were loaded. Green 

arrows show the sonicated fragments are in the range of 500bp to 750bp in length. 

A: Serum-/ Tetracycline-, B: Serum-/ Tetracycline+, C: Serum+/ Tetracycline-, 

and D: Serum+/ Tetracycline+.  

 
 

6. 4. 2 The EP400NL complex is targeted to the PD-L1 promoter in a Myc-

dependent manner 

To investigate whether EP400NL is recruited to the PD-L1 promoter in a Myc-

dependent manner, ChIP was performed following induction of TAP-EP400NL 

expression in Flp-In™ T-REx™ cells. Despite serum stimulation, no significant 

increase in cMyc enrichment was detected at the PD-L1 promoter (Figure 6. 13, 

cMyc panel), however, TAP-EP400NL induction enhanced cMyc enrichment upon 

serum stimulation.  

Two potential ATPases (BRG1 and RuvBL2) (Puri et al., 2007, Wu et al., 2017) 

that were identified as the associated proteins with EP400NL were also examined 

for enrichment at the PD-L1 promoter. BRG1 and RuvBL2 showed a similar 

recruitment pattern in which both serum stimulation and tetracycline induction 

of EP400NL resulted in a higher enrichment than serum stimulation or induction 

of EP400NL individually (Figure 6. 13, BRG1 and RuvBL2 panels, stripped bars 

Figure 6. 12 Confirmation of optimal chromatin fragmentation 
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versus dark or light grey bars). These data indicate that cellular signals induced 

by serum stimulation are a prerequisite for the enrichment of BRG1 and RuvBL2 

ATPases near the E-box of the PD-L1 gene, which can be significantly enhanced 

by the upregulated EP400NL. Unexpectedly, no specific RuvBL1 enrichment can 

be detected from our ChIP-qPCR assay given that RuvBL1 and RuvBL2 are the 

binding partners in most of the chromatin remodelling complexes (Figure 6. 13, 

RuvBL1 panel) (Lopez-Perrote et al., 2014, Puri et al., 2007, Choi et al., 2009). 

Taken together, these results indicated that increased EP400NL expression in the 

presence of serum stimulation enhances recruitment of its interactors including 

cMyc, BRG1, and RuvBL2. 
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Enrichment of cMyc, EP400NL, BRG1, RuvBL1, and RuvBL2 at the PD-L1 

promoter of Flp-In™ T-REx™ cell line stably expressing tetracycline-inducible 

EP400NL. The purified DNA after ChIP reactions was analyzed by qPCR over 

the regions of PD-L1 promoter (Myc binding site) or GAPDH promoter. Four 

combinations of the experimental conditions (the presence and absence of serum 

and tetracycline: ±Ser/±Tet) were used in the ChIP analyses [Two-way ANOVA, 

F (1,8) = 36.01, p = 0.0003 (cMyc), F(1,8) = 263.7, p < 0.0001 (CBP), F (1,8) = 

13.57, p = 0.0062 (BRG1), F (1,8) = 121.5, p <0.0001 (RuvBL2); post-hoc Tukey’s 

HSD, *p < 0.05, **p < 0.01, ***p < 0.001]. 
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Figure 6. 13 EP400NL complex is recruited at the PD-L1 promoter in a cMyc 

dependent manner 
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6. 4. 3 Investigation of the interaction between EP400NL and associated 

candidates  

To examine if the interaction of EP400NL with associated cMyc, BRG1, RuvBL1, 

and RuvBL2 occurs under physiological conditions, a serum stimulation 

experiment was conducted using the stable Flp-In™ T-REx™ cell line expressing 

tetracycline-inducible TAP-EP400NL.  

Following tetracycline induction and serum stimulation, TAP-EP400NL was 

precipitated by streptavidin beads (Figure 6. 14, top panel) and the presence of 

endogenous cMyc, BRG1, RuvBL1, and RuvBL2 was detected in the precipitates 

(Figure 6. 14, top panel, lanes 6 and 8). Then this was reversed, antibodies against 

cMyc, BRG1, RuvBL1, or RuvBL2 were used to precipitate TAP-EP400NL 

(Figure 6. 14, bottom panel, lanes 6, 8, 10, and 12). These results further support 

the hypothesis that cMyc directly interacts with the EP400NL nuclear complexes 

containing BRG1, RuvBL1, and RuvBL2 and those interactions can be further 

stabilised by EP400NL. 
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(Top panel) Co-immunoprecipitation experiments for the protein-protein 

interaction of EP400NL, cMyc, BRG1, RuvBL1, and RuvBL2. EP400NL protein 

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 experiments 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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6. 5 EP400NL in IFNγ mediated PD-L1 expression 

PD-L1 expression is induced in tumours in response to the proinflammatory 

cytokine IFNγ, which is secreted by tumor-infiltrating T cells (Chen et al., 2016). 

This induction is mainly associated with the stimulation of multiple pathways 

such as the JAK/STAT and PI3K-AKT-mTOR signalling pathway (Lastwika et 

al., 2016). Thus, in addition to coactivating PD-L1 expression, an investigation 

into whether EP400NL also coactivates IFN-γ mediated PD-L1 expression was 

conducted. 

