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Abstract 

After transcriptional activation on encountering a stimulus, memory T cells can 

“remember” their transcription profile by priming genes with active epigenetic 

signatures to remain in a non-transcribing state throughout subsequent cell divisions. 

This is coupled with the ability to induce more efficient and robust transcription 

upon antigenic re-exposure, a phenomenonknown as transcriptional memory (TM). 

The TM response is facilitated by permissive chromatin structures. However, the 

molecular details of how the permissive epigenetic landscape incorporates incoming 

stimulatory signals for transcriptional priming in human memory T cells are poorly 

defined.  

 

To better understand the process of T cell response priming, formaldehyde-assisted 

isolation of regulatory elements-sequencing (FAIRE-seq) was used to globally 

profile chromatin accessibility in a previously described human Jurkat T cell 

transcriptional memory (JTM) model representing four distinct transcriptional states: 

(1) non-stimulated cells, (2) stimulated cells, (3) stimulus withdrawal cells with a 

resting memory state, and (4) re-stimulated cells. Initial stimulation altered the 

chromatin accessibility landscape, which largely persisted throughout subsequent 

cell divisions, and secondary activation induced secondary-specific enhanced 

accessibility at previously restricted regions. Increased accessibility occurred largely 

in distal regulatory regions and was characterized by increased enrichment of the 

H3K27ac and H3K4me active enhancer markers. Chromosome conformation capture 

(3C) analysis showed that the enhancer-promoter chromatin interaction existed prior 

to initial activation in non-stimulated T cells. These pre-established chromatin loops 
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may contribute to the rapid transcription priming response of “poised” genes upon 

stimulation.  

 

Protein kinase C-theta (PKC-θ) plays a key role in effective human T cell activation 

and requires T cell receptor engagement with co-stimulatory signalling. In vitro T 

cell stimulation with phorbol 12-myristate 13-acetate (PMA) and calcium ionophore 

(CaI) mimics human T cell activation and induces immune responsive gene 

transcription via PMA-activated PKC-θ signalling. Here, the enhanced TM response 

was associated with the strength of initial PKC-θ signalling, and PKC-sensitive 

regions showed higher chromatin accessibility upon secondary stimulation. 

Moreover, blocking the nuclear translocation of PKC-θ using a cytoplasm-restricted 

PKC-θ mutant highlighted the importance of nuclear PKC-θ in maintaining the 

permissive chromatin state of TM genes by H2B serine 32 phosphorylation. Overall, 

transcriptional responses are primed via the chromatin accessibility landscape in 

memory T cells.  
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1.1 Preamble  

James Watson and Francis Crick’s discovery of the molecular structure of DNA 

revealed that it is the master molecule that carries genetic information between 

generations, or the “molecule of life” (Watson and Crick, 1953). This discovery 

initiated a scientific revolution in the molecular research of gene regulation and its 

impact on human diseases. However, genetics does not completely explain how we 

develop from a single cell into an organism containing a variety of differentiated cell 

populations, despite each cell carrying an identical DNA sequence. The term 

“epigenetics” was first introduced in the early 1940s to describe the impact of the 

environment on genetics leading to phenotypic differences during development 

(Waddington, 1942). Today, epigenetics is specifically defined as the modulation of 

gene expression by heritable chromatin organization and modification without 

changing the underlying DNA sequence (Goldberg et al., 2007; Riddihough and 

Zahn, 2010). Epigenetic regulation is complex and is mainly shaped by DNA-bound 

proteins and transcription factors that regulate chromatin accessibility (Gibney and 

Nolan, 2010; Akopian et al., 2012). With the development of next-generation 

sequencing (NGS) technologies, epigenetic research can be performed at an 

unprecedented scale and level of resolution, which enables a more comprehensive 

understanding of its functional implications.  

 

 

1.2 The Regulation of Eukaryotic Transcription 

Template DNA is converted to RNA through tightly regulated gene transcription to 

enable the correct spatial and temporal gene expression in different cells or in 
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response to different stimuli. Therefore, regulated transcription is vital to normal 

cellular development, proliferation, and differentiation in all living organisms. 

Humans are estimated to have ~20,000-25,000 protein-coding genes encoded by only 

~1.5% of the human genome, while the remaining DNA sequences are thought to be 

involved in the regulation of specific gene expression patterns (Consortium, 2004). 

Therefore, stringent instructions are required to govern this complicated 

transcriptional program.  

 

Although the basic principles and mechanisms of gene expression are similar 

between prokaryotes and eukaryotes, eukaryotic transcription is regulated by a far 

more complex and organized multi-layered process controlled at different hierarchies 

(Struhl, 1999; Driel et al., 2003) (Fig 1.1). The basal hierarchy is the linear DNA 

sequence, which stores the genomic code of target genes and cis-acting regulatory 

sequences such as promoters, enhancers, silencers, and insulators (Maston et al., 

2006). The best characterized distal regulatory elements are enhancers, which often 

span hundreds of kilobases upstream and downstream of target genes and regulate 

gene expression by stabilizing direct physical enhancer-promoter interactions 

(Symmons and Spitz, 2013; Erokhin et al., 2015). These clustered cis-acting 

regulatory elements also contain recognition sequences which can recruit trans-

acting DNA-binding transcription factors to either activate or repress transcription 

(Kadonaga, 2004; Ansari and Morse, 2013). The second hierarchy is the chromatin 

structure overlying the DNA sequence, which serves as a dynamic template for 

epigenetic regulation of gene expression by processes such as DNA methylation, 

histone modification, and histone variant exchange. This dynamic structure exists in 

two conformational states: euchromatin – the open chromatin structure permissible to 
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Fig. 1.1 Layers of chromatin organization in eukaryotic transcription 

Generally, eukaryotic transcription is epigenetically regulated at different levels of 

chromatin organisation. The nucleosome is the basic repeating unit of chromatin. 

Heterochromatin contains tightly bound nucleosomes that are inaccessible to 

genomic elements. The ATP-dependant chromatin remodelling complex can 

restructure the nucleosome to alter the accessibility of the underlying DNA. 

Euchromatin represents the active chromatin state and is accessible to the binding 

of transcriptional regulatory factors and basal transcription machinery at the 

transcription start site (TSS); euchromatin is typically associated with active 

histone modifications. In addition, cis-acting regulatory elements (such as 

enhancers and promoters) can be brought into physical contact within DNA loops 

to regulate gene transcription. (Picture taken and modified from Winter et al., 

2015) 
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active transcription; and heterochromatin – the closed chromatin structure that 

represses transcription. In this way, the switch between permissive and repressive 

chromatin states can influence the transcriptional state, ensuring that only necessary 

genes are expressed in response to specific signals (Lamond and Earnshaw, 1998; 

Eberharter, 2002; Fedorova and Zink, 2008). Moreover, transcription can be 

regulated at a post-transcriptional hierarchy by non-coding RNAs, in particular 

microRNAs. MicroRNAs are short, single-stranded non-coding RNA molecules 

(approximately 22 nucleotides (nt) in length) that modulate gene expression through 

target mRNA degradation and/or translational repression. In general, one microRNA 

can target hundreds of mRNAs and individual target genes can be regulated by 

multiple microRNAs (Jackson and Standart, 2007; Pillai et al., 2007). The precise 

coordination of this epigenetic hierarchy of regulatory elements is, therefore, vital for 

efficient and specific transcriptional responses in cells.  

 

 

1.3 Chromatin Accessibility 

1.3.1 Chromatin Structure 

In eukaryotes, DNA is packaged within the nucleus into a condensed structure 

known as chromatin. The fundamental repeating unit of chromatin is the 

nucleosome, which consists of 147 base pairs of duplex DNA wrapped 1.65 turns 

around a histone octamer core composed of two copies of each of the core histones 

(2xH2A, 2xH2B, 2xH3, and 2xH4) (Luger et al., 1997; Németh and Längst, 2004) 

(Fig 1.2 A). There are three main levels of chromatin compaction (Fig 1.2 B): (i) 

adjacent nucleosomes connected by DNA linker regions arrange to form an  
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Fig. 1.2 Nucleosome and chromatin structure 

(A) The crystal structure of the nucleosome is viewed down the superhelical 

axis of DNA. The histone octamer, composed of heterodimers of H2A, 

H2B, H3 and H4, is wrapped by 147 base pairs of duplex DNA helix 

(silver grey). Histones are shown as α helices in yellow (H2A), red 

(H2B), blue (H3), and green (H4). (Picture taken and modified from 

Luger et al., 2012).  

 

(B) There are three levels of chromatin compaction. The primary structure a 

10 nm “beads on a string” structure. Short-range nucleosome-

nucleosome interactions form folded 30 nm chromatin fibres, the 

secondary structure (lower left panel). Ultimately, long-range fibre-fibre 

interactions result in the tertiary chromatin structure. Canonical histones 

are shown in light blue and yellow and histone variants are shown in 

green, purple and pink. (Picture taken from Luger et al., 2012).  



Chapter 1                                                                                                                                                 Introduction 

 

7 
 

approximately 10 nm “beads on a string” structure, conferring 5- to 10-fold 

chromatin compaction; (ii) “linker histones”, known as H1, interact with core 

histones and linker DNA regions, encouraging nucleosomal arrays to coil and 

condense into a 30 nm chromatin fibre with approximately 50-fold compaction; and 

(iii) these chromatin fibres are compacted further into a 200-300 nm metaphase 

chromosome structure (Németh and Längst, 2004). Although the precise 

organization of higher-order chromatin remains poorly understood, this highly 

condensed chromatin architecture is a barrier to the fundamental gene transcription 

machinery. Chromatin structural hierarchies must, therefore, be locally regulated to 

program different cellular processes. Indeed, the chromatin structure is not static but 

subject to dynamic changes that are tightly regulated by multiple mechanisms in 

response to external stimuli (Li et al., 2007).  

 

 

1.3.2 Chromatin Remodelling Mechanisms 

One of the key epigenetic mechanisms involved in transcriptional regulation is the 

alteration of chromatin structure, or chromatin remodelling. Due to the condensed 

nature of chromatin, transcription factors cannot access DNA binding sites unless 

chromatin is remodelled or altered to expose regulatory regions. This change in 

chromatin structure depends on the stimuli received at different developmental stages 

or environmental signals, which then either restrict or permit the access of certain 

transcription factors to specific DNA binding sites. The cell uses four main 

mechanisms to regulate chromatin remodelling: (1) ATP-dependent chromatin 

remodelling complexes; (2) covalent histone post-translational modifications 

(PTMs); (3) histone variants exchange; and (4) DNA methylation.  
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ATP-dependent chromatin remodellers utilize the energy generated by ATP 

hydrolysis to alter the chromatin structure, which slides nucleosomes across the 

DNA, evicts histones from DNA, or facilitates the exchange of histone variants. 

Consequently, chromatin is made accessible to the binding of transcription factors 

that can activate transcription (Flaus and Owen-Hughes, 2004; Smith and Peterson, 

2004; Hargreaves and Crabtree, 2011; Struhl and Segal, 2013). Chromatin 

remodelling complexes share a conserved ATPase domain but are classified into four 

major families based on their unique flanking domains: SWI/SNF, Mi-2/CHD, ISWI, 

and INO80 (Clapier and Cairns, 2009; Ho and Crabtree, 2010; Narlikar et al., 2013; 

Witkowski and Foulkes, 2015). The mammalian SWI/SNF chromatin remodelling 

complex contains one of two distinct ATPase subunits, Brahma (BRM) or Brahma-

related gene 1 (BRG1), which can disrupt the chromatin structure via nucleosome 

eviction to either activate or repress transcription (Workman and Kingston, 1998; 

Kadam and Emerson, 2003; Mohrmann and Verrijzer, 2005; Brettingham-Moore et 

al., 2008; Witkowski and Foulkes, 2015). By contrast, the ISWI family, containing 

either the SNF2H or SNF2L subunit, remodels chromatin by sliding nucleosomes but 

still maintaining the canonical nucleosome structure (Deindl et al., 2013). The Mi-

2/CHD family has also been shown to positively or negatively regulate gene 

expression (Hennig et al., 2012; Radman-Livaja et al., 2012; Skene et al., 2014) by 

evenly spacing  nucleosomes in chromatin and forming DNA loops (Mueller-planitz 

et al., 2013). In humans, the CHD family comprises nine chromodomain-containing 

members (CHD1-9) broadly subdivided into three subfamilies based on their 

constituent domains, but the precise function of each member remains largely 

unknown (Ho and Crabtree, 2010; Witkowski and Foulkes, 2015). The INO80 family 

is the most recently discovered remodeller family and is involved in regulating 
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histone variant exchange, in particular H2A.Z deposition and removal (Watanabe 

and Peterson, 2010). Together, different chromatin remodeller subfamilies have been 

shown to play an intricate role in modulating nucleosome conformation and 

changing histone octamer composition to contribute to lineage-specific gene 

expression.  

 

Histone post-translational modifications (PTMs) refer to covalent modifications to 

histone proteins. Histone PTMs have crucial roles in diverse biological processes 

including the manipulation of chromatin structure and modulation of transcription 

(Spencer and Davie, 1999; Goll and Bestor, 2002; Karlić et al., 2010; Bannister and 

Kouzarides, 2011; Suganuma and Workman, 2011; Tessarz and Kouzarides, 2014). 

Each of the four core histones is composed of a globular domain packaged into the 

nucleosome and an amino N-terminal or C-terminal tail that protrudes from the 

nucleosome surface (Luger et al., 1997). Due to the exposed surface of these flexible 

histone tails, histones are subject to a diverse range of PTMs on the N-terminal tails 

(Bannister and Kouzarides, 2011; Grant, 2001; Zentner and Henikoff, 2013; 

Sadakierska-Chudy and Filip, 2014) and, to a lesser extent, on the C-terminal tails 

(histone H2A and H2B only) (Thorne et al., 1987; Wang et al., 2004; Zhou et al., 

2008; Sadeghi et al., 2014). So far, over 100 distinct histone modifications have been 

identified, but lysine acetylation (Ac), lysine and arginine methylation (Me), serine 

and threonine phosphorylation (P), and lysine ubiquitination (U) are the commonest 

PTMs involved in transcriptional regulation (Strahl and Allis, 2000; Kouzarides, 

2007; Tan et al., 2011; Sadakierska-Chudy and Filip, 2014; Kebede et al., 2015).  
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The nucleosome barrier can also be modulated by histone variant substitution, or 

“histone exchange”, which refers to the replacement of canonical histones (H2A, 

H2B, H3, and H4) with their non-allelic isoforms (histone variants) (Talbert and 

Henikoff, 2010; Biterge and Schneider, 2014; Venkatesh and Workman, 2015). In 

contrast to replication-dependent canonical histones, which are almost exclusively 

expressed and deposited during S phase, histone variants are synthesized throughout 

the cell cycle and incorporated into chromatin in a replication-independent manner 

by either directly replacing canonical histones or taking the place of previously 

evicted histones (Albig and Doenecke, 1997; Henikoff and Ahmad, 2005; Marzluff 

et al., 2002; Tagami et al., 2004). Although histone variants exhibit varying degrees 

of similarity in amino acid sequence with their replaced canonical histones (Doyen et 

al., 2006; Hake et al., 2006), the distinct amino acid sequences introduced by variants 

alter the nucleosome’s biochemical properties and, consequently, nucleosome 

dynamics. Typically, the structural differences of histone variants can bear specific 

PTMs, affect interactions between histone proteins and nucleosomal stability, and 

alter higher-order chromatin structure (Loyola et al., 2006; Jin and Felsenfeld, 2007; 

Chen et al., 2013). Consequently, histone variant substitution reshapes the chromatin 

landscape of cis-regulatory and coding regions to facilitate the active transcription of 

target genes (Talbert and Henikoff, 2010; Weber and Henikoff, 2014). For example, 

the replacement of histones H2A.Z and H3.3 is often associated with reduced 

nucleosome stability and the positive regulation of transcriptional activity (Jin and 

Felsenfeld, 2007; Andrews and Luger, 2011; Chen et al., 2013). Generally, 

nucleosomes containing both H2A.Z and H3.3 display the greatest nucleosomal 

instability, allowing transcription factors to access their docking sites and initiate 

gene expression (Jin and Felsenfeld, 2007). Furthermore, the deposition of histone 
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variants such as H2A.Z and H3.3 into nucleosomes can occur over gene promoters, 

enhancers, and the coding regions, which is closely correlated with transcriptional 

activation (Schones and Zhao, 2008; Venkatesh and Workman, 2015). 

 

 

1.3.3 Chromatin Accessibility in Transcriptional Regulation 

1.3.3.1 Chromatin as a Barrier to Pol II Transcription 

In order to understand how chromatin structure strongly obstructs transcription, basic 

knowledge of the principles and mechanisms underlying the RNA polymerase II (Pol 

II) transcriptional machinery is needed. In eukaryotic cells, Pol II-mediated 

transcription is typically divided into three stages: initiation, elongation, and 

termination (Hahn, 2004). Generally, the RNA Pol II transcription cycle begins with 

the binding of gene-specific activators upstream of the core promoter, which results 

in the hierarchical recruitment of Pol II to the core promoter to form the pre-initiation 

complex (PIC) with the general transcription factors (GTFs) (Sainsbury et al., 2015). 

After Pol II initiates ~30 nucleotides of RNA chain synthesis, it pauses at proximal-

promoter regions and waits for further signals to escape from the core promoter. 

Once Pol II is released from the pause site, transcription proceeds to the stage of 

elongation, during which productive RNA synthesis and mRNA processing occur 

(Kwak and Lis, 2013; Jonkers and Lis, 2015). Finally, termination leads to the 

release of both complete mRNA transcript and Pol II from the DNA template 

(Kuehner et al., 2011; Porrua and Libri, 2015). However, the packaging of 

nucleosomes into highly compressed chromatin architecture limits DNA 

accessibility, which blocks the binding of Pol II and other DNA-binding transcription 
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factors required for transcription (Workman and Kingston, 1998; Teves et al., 2014). 

Therefore, when sequence-specific binding sites are inaccessible to the 

transcriptional machinery, eukaryotic cells must recruit various proteins to modify 

the chromatin structure and transform the chromatin into a more open configuration.  

 

 

1.3.3.2 Epigenetic Features of Chromatin States During Gene Transcription 

According to the specific transcriptional activity in distinct cell types, eukaryotic 

genomes can be divided into three classes of chromatin state corresponding to active, 

poised, and repressed genes (Akhtar and Gasser, 2007; Ernst and Kellis, 2010; Ernst 

et al., 2011; Ernst and Kellis, 2013). Active genes reside in open or accessible 

chromatin, also known as euchromatin, which enables the assembly of the 

transcriptional machinery and facilitates gene expression. The chromatin at poised 

genes is poised to respond to activating signals but is transcriptionally inactive. 

Repressed genes are found in highly compacted heterochromatin, which precludes 

access of RNA polymerases and other transcription factors hence is transcriptionally 

silent (Akhtar and Gasser, 2007). Different chromatin states are usually characterised 

by specific combinations of histone modification marks, histone variants, and DNA 

methylation patterns, which form the distinct epigenetic signature of the chromatin 

landscape (Fig 1.3).  

 

Generally, high levels of histone acetylation are associated with a transcriptionally 

active chromatin and increased chromatin accessibility. H3K9ac and H4K16ac are 

found at the promoter regions of actively transcribed genes, while enhancers are 
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Fig. 1.3 The epigenetic characteristics of transcription  

DNA methylation, histone modifications, and histone variants interact to mark the 

different chromatin states, which contribute to the epigenetic regulation of gene 

expression. DNA methylation marks are present throughout genomes, except 

missing in some regions such as CpG islands, promoters, and possibly enhancers. 

Heterochromatic regions are commonly marked by H3K9me2 and H3K9me3. 

Enhancers are relatively enriched for H3K4me1/2, H3K9me1, H3 and H4 

acetylation (ac), and histone variant H2A.Z.  Actively transcribed regions are 

marked by various histone monomethylations, peaking near the 5’ end of genes, 

as well as H3K36me3 peaking near 3’ ends. Inactive genes are located in broad 

domains with high levels of H3K27me3 and negligible levels of H3K4me3. 

(Picture taken and modified from Schones and Zhao, 2008).  
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marked by overlaps between H3K27ac and H3K4me1 (Zhibin Wang et al., 2008; 

Pasini et al., 2010). In addition, H4K16 hyperacetylation correlates positively with 

increased chromatin accessibility at the gene body and promotes release of RNA Pol 

II from the promoter region, which facilitates productive transcriptional elongation 

of target genes in Drosophila (Bell et al., 2010; Larschan, 2011). By contrast, histone 

methylation is more complex and displays distinct distribution and modification 

patterns. For instance, H3K36me3 is most enriched at 3’ regions of actively 

transcribed genes and at decreased levels across the gene body (Bannister et al., 

2005), while high levels of the H3K9me1, H3K27me1, H4K20me1 and H4K79 

methylation marks are localized within the transcribed regions of active genes 

(Barski et al., 2007). Moreover, H3K4me3 enrichment at promoters has been found 

in many eukaryotes regardless of their transcriptional state (Schübeler et al., 2004; 

Roh et al., 2006; Barski et al., 2007; Zhibin Wang et al., 2008; Roudier et al., 2011).  