6. 5. 1 IFNγ mediated PD-L1 expression patterns in Flp-In™ T-REx™ and 

H1299 cell lines 

To examine whether IFNγ upregulates PD-L1 mRNA expression in either Flp-

In™ T-REx™ and H1299 cell lines, cells were treated with increasing 

concentrations of IFNγ followed by RT-qPCR analysis. No significant induction 

of PD-L1 mRNA expression was detected from Flp-In™ T-REx™ cells until the 

concentration of IFNγ reached 20 ng/mL (Figure 6. 15, left panel). On the other 

hand, 5 ng/mL of IFNγ promoted the PD-L1 mRNA expression up to 14-fold in 

H1299 cells, therefore these cancer cells are extremely sensitive to IFNγ in 

comparison to the non-cancer epithelial HEK293 cells (Figure 6. 15, right panel). 

Two minimum concentrations of IFNγ (5 ng/mL for H1299; 20 ng/mL for Flp 

In™ T-REx™) were adopted for inducing PD-L1 mRNA expression in subsequent 

experiments. 
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PD-L1 mRNA expression pattern in Flp-In™ T-REx™ (left panel) and H1299 cells 

(right panel) after IFNγ treatment. Pink arrows indicate the selected 

concentration of IFNγ for subsequent experiments. 

 

6. 5. 2 EP400NL positively regulates IFNγ-mediated PD-L1 expression 

To explore the role of EP400NL in regulating IFNγ-mediated PD-L1 expression, 

the inducible Flp-In™ T-REx™ cell line was used to determine whether TAP-

EP400NL coactivates IFNγ mediated PD-L1 expression. Cells for IFNγ-mediated 

experiments were treated using the same protocol as the serum mediated PD-L1 

experiments in the previous section (6. 2. 1) with an additional 20 ng/mL IFNγ 

treatment in the last 24 hours of incubation. 

IFNγ also increased PD-L1 mRNA expression by approximately 2-fold and 

additional treatment of either serum stimulation or EP400NL induction resulted 

in an additive effect (Figure 6. 16). Interestingly, PD-L1 gene expression was 

synergistically upregulated up to eight-fold with IFNγ sensitization, serum 

stimulation, and tetracycline induction (IFNγ+/Serum+/Tetra+) (Figure 6. 16, 

stripped bar). A similar pattern of PD-L1 protein expression was observed in the 

Figure 6. 15 IFNγ mediated PD-L1 expression patterns in Flp-In™ T-REx™ and 

H1299 
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triple-treated cells (IFNγ+/Serum+/Tetra+) with a 2. 5-fold increase compared 

to the control cells (Figure 6. 17, anti-PD-L1 immunoblot).   

 

 

 

 

 

 

Flp-In™ T-REx™ cells were treated under five different conditions 

(±IFNγ/±Ser/±Tet) and PD-L1 expression was analysed by RT-qPCR. PD-L1 

mRNA expression level in response to a combination of serum (Ser) stimulation, 

tetracycline (Tet) induction, and IFNγ sensitization [One-way ANOVA, F (4,15) 

= 30.42, p < 0.007; post-hoc Tukey’s HSD, *p < 0.05, ***p < 0.001]. 

Protein levels of endogenous PD-L1 under five different conditions 

(±IFNγ/±Ser/±Tet) was examined by immunoblots (Left panel). The relative 

intensities of PD-L1 protein levels are quantified and plotted in the right panel 

[Ordinary one-way ANOVA, F (4,5) = 18.81, p = 0.0032; post-hoc Tukey’s HSD, 

*p < 0.05]. Immunoblotting was conducted in duplicate. 

Figure 6. 16 PD-L1 mRNA expression levels in response to IFNγ sensitization, 

serum stimulation, and tetracycline induction 

Figure 6. 17 PD-L1 protein expression levels in response to IFNγ sensitization, 

serum stimulation, and tetracycline induction 
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PD-L1 protein upregulation was subsequently confirmed via confocal microscopy. 

Flp-In™ T-REx™ cells were cultured in the presence or absence of tetracycline and 

IFNγ then stained with anti-PD-L1, anti-EP400NL, and DAPI. Increased 

expression of EP400NL was detected after tetracycline induction, but no 

alteration in PD-L1 expression was observed following the treatment in the 

absence of IFNγ even when TAP-EP400NL was induced by tetracycline (Figure 

6. 18, top two panels). On the contrary, all cells expressed a significantly higher 

level of PD-L1 after IFNγ treatment, which was further increased under the 

induction of EP400NL (Figure 6. 18, bottom two panels). These data demonstrate 

that the inducing ability of serum and IFNγ requires the presence of EP400NL to 

increase PD-L1 expression. 
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Immunocytochemical analysis of PD-L1 in the TAP-EP400NL inducible Flp-In™ 

T-REx™ cell line. Cells were treated with either a combination of IFNγ 

sensitization and tetracycline induction followed by the staining with the anti-

PD-L1 and anti-EP400NL antibodies. Nuclei were counterstained with 4,6-

diamidino-2-phenylindole (DAPI). Scale bar denotes 5 µm. 

 

 

Figure 6. 18 Immunocytochemical analysis of IFNγ mediated PD-L1 in the TAP-

EP400NL inducible Flp-In™ T-REx™ cell line 
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6. 5. 3 EP400NL deletion mutants in regulating IFNγ mediated PD-L1 

expression 

To understand the domains of EP400NL coactivator function in IFNγ mediated 

PD-L1 expression, the two deletion mutants (Δ246-260 and Δ360-419) that lack 

the coactivator function were examined for regulating PD-L1 expression in the 

presence of IFNγ sensitization. In contrast to wild type EP400NL, neither mutant 

induced expression of PD-L1 mRNA (Figure 6. 19) or protein (Figure 6. 20) in 

H1299 cells. Taken together, combining the experimental data from inducing PD-

L1 mRNA expression under serum stimulation, these data further confirm that 

the regions of EP400NL between amino acids 246-260 and 360-419 are important 

in regulating the EP400NL-mediated coactivator function of PD-L1 gene 

activation. 

 

 

 

 

 

 

 

 

 

 

 

H1299 cells were transiently transfected with plasmids expressing either wild type 

EP400NL or two deletion mutants (Δ246-260 and Δ360-419) and PD-L1 mRNA 

levels induced by IFNγ sensitization were determined by RT-qPCR assays [Two-

way ANOVA, F (3,8) = 7.112, p = 0.012 (IFNγ sensitization); post-hoc Tukey’s 

HSD, *p < 0.05, **p < 0.01]. HA-GST serves as the negative control. 
 

Figure 6. 19 EP400NL mutants lose the coactivator function for IFNγ-mediated 

PD-L1 expression (mRNA). 
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(Top panel) H1299 cells were transiently transfected with plasmids expressing 

either wild type EP400NL or two deletion mutants (Δ246-260 and Δ360-419). 

Protein expression of the transient FLAG-tagged proteins and PD-L1 was 

confirmed by anti-FLAG immunoblot and anti-PDL1 immunoblot respectively. 

(Bottom panel) PD-L1 protein levels induced by serum stimulation were 

determined by anti-PD-L1 immunoblots [Two-way ANOVA, F(3, 8) = 2.301, 

p=0.1540; post-hoc Tukey’s HSD, *p < 0.05, **p < 0.01]. HA-GST serves as the 

negative control. Immunoblotting was conducted in duplicate. 

 

 
 

Figure 6. 20 EP400NL mutants lose the coactivator function for IFNγ-mediated 

PD-L1 expression (protein) 
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6. 5. 4 EP400NL indel mutants in regulating IFNγ mediated PD-L1 expression 

 

To investigate if a reduced expression of EP400NL results in decreased IFNγ 

mediated PD-L1 expression, the two EP400NL indel lines (Indel-A, Indel-B) were 

used to examine PD-L1 expression following IFNγ sensitization over a time course 

of 24 hours. After 9 hours of treatment, IFNγ sensitization resulted in a lower 

level of PD-L1 expression from the EP400NL indel cell lines compared to the 

three control cell lines (mock, luciferase, and scramble) (Figure 6. 21).  

Taken together, the loss of function studies using CRISPR/Cas9-mediated indels 

confirmed the critical role of EP400NL in driving both serum and IFNγ-mediated 

PD-L1 transcriptional activation. However, similarly to that seen with serum 

mediated PD-L1 protein expression data (6. 3. 3), the weaker transcriptional 

activity of the PD-L1 gene caused by EP400NL indels failed to show significant 

downregulation of PD-L1 protein levels (Figures 6. 21, anti-PD-L1 immunoblot). 
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PD-L1 mRNA expression levels in H1299 cell lines carrying EP400NL indels. (Top 

panel) This experiment was conducted under the condition of IFNγ sensitization. 

The basal PD-L1 expression level of each cell line set to one and the expression 

levels of PD-L1 was calculated against their basal expression levels [Two-way 

ANOVA, F(3,20) = 36.56, p < 0.0001 (IFNγ sensitization); post-hoc Tukey’s HSD, 

**p < 0.001 (Scr. versus Indel-A, IFNγ sensitization), ***p < 0.001 (Luci. Vs. 

Indel-A, IFNγ sensitization)]. (Bottom panel) EP400NL immunoblots for H1299 

cell lines established by CRISPR-Cas9 system: Mock, gRNA-luciferase (Luci.), 

gRNA-scrambled random sequence (Scr.), gRNA-EP400NL-A (Indel-A), and 

gRNA-EP400NL-B (Indel-B). Protein expression levels of endogenous PD-L1 

under IFNγ sensitization were examined by immunoblots. 
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Figure 6. 21 EP400NL enhances IFNγ mediated PD-L1 expression 
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6. 6 Discussion 

EP400NL overexpression studies were conducted using the Flp-In™ T-REx™ cell 

line as it can stably express TAP-EP400NL in a tetracycline-dependent manner, 

in which induced expression of EP400NL enhanced the expression of PD-L1 in 

the presence of serum. A higher level of PD-L1 expression is a predictor of 

recurrent cancer incidence and is associated with poor cancer prognosis (Qin et 

al., 2015, Kojima et al., 2021), thus, methodologies to decrease the expression of 

PD-L1 in cancer cells have become a prominent focus in cancer research. Among 

all types of cancers, lung cancer remains the leading cause of cancer-related death 

worldwide, of which NSCLC is one of the most aggressive and devastating 

malignancies despite the development of targeted therapies (Akbay et al., 2013, 

DeSantis et al., 2014, Siegel et al., 2014, Cao et al., 2017b). Due to practical and 

applicational perspectives, it is meaningful to link this research to translational 

studies by using H1299 which is a non-small cell lung carcinoma (NSCLC) cell 

line. Compared to other high PD-L1 expressing lung cancer cell lines including 

H157, H441, H1975, and HCC827, the H1299 exhibits relatively lower PD-L1 

expression (Cao et al., 2017a) which is suitable for monitoring subtle changes of 

expression caused by epigenetic modifications and transcriptional regulation. 