 

By contrast, high levels of H3K27me3 covering the gene body and flanking regions 

characteristically mark transcriptionally repressed genes. H3K9me3 and H3K20me3 

are also implicated in heterochromatin formation and gene repression, although at 

much lower levels, with negligible H3K4me3 enrichment on inactive genes (Barski 

et al., 2007; Dambacher et al., 2010). In addition, heterochromatin protein (HP1), the 

first identified heterochromatin factor, is thought to propagate and maintain the 

heterochromatic state by interacting with H3K9me (particularly H3K9me3), thereby 

reducing chromatin accessibility to reinforce transcriptional repression (Fischle, 

2005; Dambacher et al., 2010). On the other hand, H3K27me3 can recruit polycomb 

repressive complex 1 (PRC1) at target promoters, which subsequently ubiquitylates 
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H2A at K119 to repress gene expression by interfering with RNA Pol II-mediated 

transcriptional elongation (Stock et al., 2007).  

 

Despite the opposing features of histone modifications, numerous genome-wide 

studies have shown that H3K4me3 (active mark) and H3K27me3 (repressive mark) 

coexist at promoter regions and other regulatory elements of poised genes (Roh et 

al., 2006; Mikkelsen et al., 2007; Spivakov and Fisher, 2007). Regions harbouring 

both of these histone marks are termed “bivalent domains”, where they might 

maintain genes in a “poised” state and prime the chromatin for future transcriptional 

activation (Bernstein et al., 2006). A recent study in mouse embryonic stem (ES) 

cells showed that RNA Pol II can be poised at bivalent domains by H2A 

ubiquitylation (Stock et al., 2007). Moreover, both H3.3 and H2A.Z histone variant 

exchange occur at sites of transcriptionally inactive promoters, possibly to poise 

genes for subsequent transcriptional activation (Raisner et al., 2005; Schones et al., 

2008; Kraushaar et al., 2013; Venkatesh and Workman, 2015).  

 

Collectively, these different epigenetic marks maintain optimal transcriptional 

activity by altering chromatin composition and accessibility to expose or hide target 

genes from polymerases and the transcriptional machinery.   

 

 

1.3.4 Genome-wide Approaches to Study Chromatin Accessibility 

Transcriptional activation in eukaryotes is tightly controlled by transcription factor 

availability and the accessibility of their target sites in the chromatin. Therefore, the 
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measurement of chromatin accessibility provides insights into cell type-specific 

epigenetic signatures and suggests a dynamic interplay between the chromatin 

landscape and gene regulation (Fig. 1.4). 

 

Typically, open chromatin can be identified by nuclease digestion at preferential 

genomic sites. Two widely used nucleases are micrococcal nuclease (MNase) 

(Reeves and Jones, 1976) and deoxyribonuclease I (DNase I) (Weintraub and 

Groudine, 1976). MNase digestion is an indirect chromatin accessibility assay that 

preferentially cuts linker DNA between nucleosomes to generate mono- and oligo-

nucleosomes. Thus, this approach is commonly referred to as the nucleosome 

occupancy assay, and it probes chromatin accessibility indirectly by uncovering 

genome-wide nucleosome distributions (Yuan et al., 2005; Schones et al., 2008; 

Valouev, 2011; Cui and Zhao, 2012). Another classical endonuclease-based method 

is DNase I digestion, which directly identifies accessible chromatin regions by 

preferentially cleaving within nucleosome-free regions, referred to as DNase I 

hypersensitive sites. Since DNase I hypersensitive sites usually reside in cis-

regulatory elements of actively transcribed genes, this method identifies potential 

transcriptional and chromatin regulatory elements including promoters and enhancers 

(Wu et al., 1979; Crawford et al., 2006a, 2006b; Thurman et al., 2012). However, 

both approaches introduce cleavage bias, which influences their reliability when 

detecting and characterizing epigenetic profiles (Cousins et al., 2004; Chung et al., 

2010; He et al., 2014).     

 

Recently, a newly developed technique called formaldehyde-assisted isolation of 

regulatory elements (FAIRE) was developed, which directly identifies nucleosome-
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  Fig. 1.4 Methods for studying genome-wide chromatin accessibility 

(A) A schematic of current chromatin accessibility assays. For enzymatic cleavage-

based methods, nuclei are isolated and chromatin is digested with either   

micrococcal nuclease (MNase) or deoxyribonuclease I (DNase). For the 

formaldehyde-assisted isolation of regulatory elements (FAIRE) assay, chromatin is 

fixed by formaldehyde and subsequently subject to sonication and phenol-

chloroform extraction. Finally, enriched DNA is purified for sequencing. 

Representative enriched DNA fragments generated by each assay are shown and 

defined by coloured arrows. Bar diagrams show the sequencing data signal obtained 

from each assay across the entire represented region. 

 

(B) A comparison of current genome-wide chromatin accessibility techniques. Three 

different assays are compared by cell type and number, approach, enriched target, 

and experimental considerations. (Picture taken and modified from Tsompana and 

Buck, 2014).  
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depleted regions across the genome (Nagy et al., 2003; Giresi et al., 2007; Giresi and 

Lieb, 2009; Simon et al., 2012). This fragmentation-based method involves initial 

formaldehyde fixation of chromatin and subsequent mechanical shearing of 

chromatin by sonication, followed by phenol-chloroform extraction to enrich for 

protein-free DNA fragments in the aqueous phase (Simon et al., 2012). Compared to 

traditional nuclease-based methods, the FAIRE assay avoids variations in the 

enzymatic process and overcomes the sequence-specific cutting bias observed in the 

MNase and DNase I digestion assays. In addition, as there is no requirement for 

freshly isolated samples and the nucleosome-depleted regions are not degraded after 

formaldehyde fixation, the FAIRE approach can easily be applied to any cell or 

tissue type including primary human cells. Overall, FAIRE-enriched accessible 

chromatin regions can be quantified at gene-specific regions by real-time polymerase 

chain reaction (qPCR) or across the entire genome by high-throughput sequencing 

(FAIRE-seq). Genome-wide studies have shown that this assay not only captures 

active regulatory regions such as DNase I hypersensitive sites but also identifies 

additional distal regulatory elements not detected by DNase-seq (Giresi et al., 2007; 

Song et al., 2011).  

 

 

1.4 T Cellular Immunity 

1.4.1 Immunological Memory 

The human immune system must fight diverse pathogens and provide sufficient host 

protection throughout life. The adaptive immune system (also known as the acquired 

immune system), elicits highly specific long-lasting memory immune responses that 
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allow the immune system to remember previous exposure to a pathogen and respond 

more rapidly and effectively to a subsequent encounter (Gourley et al., 2004). Thus, 

immunological memory is the defining hallmark of the adaptive immune system. The 

specificity and immunological memory features of the adaptive immune system form 

the basis for effective vaccinations that confer long-lasting protective immunity 

against infections (Bevan, 2011; Pulendran and Ahmed, 2011).  

 

 

1.4.1.1 T Cell Activation and Differentiation 

T cells are key effectors of the adaptive immune response and contain two main 

subpopulations: CD4+ T helper cells (Th) and CD8+ cytotoxic T cells (CTLs). During 

primary infection, naïve T cells encounter antigen in secondary lymphoid tissues, 

become activated, and differentiate into various effector T cell lineages. These 

antigen-specific effector T cells can be characterized into different subsets by distinct 

combinations of their cell surface markers, cytokine production profiles, and the 

expression of specific transcription factors. Following activation with antigen, 

effector CD4+ T cells can differentiate into various T helper lineages including Th1, 

Th2, Th17, Th22, T follicular helper cells (Tfh), regulatory T cells (Treg), and 

induced T regulatory cells (iTreg) (Zhu et al., 2010; Swain et al., 2012). Th1 cells 

secrete large amounts of IFN-γ but not IL-4 and activate macrophages for pathogen 

elimination and to enhance cellular immune responses, whereas Th2 cells produce 

IL-4, IL-13, and IL-5 to enhance humoral (antibody-driven) responses (Mosmann 

and Coffman, 1989; Desmedt et al., 1998). Unlike the diverse lineages seen with 

effector CD4+ T cells, effector CD8+ T cells are highly specialized and constitutively 

express signature cytokines (IFN-γ, TNF-α, and IL-2) and cytotoxic molecules such 
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as perforin and granzyme B to kill infected cells (Kaech et al., 2002a; Youngblood et 

al., 2012). To induce sufficient and specific immune responses to combat and 

eliminate infections that have bypassed innate immunity, these antigen-specific 

effector T cells undergo exponential proliferation to generate a large number of 

progeny cells, known as clonal expansion. Following pathogen clearance, the 

majority (>90%) of effector T cells die by apoptosis during the contraction phase. 

This apoptosis pathway is believed to be triggled by the lack of survival signals and 

is determined by the interplay of pro-apoptotic factors (i.e. Bim, Puma) and anti-

apoptotic Bcl-2 faminly members (Häcker et al., 2006; Francelin and Verinaud, 

2011). Only a small subset of activated antigen-specific T cells survives and enters 

the memory stage of the immune response, in which the memory T cells obtain the 

unique properties of self-renewal and survive for long periods of time in a quiescent 

state.  Upon recurrent infection, these antigen-specific memory T cells can recall a 

much more efficient effector T cell response with no requirement for further 

differentiation (Ahmed and Gray, 1996; Kaech et al., 2002a; Youngblood et al., 

2013). However, not all effector T cells have the same potentialbility to survive and 

differentiate into memory T cells. Although there have no universal markers for 

memorty T cells formation yet, intense studies of T cell differentiation during acute 

viral infection have showed that the effector T cells with highly expression of 

memory precursors, such as IL-7Rα, Bcl-2, CD27 and CD62L, are capable to survive 

into long-lived memory T cells (Kaech and Cui, 2012; Kalia et al., 2013; 

Youngblood et al., 2013).  
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1.4.1.2 Central Memory and Effector Memory T Cell Subsets 

Heterogeneous memory T cells differentiated from naïve T cells by primary 

antigenic activation enable  rapid and robust responses to previously encountered 

pathogens. They are pivotal to life-long immune protection and effective vaccination 

(Farber et al., 2014).  

 

In contrast to the shrinkage of the naïve compartment and its impaired ability to 

activate and differentiate with age, the proportion of memory T cells increases in 

early life and remains stable throughout adulthood before showing signs of 

senescence after the age of 65 years (Farber et al., 2014). According to surface 

marker expression profiles, proliferative capacity, and migration potential, 

circulating memory T cells in humans can be subdivided into two phenotypically and 

functionally distinct subsets: central memory T cells (TCM; CD45RA-

CCR7+CD62L+), which are largely confined to secondary lymphoid tissues, and 

effector memory T cells (TEM; CD45RA-CCR7-CD62L-), which can traffic to 

multiple peripheral compartments (Farber et al., 2014; Mueller et al., 2013; Sallusto 

et al., 1999). In addition, TCM cells display a reactive memory response; they lack 

immediate effector function, produce IL-2, and extensively proliferate and 

differentiate into effector T cells in response to secondary antigenic stimulation. On 

the other hand, TEM cells enable a protective memory response and are less 

proliferative but can produce high levels of effector cytokines such as IFN-γ to 

mount a much more efficient effector function (Sallusto et al., 2004; Mueller et al., 

2013). Moreover, the relative proportions of memory T cells vary in the CD4+ and 

CD8+ T cell compartments in human blood; TCM cells are enriched for CD4+ T cells, 

whereas TEM cells are predominantly CD8+ T cells (Moro-García et al., 2013). 
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However, the differentiation pathways responsible for the development of 

heterogeneous memory T cell subsets are still actively debated (Farber et al., 2014).  

 

1.4.1.3 T Cell Signalling 

Antigen-mediated T cell activation leads to a productive immune response via two 

phases: cell surface antigen recognition and the activation of intracellular signalling 

cascades. The initiation of a T cell response requires an antigen-specific signal 

provided by the recognition and engagement of the T cell receptor (TCR) on T cells 

to an antigenic peptide presented by the major histocompatibility complex (MHC) on 

an antigen presenting cell (APC). This sustained physical interaction occurs at a 

specialized T cell-APC contact region known as the immunological synapse (IS) 

(Grakoui et al., 1999; Judd and Koretzky, 2000; Brownlie and Zamoyska, 2013). 

Optimal T cell activation also requires an antigen-independent co-stimulatory signal 

involving the interaction of co-receptor CD28 on the T cell with CD80 and CD86 on 

the APC, which quantitatively enhances TCR signalling (Acuto and Michel, 2003). 

Following TCR engagement, a series of signalling cascades are induced including 

tyrosine kinase signalling pathways. The earliest event in TCR signalling is the 

activation of Src-family kinases lymphocyte-specific protein tyrosine kinase (Lck) 

and tyrosine protein kinase (Fyn) (Hermiston et al., 2002; Lovatt et al., 2006; Acuto 

et al., 2008). The activated Src kinases promote the recruitment and activation of zeta 

chain-associated protein kinase 70 kDa (Zap70), which in turn induces tyrosine 

phosphorylation of the linker for activation of T cell (LAT). Phosphorylated LAT 

facilitates the activation of phospholipase C-γ1 (PLCγ1), which transduces TCR 

signals to yield the second messengers inositol 1,4,5 trisphosphate (IP3) and 1,2 

diacylglycerol (DAG) (Weiss et al., 1991; Chan et al., 1992; Clements et al., 1999; 
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Zhang et al., 1998). Subsequently, these second messengers propagate three major T 

cell activation pathways: (i) IP3 triggers Ca2+ flux and DAG activates (ii) Ras 

(Bivona et al., 2003) and (iii) protein kinase C (PKC) pathways, specifically PKC-θ 

in T cells (Monks et al., 1998). PLCγ1-generated Ca2+ signalling leads to a rise in 

intracellular Ca2+, which activates the phosphatase calcineurin to dephosphorylate 

and translocate nuclear factor of activated T cell (NFAT) to the nucleus (Lewis, 

2001). Activated Ras initiates the mitogen-activated protein kinase (MAPK) 

signalling cascade, which drives the nuclear translocation of activating protein-1 

(AP-1, a heterodimer of Fos and Jun) (Rincón et al., 2001; Rincón and Pedraza-Alva, 

2003). In resting T cells, nuclear factor-κB (NF-κB) is restricted to the cytoplasm by 

inhibitor of κB (IκB). PKC-θ causes the protein complex CARMA1/Bcl10/MALT1 

to activate IκB kinase (IKK), leading to ubiquitination and degradation of IκB and 

NF-κB translocation to the nucleus (Thome, 2004; Smith-Garvin et al., 2009; Cheng 

et al., 2011). Therefore, these co-operating signalling pathways ultimately activate 

transcription factors that act in concert to regulate the transcription of genes involved 

in T cell activation (e.g., IL2). As the signals leading to PKC-θ and calcineurin 

activation can be mimicked by the pharmacological agent phorbol-12-myristate-13-

acetate (PMA) and calcium ionophore (CaI) (Hashimoto et al., 1991; Cantrell, 1996), 

these agents were utilized in this project to reproduce and manipulate T cell 

activation.  

 

1.4.2 Transcriptional Memory 

In multicellular organisms, pluripotent cells must epigenetically regulate their 

genetic repertoire to ensure the correct differentiation in response to environmental 

signals and intrinsic developmental cues. Despite all cells having an identical 
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genome within any given organism, cells of different tissues establish tissue-specific 

gene expression patterns and maintain those distinct transcriptional states throughout 

life via various epigenetic mechanisms. This faithful propagation of cell-type 

specific transcriptional patterns to progeny is essential for the successful 

development of multicellular organisms. The ability of cells to remember and 

propagate their differentiated transcriptional state through multiple cell divisions is 

termed “transcriptional memory” (Francis and Kingston, 2001; Fisher, 2002; Kundu 

and Peterson, 2009), and it ensures that cells maintain their identity during 

development. With regard to T cells, immunological memory is dependent on cells 

forming a “memory” of transcriptional responses to previous antigen exposure. The 

“adaptive transcriptional memory” process marks previously activated inducible 

genes with distinct epigenetic signatures to facilitate more rapid and robust gene 

expression upon encountering a secondary activation in memory T cells. The feature 

of transcriptional memory is not unique to memory T cells but is evolutionarily 

conserved in eukaryotic organisms. Studies in lower eukaryotes such as budding 

yeast have provided insights into the underlying epigenetic mechanisms of 

transcriptional memory in human T cells.  

 

 

1.4.2.1. A Model System for Adaptive Transcriptional Memory - Saccharomyces 

cerevisiae 

The budding yeast Saccharomyces cerevisiae is a proven excellent model for 

studying the mechanisms underlying transcriptional memory, largely due to its 

evolutionarily conserved epigenetic regulation and easy manipulation in wide range 

of functional genetic analyses.  
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Although single-celled budding yeasts do not need to maintain a differentiated 

transcriptional state, they can still form transcriptional memory in response to 

nutrient stimulation. The best understood case of transcriptional memory in yeast is 

galactose-inducible galactokinase (GAL) gene clusters (Brickner, 2009; Kundu and 

Peterson, 2009). Galactose-inducible gene GAL1 exhibits short-term memory of the 

previous transcriptional state during glucose repression, allowing for more rapid 

transcriptional re-induction when the yeast cell is transferred back to galactose-

containing medium. Surprisingly, Kundu and colleagues found that histone 

modifications are not required for GAL1 transcriptional memory (Kundu et al., 

2007). However, they did find that ATP-dependent chromatin remodelling enzymes 

are essential in the regulation of transcriptional memory at GAL1 in yeast. Their 

results indicated that the SWI/SNF ATP-dependent chromatin remodelling complex 

establishes a permissive chromatin structure at the GAL1 promoter for rapid 

reactivation, whereas ISWI enzymes mediate the reassembly of a transcriptionally 

repressive chromatin state. This SWI/SNF-dependent transcriptional memory state 

can be epigenetically inherited for approximately three cell divisions (Kundu et al., 

2007). Taken together, SWI/SNF appears to antagonize the repressive role of ISWI 

remodelling enzymes to enable a short-term memory transcriptional response in 

GAL1.  

 

Compared to short-term memory, establishing and inheriting long-term 

transcriptional memory (six or more cells divisions) in yeast is associated with 

changes in gene localization to the nuclear periphery, which depends on different 

molecular regulators (Brickner et al., 2007). Many inducible genes such as GAL1 and 

INO1 are localized near the nuclear periphery when they are actively transcribed in 
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yeast (Brickner and Walter, 2004; Taddei et al., 2006). Deletion of histone variant 

H2A.Z results in the loss of persistent recruitment of GAL1 and INO1 to the nuclear 

periphery after repression and impaired transcriptional memory formation, 

suggesting that H2A.Z is required for the retention of inducible genes at the nuclear 

periphery for the rapid re-induction of the epigenetic memory state (Brickner et al., 

2007; Brickner, 2009). In addition, transcriptional memory requires nuclear pore 

complex (NPC)–associated protein (e.g., Nup2) to physically interact with the 

promoters of recently repressed inducible genes, which can promote changes in 

chromatin structure and lead to binding of Pol II during reactivation (Brickner, 2009; 

Light and Brickner, 2013). Therefore, epigenetic inheritance of long-term 

transcriptional memory requires both H2A.Z-containing nucleosomes and Nup2-

mediated nuclear pore association (Brickner, 2009; Light et al., 2010).  

 

Furthermore, recent studies have demonstrated that gene loops, also called “memory 

gene loops” (MGLs), are important for maintaining transcriptional memory in yeast 

(Lainé et al., 2009; Tan-Wong et al., 2009). MGLs in yeast are formed by the 

interaction between the promoter and 3’ ends of actively transcribed inducible genes, 

which can be preserved during a short intervening period of repression (up to 4 

hours). Therefore, these inducible genes can be much more effectively and robustly 

transcribed following reactivation, and this adaptive transcriptional memory response 

can persist for more than 12 hours (O’Sullivan et al., 2004; Hampsey et al., 2011). 

Gene looping is a dynamic process involving the interaction between transcription 

factor II B (TFIIB) and Pol II at the terminator, which then associates with the 

promoter scaffold to hold genes in an active chromatin conformation (Singh and 

Hampsey, 2007). Maintenance of MGLs at the nuclear periphery after repression 



Chapter 1                                                                                                                                                 Introduction 

 

27 
 

requires the NPC-associated protein myosin-like protein 1 (Mlp1) (Tan-Wong et al., 

2009; Brickner, 2010). Therefore, disruption of gene looping either by mutation of 

TFIIB or Mlp1 causes loss of epigenetically inherited transcriptional memory in 

yeast. 