Therefore, in addition to the Flp-In™ T-REx™ cell line that stably expresses TAP-

EP400NL under tetracycline induction, H1299 was exploited to study the loss of 

coactivator function of EP400NL.  

Serum stimulation of both H1299 and Flp-In™ T-REx™ cells induced PD-L1 

expression (Figure 6. 3, A and B). Interestingly, despite the transcriptional 

upregulation of PD-L1 in both cell lines, they exhibit different expression kinetics 

after serum stimulation. H1299 displayed a significantly higher PD-L1 expression 

of up to 7.2-fold in an early response to 20% serum incubation and gradually 

dropped to about 1.5-fold compared to the non-serum stimulated cells. In 

comparison, the established Flp-In™ T-REx™ cells showed an increase in PD-L1 

mRNA expression of up to approximately 3.2-fold after 20% serum stimulation 
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but remained relatively steady at this level across incubation time. Thus, it is 

likely that H1299 significantly increases the membranous PD-L1 expression 

immediately after serum stimulation and exploits this as a protective strategy for 

the enhancement of immune evasion.  

Although Myc expression was not altered significantly by serum stimulation in 

the EP400NL inducible Flp-In™ T-REx™ cells, serum stimulation in the presence 

of EP400NL enhances Myc binding to the PD-L1 promoter. ChIP data shows that 

the recruitment of EP400NL to the target promoter requires the binding of DNA 

binding transcription factors such as Myc to the promoter (Wang et al., 2021). 

Myc may be one of the main upregulated factors by the addition of serum which 

serves as a prerequisite binding partner of EP400NL. Thus, a Myc knockdown 

experiment may confirm and provide insights into the accuracy of the premises. 

It is also of interest to investigate if other components in the serum contribute to 

the PD-L1 induction.  

Myc-dependent target gene activation is a multi-step process in which the binding 

of Myc to the target 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).  
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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, 

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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7. SUMMARY  

Functional characterization of EP400NL in chromatin remodelling and 

transcriptional regulation was conducted in this research project. Although 

previously annotated as a pseudogene, EP400NL encodes an expressed protein 

that forms a hNuA4-like chromatin remodelling complex. This complex differs 

from EP400 in that it lacks both the TIP60 histone acetyltransferase as well as 

the EP400 ATPase. EP400NL displays extremely high protein sequence similarity 

up to 92% to the N-terminal domain of its homologous gene EP400 and associates 

with multiple functional proteins found in the hNuA4 complex including BRD8, 

BAF53, DMAP1, GAS41, MRG15, MRGBP, RuvBL1, and RuvBL2, suggesting 

the EP400NL complex may share similar nuclear functions to the novel hNuA4 

complex.  

Despite no histone acetyltransferase activity being detected, which is consistent 

with the lack of TIP60 histone acetyltransferase in the complex from the mass 

spectrometric analysis, the novel complex can exchange ATP-dependent H2A.Z-

H2B dimers in vitro. This further supports the coactivator function of EP400NL 

under serum stimulation, specifically in serum and IFNγ-mediated PD-L1 gene 

activation, by depositing the histone variant H2A.Z into an artificial nucleosomal 

substrate in vitro.  

EP400 stabilizes Myc to enhance Myc targeted gene expression (Tworkowski et 

al., 2008, Zhao et al., 2017), therefore, a luciferase reporter system was developed 

to examine if EP400NL induces gene expression in a Myc-dependent manner. In 

this reporter assay, four deletion mutants of EP400NL were generated based on 

InterPro prediction and used to compare with the full-length EP400NL to explore 

its transcriptional regulatory function. Two deletion mutants (Δ246-260) and 

(Δ360-419), which overlap with the EP400 homology domain, significantly 

reduced GAL4-Myc activity compared to the full-length EP400NL (1-419), 
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indicating that the two deleted regions may be essential for transcriptional 

coactivation.  

Myc directly binds 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 whether 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, 1989a, 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 mediated 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 remained 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 transforms 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.  

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 transcription activators such as Myc 

recruit the EP400NL complex at the target promoter to allow localised chromatin 

remodelling for transcriptional activation. 

Figure 7. 1 Working model of cMyc-dependent recruitment of EP400NL complex 

and transcriptional activation of target genes 
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7. 1 CONCLUSION AND FUTURE DIRECTIONS 

In this study, we found EP400NL forms a chromatin-remodelling complex similar 

to the hNuA4 histone acetyltransferase complex or EP400 complex but with a 

unique interaction with BRG1. EP400NL is not an ATPase and displays no 

histone acetyltransferase activity, but our studies demonstrate that its nuclear 

multi-protein complex can catalyse an ATP-dependent H2A.Z deposition which 

may be due to the association with multiple ATPases including RuvBL1, RuvBL2, 

and BRG1. In addition, upregulation of EP400NL enhances PD-L1 gene 

expression mediated by cMyc and IFNγ-regulated transcription factors. 