 

Taken together, these observations indicate that the chromatin state of target genes 

has a significant impact on the establishment and inheritance of transcriptional 

memory in yeast. This leads to the question of whether these mechanisms are also 

employed in higher eukaryotes, such as in memory T cells.  

 

1.4.2.2. Adaptive Transcriptional Memory in T cells 

T cells represent another excellent system for studying transcriptional memory. 

However, the epigenetic mechanisms underpinning transcriptional memory in T cells 

are largely uncharacterized, despite immunological memory being well defined at the 

cellular level. The majority of research to date on the regulation of transcriptional 

memory in T cells has focused on histone PTMs and signalling kinases, whereas the 

novel mechanisms identified in yeast, such as localization of inducible genes to the 

nuclear periphery, histone variant exchange, and MGL formation, are poorly defined.  

 

The interaction of target genes with NPC-associated proteins to enhance reactivation 

was, reassuringly, found to be conserved in human epithelia HeLa cells (Light et al., 

2013). In this study, NPC-associated protein Nup98, a yeast Nup100 homologue, 

bound to the promoters of the IFN-γ-inducible gene HLA-DRA, leading to changes 

in chromatin state and Pol II binding to prime genes for future transcriptional 
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reactivation. This IFN-γ-induced transcriptional memory required re-localization of 

HLA-DRA to the nucleoplasm for interaction with Nup98 (Light et al., 2013). In 

addition, the gene loop structure has also been identified in the human breast cancer-

associated gene BRCA1 (Tan-Wong et al., 2008). Therefore, the epigenetic 

mechanisms of nuclear localization and gene looping might also exist in human 

memory T cells to regulate transcriptional memory.  

 

The majority of memory T cell studies have been performed in animal models, in 

which data interpretation is often complicated due to many factors such as variability 

between animal models (Rivera and Tessarollo, 2008). Therefore, our laboratory has 

developed an in vitro T cell transcriptional memory model using the human Jurkat T 

cell line. In this model, the transcription of T cell-specific immune-responsive genes 

such as IL-2 are induced in response to PMA and CaI activation and the model 

mirrors important aspects of transcriptional memory seen in ex vivo-derived human 

memory CD4+ T cells. Importantly, the transcriptional memory response persists 

across multiple cell divisions. Therefore, most experiments in this project use the in 

vitro Jurkat T cell transcriptional memory model. 

 

1.5 Epigenetic Regulation in Memory T cells  

1.5.1 Epigenetic Marks and Their Roles in Transcriptional Memory 

Recently, the molecular mechanisms of epigenetic regulation during memory T cell 

development has been intensively studied (Table. 1.1). In T cells, post-translational 

histone modifications, or epigenetic marks, are the most commonly studied 

epigenetic changes. 
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Table 1.1 Epigenetic mechanisms and their roles in memory T cell development 

The roles of epigenetic regulation during memory T cell development can be divided 

into four main mechanisms. (Table taken and modified from Angelosanto and 

Wherry, 2010. and Dunn et al., 2015). 
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In memory T cells, histone acetylation epigenetically marks and primes active 

effector genes for enhanced expression following re-encounter of specific antigens. 

During CD4+ memory T cell differentiation, an increase in H3 hyperacetylation 

associated with enhanced chromatin accessibility was observed at the IFN-γ and IL-4 

promoters in memory Th1 and Th2 cells, respectively (Messi et al., 2003; Yamashita 

et al., 2004). Similarly, increased histone acetylation has been noted at the active 

gene promoters of signature cytokines, key transcription factors, and their target 

effector molecules in memory CD8+ T cells. For instance, enrichment of H3 

acetylation at the IFN-γ promoter persists from naïve T cells to CD8+ memory T 

cells after viral activation (Northrop et al., 2006, 2008). In addition, chromatin 

immunoprecipitation (ChIP) analysis has shown increases in the H3K9Ac permissive 

mark at the proximal promoter of the eomesodermin (EOMES) gene, where it 

facilitates gene expression and subsequent induction of its target genes (perforin 

(PRF1) and granzyme B (GZMB)) in human CD8+ memory T cells (Fann et al., 

2006; Araki et al., 2008). A recent study of histone acetylation at the single-cell level 

demonstrated that diacetylated histone H3 (diAcH3) is increased in activated murine 

effector CTLs, remains in memory T cells, and contributes to rapid memory CTL 

responses by maintaining an open chromatin conformation in resting memory T cells 

(DiSpirito and Shen, 2010). Furthermore, a genome-wide ChIP-Seq study showed 

that histone acetyltransferases (HATs) and histone deacetylases (HDACs) constantly 

interact to modulate chromatin accessibility and maintain appropriate transcriptional 

activity by regulating histone acetylation/deacetylation of the target genes (Wang et 

al., 2009). Araki et al. demonstrated that decreased histone acetylation at the Eomes, 

Prf1, and Gzmb loci impairs transcription of all three target genes in activated human 

memory CD8+ T cells treated with a HAT inhibitor (curcumin) (Araki et al., 2008). 
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Conversely, inhibition of HDAC activity by the specific inhibitor trichostatin A 

(TSA) led to enhanced H3K9 acetylation and increased memory-specific gene 

expression in human naïve CD8+ T cells (Fann et al., 2006). These findings indicate 

that dynamics of histone acetylation play a key role in regulating transcriptional 

memory in human T cells.  

 

In addition, histone methylation also participates in transcriptional preservation in 

memory T cells. A pioneering genome-wide study of histone methylation patterns 

(specifically, H3K4me3 and H3K27me3) revealed a general correlation between 

histone methylation patterns and differential gene expression in human naïve and 

memory CD8+ T cells. Globally, H3K4me3 was positively correlated while 

H3K27me3 was negatively correlated with gene expression in human CD8+ T cell 

subsets (Araki et al., 2009). By examining these epigenetic marks at effector gene 

loci in CD8+ memory T cells, Araki et al. and Zediak et al. demonstrated that effector 

genes (such as PRDM1, KLRG1, IFNG and GZMB) have high levels of H3K4me3 

and low levels of H3K27me3, and that these chromatin changes are preserved in 

resting memory CD8+ T cells to allow upregulated transcription of these genes 

following activation (Araki et al., 2009; Zediak et al., 2011). Furthermore, histone 

H3 and H4 methylation was observed at IL4 and IL13 loci (Yamashita et al., 2004), 

as well as H3K4 methylation at the GATA3 locus in Th2 memory CD4+ T cells 

(Nakata et al., 2010). Specifically, the histone methyltransferase MLL, which 

catalyses H3 and H4 methylation, plays a pivotal role in the maintenance of memory 

Th2 cells. Reduced MLL expression results in decreased H3K4me2 at the GATA3 

and IL4 loci accompanied by impaired gene expression of GATA3 and IL4 in Th2 

memory CD4+ T cells (Yamashita et al., 2006).  



Chapter 1                                                                                                                                                 Introduction 

 

32 
 

Histone variants are also implicated in the regulation of transcriptional memory 

(Brickner et al., 2007). Examination of nucleosomal activity in T cells shows that 

active gene expression is accompanied by histone loss or histone variant exchange 

(Schones et al., 2008; Sutcliffe et al., 2009). For example, the activation of inducible 

CD69 is paralleled by loss of the H2A.Z histone variant and substitution of H3 with 

H3.3 at its promoter region in CD4+ T cells. Furthermore, H3.3 deposition is also 

associated with increased H3K9ac active mark and reduced H3K9me2 repressive 

mark (Sutcliffe et al., 2009). This indicates that unstable histone variants, together 

with their enforced histone modifications, may mark inducible genes for rapid 

activation by destabilizing nucleosomes and subsequently increasing chromatin 

accessibility. In contrast to the well documented profiles of histone modifications in 

T cell transcriptional memory, the contribution of histone variant exchange to 

memory T cell formation has yet to be defined.  

 

Collectively, these findings suggest that epigenetic signatures can be maintained in 

resting memory T cells and prime genes for rapid and enhanced transcriptional 

activity in memory cells after antigenic reactivation. 

 

 

1.5.2 Dynamic Interchanges Between Chromatin States in Memory T cells 

In a further genome-wide analysis of histone methylation (H3K27me3 and 

H3K4me3) and gene expression profiles in CD8+ T cells, Araki et al. identified four 

distinct chromatin states in memory T cells: repressed, active, poised, and bivalent 

(Araki et al., 2009) (Fig. 1.5). Genes with a repressed chromatin state had low  
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Fig. 1.5 The distinct chromatin landscape for differential gene expression in 

human CD8
+
 memory T cells  

The interplay between histone methylation and gene expression can be defined as 

active, poised, bivalent, and depressed. In the active mode, genes show active 

transcription that correlates with the accessible chromatin state for the binding of 

transcription activators such as Pol II. This active chromatin state is enriched for high 

levels of active modification H3K4me3. Poised genes have similar open chromatin 

states to active genes, whilst bivalent genes are enriched with high levels of both the 

active mark H3K4me3 and the repressive mark H3K27me3 at their loci. Both poised 

and bivalent genes have low levels of gene expression in resting memory T cells. 

Upon T cell activation, the transcription of poised genes is rapidly initiated and 

significantly increased in activated memory cells, while bivalent gene expression can 

be either activated or repressed. Repressed genes are associated with high levels of 

H3K27me3 and repressed transcription. The distinct epigenetic landscape of 

chromatin provides a molecular basis for differential gene expression and function of 

memory T cells. (Picture taken and modified from Lim et al., 2013 and Weng et al., 

2012).  



Chapter 1                                                                                                                                                 Introduction 

 

34 
 

mRNA expression marked by high levels of H3K27me3 (H3K27me3hi) and low 

levels of H3K4me3 (H3K4me3low), whilst an active chromatin state had the opposite 

histone methylation pattern (H3K27me3low and H3K4me3 hi) and high mRNA 

expression. Given the importance of lineage-defining transcription factors in 

controlling the differentiation of particular T cell subsets, the chromatin state is 

altered at the gene locus encoding these key factors during T cell development. For 

instance, the original closed chromatin state (H3K27me3hi and H3K4me3low) of 

TBX21 and GATA3 in naïve CD4+ T cells changed to an open chromatin state 

(H3K27me3low and H3K4me3 hi) during CD4+ T cell differentiation (Wei et al., 

2009). Despite having an active chromatin state, certain genes are associated with 

inactive mRNA expression in naïve and resting memory cells but have the ability to 

induce rapid and robust gene expression following activation; such an epigenetic 

state is termed a poised state. Moreover, Araki et al. identified a greater number of 

poised genes in central memory CD8+ T cells than effector memory subsets. For 

example, inhibitor of DNA binding 2 (ID2), Src-like-adaptor (SLA), and nuclear 

factor, interleukin 3 regulated (NFIL3) were all poised in central memory T cells, 

perhaps contributing to the rapid transition of memory cells from the resting to 

activated state. In addition, bivalent chromatin was marked with both activating 

H3K4me3hi and repressive H3K27me3hi at the same genomic regions, suggesting 

that bivalent genes can be either activated or repressed. In resting memory CD8+ T 

cells, a gene involved in Toll-like receptor 4 signalling, KIAA1804 (mitogen-

activated protein kinase kinase kinase 21) (Seit-Nebi et al., 2012), has a bivalent 

chromatin state that is more permissive and transcriptionally active following CD8+ 

memory T cell activation (Araki et al., 2009). Furthermore, during the differentiation 

of naïve T cells to effector and memory CD8+ T cells, the majority of genes involved 



Chapter 1                                                                                                                                                 Introduction 

 

35 
 

in transcription, replication, and cellular differentiation maintain the H3K4me3 

active mark and lose the H3K27me3 repressive mark (Russ et al., 2014). Thus, the 

four epigenetic states mentioned above change dynamically in response to T cell 

activation, which provides a means to regulate the differential expression of key 

genes and control their memory T cell functions. Importantly, it also highlights that 

the active chromatin state does not rely on a single epigenetic mark but is controlled 

by a combination of epigenetic changes including histone acetylation, histone 

methylation, and histone variant exchange, allowing the necessary transcription 

factor and regulatory element binding to establish transcriptional memory in T cells. 

 

 

1.5.3 Role of Transcription Factors in Memory T cell Development 

Whilst there has been progress in discovery of the molecular mechanisms underlying 

memory T cell development at the histone modification level, the transcription 

factors that epigenetically regulate transcriptional memory remain poorly defined. 

Recent studies have identified several transcription factors that play an important 

role in memory T cell differentiation.  

 

Generally, T-box transcription factor (TBX21; also known as T-bet), B lymphocyte-

induced maturation protein 1 (BLIMP1; also known as PRDM1), and ID2 regulate 

effector T cell differentiation, but EOMES, B cell lymphoma 6 (BCL6), forkhead 

box O1 (FOXO1), signal transducer and activator of transcription 3 (STAT3), and 

Krüppel-like factor 2 (KLF2) appear to promote memory T cell development (Belz 
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and Kallies, 2010; Rutishauser and Kaech, 2010; Kaech and Cui, 2012; Gray et al., 

2014).  

 

Interestingly, some transcription factors function as competing pairs to determine 

effector and memory CD8+ T cell function and fate (Kaech and Cui, 2012). For 

example, TBX21 and EOMES, two T-box transcription factors, cooperative to 

regulate CD8+ T cell effector and memory differentiation. Large amounts of TBX21 

are produced in early effector CD8+ T cells, which in turn fosters the differentiation 

of short-lived, terminally differentiated effector cells, but its expression 

progressively decreases during memory cell formation (Joshi et al., 2007, 2011). By 

contrast, sustained or even elevated EOMES levels promote the development of 

long-lived, self-renewing memory CD8+ T cells (Pearce et al., 2003; Intlekofer et al., 

2005). Moreover, EOMES-deficient CD8+ T cells are associated with memory 

attrition and failed TCM cell formation (Banerjee et al., 2010). Thus, the TBX21-

EOMES ratio can act as a key regulator to determine the lineage fates in CD8+ T 

cells. In recent studies, FOXO1 has been shown to directly regulate the development 

of memory CD8+ T cells via AKT/mTOR signalling. AKT can phosphorylate 

FOXO1 and block its transcriptional activity, resulting in the inhibition of memory 

CD8+ T cell formation (Rao et al., 2012; Kim et al., 2013; Michelini et al., 2013; 

Tejera et al., 2013). Furthermore, inhibiting FOXO1 activity can result in decreased 

expression of other pro-memory transcription factors (e.g., TBX21, EOMES, BCL6, 

and KLF2) (Kerdiles et al., 2009; Rao et al., 2010; Macintyre et al., 2011; Oestreich 

et al., 2012; Rao et al., 2012) 
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Similarly, competing transcription factor pairs can influence effector and memory 

CD4+ T cell development, one example being BLIMP1 and BCL6 (Cimmino et al., 

2008; Johnston et al., 2009; Crotty et al., 2010). BLIMP1 play a critical role in 

terminal effector CD4+ T cell differentiation (Martins et al., 2006; Crotty et al., 

2010), whilst BCL6 appears to be important in CD4+ T cell memory. CD4+ T cells 

lacking BCL6 are unable to persist as memory cells, suggesting that it is required for 

the survival of long-term memory CD4+ T cells (Ichii et al., 2007). In addition, 

NFAT and NK-κB are fairly well characterized with respect to their role in memory 

T cell formation. Enhanced NFAT and NK-κB activation are found in memory 

subsets compared to naïve subsets in CD4+ T cells, illustrating their importance in 

rapid memory T cell recall (Dienz et al., 2007; Lai et al., 2011).  

 

Some lineage-specific transcription factors such as TBX21 and STAT6 form multi-

protein complexes containing HATs to selectively hyperacetylate signature cytokine 

genes (IFN-γ in Th1 cells and IL-4 in Th2 cells) during lineage-polarizing T cell 

activation (Avni et al., 2002; Yamashita et al., 2004). It has been suggested that 

lineage-defining transcription factors play an important role in regulating the 

epigenetic state of target genes by inducing further epigenetic marks. 

Thus, the identification of novel transcription factors and signalling pathways 

involved in the establishment and maintenance of memory T cell differentiation 

necessitates dissection of how these factors cooperate with other 

cofactors/transcription factors in the epigenetic control of memory T cell formation.  
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1.5.4 Novel Epigenetic Regulators of Transcriptional Memory 

Strong T-cell activation involves the engagement of the T-cell receptor and co-

stimulatory signals, but the subsequent recruitment of protein kinases to the 

immunological synapse (IS) is instrumental in the formation of the signalling 

complexes that ultimately lead to the activation of transcriptional signalling networks 

in T cells (Wang et al., 2012). Protein kinase C (PKC) is an evolutionarily conserved 

signalling kinase that catalyses the phosphorylation of downstream signalling targets 

(e.g., transcription factors), and it plays a central role in T cell activation and effector 

function (Keenan et al., 1997; Acuto and Cantrell, 2000). Thus, PKC is a key 

regulator of gene expression in T cells, so may also regulate the transcription factors 

involved in establishing and maintaining transcriptional memory in T cells.  

 

As well as their function in the cytoplasm, some signalling kinases also act as a novel 

class of chromatin-associated epigenetic enzymes that link cytoplasmic signalling to 

chromatin modification events (Clayton and Mahadevan, 2003; Martelli et al., 2012; 

Simone et al., 2004). Recent studies show that PKC isozymes associate with 

chromatin to directly regulate histone modifications (Martelli et al., 2006; Metzger et 

al., 2010; Sutcliffe et al., 2011). The dual role of PKC isozymes, particularly PKC-θ, 

as cytoplasmic signalling molecules and nuclear epigenetic regulators in T cells is 

addressed in the next section.  
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1.6 PKC-θ and T-cell Responses 

1.6.1 PKC-θ Structure and Function 

PKCs are a family of homologous serine/threonine protein kinases that are widely 

conserved in eukaryotes. Twelve isoforms have been identified in mammals, which 

are subdivided into three groups based on their divergent regulatory domains and 

second messenger requirements for activation: the conventional PKCs (cPKCs: α, βI, 

βII, and γ); the novel PKCs (nPKCs: δ, ε, η, and θ); and the atypical PKCs (aPKCs: ι 

/λ and ζ) (Mellor and Parker, 1998).  

 

Similar to other PKC isoforms, PKC-θ is composed of an N-terminal regulatory 

domain and a highly homologous conserved C-terminal kinase domain tethered by a 

unique V3 hinge region. The polyproline motif in the V3 hinge region is essential for 

PKC-θ translocation to the immunological synapse (IS) (Kong et al., 2011). PKC-θ’s 

regulatory region contains a Ca2+-unresponsive N-terminal C2-like domain followed 

by two tandem cysteine-rich zinc finger C1 domains (C1a and C1b) responsible for 

binding to the second messenger diacylglycerol (DAG) or phorbol ester (such as 

phorbol-12-myristate-13-acetate, PMA). Due to the structural difference of the C2 

domain, PKC-θ is activated by DAG/PMA in a Ca2+-independent manner, in 

contrast to cPKCs that require both DAG/PMA and Ca2+ (Steinberg, 2008). 

 

Intrinsic PKC-θ kinase activity is regulated through an allosteric mechanism that 

changes PKC-θ’s conformation from a “closed/inactive” to an “open/active” state 

(Seco et al., 2012; Xu et al., 2004). Upon receptor stimulation, PKC-θ is recruited to 

the plasma membrane via membrane-resident DAG binding to its C1 domain. This 
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triggers the conformational change of PKC-θ from its “closed” to “open” state, 

which makes its kinase domain activation loop accessible for phosphorylation by 

germinal centre kinase-like kinase (GLK, also known as MAP4K3) (Chuang et al., 

2011). PKC-θ has several phosphorylation sites that play distinct roles in its kinase 

activity and membrane translocation. Amongst them, Thr-538 in the activation loop 

is critical for kinase activation (Liu et al., 2002). Other phosphorylation sites include 

Ser-676 (in the turn motif of the kinase domain), Ser-695 (in the hydrophobic motif 

of the kinase domain), and PKC-θ unique sites (Tyr-90 in the C2-like domain and 

Thr-219 in the C1 domain) (Wang et al., 2012) (Fig. 1.6). Upon phosphorylation, the 

pseudosubstrate is unlocked from the kinase domain, allowing catalytic activation of 

PKC-θ and its downstream signalling functions required for T cell survival, 

proliferation, and homeostasis (Oancea and Meyer, 1998). However, the direct 

kinases and/or specific regulators for these phosphorylation sites on PKC-θ are still 

poorly understood.  