Collectively, our studies show that EP400NL plays a role as a transcription 

coactivator for both cMyc and IFNγ mediated gene expression and provides a 

potential target to modulate PD-L1 expression in cancer immunotherapy. 

EP400NL is only 13.4% the size of EP400 but with a 92% sequence similarity to 

the N-terminal domain of the EP400. Despite being annotated as an EP400 

pseudogene 1 (EP400P1), not only can it be transcribed and translated but the 

data presented in this thesis show that the EP400NL complex exhibits H2A.Z 

deposition activity. Moreover, unlike its neighbouring paralog, EP400, it is a novel 

transcriptional activation complex with a unique interaction with BRG1.  

Future studies should be conducted in vivo (cultured cells or animal models) to 

determine whether EP00NL deposits H2A.Z in vivo and if this is required for PD-

L1 transcriptional activation. Moreover, it would be also pertinent to determine 

whether BRG1 or RuVBL1/2 directly contribute to the ATP-dependent exchange 

of H2A.Z-H2B. Since neither the presence of EP400 nor EP400NL was detected 

from an anti-EP400NL or an anti-EP400 immunoblot after immunoprecipitation 

(Figure 4. 14). Given the fact that EP400NL-associated proteins incorporate 

H2A.Z into the assembled chromatin, thus, in addition to the EP400NL associated 

ATPases such as BRG1 or RuVBL1/2, future investigations need to be carried 
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out to understand if SRCAP or other known H2A.Z-incorporating enzymes can 

potentially interact with EP400NL. 

Given that most experiments in this research rely on the overexpression of 

EP400NL, the function of the endogenous protein should be investigated in the 

future. Even though the expression of the endogenous EP400NL and the TAP-

EP400NL are both enriched in the soluble nuclear fraction, they do not seem to 

have the same partitions between the various fractions (Figure 3. 5, left panel). 

It is an important point given that it may indicate that the overexpressed protein 

does not completely recapitulate features of the endogenous protein. The 

established polyclonal EP400NL indel mutation cells provided some insights on 

how the partial loss of the endogenous expression of EP400NL affects the 

transcriptional regulation of both Myc and IFNγ mediated PD-L1 expression. 

Further studies using monoclonal EP400NL indel cells would provide more solid 

evidence to show how the complete loss of the endogenous expression of EP400NL 

defects the transcription, it would be meaningful to further confirm if the ectopic 

expression of EP400NL complements the defects observed in the genome-edited 

cell line by CRISPR/Cas9.   

A different approach to investigating the loss of function of EP400NL in 

transcription is by using the deletion mutants of EP400NL, two deletion mutants 

(Δ246-260 and Δ360-419) which are defective for GAL4Myc co-activator activity 

were found from the dual luciferase assay (Figure 5. 12 and Figure 5. 13). These 

data indicate that these two regions might be critical for interacting with BAF53 

for the oncogenic transformation and Myc mediated transcription. As the 

assumption of EP400NL being one of the coactivators of Myc which is a global 

transcription factor, EP400NL needs to be colocalized with Myc in the nuclei for 

participating in multiple Myc mediated nuclear events. Regardless of the technical 

difficulties in the explicit separation between the cytoplasmic and the soluble 

nuclear fractions which may cause such observations: a very low level of 

endogenous EP400NL was detected in the cytoplasmic fraction from the 
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fractionation results despite both the endogenous EP400NL and the induced 

TAP-EP400NL is predominantly from the soluble nuclear fraction. Thus, 

deciphering the subcellular localization of these mutants might answer questions 

including if these mutants are unable to be transported back into the nuclei after 

being produced in the cytoplasm as lacking these domains or if they are more 

likely to shuffle between the nuclei and cytoplasmic rather than stabilized in the 

nuclei due to the lack of these two specific regions comparing to the full-length 

EP400NL. Since dimerized Myc/Max binds specifically to the E-box of the 

promoter region for promoting Myc targeted PD-L1 expression, it is of interest to 

investigate if EP400NL coactivates PD-L1 expression in a Myc dependent manner 

when the E-box region was either mutated or deleted. The coactivator function 

of EP400NL was also studied by exploiting cell proliferation assays. The 

proliferation rate significantly increased under both serum stimulation and 

tetracycline induction in Flp-In™ T-REx™ cells and correspondingly decreased 

when EP400NL was indel mutated by CRISPR/Cas9 in H1299 cells. To apply 

this result and connect it to the field of translational research, other non-small 

cell lung cancer cell lines such as (H1437, H1568, and H1395) which exhibit 

comparable PD-L1 expression should be tested to see if the loss of EP400NL can 

decrease the proliferation rate and potentially slow the process of the cancer 

progression. 

Gene expression profiling of 54 tissues from GTEx RNA-sequence shows that 

EP400 is ubiquitously expressed at a high level in many tissues whereas higher 

EP400NL expression is restricted only in the testis and pituitary gland, suggesting 

a specialised function in those tissues. The exon regions of EP400NL are highly 

conserved across mammals, suggesting that the unique function is conferred by 

EP400NL may not be redundant with EP400. Although EP400NL modifies Myc 

and IFNγ mediated PD-L1 expression by forming a unique nuclear complex, the 

specific functional domains and direct binding partners of EP400NL remain to be 

identified. Therefore, elucidating the binding domains of EP400NL and how these 
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interacting 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 

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). 

 

 

 

Table A. 1 HRM primer sequences used for detecting indel mutations in the 

coding region of EP400NL 

Figure A. 1 Genomic location of the HRM primers 
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HRM PCR reactions were carried out using Luna® Universal qPCR Master Mix 

as described below. Forward and reverse primers were premixed to a final 

concentration of 10 µM and 1 µL was used for each reaction. Annealing 

temperatures for primer pairs are shown in table A.3. Reactions were in a total 

volume of 10 µL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 2 Luna® Universal qPCR reaction composition 

Table A. 3 HRM PCR protocol using Luna® Universal qPCR Master Mix 
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9. 2 Protocol for Real-Time qRT-PCR 

HRM PCR Protocol Reactions were carried out using SensiFAST™ SYBR® No-

ROX One-Step Kit as described below and Chapter 2. 6. Forward and reverse 

primers were premixed to a final concentration of 10 µM and 2 µL was used in 

each reaction. Reaction programs were set up in the qPCR machine for unbiased 

cDNA synthesis and followed by highly sensitive, real-time PCR detection in a 

single PCR tube. Reactions were in a total volume of 20 µL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 4 SensiFAST™ SYBR® No-ROX One-Step qPCR reaction composition 

Table A. 5 Real-Time qRT-PCR protocol using SensiFAST™ SYBR® No-ROX 

One-Step Kit 
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9. 3 Protocol for ChIP-qPCR 

ChIP-qPCR reactions were carried out using Luna® Universal qPCR Master Mix 

as described below and in Chapter 2. 6. 2. Forward and reverse primers were 

premixed to a final concentration of 5 µM (10 ×) and 2.5 µL was used per reaction. 

Annealing temperatures for primer pairs are shown in table A.3. Annealing 1 was 

employed for FLAG-GAL4Myc enrichment, annealing 2 was employed for the 

enrichment of candidate proteins that interacted with EP400NL. Reactions were 

in a total volume of 25 µL. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 6 Luna® Universal ChIP-qPCR reaction composition 

Table A. 7 ChIP-qPCR protocol using Luna® Universal qPCR Master Mix 
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9. 4 Protocol for Lentiviral Titration using qRT-PCR 

Lentiviral Titration using qRT-PCR was carried out using Abcam's qPCR 

Lentivirus Titer Kit as described below. Viruses were collected, centrifuged at 

1000 rpm (100 rcf) for 5 minutes and lysed with viral lysis buffer in a ratio of 1:9 

followed by room temperature incubation for 3 minutes. Virus samples were tested 

with the standards (STD1 and STD2) provided by the lentivirus titer kit. 

Reactions were in a total volume of 25 µL. The lentiviral titer was calculated 

based on the Abcam lentivirus titer calculator from their official website. 

https://old.abmgood.com/viralexp/lentivirus-calculator.php. 

 

 

 

 

 

 

 

 

Table A. 8 Abcam's lentiviral titration qRT-PCR reaction composition 

Table A. 9 Lentiviral titration protocol using Abcam's qPCR Lentivirus Titer Kit 
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10. APPENDIX 2  

CbF plasmid map 

Vector map determined from Invitrogen Vector NTI software. The backbone of 

all the FLAG-tagged plasmids in this research. 

Figure A. 2 A vector map of the CbF transient mammalian expression vector for 

the expression of the FLAG tagged proteins 
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11. APPENDIX 3  

11. 1 Melting curves and melting peaks of GUSB and PD-L1 

 

Melting curves (A), Melting peaks (B). A single amplicon of either PD-L1 or 

GUSB was generated, verifying a single PCR product for each gene. The melting 

temperature for PD-L1 and GUSB is around 78 °C and 82 °C respectively in the 

Real-Time qRT-PCR. 

Figure A. 3 Melting curve and melting peak of GUSB gene and PD-L1 gene in 

quantitative real-rime PCR. 
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11. 2 Melting curves and melting peaks of DBS and p21 

 

Melting curves (A), Melting peaks (B). A single amplicon of either DBS or p21 

was generated, verifying a single PCR product for each genetic region. The 

melting temperature for p21 and DBS (DNA binding site) is around 76 °C and 

88 °C respectively in the ChIP-qPCR. 

 

 

 

 

 

 

 

Figure A. 4 Melting curve and melting peak of DBS and p21 in chromatin 

immunoprecipitation quantitative PCR 
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11. 3 Melting curves and melting peaks of PD-L1 and GAPDH 

Melting curves (A), Melting peaks (B). A single amplicon of either PD-L1 or 

GAPDH was generated, verifying a single PCR product for each genetic region. 

The melting temperature for PD-L1 and GAPDH is around 82 °C and 92 °C 

respectively in the ChIP-qPCR. 
 

 

 

 

Figure A. 5 Melting curve and melting peak of PD-L1 and GAPDH in chromatin 

immunoprecipitation quantitative PCR 
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11. 4 Melting curves and melting peaks of WPRE in lentiviral titration 

Melting curves (A), Melting peaks (B). The melting temperature for WPRE is 

around 90 °C in the qPCR analysis for lentiviral titration. 