 

 

1.6.2 PKC-θ and Immunological T-cell Responses: Importance of Immune 

Synapse Formation 

Despite the fact that different PKC isoforms including PKC-α, δ, ε, η, θ, and ζ are 

expressed at various levels in T cells (Meller et al., 1999; Pfeifhofer-Obermair et al., 

2012), PKC-θ is the most studied protein kinase. Its presence in the immunological 

synapse (IS) following antigen stimulation of T cells is well determined (Monks et 

al., 1997).  
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Three-dimensional digital imaging of T cell-APC interactions has revealed a “bull’s 

eye” structure of the IS. Three distinct subregions were identified: the central 

supramolecular activation cluster (cSMAC), the peripheral SMAC (pSMAC), and 

the distal SMAC (dSMAC) (Freiberg et al., 2002; Monks et al., 1998). PKC-θ is the 

only PKC isoform that selectively colocalises with TCR-pMHC in the cSMAC, 

which indicates that it is essential for full T cell activation. An intermediate pSMAC 

ring surrounds this central core cSMAC, which is enriched with cognate integrin 

LFA-1 (lymphocyte function-associated antigen 1, also known as α4β7 integrin) and 

ICAM-1 (intercellular adhesion molecule 1) (Kong and Altman, 2013).  

 

Initial signalling from TCR/CD28 stimulation was found to induce DAG 

accumulation at the plasma membrane and PKC-θ recruitment to the IS by binding to 

its C1 domains (Wang et al., 2012). However, the DAG-C1 domain interaction is 

insufficient for the selective translocation of PKC-θ to the cSMAC, as indicated by 

the fact that other PKC isoforms that possess similar C1 domains do not have access 

to the cSMAC. Therefore, engagement of other co-effectors is required for selective 

PKC-θ recruitment to the cSMAC (Fig. 1.7). Particularly, Lck tyrosine kinase plays 

an essential dual role in regulating CD28-PKC-θ complex formation and PKC-θ 

conformational change in this unique IS translocation. First, Lck serves as a 

linker/adaptor in the CD28-PKC-θ complex. Also, Src-homology (SH)2 and SH3 

domains in Lck are associated with a phosphotyrosine (pTyr)-containing C-terminal 

proline (Pro)-rich motif (Pro-pTyr188-Ala-Pro) in mature CD28 (Hofinger and Sticht, 

2005; Liu et al., 2000). More recently, Kong et al. showed that a proline-rich motif 

within the V3 domain binds to the SH3 domain of Lck (Kong et al., 2011). 

Therefore, the most likely binding model was a PKC-θ/Lck/CD28 trimolecular  
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Fig. 1.7 PKC- translocation at the immunological synapse (IS) and its dual 

functions in T cell activation  

TCR/CD28 activation induces the generation of the secondary messenger DAG, 

which initiates PKC-θ activation. DAG binds to the C1 domain of PKC-θ and 

recruits PKC-θ to cSMAC for the formation of a CD28-Lck-PKC-θ trimolecular 

signalling complex. In addition, Lck directly phosphorylates PKC-θ to initiate 

the PKC-θ active conformation, which is involved in the activation of NF-κB, 

activation protein-1 (AP-1), and nuclear factor of T cells (NFAT), which 

contribute to active transcription in T cells. Along with its cytoplasmic activity, 

PKC-θ can also translocate to the nucleus via its nuclear-localizing signal (NLS), 

forming an active chromatin-anchored complex at the promoters of inducible 

immune-responsive genes during T cell activation.   
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signalling complex, in which the SH2 domain of Lck interacts with phosphorylated 

Tyr-188 of the CD28 cytoplasmic tail and the SH3 domain of Lck binds to the Pro-

rich motif in the V3 domain of PKC-θ (Kong and Altman, 2013). Moreover, when 

the PKC-θ V3 Pro-rich motif is mutated, it disrupts CD28-PKC-θ complex formation 

and impairs PKC-θ-mediated downstream T cell activation and differentiation in Th2 

and Th17 cells (Kong et al., 2011). In addition, Lck can directly phosphorylate PKC-

θ at Tyr-90 in its C2-like domain both in vitro and in vivo (Liu et al., 2000). 

However, there is no direct evidence that Tyr-90 phosphorylation participates in 

PKC-θ membrane translocation, and it still remains unclear how Tyr-90 

phosphorylation regulates the PKC-θ conformational alteration and kinase activation. 

Along with the DAG binding and Tyr-90 phosphorylation-initiated active 

conformation of PKC-θ, Thr-538 is directly phosphorylated by GLK in the activation 

loop responsible for PKC-θ active conformation stability. Although Thr-538 may not 

directly regulate the recruitment of PKC-θ to the IS, it enables accessible kinase 

domains to undergo autophosphorylation at other phosphorylation sites such as Thr-

219, which is required for proper translocation of PKC-θ to the cSMAC (Thuille et 

al., 2005; Wang et al., 2012).  

 

In contrast to the long-lived symmetric IS formation required for productive T-cell 

activation and differentiation, transient asymmetric synapses can induce T-cell 

anergy in response to weak signal input, such as in the absence of the CD28 co-

stimulatory signal (Dustin, 2008). The conversion between IS and kinases was found 

to be regulated by PKC-θ and Wiscott Aldrich Syndrome protein (WASp): PKC-θ 

negatively controls the stability of IS, while WASp restores the IS in the absence of 

PKC-θ activity (Sims et al., 2007).  
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It is well documented that PKC-θ plays a critical role in T-cell activation, 

proliferation, and differentiation. Ex vivo studies have shown that PKC-θ is involved 

in the activation of NF-κB, activation protein-1 (AP-1), and nuclear factor of T cells 

(NFAT) (Baier-Bitterlich et al., 1996; Coudronniere et al., 2000; Lin et al., 2000; 

Pfeifhofer et al., 2003; Sun et al., 2000). In resting T cells, NF-κB is sequestered in 

the cytoplasm by IκB, which binds to its nuclear localization signal (NLS). Upon 

TCR/CD28 activation, PKC-θ phosphorylates membrane-associated guanylate kinase 

(MAGUK) domain-containing protein 1 (CARMA1) on its serine residues, resulting 

in the recruitment of B-cell lymphoma/leukaemia 10 (BCL10) and mucosa-

associated lymphoid tissue 1 (MALT1) to form an active CARMA1-BCL10-MALT1 

signalling complex. This then promotes activation of the IKK complex to 

phosphorylate inhibitory IκB for its degradation, leading to NF-κB nuclear 

translocation for transcriptional programs required for T cell activation (Lin et al., 

2000). Recently, PKC-θ has been identified as an essential component of the OX40 

signalosome, which contains OX40, TRAF2, RIP2, IKKα/β/γ, as well as the CBM 

complex. This process has been shown to be independent of TCR engagement (So et 

al., 2011; So and Croft, 2012). 

 

Although the importance of PKC-θ catalytic activity has been extensively addressed 

in T cells, the chromatin-associated role of this signal transduction kinase is still 

poorly understood. Upon T cell activation, PKC-θ translocates to the nucleus via its 

nuclear-localizing signal (NLS) (DeVries et al., 2002) to form an active chromatin-

anchored complex that includes RNA polymerase II, the histone kinase MSK-1, 

lysine specific demethylase 1 (LSD1), and the adaptor molecule 14-3-3ζ. This 

complex then localizes to the proximal promoter and coding regions of inducible 
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immune responsive genes in human T cells (Sutcliffe et al., 2011). Moreover, the 

formation of this nuclear PKC-θ-containing transcriptional complex at the regulatory 

regions of gene targets is persistent, in contrast to its rapid association with signalling 

molecules at the IS. In addition, a chromatin immunoprecipitation (ChIP)-on-ChIP 

assay showed that PKC-θ also negatively regulates the transcription of a distinct 

cluster of microRNAs by tethering to their promoter regions (Sutcliffe et al., 2011). 

More recent studies have indicated that chromatin-associated NF-κB is required for 

the assembly of the PKC-θ-containing active transcription complex. Moreover, NF-

κB negatively regulates miR-200 transcription by forming a repressive complex on 

target genes, impeding the formation of the PKC-θ active transcription complex 

(Sutcliffe et al., 2012). However, further studies are required to determine the 

functional differences between cytoplasmic and nuclear-targeted PKC-θ regulation 

and their contribution to transcriptional regulation in T cells.  

 

 

1.6.3 PKC-θ-Associated Diseases 

The role of PKC-θ is diverse, since in vivo studies on Prkcq-/- mice in different 

disease models show differential requirements by distinct T cell subsets. PKC-θ is 

dispensable for the differentiation and effector function of Th1 cells (Hayashi and 

Altman, 2007; Marsland et al., 2004). PKC-θ-deficient mice show intact CTL-

mediated protective antiviral responses against the intracellular bacterium 

Leischmania major (Marsland et al., 2004), LCMV (Berg-Brown et al., 2004), and 

murine gamma-herpesvirus 68 infections (Giannoni et al., 2005). However, Th2 cell 

proliferation and differentiation is significantly defective in Prkcq-/- mice, which may 

reflect its essential role in upregulating GATA-3 expression (Stevens et al., 2006). 
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PKC-θ also appears to be essential for the induction of effective Th2 responses 

against allergens or helminth infections (Marsland et al., 2004). Another study 

showed that PKC-θ was required for the induction of graft-versus-host disease 

(GvHD) and alloreactive T cell-mediated immune responses; however, it was 

dispensable for inducing graft-versus-leukaemia (GvL) responses in bone marrow 

transplantation (BMT) mice (Valenzuela et al., 2009). In sharp contrast to the 

positive role of PKC-θ in the promotion of Th2 effective immune responses, one 

study indicated that PKC-θ negatively regulates the suppressive function of Treg 

cells (Zanin-Zhorov et al., 2010).  

 

 

1.6.4 Targeting PKC-θ for Immune Interventions 

Impairing PKC-θ activity is a proposed therapeutic strategy to prevent undesired 

immune responses such as Th2-mediated allergies, Th17-associated autoimmune 

diseases (Tan et al., 2006), and GvHD (Valenzuela et al., 2009), while preserving 

beneficial Th1 and CTL anti-pathogen immunity (Giannoni et al., 2005; Marsland et 

al., 2005) and GvL responses in BMT (Valenzuela et al., 2009). Therefore, 

pharmaceutical companies have dedicated considerable efforts to developing PKC-θ 

inhibitors (Table 1.2).  

 

The main PKC-θ inhibitors are ATP competitors that blocked PKC-θ kinase activity, 

the most successful to date being sotrastaurin (AEB071), which has progressed in 

phase I clinical trials for the treatment of psoriasis and phase II clinical trials in renal 

transplant recipients (Budde et al., 2010; Friman et al., 2011; Skvara et al., 2008).  
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Table 1.2 PKC inhibitors in human diseases and clinical trials 

Several potential pharmaceutical inhibitors are summarized, along with the specific 

PKC isozyme targets and indications. 
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AEB071 is a “multikinase” inhibitor with strong specificity for PKC-θ, PKC-α, and 

PKC-β at low picomolar concentrations and less preference for other nPKCs  (PKC-

δ, PKC-ε, and PKC-η) at nanomolar concentrations (Skvara et al., 2008). Consistent 

with previous findings of selective regulation of T cell development in PKC-θ-/- 

animal models, AEB071 inhibited TCR/CD28-mediated T cell proliferation, GvHD, 

and allograft rejection (Bigaud et al., 2012; Kamo et al., 2011; Matz et al., 2010) but 

retained T-cell antiviral responses (Friman et al., 2011). Although both PKC-θ and 

PKC-α were inhibited following AEB071 treatment, NFAT activation was not 

impaired (Evenou et al., 2009).   

 

Several other attractive PKC-θ inhibitors might be valuable for the treatment of 

autoimmune diseases. PKC-θ-specific inhibitory compound C20 is reported to 

increase the suppressive function of Treg cells from rheumatoid arthritis (RA) 

patients (Zanin-Zhorov et al., 2010). In another study, the PKC inhibitor R524 was 

developed to inhibit both PKC-θ and PKC-α catalytic activity at nanomolar 

concentrations. Haarberg and colleagues (Haarberg et al. 2013) showed that R524 

impaired CD4+ T-cell proliferation and cytokine production and significantly 

attenuated GvHD symptoms in myeloablative preclinical mouse models of 

allogeneic haematopoietic cell transplantation (HCT). Another potential PKC 

inhibitor is enzastaurin (Ly317615), an orally bioavailable ATP inhibitor originally 

identified as a PKC-β inhibitor (Graff et al., 2005). Ly317615 has shown long-term 

anti-proliferative and pro-apoptotic activity in both solid and haematological cancers. 

Currently, Ly317615 is being evaluated in different clinical trials including phase II 

trials of multiple myeloma (Jourdan et al., 2013) and diffuse large B–cell lymphoma 

((Robertson et al., 2007). However, in vitro Upstate kinase profiler data showed that 
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Ly317615 inhibits PKC-θ fivefold more potently than PKC-β at 1 μmol/L (Graff et 

al., 2005). Therefore, Ly317615 may act as a PKC-θ inhibitor to prevent GvHD 

while retaining GvL responses (Bronk et al., 2012). It has been suggested that highly 

specific inhibition of PKC-θ will promote efficacy and safety in the treatment of 

autoimmune diseases without causing overt immunosuppression (Clark, 2013). 

However, since PKC-θ and PKC-δ share a highly conserved ATP-active region with 

only a single residue difference (Tyr108 in PKC-θ and Phe108 in PKCδ), it has been 

challenging to develop a small molecule compound with a high degree of specificity 

towards PKC-θ.  In 2013, Jimenez et al.  designed a novel compound 27 (C27) that 

showed excellent selectivity for PKC-θ compared to other PKC isoforms and non-

kinase targets. Moreover, it did not show cross-reactivity with other proximal TCR 

kinases. C27 showed encouraging preclinical in effectively inhibiting IL-2 

production in a mouse model of staphylococcal enterotoxin B-induced IL-2 release 

(SEB IL-2 model) (Jimenez et al., 2013), suggesting it is a potent and specific PKC-θ 

inhibitor candidate for therapy in autoimmune diseases.  

 

In addition to the PKC-θ inhibitors that act as ATP competitors, other inhibitors that 

negatively regulate PKC-θ phosphorylation have been developed and studied in 

several disease models. 4-hydroxy-3-methoxycinnamaldehyde (4H3MC) was 

identified as a potential PKC isotype inhibitor, preferentially inhibiting PKC-α, 

PKC-θ, and PKCsι. 4H3MC ablates PKC-θ phosphorylation and impairs its 

translocation to the IS, subsequently inhibiting IL-2 production in Jurkat T cells and 

human leukocytes. In addition, it also blocks the phosphorylation of ERK and p38, 

thereby impairing the activation of AP-1, NFAT, and NF-κB (Akber et al., 2015). 

This suggests it may be an attractive PKC inhibitor candidate for T-cell-mediated 
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autoimmune diseases. Two PKC-θ-specific inhibitors – CGX1079 and CGX0471 - 

were investigated as potential therapeutic adjuvants for antiretroviral therapy (ART) 

in HIV infection (Bermejo et al., 2015). These two inhibitors impair PKC-θ kinase 

activity by blocking PKC-θ phosphorylation at T538 and prevent its translocation to 

the IS, which subsequently impairs activation of NF-κB, AP-1, and NFAT and 

decreases viral transcription. Moreover, CGX1079 and CGX0471 reduce HIV-1 

retrotranscription by inhibiting SAMHD1 phosphorylation at T592, which is 

associated with attenuated proviral integration in PBMCs isolated from HIV-infected 

patients with ART treatment. Despite CGX1079 and CGX0471 retardation of T cell 

proliferation, these compounds did not completely compromise T cell function, 

particularly CD8 anti-viral activity, thereby avoiding general immunosuppression. 

CGX1079 and CGX0471 are promising PKC-θ inhibitors that can reduce reservoir 

size and preserve CTL function against HIV-1 infection (Bermejo et al., 2015). 

 

Moreover, the proline-rich motif in the V3 hinge domain of PKC-θ recently 

identified by Kong et al. may be an attractive target for allosteric inhibition. This 

study indicated that the V3 hinge region is sufficient to trigger PKC-θ translocation 

to the IS or cSMAC. Importantly, this proline-rich motif in the V3 hinge domain is 

unique to PKC-θ and promises highly specific kinase inhibition (Kong et al., 2011). 

Taken together, these less conserved and much more flexible hinge regions may 

become potential targets for optimal PKC inhibitor design. 

 

The chromatin-tethered role of PKC-θ is essential for the regulation of inducible 

gene transcription in human T cells by forming an active chromatin-anchored 

complex that associates with RNA polymerase II, the histone kinase MSK-1, lysine 
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specific demethylase 1 (LSD1), and the adaptor molecule 14-3-3ζ (Sutcliffe et al., 

2011). In addition, blocking PKC-θ nuclear translocation impairs T cell activation 

and inducible gene expression by targeting its C-terminal NLS motif, which suggests 

that its nuclear role is important in T cell activation (Li et al., 2016). Therefore, this 

may provide an alternative approach to inhibiting PKC-dependent T cell function by 

inhibiting its nuclear role as well as its catalytic activity. However, further studies are 

required because very little is known about the molecular mechanism of nuclear-

tethered PKC-θ in the regulation of T cell immune responses.  

 

1.7 Hypothesis 

Although the cellular features of immunological memory are well defined, the 

precise epigenetic mechanisms that underpin transcriptional memory in human 

memory T cells are poorly understood. Preliminary studies of the nuclear role of 

PKC-θ have shown that it is enriched at permissive chromatin associated with rapid 

transcription in memory T cells. Thus, we hypothesise that an open epigenetic state 

across gene regulatory regions allows memory-responsive genes to ‘remember’ 

previous encounters after initial activation and supports transcriptional memory 

responses in memory T cells. In addition, the acquisition and inheritance of 

epigenetic marks in transcriptional memory are regulated by nuclear PKC-θ as well 

as memory transcription factors.  
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1.8 Thesis Aims 

This thesis aims to characterize the epigenetic signatures involved in establishing and 

maintaining transcriptional memory in T cells. Two different models are utilized to 

address the project aims: 1) the established in vitro Jurkat T cell transcription 

memory model to study the epigenetic mechanisms underlying the transcriptional 

memory response; and 2) the ex vivo-derived human memory T cell model to 

validate epigenetic and accessibility changes found in the in vitro model.  

 

Specifically, the key aims of this project are: 

1. To develop the FAIRE assay to identify global chromatin accessibility 

landscapes. 

2. To characterize the genome-wide profile of active chromatin regions using 

FAIRE-sequencing in the in vitro Jurkat transcriptional memory T cell model.  

3. To understand the physical interactions between target immune genes and 

putative regulatory elements in transcriptional memory T cells. 

4. To examine these active regulatory regions in ex vivo-derived human memory T 

cells.  

5. To investigate the role of nuclear PKC-θ in gene expression and chromatin 

accessibility. 
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2.1 Materials 

2.1.1 Chemicals and Reagents 

Chemicals and Reagents Vendor 

Acetic acid Sigma, 695092 

Agarose  Sigma, A4718 

AMPure XP beads  Beckman Coulter, Inc., A63881 

ATP Sigma, A9187 

BSA Sigma, A2153 

Calcium Ionophore (CaI) Sigma, A23187 

CFSE  Thermo Fisher, 65-0850-84 

Chloroform  Sigma, C2432-500mL 

Dnp II enzyme Generesearch, R0543L 

Dimethyl sulphoxide (DMSO) Fisher Scientific, BP231-100 

Ethylenediaminetetraacetic acid (EDTA) Sigma, E9884 

Ethanol  Sigma, E7023-500mL 

Gel Green Staining (10,000 X) Biotium, 41004 

Glycine        Sigma, 50046 

Glycogen   Roche, 10901393001 

Hyperladder IV BIOLINE, BIO-33029 

Isopropanol   Sigma, I9516-500mL 
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Chemicals and Reagents Vendor 

Magna ChIPTM Protein A Magnetic Beads Millipore, 16-661 

IGEPAL® CA-630 Sigma, I8896 

Paraformaldehyde   Calbiochem, 334198 

Phenol: chloroform: isoamyl alcohol 15:24:1   Sigma, P3803 

Phorbol 12-myristate 13-acetate (PMA) Sigma, P8139 

Phosphatase Inhibitor Cocktail Set V, 50X Millipore, 524629 

Power SYBR® Green PCR Master Mix   Applied Biosystems, 4367659 

Protease Inhibitor Cocktail Sigma, P8340-5mL 

Proteinase K  Invitrogen, 25530-049 

RNase, DNase-free  Roche, 11 119 915 001 

Sodium acetate pH= 5.2 Sigma, S-7899 

Sodium chloride Sigma, S-3014 

T4 DNA ligase Invitrogen, 15224-025 

TaqMan® Universal PCR Master Mix Applied Biosystems, 4304437 

Triton® X-100  Sigma, 0481100261 

Trizma® base Sigma, 93362 

TRIzol® Reagent   Sigma, T9424-200mL 
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2.1.2 Buffers and Solutions 

 

 

2.1.3 Inhibitors  

 

 

Buffers and Solutions Vendor 

ChIP Dilution Buffer   Millipore, 20-153-K 

Diethyl Pyrocarbonate (DEPC)-treated H2O Fisher Scientific, BP561-1 

Dulbecco’s phosphate buffer saline (D-PBS) Thermo Fisher , 14190-250 

High Salt Immune Complex Wash Buffer Millipore, 20-155 

LiCl Immune Complex Wash Buffer Millipore, 20-156 

Low Salt Immune Complex Wash Buffer Millipore, 20-154 

NEBuffer  DpnII Generesearch,  B0543 

SDS Lysis Buffer Millipore, 20-163 

TE Buffer Millipore, 20-157 

Tris-HCl, pH7.4 Sigma, T2663-1L 

Inhibitors Vendor 

Compound 27 (C27) 

Rottlerin 

SYNthesis med chem, 20131015Fa 

Millipore, 19-162 
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2.1.4 Medium for in vitro studies       

 

 

2.1.5 Kits  

 

 

 

 

Complete RPMI medium  Vendor 

RPMI-1640   Gibco, 11975-093 

Heat-inactivated fetal calf serum (HI-FCS) 10% (v/v) Sigma, 12003 

Penicillin-Streptomycin-Neomycin (PSN)   1% (v/v) Sigma, P4083 

1M HEPES  10mM Gibco, 15630-080 

200 mM L-Glutamine Solution 2mM Thermo Fisher, 25030-081 

Kits Vendor 

DNA clean and concentratorTM-5 kit Zymo Research, D4003 

Lonza MycoAlert® Mycoplasma Detection kit  Lonza, LT07-318 

NEBNext® Multiplex Oligos for Illumina®  NEB Inc, E7335L 

NEBNext® Ultra DNA Library Prep Kit  NEB  Inc, E7370L 

Neon™ Transfection System 100 µL Kit Life Tech,  MPK10025 

Superscript III First Strand cDNA Synthesis System Invitrogen, 18080-051 
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2.1.6 Antibodies 

2.1.6.1 FACS Antibodies  

Surface Marker Conjugated Flurochrome Vendor 

CCR7 Alexa Fluor® 700 BD, 561143 

CD3 APC BD, 340661 

CD4 PE-CyTM7 BD, 348789 

CD45RA FITC BD,347723 

CD8α PerCP BD, 347314 

 

 
 

2.1.6.2 Chromatin Immuno-precipitation Antibodies  

Targeted Protein Amount used/ 0.5-1x106 cells Vendor 

H2B 5μg Abcam，ab52484 

H2B Ser23p 5μg Abcam，ab10476 

PKC-θ 5μg Santa Cruz, sc-212 
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2.1.7 Silencing RNA and Associated Reagents  

 

 

 

 

2.1.8 BAC Clones 

BAC clones Vendor 

BCL6 Life Tech, CITB LIB 2503J18 

DUSP10 Life Tech, CITB LIB 2548C1 

TNFSF10 Life Tech, CITB LIB 2634C23 

GD (gene desert) Life Tech, CITB LIB 2148F10 

 

 

 

 

 

siRNA and Reagents Vendor 

FAM-labelled negative control siRNA Santa Cruz, sc-37007 

FAM-labelled mock control siRNA  Santa Cruz, sc-36869 

Human PKC-θ siRNA Santa Cruz, sc-36252 

Lipofetamine 2000® Invitrogen, 11668-027 
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2.1.9 Oligonucleotides  

2.1.9.1 Oligonucleotides Used in FAIRE and ChIP Analysis 

Gene Forward Oligo Sequences Reverse Oligo Sequences 

BACH2 GAACGCCCACACTCTCAATC 

GAACGCCCACACTCTCAATC 

GAACGCCCACACTCTCAATC 

AAGTTATTGTGAATGGGGAG

CG 

AAGTTATTGTGAATGGGGAG

CG 

BCL2A1 TGGACGTTTTGCTTGGACCT 

GAACGCCCACACTCTCAATC 

GAACGCCCACACTCTCAATC 

AAGGTGAGCCAGCTCAAGA

CCG 

AAGTTATTGTGAATGGGGAG

CG 

BCL6 GGACAGGTCTTCCACTCCAG GCATTGAGGTGGCAGAAAC

C BIRC3 TTGGGTCATGGAAATCCCCG CCCCACCCCTATCTGTACCA 

CD44 TGAGCTCTCCCTCTTTCCACC

AC 

TTGGATATCCTGGGAGAGGA

GG CD69 CCCACTTTCCTCCTGCTACA GCCGCCTACTTGCTTGACTA 

CREB5 CCTCCGTGGTCTTGTCTGAA GACACGGCTCCCTGACATTA 

DUSP2 GGGATGGAGGTGAGAGTGAC CATCGGTGTGTTCGTCAGAG 

DUSP4 GTGTGTTTACGAGAGAGGAC TCTAAGCCGAGGAGAAAAC

T DUPS10 TAGATGTGTGGGAGCAGGGA CTGCAAGGGGAGGGAATTG

T GAPDH AGTCCAGTCCTGGGAACCA TAGTAGCCGGGCCCTACTTT 

ICOS TTTTTGAGAAGGCGAGGCAT TGCTTTTTCCCAACCCTCTC 

IL2 CTTGCTCTTGTCCACCACAA ACCCCCAAAGACTGACTGAA 

IL6 ACTGCAGCCTTCGACTCACT CTGAGACGGGTGGATCACTT 

IL8 CAGTCTTCAACAGAGGAAAG

AGC 

TCCATTCAGTCTGTTTCAGCT

AC LTA/TNF TCAGTGCCTTCTTCTGCTTCA AGCTAGGGTGTGACATGACC 

MIR21 TTGGATAAGGATGACGCACA TCAGAAGTCCCACATTTATC

ACC MIR155 ATTGGCAGGGTTAGGTGGTG ACAGAAATCAGGGAGGCAG

C NR4A2 GGTATATTTCCGACCTGACG GTCACACCTCTTTCGGAAAA 

PLAUR GGGAAGCAAAGCAAGGGTTA GTTTTGTCAGGAGGGATACT

GG PRDM8 GAGGAAGAGACAGGGATGGC GGTGGTTTCCTGTGTCAGCA 

TNF TCCAGTCATCAGCTCTCCCA GCGAAGGATGCTCCTTGAGA 

TNFSF9 AGCATGACACTCAGGGTTCC CTTTGTCTCCTTCCCCTCCT 

TNFSF10

0 

TCAGTGCCTTCTTCTGCTTCA AGCTAGGGTGTGACATGACC 

TRIB3 GAGTCCGTGGCTGATGTCT CCTCTCTCCTCTGCATCCG 

PPIA GCCAGGCTCCTGTTTTAATG GAGCAGTCTCCGGTTTTGAG 
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2.1.9.2 Oligonucleotides Used in 3C Analysis 

3C Oligo Sequences 

GD_anchor  AGATTTCTGACTCTAAAAAGTCCTTGGCTGTACTG 

GD53*  CTTTGTGGAACAGCCATTGGCAAAAGTCC 

GD55*  CAGTCAAACTTAGATACGCAGAGGCAAGG 

GD58*  CATCTCACTGCCATAAAGCACTTCAGAATGG 

BCL6_anchor  CTGTAGCAAAGCTCGGCCTCTGGAATTC 

BCL6_Reg  TTAACACAGTGCTTCACTGCCTCTATCAAGTC 

DUSP10_anchor  ACACTCACACAAGCACCGCCTTACAATC 

DUSP10_Reg  GAAATTGCCAGTACCTAGTGAGCTAATGACC 

TNFSF10_anchor  ACCCACATCTATTGAACCTGCAACTGTC 

TNFSF10_Reg  AGACAAACACTGGGTAGTCCAAGGAGGATG 

 

 

 

2.1.9.3 TaqMan Probes Used in Transcript Analysis 

Gene TaqMan Probe ID 

BCL2a1 Hs00187845_m1 

BCL6 Hs00153368_m1 

BIRC3 Hs00985031_g1 

CD69 Hs00934033_m1 

DUSP10 Hs00200527_m1 

GAPDH Hs99999905_m1 

ICOS Hs00359999_m1 

IL2 Hs00174114_m1 

IL8 Hs00174103_m1 

mir21 Hs00978580_m1 

mir155 Hs01374569_m1 

NR4A2 Hs01118813_m1 

PRDM8 Hs01027637_m1 

TNF Hs00174128_m1 

TNFSF10 Hs00921974_m1 
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2.1.10 Microfluidic TaqMan Array Card for Transcript Analysis 

Gene  Assay ID  Gene  Assay ID  

CRTAM Hs00219699_m1 SLA Hs00277129_m1 

IL3 Hs99999081_m1 STAT4 Hs00231372_m1 

IL2 Hs00174114_m1 HIVEP1 Hs00172428_m1 

TNF Hs00174128_m1 STAT5A Hs00559643_m1 

EGR2 Hs00166165_m1 IL13 Hs01124272_g1 

SLAMF1 Hs00234149_m1 GATA3 Hs00922328_m1 

IL8 Hs01553824_g1 PLCH1 Hs00324566_m1 

NR4A1 Hs00374230_m1 SATB2 Hs00392652_m1 

NR4A2 Hs01118813_m1 MAP3K1 Hs00394890_m1 

NR4A3 Hs00175077_m1 RNF125 Hs00215201_m1 

REL Hs00968436_m1 HLA-A Hs01058806_g1 

RNF19A Hs00209954_m1 CD28 Hs01007422_m1 

NAB1 Hs00428619_m1 CD69 Hs00934033_m1 

DUSP6 Hs01044001_m1 EGR1 Hs00152928_m1 

ZFP36L1 Hs00245183_m1 HIVEP3 Hs00225836_m1 

KLF10 Hs00194622_m1 C13orf15 Hs00204129_m1 

SERPINE1 Hs01126607_g1 DUSP2 Hs00358879_m1 

NFATC1 Hs00542678_m1 PIM3 Hs00420511_g1 

KDM6B Hs00996325_g1 HIVEP2 Hs00198801_m1 

PLK3 Hs00177725_m1 STARD4 Hs00287823_m1 

RUNX3 Hs00231709_m1 MAP2K3 Hs00177127_m1 

TNFSF9 Hs00169409_m1 GNG4 Hs00189551_m1 

ALKBH3 Hs00286731_m1 NAB2 Hs00195573_m1 

MANF Hs00180640_m1 PMAIP1 Hs00560402_m1 

SLAMF6 Hs00372941_m1 NFKB2 Hs00174517_m1 

NRP1 Hs01546496_m1 SGK1 Hs00178612_m1 

IPCEF1 Hs00611486_m1 MALAT1 Hs00273907_s1 

PPP3CA Hs00174223_m1 IFRD1 Hs00155477_m1 

TRIB3 Hs01082394_m1 SERPINE2 Hs00385730_m1 

GOT1 Hs00157798_m1 ATF3 Hs00231069_m1 

EOMES Hs01015629_m1 ZC3H12A Hs00228181_m1 

STC2 Hs00175027_m1 TESK1 Hs00246240_m1 

ESRP1 Hs00940592_m1 IER2 Hs00270620_s1 

CCL4L1 Hs00605740_g1 RPL30 Hs00265497_m1 

TNFSF10 Hs00921974_m1 RPL27A Hs02517722_g1 

CSF2 Hs00171266_m1 GAPDH Hs99999905_m1 

GZMA Hs00989184_m1 PPIA Hs99999904_m1 

ARL5B Hs00379311_m1 PRKCZ Hs00177051_m1 

ZEB2 Hs00207691_m1 PRKCQ Hs00234704_m1 

BCL6 Hs00153368_m1 PRKCH Hs00178933_m1 

NSUN6 Hs00400181_m1 PRKCB Hs00176998_m1 

IFNAR2 Hs00174198_m1 PRKCA Hs00176973_m1 

GZMK Hs00157878_m1 PRKCG Hs00177010_m1 

PRKCE Hs00178455_m1 SATB1 Hs00161515_m1 

PRKCD Hs00178914_m1 SURF1 Hs00162467_m1 

PRKCI Hs00702263_g1 KDM1A Hs00390930_m1 

AKT1 Hs00920503_m1 KDM1B Hs00400708_m1 

IFNG Hs00989291_m1   
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2.2 Methods 

2.2.1 Cell Isolation, Culture and Stimulation 

2.2.1.1 Mycoplasma Detection 

The human Jurkat T cell line (Clone E6-1, ATCC® TIB-152) were routinely 

examined for mycoplasma contamination by using Lonza MycoAlert® Mycoplasma 

Detection kit (Lonza, LT07-318). Briefly, 2mL of human Jurkat T cells were 

centrifuged at 1400rpm for 10 minutes at room temperature and 100L of sample 

supernatant was transferred into a luminometer tube. A volume of 100L of 

MycoAlert® Reagent was added to 100L of the sample supernatant, positive 

control and negative control. They were incubated for 5 minutes in a luminometer 

cuvette at room temperature. The sample tubes were placed in the luminometer and 

the luminance was measured at a 1 second integrated by initiating the program 

(Reading A). And then 100L of MycoAlert® Substrate was added to each sample 

and incubated for 10 minutes followed by luminance detection (Reading B). The 

ratio of Reading B/Reading A was calculated and used to determine whether the cells 

are contaminated by mycoplasma. A ratio above 2 was indicated as mycoplasma 

positive.   

 

 

2.2.1.2 Mammalian cell line culture and stimulation 

The human Jurkat T cell line (Clone E6-1, ATCC® TIB-152) were cultured in 

complete RMPI medium at a concentration of 2.5x105cells/mL at 37oC in a 

humidified incubator containing 5% CO2. To establish transcriptional memory 
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responses, human Jurkat T cells were initially activated at 5x105 cells/mL with a final 

concentration of 24ng/mL of phorbol 12-myristate 13-acetate (PMA; Sigma, P8139) 

and/or 1M calcium ionophore (CaI; Sigma, A23187). Previously activated Jurkat T 

cells were then subjected to the process of stimulation withdrawal, which involved 

washing cells three times in warm stimulus-free complete RPMI-1640 medium 

(Invitrogen, 11875-093) (1200rpm, 10 minutes, room temperature). Supernatant was 

discarded followed by re-suspension of cell pellets in complete RPMI-1640 medium 

without stimulus at a concentration of 5x105 cells/mL for cell resting either 24 hours 

or 6 days. During the resting period, Jurkat T cells were maintained daily at a cell 

concentration of 4x105cells/mL. Following stimulus withdrawal, cells were re-activated 

with PMA/CaI at a concentration of 5x105 cells/mL for 2 hours to generate the 

transcriptional memory response of target genes. 

 

 

2.2.1.3 Carboxyfluorescein succinimidyl ester (CFSE) assay 

For CFSE analysis, previously stimulated (2h) Jurkat cells were incubated with 

10μM CFSE (Thermo Fisher, 65-0850-84) in Dulbecco’s phosphate buffer saline (D-

PBS; Thermo Fisher, 14190-250) with 5% heat inactivated foetal calf serum (HIFCS; 

Sigma) for 10 min before being washed and re-cultured in complete RPMI-1640 

medium. Fluorescence was measured using the LSRII flow cytometer (BD 

Biosciences) and analysed with FlowJo. The background fluorescence of unstained 

cells was subtracted from each intensity measurement and the values were compared 

to day 0 cells. One cell division was presumed to be equal to a 2-fold decrease in 

intensity. 
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2.2.1.4 Isolation of Ex Vivo Derived CD4+ T lymphocytes  

Human blood originated from the Khanna Lab (QIMR Berghofer, Brisbane) was 

obtained from healthy CMV seropositive volunteers recruited after obtaining 

informed written consent in accordance with the QIMR Berghofer Medical Research 

Institute Human Ethics Guidelines and approved by the QIMR ethics committee, 

ethics approval number P158. Isolation of primary human CD4+ T cells from 

peripheral blood mononuclear cells (PBMCs) was performed at QIMR, Brisbane. 

PBMCs were isolated from heparinized blood by Ficoll-Paque Plus (GE Healthcare, 

Little Chalfont, UK) density centrifugation and subsequently cryopreserved in liquid 

nitrogen until the day of sorting. PBMCs were revived from cryopreserved stocks 

and stained with CD8α-PerCP, CD4-PE Cy7, CD3-APC, CCR7-Alexa Fluor700 and 

CD45RA-FITC antibodies (BD Biosciences, San Jose, CA) and subsequently sorted 

for CD4+ naïve (CD45RA+ CCR7+ CD27+) and memory (CD45RA-) cells using the 

FACS Aria (BD Biosciences) cell sorter.  

 

 

2.2.1.5 Pharmacological Inhibition of PKC-θ in Jurkat T Cells  

Both Rottlerin (Millipore, 19-162) and Compound 27 (C27; SYNthesis med chem, 

20131015Fa) inhibitors were dissolved in dimethyl sulphoxide (DMSO; Fisher 

Scientific, BP231-100) as a solvent and diluted in complete RPMI-1640 medium to 

1mM before adding to human Jurkat T cells. Confluent human Jurkat T cells at a 

density of 5x105 cells/mL were pre-treated with either rottlerin at a final 

concentration of 15M for 1 hour or C27 at a final concentration of 1M for 2 hours, 

followed by activation with 24ng/mL of PMA and 1M CaI for 2 hours. Primary 
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PMA/CaI activated Jurkat T cells were then washed three times with warm stimulus-

free complete RPMI-1640 medium at 1200rpm for 10 minutes at room temperature. 

Cell pellets were re-suspended in stimulus-free complete RPMI-1640 medium and re-

cultured for resting either 24 hours or up to 6 days. Jurkat T cells were maintained 

daily at a concentration of 4x105 cells/mL during the resting period followed by re-

activation with PMA/CaI for 2 hours at a density of 5x105 cells/mL. Human Jurkat T 

cells pre-treated with DMSO were used as a vehicle control in both inhibition 

experiments.   

 

 

2.2.1.6 Nuclear Localization Sequence (NLS) Mutant Transfection in Jurkat T 

Cells  

Human Jurkat T cells were transfected with 5g of vector-only (VO) plasmid, HA-

tagged wild-type (WT) PKC-θ or cytoplasm-restricted PKC-θ mutant (NLS) 

plasmids using the Neon™ Transfection System 100µL Kit (Thermo Fisher, 

MPK10025) according to the manufacturer’s instructions. A volume of 2mL of 

antibiotic-free RPMI-1640 medium were pre-incubated in 6-well plates at 37oC in a 

humidified incubator containing 5% CO2. Confluent Jurkat T cells were washed 

three times with D-PBS at 1200rpm for 10 minutes at room temperature and then re-

suspended in Neon Re-suspension Buffer R at a density of 2x107 cells/mL. Each 

construct was transfected at final amount of 5g per 1x106 Jurkat T cells in a 100µL 

transfection volume using the Neon electroporation transfection system with 

recommended parameters of 1350 pulse voltage, 10ms pulse width and 3 times 

pulses. Following electroporation, transfected cells were immediately cultured in 
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pre-warmed 2mL antibiotic-free RPMI-1640 medium at a density of 5x105 cells/mL 

for 48 hours followed by PMA/CaI primary stimulation for 2 hours. Previously 

activated Jurkat T cells were 24 hours after stimulus withdrawal and then re-

stimulated with PMA/CaI for 2 hours.  

 

 

2.2.1.7 PKC-θ siRNA Transfection of Ex Vivo Derived Primary CD4+ T Cells  

Primary naïve and memory human CD4+ T cells were isolated from buffer coat 

obtained from the Australian Red Cross Blood Service, Sydney using the FACS Aria 

cell sorter. All human samples were used in accordance with University Ethics 

Committee guidelines and transfection experiments were performed in the Kelleher 

Lab (AMR, UNSW, Sydney). Human naïve and memory CD4+ T cells were diluted 

to a concentration of 2x105 cells/mL in antibiotic free RPMI-1640 medium. PKC-θ 

targeted (Santa Cruz, sc-36252) and FAM-labelled mock control siRNAs (Santa 

Cruz, sc-36869) together or FAM-labelled negative control siRNA (Santa Cruz, sc-

37007) alone were added to the Opti-MEM® I reduced-serum medium (Thermo 

Fisher, 31985-062) in 15mL tubes. A volume of 50 µL of siRNA/Opti-MEM mixture 

was transferred to a 24-well plate and incubated for 5 minutes at room temperature. 

An appropriate amount of Lipofetamine 2000® (Invitrogen, 11668-027) was also 

diluted in Opti-MEM® I reduced-serum medium and incubated for 5 minutes at 

room temperature. A volume of 50 µL of Lipofetamine 2000®/OPTI-MEM mixture 

was added to the wells containing the PKC-θ siRNA or the mock control alone 

siRNA and then incubated for 15 minutes at room temperature. A volume of 500L 

of diluted naïve and memory CD4+ T cells were then added to siRNA/Lipofetamine 
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2000® mixture in each well of 24-well plate. The cells were transfected at 37oC in a 

humidified incubator containing 5% CO2 for 48 hours. After siRNA transfection, 

cells were re-suspended in complete RPMI-1640 medium with antibiotics at a 

density of 5x105 cells/mL followed by PMA/CaI stimulation for 2 hours.  