 

 

 

 

 

 

 
 

Figure A. 6 Melting curve and melting peak of WPRE in Lentiviral Titration 
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12. APPENDIX 4 

The identification and quantification of proteins using Thermo Scientific™ 

Proteome Discoverer™ software 

 

The mass spectrometry analysis was performed by Trevor Loo in the School of 

Natural Sciences Mass Spectrometry Lab. Peptides were analyzed using a bottom-

up proteomic methodology, which is a proteomic technique capable of identifying 

a very low abundance of proteins or peptides in a sample. It measures the accurate 

masses within a sample by ionizing the chemical species and sorting the ions based 

on their mass-to-charge ratio for specific peptide detection. The cleavage of the 

peptide bond primarily leads to either an acylium ion, when the charge was 

retained on the N-terminal side of the peptide or a protonated peptide when the 

charge was retained at the C-terminal side of the peptide and these ions were 

indicated as ‘bn’ and ‘yn’ ions, respectively. The unknown amino acid sequence 

can be read from the two complementary series of ions in the mass spectrum. The 

identified peptides were assigned back to a comprehensive protein database using 

a method called protein inference (Nesvizhskii and Aebersold, 2005).  

Proteome Discoverer™ Software 2.2 (Thermo Scientific™) was utilized for the 

identification of peptide sequences. Given a relatively low abundance of the 

protein sample, the coverage of the peptides is around 15%-20% but with all the 

specific unique peptides detected and have been recognized as “true” detections 

rather than “false” detections in the software default setting. The “true” labelled 

peptides were the real interacting candidates, and the “false” labelled ones were 

the contaminants. An embedded file of contaminants listed in this software 

summarized proteins commonly found in proteomics experiments that are present 

either by accident or through unavoidable contamination of protein samples. PSM 

(peptide-spectrum match) was also being monitored and the number was either 

equal or higher than the unique peptides which was a good indicator suggesting 

multiple encounters of the same unique peptides were found in the sorting process, 
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however, the number is generally lower than 10 suggesting a relatively low 

abundance of the protein sample. 

A total of 17 gel pieces were trypsinized and followed by the mass spectrometric 

analysis. No functional proteins were identified from gel slices No.1 and No.2. The 

eighteen EP400NL associated functional protein candidates have been identified 

from gel slice No.3 to gel slice No17. Identified protein candidates that are known 

to be involved in either chromatin remodelling, or transcriptional regulation were 

specifically analysed. 

 

 

Table A. 11 Proteins identified from gel slice No.4 

Table A. 10 Proteins identified from gel slice No.3 
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Table A. 12 Proteins identified from gel slice No.5 

Table A. 13 Proteins identified from gel slice No.6 

Table A. 14 Proteins identified from gel slice No.7 
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Table A. 16 Proteins identified from gel slice No.9 

Table A. 15 Proteins identified from gel slice No.8 
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Table A. 18 Proteins identified from gel slice No.11 

Table A. 17 Proteins identified from gel slice No.10 
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Table A. 19 Proteins identified from gel slice No.12 

Table A. 20 Proteins identified from gel slice No.13 
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Table A. 22 Proteins identified from gel slice No.15 

 

Table A. 21 Proteins identified from gel slice No.14 
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Table A. 24 Proteins identified from gel slice No.17 

Table A. 23 Proteins identified from gel slice No.16 
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13. APPENDIX 5 

Cell cycle analysis and doublets/multiplets discrimination in flow 

cytometry  

13. 1 Flp-In™ T-REx™ cells in four different conditions (±Serum/± 

Tetracycline)   
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Figure A. 7 Cell cycle analysis of Flp-In™ T-REx™ cells using propidium iodide 

Three fractions (subG1, G1, and G2/M) were separated based on the software 

manual. Approximately 10000 particles were applied in each analysis. Partec 

CyFlow software identifies two peaks in G1 and G2/M. No peaks were identified 

from the subG1 phase (Left panels). Cells were simultaneously separated by 

forward scatter (FSC) and side scatter (SSC) (Right top panels). Doublets and 

multiplets were subsequently eliminated by plotting the height (H) against the 

area (A) (Right bottom panels). A: -Serum/-Tetracycline; B: -

Serum/+Tetracycline; C +Serum/-Tetracycline; D: +Serum/+Tetracycline. 
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13. 2 Cell cycle analysis using wild type and EP400NL indel mutated H1299 

cells 
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Three fractions (subG1, G1, and G2/M) were separated based on the software 

manual. Approximately 10000 particles were applied in each analysis. Partec 

CyFlow software identifies two peaks in G1 and G2/M. No peaks were identified 

from the subG1 phase. Cell counts decreased in the G2/M phase in EP400NL 

indel cell lines (D, E) compared to the wild type H1299 (A) and two negative 

controls (B, C) (Left panels). Cells were simultaneously separated by forward 

scatter (FSC) and side scatter (SSC) (Right top panels). Doublets and multiplets 

were subsequently eliminated by plotting the height (H) against the area (A) 

(Right bottom panels). A: Wild type H1299; B: Luciferase, gRNA-luciferase; C: 

Scramble, gRNA-scrambled random sequence; D: Indel mutation A, gRNA-

EP400NL-A; E: Indel mutation B, gRNA-EP400NL-B.   