 

 

2.2.2 Molecular and Biochemical Studies 

2.2.2.1 Total RNA Extraction  

Total RNA were extracted from 1x106 Jurkat T cells using TRIzol® Reagent 

(Invitrogen, 15596-018) according to the manufacturer’s instruction. Briefly, cells 

were lysed in 1mL TRIzol by violent pipetting and incubated for 10 minutes at room 

temperature. RNA was extracted by adding 0.2mL of chloroform (Sigma, C2432) 

followed by vigorous shaking the eppendorf tube and then rested for 10 minutes at 

room temperature. The mixture was then centrifuged at 12000 rpm for 15 minutes at 

4°C, and the upper aqueous layer containing RNA was collected into a fresh 

eppendorf tube. A volume of 0.5mL 100% isopropanol (Sigma, I9516-500mL) was 

then added to the aqueous phase and mixed by inverting the eppendorf tube, 

followed by incubating for 10 minutes at room temperature and centrifuging at 

12000 rpm for 15 minutes at 4°C. The supernatant was removed and RNA pellet was 

washed with 1mL of icy cold 80% ethanol and then centrifuged at 12000 rpm for 10 

minutes at 4°C. Ethanol (Sigma, E7023-500mL) was discarded and the RNA pellet 

was left to air dry at room temperature for 10 minutes before re-suspending in 20 µL 

of diethylpyrocarbonate (DEPC; Fisher Scientific, BP561-1)-treated water. Extracted 
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total RNA was stored at -80°C. The NanoDrop® Spectrophotometer ND-1000 was 

used to measure the RNA concentration and purity (260/280 ratio and 260/230 ratio).  

 

 

2.2.2.2 First-Strand cDNA Synthesis  

First-strand cDNA was synthesised by using the SuperScriptTM III First-Strand 

Synthesis System (Invitrogen, 18080-051) according to manufacturer’s instructions. 

In Brief, for each reaction 1μL of 50μM Oligo(dT)20 and 1μL of 10mM dNTP mix 

were added to the 1μg of total RNA diluted in 8μL of DEPC water, in a total reaction 

volume of 10μL. Samples were mixed thoroughly and incubated at 65oC for 5 

minutes, followed by placing on ice for 1-minute incubation. The cDNA synthesis 

mix of 2 μL of 10x RT buffer, 4μL of 25mM of MgCl2, 2μL of 0.1M DTT, 1μL of 

40 U/μL RNase OUT TM and 1μL of 200 U/μL SuperScript III RT was prepared in a 

nuclease-free microcentrifuge tube for each reaction. A total of 10μL of this mixture 

was then added to each RNA/primer sample mixture followed by incubation at 50oC 

for 50 minutes. Subsequently, heating the sample at 85oC for 5 minutes to terminate 

the reaction. A volume of 1μL of 2 U/μL E. coli RNAseH was added to the samples 

and incubated at 37oC for 20 minutes to remove RNA complementary. Synthesized 

cDNA samples were used for quantitative real-time polymerase chain reaction (qRT-

PCR) or the 384-well microfluidic TaqMan® gene expression array assay. 

 

 

 

 



Chapter 2                                                                                                                              Materials and Methods 

 

72 
 

2.2.2.3 Formaldehyde-Assisted Isolation of Regulatory Elements (FAIRE) 

FAIRE samples were prepared as previously outlined (Simon et al., 2012, 2013) with 

minor modifications to the protocol. Briefly, 10mL of cells were cross-linked with 

270μL of 37% paraformaldehyde (PFA; Calbiochem, 334198) at a final 

concentration of 1% for 10 minutes at room temperature with continuous rotation. 

The cross-link reaction was immediately quenched by adding 500μL of 2.5M 

Glycine (Sigma, 50046) at a final concentration of 125mM and incubating for 10 

minutes at room temperature on the rotary wheel. Cells were then lysed with 500μL 

of SDS lysis buffer (Millipore, 20-163) containing 1:400 dilutions of phosphatase 

inhibitors cocktail set V (Millipore, 524629) for 10 minutes. The cell lysates were 

sonicated on the MiSonix 3000 sonicator with the conditions: power 35, 5 second 

ON, 15 seconds OFF for the total elapse time of 15 minutes. The sonication should 

shear chromatin to yield an average DNA fragment distribution of approximately 

200bp to 500bp in length. A 50 μL aliquot of fragmented DNA (total input control 

DNA) was topped up to a final volume of 100μL with Tris-HCl (pH 7.4; Sigma, 

T2663-1L) and reverse cross-linked by incubating overnight at 65°C. Proteins were 

digested by adding 1μL of 20mg/mL Proteinase K (Invitrogen, 25530-049) and 

incubating for 1 hour at 55°C. Genomic DNA was then extracted by adding an equal 

volume of phenol-chloroform (Sigma, P3803), mixing vigorously and centrifuging at 

12,000rpm for 5 minutes at room temperature. The top aqueous phase was collected 

and transferred to a new tube. Second phenol-chloroform extraction was performed 

by adding 150μL of Tris-HCl (pH 7.4) to the remaining interphase and organic 

layers, followed by centrifuging and collecting the aqueous layer to combine to the 

previously extracted DNA. The residual phenol was removed by adding 200μL of 

chloroform to the combined aqueous layer and centrifuging at 12,000rpm for 5 
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minutes at room temperature. The aqueous phase was extracted and transferred to a 

new tube containing 2 volumes of 100% ethanol, 1/10 volume of 3M sodium acetate 

(pH5.2; Sigma, S-7899) and 1μL of 20mg/mL glycogen (Roche, 10901393001). 

Genomic DNA was precipitated by incubating overnight at -80°C and pelleted by 

centrifuging at 12,000rpm for 15 minutes at 4°C. DNA pellet was washed with 70% 

ice-cold ethanol and resuspended in 20μL of Tris-HCl (pH 7.4). The remaining 

sonicated DNA (FAIRE DNA) was directly isolated by double phenol-chloroform 

extraction, followed by overnight cross-link reversal, proteinase K digestion as 

described above and finally FAIRE DNA was purified by using the Zymo DNA 

clean and concentratorTM-5 kit (Zymo Research, D4003). FAIRE-DNA samples were 

stored at -20oC. FAIRE-DNA was quantified by real-time PCR with the primer sets 

listed in Table 2.1.9.1.  

 

 

2.2.2.4 Chromosome Conformation Capure (3C) Assay   

The 3C assay was performed according to (Hagège et al., 2007), except that DpnII 

(Generesearch,  R0543L) was used as the restriction enzyme. 1x107 Jurkat T cells 

were cross-linked as described in FAIRE assay, followed by lysing in 5mL of cold 

lysis buffer (10mM Tris-HCl pH7.4, 10mM NaCl, 0.2% (vol/vol) IGEPAL® CA-

630) containing 25μL of 10x protease inhibitor cocktail (Sigma, P8340-5mL) on ice 

for 10 minutes. The cell lysates were homogenized on ice by using a Dounce 

homogenizer (pestle A) with 15 slow strokes. Completely lysed cells were 

centrifuged at 400g for 5 minutes at room temperature. The nuclei was then 

resuspended in 500μL of 1x NEB Dpn restriction buffer (Generesearch, B0543S). 

Proteins that are not cross-linked to the DNA were removed by incubating at 37°C 
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for 1 hour with the addition of 7.5μL of 20% SDS. 50μL of 20% Triton X-100 

(Sigma, 0481100261) was then added to quench SDS. 400U of Dpn restriction 

enzyme was added to the samples and reaction was incubated overnight at 37°C with 

rotation, followed by adding 40μL of 20% SDS to inactivate Dpn enzyme activity at 

65°C for 20 minutes. Ligation cocktail master mix (5.995mL of 1.15x T4 DNA 

ligase buffer, 375μL of 20% Triton X-100, 65μL of 10mg/mL BSA, 65μL of 100mM 

ATP and 8μL of T4 ligase) was prepared and added to digested nuclei. The ligation 

reaction was incubated at 16°C for 4 hours followed by 30 minutes at room 

temperature. Ligated DNA were reverse cross-linked overnight at 65°C with the 

addition of 15μL of 20 mg/mL Proteinase K, followed by phenol-chloroform 

extraction. DNA was quantified by SYBR real-time PCR with primer sets listed in 

Table 2.1.9.2. 3C-qPCR data were normalized to a Gapdh loading control and 

primer efficiency was normalized to bacterial artificial chromosome (BAC) clones 

including gene desert (GD), DUSP10, TNFSF10, and BCL6. 

 

 

2.2.2.5 Chromatin Immuno-precipitation (ChIP) 

ChIP-qPCR was performed with Magna ChIPTM Protein A Magnetic Beads 

(Millipore, 16-661) as outlined previously (Sutcliffe et al., 2011). Jurkat T cells were 

cross-linked and lysed followed by sonication to shear the chromatin as described in 

Section 2.2.2.3. The cell lysates were diluted 10-fold with ChIP dilution buffer 

(Millipore, 20-153-K) with 1:1000 protease inhibitor. A volume of 100μL of diluted 

chromatin sonicate was aliquoted as the Total Input sample while the rest was 

aliquoted for immunoprecipitation. Antibodies used for ChIP-DNA enrichment were 

H2B, H2B Ser32 and PKC-θ. Briefly, samples were incubated with appropriate 
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volume of ChIP antibodies and 20L of Magna ChIPTM Protein A Magnetic beads at 

4C overnight with rotation. Samples with no addition of antibody were used as 

negative control for background enrichment. Immune-complexes were captured by 

magnetic protein A beads when samples were placed on a magnetic rack and beads 

were washed with 500μL of the following buffers respectively (containing 1:2000 

protease inhibitor) on a rotary wheel at 4°C for 5 minutes: low salt Buffer (Millipore, 

20-154), high salt Buffer (Millipore, 20-155), lithium chloride (LiCl) wash buffer 

(Millipore, 20-156), then TE Buffer (Millipore, 20-157). Immune-complexes were 

then eluted from the magnetic protein A beads by washing 400μL of ChIP elution 

buffer (1% SDS, 100mM NaHCO3) at room temperature with rotation for 30 

minutes. The supernatant was collected with the removal of the magnetic protein A 

beads and all samples (including Total Input) were reverse cross-linked overnight at 

65oC, followed by protein digestion with Proteinase K. Both genomic DNA and 

ChIP enriched DNA were extracted by phenol-chloroform and resuspended in 20L 

of DEPC water. ChIP-DNA samples were stored at -20oC. ChIP-DNA was 

quantified by real-time PCR with the primer sets listed in Table 2.1.9.1.  

 

 

2.2.2.6 DNA Agarose Gel Electrophoresis 

2% (w/v) Agarose gels were prepared in 1 x TAE running buffer (40mM Tris, 40mM 

acetic acid, 1mM EDTA) and 5μL of DNA sample (approximately 100-500 ng) were 

loaded with 1μL of loading dye into each lane of the gel, followed by running the gel 

at 100V for about 1 hour. Bands were detected by UV transillumination of ethidium 

bromide stained (0.5-1g/ml) gels. Final molecular weight of DNA fragment was 
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compared with the Hyperladder IV (BIOLINE, BIO-33029) ladder bands of known 

DNA size (100 to 1000 base pairs).  

 

 

2.2.2.7 Real Time Polymerase Chain Reaction (RT-PCR) 

RT-PCR was performed using the Applied Biosystems® ViiATM 7 Real-Time PCR 

System (Life Technologies). TaqMan RT-PCR was carried out to determine gene 

expression with gene-specific TaqMan probes. 4.5μL of 1:20 diluted cDNA was 

added to the master mix containing 5μL of 2X Taqman universal master mix and 

0.5μL of gene specific Taqman probes to make up a reaction volume of 10μL for 

each sample. TaqMan RT-PCR reaction was performed with thermocycler 

conditions: stage 1, 50C for 2 minutes for 1 cycle; stage 2, 95C for 10 minutes for 

1 cycle; stage3, 95C for 15 seconds and 60C for 1 minute for 40 cycles. The assay 

ID of all TaqMan probes used in this study are listed in Table 2.1.9.3. SYBR Green 

RT-PCR was used to detect either chromatin accessibility or ChIP DNA binding. 

4μL of either FAIRE DNA or ChIP DNA was added to the master mix containing 

5μL of the 2X Power SYBR-green Reaction Mix and 5.5uL of gene-specific 

promoter/enhancer primers (1μM) to make up a 10μL RT-PCR reaction. The same 

thermocycler condition was used as TaqMan RT-PCR, with additional dissociation 

curve detection at the end to confirm single product amplification.  
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2.2.2.8 Custom Microfluidic Array Card  

The customized 384-well microfluidic TaqMan® gene expression array card was 

prepared according to the manufacturer’s instructions (Life Technologies, 4342259). 

This custom TaqMan® gene expression array card is a 96a format allowing 4 unique 

samples to be run in parallel against 95 selected assays and 1 mandatory control that 

are pre-loaded into each reaction well on the card. Briefly, 1μg of total RNA was 

used for cDNA synthesis as described in Section 2.2.2.2. 100μL of 5-fold diluted 

cDNA was mixed with 100μL of TaqMan® Universal PCR Master Mix (2X) and 

loaded into each fill port on a TaqMan® gene expression array card. The array card 

was then centrifuged at 1200rpm for 2 minutes at room temperature for the 

distribution of cDNA throughout the card, followed by sealed using sealer. RT-PCR 

was performed on the ViiATM Real Time PCR System using the 384-well TaqMan® 

low density array default thermal-cycling conditions: stage 1, 50C for 2 minutes for 

1 cycle; stage 2, 95C for 10 minutes for 1 cycle; stage3, 95C for 15 seconds and 

60C for 1 minute for 40 cycles. Custom selected TaqMan assays were listed in 

Table 2.1.10. 

 

 

2.2.2.9 FAIRE-seq DNA Library Preparation 

50 ng of FAIRE DNA and the corresponding total input DNA were used to prepare 

the FAIRE-seq DNA library using the NEBNext® Ultra DNA Library Prep Kit for 

Illumina® (New England BioLabs Inc, E7370L) according to the manufacturer’s 

instructions. FAIRE DNA libraries were single-end 50bp sequenced on the Illumina 

HiSeq2000 at the Ramaciotti Centre for Genomics, University of New South Wales, 
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Sydney. 55.5μL of FAIRE DNA was end repaired with 3.0μL of NEBNext End Prep 

Enzyme Mix in 6.5μL of NEBNext End Repair Reaction Buffer (10X), incubating in 

a thermocycler at 20C for 30 minutes followed by 65C for 30 minutes. The adaptor 

ligation was performed with the reaction mixture of 2.5μL of NEBNext adaptor for 

Illumina (10-fold diluted), 15μL of Blunt/TA Ligase Master Mix and 1μL of 

Ligation Enhancer, which was incubated at 20C for 15 minutes followed by adding 

3μL of USERTM Enzyme to the ligation mixture. Subsequently, adaptor-ligated DNA 

was purified by using AMPure XP beads (Beckman Coulter, Inc., A63881). The 

purified adaptor modified DNA fragments in the volume of 15μL was PCR amplified 

for 10 cycles with 25μL of NEBNext Ultra II Q5 Master mix, 5μL Universal PCR 

primer and 5μL Index primer for multiplexing purposes (New England BioLabs Inc, 

E7335L). PCR cycling conditions was set up according to the manufacturer’s 

instructions: initial denaturation at 98oC for 30 seconds for 1 cycle; 10 cycle repeats 

of denaturation at 98oC for 10 seconds, annealing/extension at 65oC for 75 seconds 

and final extension at 65oC for 5 minutes; and finally hold at 4oC. at the end, FAIRE-

DNA library was purified by using AMPure XP beads and sequenced with single-

end 50bp on an Illumina HiSeq2000 at the Ramaciotti Centre for Genomics, 

University of New South Wales, Sydney. 

 

 

2.2.3 Bioinformatics Analysis  

Dr. Kristine Hardy performed all bioinformatics analysis involved in FAIRE-seq 

analysis. FAIRE sequencing reads were stripped of adapter sequences with CutAdapt 

(Martin, 2011), mapped to the human (Hg19) genome with global alignment in 
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Bowtie2 (Langmead and Salzberg, 2012), and duplicate reads were removed with 

Picard (http://picard.sourceforge.net). Areas of enrichment in the DMSO FAIRE 

samples compared to the total input sample were determined using MACS2 (Zhang 

et al., 2008) with the Broad option and using a q-value cut-off of ≤0.05. Regions 

from the four DMSO samples were pooled (in Galaxy) with overlapping regions 

merged into one. In total, 40,731 regions were detected (28 were removed because 

they were on chrM or chrUn). Reads were extended to 200bp and the number of 

sequencing reads in each region for all samples (DMSO and rottlerin treated) were 

counted in R. The counts were MA normalised to each other in R. Using the NS 

DMSO and rottlerin treated comparison as a guide, a 1.75-fold change with a 

minimum read number of 30 was used as a cut-off for calling regions with changed 

CA. Based on the NS comparison, this was expected to give 242 regions as false 

positives or a 8.5 - 14.5% false positive rate. The mid-points of the regions were 

annotated to the nearest ENSEMBL transcript using the ChIPpeakAnno package in 

R. As a region can be annotated to more than one transcript, regions were allocated 

to groups in the following order: 5’UTR, 3’UTR, exon, intron, promoter, upstream, 

and intergenic. A promoter was defined as the area -1 kb to 0 bp from the TSS and 

upstream was defined as -10 kb to -1 kb from the TSS. Regions were also annotated 

to RoadMap CD4+ memory chromatin state data (Bernstein et al., 2010) and ChIP-

seq data from naïve, memory, and PMA/I activated Th CD4+ cells donor 62 

(GSE17312). Homer (Heinz et al., 2010) was used to profile the RoadMap histone 

marks +/- 1kb (0.1 kb bins) around the FAIRE peaks, and values were scaled by total 

mapped reads. Wilcoxon tests were performed with continuity correction in R. 

DAVID (Huang et al., 2007) was used to look for over-represented Gene Ontology 

groups in the genes nearest to the accessible regions. ST>NS, SW>NS, and RS>NS 
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regions were compared to the NS region background. A p value <0.05 and FDR 

<25% cut-off were used to determine significance, and groups had to have at least 10 

genes present. Homer (Heinz et al., 2010) was used to identify over-represented 

transcription factor binding motifs. For Homer program, the regions were 

standardised to 300 bp (or 500 bp for co-occupancy) and genomic regions with 

similar GC content as background. Motifs had to have a q (HOMER) value of ≤ 0.05. 

GSEA (Subramanian et al., 2005) was used to investigate the motif occurrence 

significance in regions differentially affected by rottlerin treatment, with sets of 

regions (set to 300 bp) containing JASPAR motifs (at least 2 motif occurrences, from 

CLOVER) (Frith et al., 2004) instead of the usual gene lists. Regions were ranked 

using fold-changes, and region (‘gene’) permutation was used to establish 

significance. Genes were classified as primary response genes or memory-responsive 

genes if they had at least log2 0.5 greater expression in ST (day 0, primary response 

genes) or RS cells (day 9, memory-responsive genes) compared to NS and either RS 

(primary response genes) or ST cells (memory-responsive genes). Expression for 

Jurkat cells from GSE61172 (Li et al., 2016) and primary cells from E-MEXP-2578. 

FAIRE data was deposited in GEO under accession number GSE63766. 
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3.1 Chapter Introduction 

Activation of naïve T cells by infection prompts extensive proliferation and 

differentiation to generate a pool of antigen-specific memory T cells. These are 

maintained throughout human life to provide long-lasting protection against re-

infection (Swain et al., 1996; Kaech et al., 2002b; Antia et al., 2005). The capacity of 

memory T cells to rapidly and effectively recall effector functions and ensure 

immune protection ultimately resides in their unique acquired transcriptional 

patterns. Although resting memory T cells are quiescent for immune-responsive gene 

expression programs, they form a ‘memory’ of the transcriptional response to their 

previous pathogenic encounter that equips them with the potential for rapid and 

heightened transcriptional activation of effector genes to respond effectively to 

antigenic re-exposure; this is termed ‘adaptive transcriptional memory’ (TM) (Weng 

et al., 2012; Youngblood et al., 2013). Understanding the molecular mechanisms of 

TM is critical to the development of effective and safe vaccines and 

immunotherapies.  

 

To investigate the molecular basis of TM responses of memory T cells, Dr. Jasmine 

Li established the in vitro Jurkat T cell transcriptional memory (JTM) model in our 

laboratory. In this model, non-stimulated (NS) Jurkat T cells are stimulated with 

PMA and calcium ionophore (P/I) followed by stimulus withdrawal (SW) and P/I re-

stimulation (Li et al., 2016). Whole-transcriptome microarray expression analysis 

(GEO number: GSE61172) demonstrated that Jurkat T cells retain transcriptional 

memory responses with distinct transcriptional profiles seen for the different states 

represented by the JTM model. Specifically, the TM response can be induced by P/I 
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re-stimulation and results in more efficient and robust secondary gene activation. 

Moreover, TM responses in the JTM model resemble those of ex vivo-derived human 

CD4+ memory T cells, suggesting that the in vitro JTM model is useful for studying 

the epigenetic mechanisms underlying TM in human T cells.  

 

It is generally believed that transcriptional activation is tightly linked with the open 

chromatin state and accessible regions of regulatory elements such as promoters and 

enhancers, which allows access for transcription factor binding and Pol II 

transcriptional machinery occupancy (Tewari et al., 2012; Thurman et al., 2012; 

Teves et al., 2014). However, the molecular basis of how a permissive chromatin 

landscape epigenetically regulates TM in human T cells remains poorly understood. 

Several approaches can be used to profile chromatin accessibility or nucleosome 

occupancy across the genome (Song and Crawford, 2010; Cui and Zhao, 2012; 

Buenrostro et al., 2013; Simon et al., 2012). The formaldehyde-assisted isolation of 

regulatory elements (FAIRE) assay is one of the simplest procedures to directly 

identify nucleosome-depleted genomic regions (‘open chromatin’ regions) (Giresi 

and Lieb, 2009; Simon et al., 2012). FAIRE enrichment is based on the phenol-

chloroform extraction of nucleosome-depleted DNA due to the difference in 

crosslinking efficiency between DNA and histone proteins (nucleosome, high 

efficiency) or other regulatory factors (low efficiency). In FAIRE, chromatin is 

briefly cross-linked with formaldehyde in vivo, sheared by sonication, and finally 

subjected to phenol-chloroform extraction. Protein-free DNA is preferentially 

released to the aqueous phase (Fig 3.1).  
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Fig. 3.1 The Formaldehyde-Assisted Isolation of Regulatory Elements 

(FAIRE) procedure 

A schematic of the FAIRE protocol. The preparation of reference Input DNA is 

illustrated on the left, while the FAIRE DNA procedure is illustrated on the 

right.  
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The FAIRE assay is reported to work on a wide range of eukaryotic cells and tissues 

for characterizing active regulatory elements similar to those captured by DNase I 

hypersensitivity assays (Hogan et al., 2006; Giresi et al., 2007; Giresi and Lieb, 

2009; Song et al., 2011; Waki et al., 2011; Paul et al., 2013; Yang et al., 2013; 

Ovesen et al., 2014). However, due to variations in cell number, sample composition, 

and other technical factors, several parameters must be optimized for each 

experiment such as cell fixation and sonication parameters (Simon et al., 2012) 

 

In this chapter, the FAIRE assay was optimized for the in vitro Jurkat T cell TM 

model. The FAIRE assay was also performed on PMA-induced mesenchymal cells 

from the MCF-7-inducible breast cancer cell model. FAIRE-seq libraries were 

optimized and prepared to investigate changes in chromatin accessibility at the 

genome-wide level in the Jurkat T cell TM model. 

 

 

Results 

3.2 The Development of the FAIRE Assay in Jurkat T Cells 

In order to characterize genome-wide changes in chromatin accessibility in human T 

cells, we sought to develop the FAIRE assay for use on the Jurkat T cell TM model. 

We began by optimizing sonication efficiency to generate the target fragment size 

range. In order to shear the chromatin to 150-750 bp with an average fragment size 

of around 300-400 bp as recommended by (Simon et al., 2012), sonication 

parameters were assessed at 13 different sonication powers and duration 

combinations (Fig 3.2 A). The fragmentation patterns created by different sonication 
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Fig. 3.2 Sonication optimization for the FAIRE assay in Jurkat T cells 

(A) Representative gel image showing varying degrees of sonication. Jurkat T cells 

were fixed with formaldehyde for 10 min and lysed. Chromatin was then 

sheared by sonication using the parameters outlined in (B). After clearing cell 

debris, cross-links were reversed, and purified DNA was run on a 1% (wt/vol) 

agarose gel. A 1000 bp ladder (left on gel) is included for reference. The target 

range (150 bp to 750 bp) for fragment sizes is shown. 

 

(B) Sonication parameter optimization strategy. Chromatin was sheared by 

sonication for 1, 5, 10, 15, and 30 minutes at varying degrees of sonication 

power level (power 10, power 35, and power 60). Total transmitted ultrasonic 

energy is shown for each parameter setting. 
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 conditions were detected by running genomic (input) DNA on 1% (w/v) agarose 

gels. A representative agarose gel showing examples of over-, under-, and 

sufficiently sonicated chromatin is presented in Fig 3.2 A. Fifteen minutes sonication 

with a 5 sec burst followed by 15 sec rest at power 35 (120w/s) was ideal for 

shearing chromatin to yield the required fragment length distribution.  

 

Upon T cell activation, active transcription requires the regulatory regions of 

inducible genes to become accessible for transcription factor binding during 

chromatin remodelling (Lim et al., 2013; Teves et al., 2014). To investigate the 

ability of the FAIRE assay to identify chromatin accessibility changes of inducible 

genes, Jurkat T cells were subjected to activation with P/I for 4 hours. Then, RNA 

was collected for transcription profiling, and formaldehyde cross-linked cells were 

harvested for the FAIRE assay assessment. Consistent with our previous 

observations (Li et al., 2016), IL2, CD69, and TNF transcription was detected in 

activated Jurkat T cells, as shown in Fig 3.3 A. The FAIRE-qPCR results also 

showed significant increases in chromatin accessibility in the promoter regions of 

these inducible genes after 4 hours of P/I stimulation in Jurkat T cells (Fig 3.3 B). By 

contrast, input control DNA (genomic reference DNA) showed no change in 

accessibility prior to and following activation in Jurkat T cells (Fig 3.3 C). Together, 

these results suggest that the FAIRE assay is an effective and reliable approach to 

identify nucleosome-depleted regions (open chromatin) and active regulatory 

elements in Jurkat T cells.  

 

In order to examine the lower limit of starting cell number to accurately identify 

chromatin accessibility changes, the FAIRE assay was performed on Jurkat T cells 
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Fig. 3.3 Increased accessibility of inducible genes in Jurkat cells 

(A) mRNA expression of IL2, CD69, and TNF in Jurkat T cells activated with P/I 

for 4 hours (ST4h) compared to NS. Expression levels were measured by qPCR 

and normalized to GAPDH expression.  

 

FAIRE (B) and INPUT (C) chromatin accessibility of IL2, CD69, and TNF in Jurkat 

T cells activated with P/I for 4 hours (ST4h) compared to NS. Chromatin 

accessibility was measured by FAIRE qPCR and normalised to the GAPDH 

promoter. 

Data presented are mean ± SEM, n=3. t-test , ** p < 0.01, *** p < 0.001. 
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 with decreasing starting cell numbers: 10 x 106 cells, 5 x 106 cells, 2 x 106 cells, 1 x 

106 cells, and 0.5 x 106 cells. A comparison of chromatin accessibility changes at two 

representative inducible gene promoters (IL2 and CD69) with varying starting cell 

numbers is shown in Fig 3.4. Although decreasing starting cell number did not affect 

FAIRE enrichment in non-stimulated Jurkat T cells, it had a slight influence on the 

identification of active chromatin domains in P/I-activated Jurkat T cells. Starting 

with 10 x 106 cells maximally detected chromatin accessibility changes in the 

promoter regions of IL2 (2.9-fold) and CD69 (8.6-fold) compared to a 1.5-fold 

increase for IL2 and a 4.4-fold increase for CD69 in DNA accessibility detected with 

0.5 x 106 cells. These results suggest that the detection of chromatin accessibility 

changes is superior with greater numbers of starting cells. However, as few as 0.5 x 

106 starting cells was still sufficient to detect chromatin accessibility changes in P/I-

activated Jurkat T cells.  

 

3.3 The Chromatin Accessibility of Inducible Genes in MCF-7 

Breast Cancer Cells 

We have previously identified a role for nuclear PKC in inducible gene regulation in 

the adherent human epithelial MCF-7 breast cancer cell model (Zafar et al., 2014). 

As part of this project, we also optimized the assay in the MCF-7-inducible breast 

cancer cell model. Due to variability in cell number and composition, sonication 

efficiency was optimized for the MCF-7 cell model system to obtain the ideal target 

fragment size range required for FAIRE. Similar to parameter setting in the Jurkat 

model, sonication efficiency was assessed at seven different parameter combinations 

of sonication power model, sonication efficiency was assessed at seven different
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Fig. 3.4 Increased accessibility of inducible genes with varying starting cell 

numbers in Jurkat cells 

FAIRE chromatin accessibility of IL2 (A) and CD69 (B) in Jurkat T cells 

activated with P/I for 4 hours (ST4h) compared to NS. Chromatin accessibility 

was measured by FAIRE qPCR and normalized to the GAPDH promoter. Fold 

changes in FAIRE chromatin accessibility of stimulated cells relative to non-

stimulated cells are shown on the right. 

Data presented are the representative graphs (mean ± SEM with n=3 PCR repeats) 

of 2 independently repeated experiments.  
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parameter combinations of sonication power and duration as shown in Fig 3.5 A. 

The range of fragment sizes produced by each sonication condition was detected by 

running the samples on 1% (w/v) agarose gels. A representative agarose gel image 

showing the results of under-, over-, and sufficiently sonicated chromatin is shown in 

Fig 3.5 B. Similar patterns of sonication efficiency were observed in MCF-7 cells as 

in the Jurkat T cell model (Fig 3.2 B). Sonication at power 10 (60 w/s) was 

insufficient to shear chromatin even after 30 min, while over-sheared chromatin was 

detected at power 60 (150 w/s) for 5 min (Fig 3.5 B). Again, the ideal distribution of 

fragmented chromatin (average fragment size around 300-400 bp) was obtained with 

15 min sonication with a 5 sec burst followed by 15 sec rest at power 35 (120w/s).  

 

PMA is a well-known PKC pathway inducer that can also induce epithelial-to-

mesenchymal transition (EMT) in epithelial MCF-7 breast cancer cells (He et al., 

2010). Treating MCF-7 cells with PMA for 60 h induces a distinct transcriptional 

profile of inducible EMT-related genes such as CD44, PLAUR, IL6, and DUSP4 

(Zafar et al., 2014; Boulding et al., 2016). To investigate the capacity of the FAIRE 

assay to identify chromatin accessibility changes at inducible EMT-related genes in 

the MCF-7-inducible model (MCF-IM), MCF-7 cells were treated with PMA for 60 

h and then formaldehyde cross-link cells were harvested for FAIRE assay 

assessment. Here, “non-stimulated” (NS) denotes epithelial cells and “stimulated” 

(ST) denotes PMA-induced mesenchymal cells in the MCF-IM. FAIRE-qPCR 

showed significantly increased chromatin accessibility across the promoter regions 

of the CD44, PLAUR, IL6, and DUSP4 inducible EMT-related genes in the 

mesenchymal state in MCF-IM cells compared to NS cells (Fig 3.6). However, no 

change in chromatin accessibility was detected across the proximal promoter region  
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           Fig. 3.5 Sonication optimization for FAIRE assay in MCF-7 cells 

(A) Sonication parameter optimization strategy. Chromatin was sheared by 

sonication for 5, 15, and 30 minutes at varying sonication power levels 

(power 10, power 35, and power 60). Total transmitted ultrasonic energy is 

shown for each parameter setting. 

 

(B) Representative gel image showing varying degrees of sonication. MCF-7 

cells were fixed with formaldehyde for 10 min and lysed. Chromatin was 

then sheared by sonication using the parameters outlined in (A). After 

clearing cell debris, cross-links were reversed, and purified DNA was run on 

a 1% (wt/vol) agarose gel. A 1000 bp ladder (right on gel) is included for 

reference. The target range (150 bp to 750 bp) for fragment sizes is shown. 
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Fig. 3.6 Increased accessibility of inducible genes in MCF-7 cells 

FAIRE chromatin accessibility of CD44, PLAUR, IL6, DUSP4, and IL2 

promoter regions in MCF-7 cells  activated with PMA for 60 hours (ST) 

compared to NS. Chromatin accessibility was measured by FAIRE 

qPCR and normalised to the PPIA promoter. 

Data presented are mean ± SEM, n=3. t-test , * p < 0.05, *** p < 0.001. 
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of the inducible immune response gene IL2 following PMA treatment in MCF-IM 

cells (Fig 3.6). Together, these results suggest that the FAIRE assay is an effective 

and reliable approach for identifying cell type-specific nucleosome-depleted regions 

(open chromatin) and active regulatory elements.  

 

 

3.4 Optimization of FAIRE Library Preparation in Jurkat T Cells 

With the development of high-throughput sequencing (HTS) techniques, chromatin 

accessibility profiles can now be characterized at the genome-wide level. Due to a 

lack of commercially available library preparation kits specifically designed for 

FAIRE-seq and the different library preparation procedures required for each 

sequencing platform, FAIRE library preparation was optimized for the Illumina 

sequencing platform using the NEBNext® ChIP-Seq Library Prep Kit in the Jurkat T 

cell model. A schematic of the library preparation design is presented in Fig. 3.7. As 

shown in Fig 3.8, the group F3 procedure showed the best library construction, 

which was starting with 50 ng of FAIRE DNA followed by 10 cycles of PCR 

amplification without additional size selection. The amplified products in group F3 

showed the greatest enrichment of fragment sizes at 200-300 bp required for single-

end 50 bp sequencing on the Illumina HiSeq2000 platform.  

 

Therefore, the FAIRE assay can be applied to identify genome-wide functional 

regulatory regions and chromatin accessibility changes in the Jurkat T cell model. 

  



 

95 
 

 

  
Fig. 3.7 Library optimization for FAIRE-seq 

A schematic of the library preparation procedure with optimization parameters is 

shown at the top. A summary of optimization parameters is illustrated at the 

bottom.  
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Fig. 3.8 Quality check of library samples for FAIRE-seq 

The FAIRE enrichment peaks of optimized library samples (F1-F5) are represented 

with the gel-like image (top left) and electropherogram analyzed using the Agilent 

2100 Bioanalyzer. All sample peaks appear between the lower and upper marker 

peaks, whereas library sample F3 yielded an ideal distribution of fragment size for 

FAIRE-seq. 
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3.5 Quality Control of FAIRE-seq Data in the Jurkat TM Model 

In order to explore genome-wide changes in chromatin accessibility patterns that 

mark TM-responsive genes, FAIRE-seq analysis was applied to the in vitro Jurkat T 

cell transcriptional memory (JTM) model (Fig 3.9 A). This in vitro JTM model 

established four distinct transcriptional states: NS (non-stimulated, naïve T cell 

state), ST (stimulated, primary activated T state), SW (stimulus withdrawal, 

“transcriptionally experienced” T cell state) and RS cells (re-stimulation, memory-

like T cell state) (Li et al., 2016).  

 

FAIRE DNA was isolated from these Jurkat T cell samples and used for FAIRE-seq 

library construction. FAIRE library quality was assessed using the Agilent 2100 

Bioanalyzer as shown in Fig 3.9 B. High quality libraries were constructed for each 

sample, which showed a single fragment size distribution peak with the 

recommended median size ranging between 200 – 500 bp (Simon et al., 2012). In 

addition, Jurkat T cell samples pre-treated with rottlerin (ROTT) were also prepared 

for FAIRE-seq, which will be further discussed in Chapter 5.  

 

Prior to analysis of FAIRE HTS-generated sequence data for biological 

interpretation, quality control (QC) assessment of raw sequence reads was performed 

using FastQC to ensure the accuracy of downstream read alignment and functional 

analysis. The FastQC report started with an overall basic statistical assessment of 

HTS sequence read data including general information about the total number of 

sequence reads, sequence read length, and overall percentage GC content of all bases 

across reads in each FAIRE-seq sample (Table 3.1). These basic statistics showed  
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Fig. 3.9 FAIRE-seq in the Jurkat transcriptional memory model 

(A) A schematic of the in vitro transcriptional memory Jurkat T cell Model (JTM). Non-

Stimulated (NS) Jurkat T cells were stimulated with PMA and ionomycin (ST), and 

then washed of stimulus and rested for 1 day (SW) before re-stimulation (RS). 

 

(B) Quality check of library samples from the JTM (NS, ST, SW and RS) for FAIRE-seq. 

The FAIRE-enriched peak of each library sample is presented by electropherograms. 
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Table 3.1 The overall quality assessment basic statistics using FastQC 

A summary of composition statistics for the FAIRE-seq raw data, which includes 

the total number of sequence reads, filtered sequence reads, range of sequence 

read lengths, and %GC content.  
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that each FAIRE-seq sample generated a similar total number of sequence reads 

ranging from 50,000,000 to 65,000,000 without any filtered sequences (poor 

quality), and all sequence reads were of identical length of 51 bases. The overall GC 

content for the library was around 40-41%.  

 

Since all FAIRE-seq samples showed the same quality metric patterns, the DMSO 

SW sample was selected as a representative QC data example. One of the most 

useful quality metrics is the base quality score distribution (Fig 3.10 A), which helps 

to decide whether the reads need trimming before final alignment and analysis. The 

y-axis represents the Phred quality scores that indicate base call quality, while the x-

axis represents all of the individual bases for the reads. The quality value distribution 

was plotted for every base call. Typically, a higher score at each position across all 

bases suggests that the base call is more reliable. The Phred quality scores were 

divided into three: very good quality calls (green; score > 28), calls of reasonable 

quality (orange; 20 < score < 28), and calls of poor quality (red; score <20). The base 

quality score result at each read position was above 30, suggesting that the raw 

sequence data was of high quality. Generally, the average sequence quality (depicted 

by the blue line) decreased as the read position increased towards the end of a read. 

As expected, the sequence quality increased first, followed by a slight decline until 

the end of the read (Fig 3.10 A). Furthermore, sequence quality was also assessed by 

the average quality of all the reads across all bases in a FAIRE-seq sample instead of 

examining the sequence quality of each base position separately. The results of per-

sequence quality scores showed that most reads had an average quality of 38, which 

is a very high Phred quality score, and there were no sequences with low-quality 

scores below 28 (Fig 3.10 B).   



 

101 
 

  

Fig. 3.10 The assessment modules of sequence quality per position and on 

average in FastQC 

(A) Per-base sequence quality module. A Box-Whisker-type plot shows the 

distribution of quality scores across bases. The y-axis represents the Phred 

quality scores, and the x-axis shows all of the individual bases for the reads. 

The median Phred value is represented by the central red line; the average 

quality is showed by the blue line; the yellow box indicates the inter-quartile 

range.  

 

(B) Per-sequence quality score module. The distribution of the average qualities of 

all the sequence reads was plotted. The y-axis represents the number of 

sequence reads and the x-axis shows the mean Phred score.  
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Another important quality metric is to check sequence duplication levels to evaluate 

library diversity or enrichment (Fig 3.11 A); typically, most sequences in a diverse 

library should occur only once. The sequence occurrence percentage is presented on 

the y-axis, which is calculated relative to the total number of unique sequences (set at 

100%) in the raw sequence data. Only the first 200,000 sequences were analyzed by 

FastQC in order to reduce module processing and memory requirements. The overall 

duplication level of each sequence is scored on the x-axis according to the number of 

distinct duplicated sequences, with any sequences with more than 10 duplicates 

categorized into the 10+ group. Most sequences were grouped into a sequence 

duplication level of 1, and the sequence occurrence percentage immediately dropped 

at sequence duplication level 2. Only a few sequences with high duplication levels 

were detected in the 10+ category, indicated by a small rise at the end of plot as 

expected. Overall, the sequence duplication level of the library was 11.01%, 

indicating that only 11.01% sequences were non-unique. Therefore, the library 

contained a diverse set of sequences and there was no enrichment bias in the raw 

sequence data. 

 

The base sequence content was also analysed to examine whether the library was 

contaminated with overrepresented sequences or sequenced with bias. The relative 

amount of each DNA base (A, T, C, and G) was called at each base position in all 

reads of a given sequencing sample. As shown in Fig 3.11 B, the straight lines of the 

four nucleotides were parallel and there was no difference in the frequencies between 

A and T or C and G, indicating that the sequence read data were randomly sampled 

and there was no overrepresented sequence contamination in the library.  
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Fig. 3.11 The assessment modules for duplication levels and sequence content 

in FastQC 

(A) Duplicated sequences module. The degree of sequence duplication was 

analyzed by FastQC. The y-axis represents the frequency of sequence read 

occurrence and the x-axis shows the duplication level. Only the first 200,000 

sequence reads were analyzed by FastQC. 