Figure A. 8 Cell cycle analysis of H1299 cells using propidium iodide 
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14. APPENDIX 6 

14. 1 Raw data for quantifying PD-L1 mRNA by RT-qPCR 

                                          

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                               

 

 

 

 

 

 

 

 

 

Table A. 25 CT values of housekeeping gene (GUSB) and data analysis 

for constructing a standard curve for GUSB 

Table A. 26 CT values of target gene (PD-L1), data analysis for constructing a 

standard curve for PD-L1, and fold change normalization (PD-L1) against GUSB 
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Standard curve quantification is performed by constructing a standard curve for 

the reference gene GUSB, and plotting the CT values against log[quantity] of a 

dilution series of known amounts (80 ng/μL, 16 ng/μL, 3.2 ng/μL) 

 

 

 

 

                                                                                                                                    

                           

 

 

 

 

 

 

 

 

 

 

Standard curve quantification is performed by constructing a standard curve for 

target gene PD-L1, and plotting the CT values against log[quantity] of a dilution 

series of known amounts (80 ng/μL, 16 ng/μL, 3.2 ng/μL) 

 

 

 

 

 

 

 

 

 

Figure A. 9 Standard curve of the housekeeping gene GUSB 

Figure A. 10 Standard curve of the target gene PD-L1 
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14. 2 Raw data for quantifying PD-L1 mRNA in Flp-In™ T-REx™ cells 

 

    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 27 CT values of housekeeping gene (GUSB) and data analysis for 

constructing a standard curve for GUSB 

Table A. 28 CT values of target gene (PD-L1), data analysis for constructing a 

standard curve for PD-L1, and fold change normalization (PD-L1) against GUSB 
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Standard curve quantification is performed by constructing a standard curve for 

the reference gene GUSB, and plotting the CT values against log[quantity] of a 

dilution series of known amounts (500 ng/μL, 100 ng/μL, 20 ng/μL) 

 

 

 

 

 

 

 

    

 

 

 

 

 

Standard curve quantification is performed by constructing a standard curve for 

target gene PD-L1, and plotting the CT values against log[quantity] of a dilution 

series of known amounts (500 ng/μL, 100 ng/μL, 20 ng/μL) 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 11 Standard curve of the housekeeping gene GUSB 

Figure A. 12 Standard curve of the target gene PD-L1 
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14. 3 Raw data for quantifying PD-L1 mRNA in H1299 cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 29 CT values of housekeeping gene (GUSB) and data analysis for 

constructing a standard curve for GUSB 

Table A. 30 CT values of target gene (PD-L1), data analysis for constructing a 

standard curve for PD-L1, and fold change normalization (PD-L1) against GUSB 
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Standard curve quantification is performed by constructing a standard curve for 

the reference gene GUSB and plotting the CT values against log[quantity] of a 

dilution series of known amounts (30 ng/μL, 6 ng/μL, 1.2 ng/μL). 

 

 

 

 

 

 

 

 

 

 

 

Standard curve quantification is performed by constructing a standard curve for 

target gene PD-L1 and plotting the CT values against log[quantity] of a dilution 

series of known amounts (30 ng/μL, 6 ng/μL, 1.2 ng/μL). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 13 Standard curve of the housekeeping gene GUSB 

Figure A. 14 Standard curve of the target gene PD-L1 
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14. 4 Raw data for quantifying PD-L1 mRNA in response to serum 

stimulation and EP400NL induction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 31 CT values of housekeeping gene (GUSB) and data analysis for 

constructing a standard curve for GUSB 

Table A. 32 CT values of target gene (PD-L1), data analysis for constructing a 

standard curve for PD-L1, and fold change normalization (PD-L1) against GUSB 
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Standard curve quantification is performed by constructing a standard curve for 

the reference gene GUSB, and plotting the CT values against log[quantity] of a 

dilution series of known amounts (100 ng/μL, 20 ng/μL, 4 ng/μL) 

 

 

 

 

 

 

 

 

 

 

 

 

Standard curve quantification is performed by constructing a standard curve for 

target gene PD-L1 and plotting the CT values against log[quantity] of a dilution 

series of known amounts (100 ng/μL, 20 ng/μL, 4 ng/μL). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A. 15 Standard curve of the housekeeping gene GUSB 

Figure A. 16 Standard curve of the target gene PD-L1 
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14. 5 Raw data for quantifying PD-L1 mRNA in response to IFNγ 

sensitization, serum stimulation, and tetracycline induction 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table A. 33 CT values of housekeeping gene (GUSB) and data analysis for 

constructing a standard curve for GUSB 

Table A. 34 CT values of target gene (PD-L1), data analysis for constructing a 

standard curve for PD-L1, and fold change normalization (PD-L1) against GUSB 
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Standard curve quantification is performed by constructing a standard curve for 

the reference gene GUSB, and plotting the CT values against log[quantity] of a 

dilution series of known amounts (100 ng/μL, 20 ng/μL, 4 ng/μL) 

 

 

 

 

 

 

 

 

 

 

 

Standard curve quantification is performed by constructing a standard curve for 

target gene PD-L1 and plotting the CT values against log[quantity] of a dilution 

series of known amounts (100 ng/μL, 20 ng/μL, 4 ng/μL). 

 

 

 

 

 

 

 

 

 

 

Figure A. 17 Standard curve of the housekeeping gene GUSB 

Figure A. 18 Standard curve of the target gene PD-L1 