 

(B) Per-base sequence content module. The distribution of the four nucleotides (A, 

T, C, and G) across each base position is shown. The y-axis represents the 

proportion of each base occurrence and the  x-axis shows the position in the 

read.  
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Consistent with the sequence content results, no overrepresented sequence was 

detected by FastQC analysis (Fig 3.12 A). However, overrepresented sequence 

analysis only detects contamination with full adapter sequences and not parts of the 

sequence that may be present in a variety of places of the sequence reads. Therefore, 

overrepresented K-mers content analysis was required to detect parts of 

contaminating adapter sequences (Fig 3.12 B). In order to reduce the module 

processing time for efficient analysis, only 20% of the raw data in the whole library 

was analysed by FastQC. The enrichment of every 5-mer from the sequence read 

within a given library was detected and considered overrepresented if its observed 

count was enriched 3-fold higher than the expected overall enrichment level or 5-fold 

higher at a given read position. The pentamer (CTGGG) (4,502,610 counts) was 

detected in the library and occurred with overall 3.2-fold higher frequency than 

expected (Fig 3.12 B), indicating that there were some parts of adapter dimers 

contamination in the library. 

 

In addition, other QC analyses performed in the FastQC modules were per-base N 

content, sequence length distribution, per-base GC content, and per-sequence GC 

content (Fig 3.13). In the per-base N content module, uncalled bases in a sequence 

are substituted with an N content instead of counting them as conventional base calls 

as summarized in the basic statistical analysis; there were no uncalled bases in the 

raw sequence data (Fig 3.13 A). Consistent with the results from the basic statistics 

module, the analysis of sequence length distribution and per-base GC content 

modules showed that all sequences were of uniform length of 51 bases and contained 

40% GC content in the DMSO SW sample FAIRE-seq library (Fig 3.13 B and C).  
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  Fig. 3.12 The assessment modules of overrepresented sequences and k-mers in 

FastQC 

(A) Overrepresented sequences module. Adapter contamination in the libraries was 

examined with overrepresented sequences module analysis. The green tick 

icon indicates that the module results are entirely normal in the FastQC report. 

 

(B) Overrepresented k-mers module. Library contamination with parts of adapter 

dimers was examined using the overrepresented k-mers module analysis. 

Contaminated reads were summarized in the adapter content module shown 

below the plot of overrepresented k-mers, including k-mers sequence, total 

count, and the observed/expected ratio for the k-mers.   
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Figure 3.13 The assessment modules of N content, sequence lengths, GC 

content and distribution in FastQC 

(A) Per base N content module. The N content represents the uncalled base in a 

sequence. The proportion of N content was plotted across each base position in 

a sequence. 

 

(B) Sequence length distribution module.  A detailed plot of sequence length 

distribution is shown by FastQC. 

 

(C) Per base GC content module. The overall GC content across each base position 

was plotted.   

 

(D) Per sequence GC content module.  The comparison between the distribution of 

actual GC content across all sequences and the modelled normal distribution of 

GC content. The red line represents the overall distribution of GC content in 

the library and the blue line shows the theoretical shaped distribution of GC 

content.  
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Finally, the GC content can be also measured across the entire length of each 

sequence, and the distribution of GC content over all the sequences in a given library 

was compared to a theoretical normal distribution. As shown in Fig 3.13 D, the 

distribution of actual GC content per read (depicted by the red line) was symmetrical 

and closely fit the modelled normal distribution (depicted by the blue line), albeit 

with a slight shift towards a higher GC content. This indicated that the library was 

randomly sampled with some systemic GC-content bias.   

 

 

3.6 Sequence Quality Trimming of FAIRE-seq Data  

To further improve the overall FAIRE-seq data quality, adapter contamination was 

removed using the CutAdapt (Martin, 2011) tool on the original total read data 

before genome assembly. Consistent with previous sequence read quality score 

results, only a few low-quality sequence reads were trimmed for adapter removal, 

while most of the FAIRE sequence reads were of high quality (Table 3.2). Then, the 

trimmed reads were mapped to the human (hg19) genome with global alignment in 

Bowtie2 (Langmead and Salzberg, 2012). On average, around 70% of total trimmed 

reads were uniquely aligned to the reference human (hg19) genome, while the 

DMSO RS sample showed the highest relative amount (89.7%) of trimmed reads 

uniquely alignable compared to its total reads. Furthermore, the duplicate reads were 

removed with Picard (http://picard.sourceforge.net) after sequence alignment. As 

expected, less than 5% of mapped reads were duplicate sequence reads, consistent 

with the results of the sequence duplication levels in the FastQC analysis, suggesting 

that the library was diverse and contained no enrichment bias.  

http://picard.sourceforge.net/
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Table 3.2 Sequence reads of adapter trimming and alignment  

A summary of the number of the sequence reads after removal of adapter 

contamination and alignment to the human (hg19) genome in Bowtie2.  
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3.7 Chapter Summary and Discussion 

Loss of nucleosomes at regulatory regions such as promoters is an evolutionarily 

conserved hallmark of active gene expression among eukaryotes (Wallrath et al., 

1994; Teves et al., 2014). FAIRE-enriched nucleosome-depleted regions (NDRs) 

identified at promoters are associated with active transcription by marking with 

H3K4me3 and H3K27ac in adipocyte differentiation (Waki et al., 2011). Compared 

to non-stimulated Jurkat cells, significantly increased chromatin accessibility was 

detected at the promoter regions of inducible genes upon P/I stimulation, suggesting 

that FAIRE is a robust approach to study the molecular basis of transcriptional 

regulation by probing NDRs or ‘open chromatin’ regions in the Jurkat T cell model. 

In addition, the application of FAIRE successfully worked on limited starting 

material (as low as 0.5 x 106 cells), supporting its potential for the identification of 

gene regulatory elements in ex vivo-derived naïve and memory human T cell subsets 

(see Chapter 4).  

 

Furthermore, the FAIRE assay was also successfully applied to the inducible human 

epithelial MCF-7 breast cancer cell model (Zafar et al., 2014). Although a significant 

increase in chromatin accessibility was detected across the promoter regions of 

inducible EMT-related genes CD44, PLAUR, IL6, and DUSP4 in PMA-induced 

mesenchymal cells, the proximal promoter region of inducible immune responsive 

gene IL2 remained inaccessible following PMA treatment in MCF-IM cells. Some 

open chromatin regions or active regulatory elements identified by the FAIRE assay 

reflected the unique chromatin profile of specific cell types under certain 

experimental treatments.  
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Taking advantage of the in vitro Jurkat T cell TM model, in which memory-

responsive genes can be induced by P/I re-stimulation with highly similar 

transcriptional patterns to ex vivo-derived human CD4+ memory T cells (Li et al., 

2016), we used it to investigate the role of chromatin accessibility events in 

regulating TM-responsive gene expression. FAIRE-seq libraries were optimized and 

prepared for characterizing genome-wide features of accessible chromatin regions in 

the JTM. Prior to FAIRE-seq analysis,  it is vital to perform quality control (QC) 

checks of the sequence read data to ensure that there is no bias or systematic errors in 

the raw data that might contribute to inaccurate data interpretation or even false 

biological conclusions (Taub et al., 2010; Zhou and Rokas, 2014). In order to 

efficiently obtain sequence quality statistics of these large HTS datasets, FastQC was 

utilized to evaluate essential aspects of the data quality by multiple module analyses, 

in which per-base sequence quality, sequence duplication levels, and overrepresented 

sequence/k-mers provided the most useful information on sequence quality. In 

general, all FAIRE-seq samples generated similar patterns for all 11 QC metrics. All 

sequence reads were detected as a uniform read length of 51 bases with roughly the 

same overall GC content of 40-41%. In the DMSO SW FAIRE-seq sample, a total of 

63,040,125 sequences were detected with very high base quality scores above 30, 

indicating that only small-scale sequence trimming was required before read 

alignment. The per-sequence quality scores further confirmed that the raw sequence 

data was of high quality by the average Phred score of 38 (Phred scores of read calls 

ranged from -5 to 41). In a diverse library with truly random sampling, there is less 

chance for each sequence fragment to be sequenced multiple times. Therefore, a low 

level of duplication is expected but a high level of duplication indicates that there is 

biased sampling in the library, which might result from either PCR over-
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amplification or adapter sequence contamination during library preparation. As 

expected, the DMSO SW FAIRE-seq sample showed a relatively low sequence 

duplication level of 11.01%, which was 50% lower than the level of the warning 

threshold of 20% in the FastQC module. This low duplicate level might also indicate 

that the library was sequenced with a high level of coverage of target reads. 

Although no overrepresented sequences were detected, the enrichment of a pentamer 

(CTGGG) was identified with a 3.2-fold higher occurrence in the DMSO SW 

FAIRE-seq dataset than expected. The presence of overrepresented k-mers indicated 

that sequence trimming is required for these parts of the contaminating adapter 

sequences.  

 

The FAIRE-seq libraries were prepared using random primers, thus the frequencies 

of the four nucleotides (A, T, C and G) were expected to be evenly called at each 

base position. Indeed, straight lines representing the percentages of nucleotide 

occurrence were parallel in the SW dataset, showing identical relative amounts of A 

and T bases (30%) and the same content of C and G bases (20%). Together, the 

results indicated that the raw sequence data were reliable without any bias or 

artefacts.  

 

It is well known that HTS technologies normally produce raw sequence data with a 

certain amount of intrinsic sequencing errors and artefacts, thus trimming of low-

quality reads is necessary to ensure accurate downstream data analysis (Glenn, 2011; 

Kircher et al., 2011; Minoche et al., 2011). The quality-based trimming analysis 

showed that the majority of total sequence reads (above 80%) were free of adapter 

contamination, indicating a high quality of sequence reads in our FAIRE-seq 
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datasets. Moreover, over 70% of total trimmed sequence reads were mapped to the 

reference human (hg19) genome. Although it is common to observe duplicate 

sequence reads in HTS datasets (Mamanova et al., 2010; Chen et al., 2012),  the 

FAIRE-seq data showed that duplicate sequence reads represented fewer than 5% of 

total mapped reads. Overall, the results indicated that the FAIRE-seq datasets were 

reliable for downstream analysis.  

 

In summary, the FAIRE assay was established to identify open chromatin regions 

and active regulatory elements of inducible immune responsive genes in Jurkat T 

cells. In addition, FAIRE-seq libraries were prepared for investigating genome-wide 

features of open chromatin domains in the Jurkat TM model. Importantly, QC 

assessment demonstrated that all the libraries were truly diverse with high quality 

sequence reads in the raw dataset.  
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4.1 Chapter Introduction 

Although ATAC-seq is a relatively simple two-step method for mapping genome-

wide chromatin accessibility, it only applies to the unfixed fresh cells which is not 

feasible for the human clinical samples process (Buenrostro et al., 2013). Therefore, 

FAIRE-seq was ustilized in my study. One advantage of the FAIRE assay over other 

assays (e.g., DNase-seq) is its ability to identify some distal regulatory elements such 

as transcriptional enhancers (Song et al., 2011; Simon et al., 2012). Unlike 

promoters, enhancers are cis-regulatory elements located in non-coding regions such 

as intergenic regions or introns that can regulate transcription independent of their 

distance and orientation with respect to target genes and can even exert their function 

on different chromosomes (Banerji et al., 1981; Geyer et al., 1990). In general, 

enhancers contain multiple DNA recognition motifs that act as binding sites for a 

variety of transcription factors. A number of studies have proposed that distal 

enhancers regulate transcription by forming chromatin loops and by direct physical 

association with the core promoters of their target genes (Bulger and Groudine, 

1999; Kleinjan and van Heyningen, 2005; West and Fraser, 2005; Sexton et al., 

2009). The existence of these three-dimensional genome architectures was first 

observed in S. cerevisiae using the chromosome conformation capture (3C) 

technique (O’Sullivan et al., 2004). Later, chromatin looping was also documented at 

the Th2 cytokine locus. It was shown that long-range interactions between enhancers 

and promoters within the Th2 cytokine locus became stronger upon Th2 cell 

differentiation compared to naïve cells, suggesting that this long-range chromatin 

conformation of ‘pre-poised’ lineage-specific cytokines was essential for rapid 

transcriptional induction upon stimulation (Spilianakis and Flavell, 2004). More 

recently, two studies have demonstrated that chromatin loops are associated with the 
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maintenance of transcriptional memory in yeast (Lainé et al., 2009; Tan-Wong et al., 

2009). Thus, it is possible chromatin loop formation also promotes TM responses in 

higher eukaryotic cells such as human T cells.  

In this chapter, FAIRE-seq was performed to characterize the genome-wide changes 

in chromatin accessibility in the Jurkat T cell TM model. Furthermore, the 3C assay 

was used to investigate physical long-range interactions between target immune 

responsive genes and putative regulatory elements in TM T cells. 

 

Results 

4.2 The Identification of Genome-wide Regulatory Regions in the 

Jurkat Transcriptional Memory Model 

FAIRE-seq data were analysed with help from Dr Kristine Hardy (see Methods), and 

all data are deposited in GEO (accession number GSE63766). Fig 4.1 A shows a 

representative FAIRE-seq map of results generated across DUSP10. Compared to 

NS cells, increased accessibility was detected at the second peak across ST, SW and 

RS cells in Fig 4.1. This accessible region can be selected as the location of FAIRE-

qPCR primers for the following validation. A total of 40,703 regulatory elements 

were identified for all Jurkat T cell samples with MACS2, which were normalized 

across treatments by MA normalization. Comparison of chromatin accessibility 

profiles in ST, SW, and RS samples with NS cells showed that ST-induced FAIRE 

enrichment changes (Spearman’s rank correlation 0.78 compared to NS) were 

maintained in SW cells (Spearman’s rank correlation 0.80). However, a Spearman’s 

rank correlation of 0.80 was observed between ST and SW cells, indicating that the 

altered regulatory elements in the two groups were not identical. The greatest
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Fig. 4.1 Correlation analysis of FAIRE-seq samples in the Jurkat 

transcriptional memory model 

(A) A representative graph of chromatin accessibility by FAIRE-seq across DUSP10 

transcripts in NS, ST, SW, and RS cells. Data are shown in the UCSC Genome 

Browser.  

(B) Spearman correlation analysis of the FAIRE-seq samples. 
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changes in chromatin accessibility were detected in RS cells (Spearman’s rank 

correlation 0.70) (Fig 4.1 B).  

 

Using DMSO pre-treated NS samples as a guide, a 1.75-fold change with a minimum 

read number of 30 was set as the cut-off for peak calling of altered accessibility in 

ST, SW, and RS cells compared to NS cells. Only a small proportion of total peaks 

(4.3-8.6%) showed detectable changes in chromatin accessibility in the treated cells, 

while the majority of the regions remained stable in the Jurkat T cell TM model (Fig 

4.2).  

 

Consistent with the Spearman correlation analysis, RS samples showed the greatest 

number of regions with altered accessibility among the three groups, either 

increasing (3514 regions) or decreasing (2572 regions) (Fig 4.3). Next, the co-

occurrence of accessibility changes was determined by overlapping the FAIRE peaks 

of ST, SW, and RS samples. Overall, the RS sample showed a greater number of 

increased regions in common with the ST sample (1013 regions) than the SW sample 

(492 regions). Intriguingly, there were 579 common regions with increased 

accessibility in ST, SW, and RS cells, suggesting that some ST-induced accessibility 

changes are maintained in SW and RS samples (Fig 4.3 A). By contrast, more 

regions (862 regions) showed decreased accessibility in ST, SW, and RS samples 

than the regions (445 regions) only decreased in the ST and RS samples (Fig 4.3 B). 

The 5337 regions with increased accessibility in ST, SW, and RS samples were 

classified into seven main groups (a-g, Fig 4.4 A) based on their increased 

accessibility response to different treatments with P/I. The comparison of increased  
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Fig. 4.2 Density distributions of chromatin accessibility regions 

Regions of enrichment were called against total genomic input and read counts 

for the resulting 40,703 regions were MA normalized. Regions were 

considered to increase in accessibility in a given stimulation state (ST, SW and 

RS) if they had over 30 reads in that treatment and more than a 1.75-fold 

increase compared to NS. Dotted lines show 1.75-fold changes. 
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Fig. 4.3 The categorization of increased and decreased accessibility 

regions   

Venn diagram illustrating numbers of DNA regions with more (A) or less (B) 

accessibility in ST, SW, and RS cells compared to NS cells. Regions were 

considered more accessible if they had ≥1.75-fold more normalized tag counts 

than NS and at least 30 sequencing tags. Heat maps show z-scores of the 

normalized tag counts for NS, ST, SW, and RS. 
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Fig. 4.4 The categorization of increased and decreased accessibility 

regions   

Heat maps of increased (A) and deceased (B) accessibility (FAIRE-seq tag 

counts) in ST, SW, and RS cells compared to NS cells according to their 

accessibility changes in response to different treatments of Jurkat T cells with 

P/I. Increased accessibility regions were further categorized into 7 main groups 

(a-g) and decreased regions into 7 main groups (h-n). 
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accessibility profiles between ST and RS samples, groups b and e, were further 

divided into two subgroups with higher accessibility in either the primary activation 

state or the memory-like activation state. Amongst the ST-induced open chromatin 

regions (2516 regions, a, b, d, e), 1845 accessible regions (group a, b) were reversed, 

while 671 regions (groups d, e) maintained their increased accessibility in SW 

samples. The large number of regions with increased accessibility showed a 

secondary stimulation-specific pattern in group c (1430 regions). Interestingly, 1391 

regions (groups f, g) showed higher accessibility in SW samples than those in the NS 

and ST samples.  

 

Similarly, regions with decreased accessibility relative to NS were grouped (h-n, Fig 

4.4 B). However, only a small proportion of regions (24%, 839/3520 regions) 

showed reversible accessibility features in SW samples (groups h, i), the majority of 

accessible regions (group j-n) in NS samples gradually losing open chromatin 

structures in ST, SW, and RS samples.  

 

Taken together, the majority of chromatin structural changes, either increased or 

decreased accessibility, occurred during RS treatment of Jurkat T cells. In general, 

more diverse patterns of accessibility were revealed upon different stimulation 

conditions and decreased accessibility profiles were less reversible.  

 

 

 



Chapter 4                                       Genome-wide Profiling of Chromatin Accessibility in the in vitro JTM Model 

 

122 
 

4.3 Accessible Chromatin Regions are Associated with Distinct 

Chromatin Landscapes 

FAIRE isolated open chromatin regions are reported to encompass transcriptional 

start sites (TSSs) in yeast (Yuan et al., 2005; Hogan et al., 2006). Annotation of all 

FAIRE-enriched regions with respect to the nearest ENSEMBL transcript suggested 

that a similar feature was present in the Jurkat TM model (Fig 4.5 A). On average, 

total accessible regions were distributed around TSSs with a small skew to regions 

downstream of TSSs. However, regions with altered accessibility were located 

further from TSSs over a region spanning 60 kb upstream and downstream of the 

TSSs (Fig 4.5 A).  

 

We next annotated all accessible regions with respect to genomic location to assess 

their genome-wide distribution. A large proportion of regions with accessibility in 

NS occurred within promoter (+1kb), 5’UTR, and exonic regions (Fig 4.5 B). FAIRE 

peaks that annotated to introns, promoters, and other genomic features revealed 

similar genomic distribution profiles in the four treatment groups (Fig 4.6 A), 

consistent with our previous finding that only a small proportion of accessible 

regions change upon Jurkat T cell activation (Fig 4.2). When we examined the 

genomic locations of regions with altered accessibility, most of those regions 

occurred in the intronic, intergenic, and upstream (-1 to -10 kb) regions, with few 

located in regions with higher chromatin accessibility such as promoters, 5’UTRs, 

and exons (Fig 4.6 A).  
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Fig. 4.5 Annotation of all accessible regions with respect to the nearest 

ENSEMBL transcript 

(A) Positional distribution of DNA accessibility regions around the nearest 

transcription start site (TSS, ±60 kb) in NS, ST, SW, and RS cells. Negative 

values indicate upstream distances. Additionally, the distributions for the regions 

that had increased or decreased accessibility in ST, SW, and RS compared to 

non-stimulated cells are shown.  

 

(B) Regions were annotated with respect to their nearest ENSEMBL gene. As a 

region can be annotated to more than one transcript, regions were allocated to 

groups in the following order: 5’UTR (light blue), 3’UTR (orange), exon (red), 

intron (green), promoter (dark blue), upstream (purple), intergenic (grey). A 

promoter was defined as the area -1kb to 0 bp from the TSS and upstream was 

defined as -10kb to -1kb from the TSS. 
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Fig. 4.6 The distribution of accessible chromatin regions reveals distinct 

chromatin landscapes 

(A) The percentages of DNA accessibility regions in NS, ST, SW, and RS cells were 

annotated with respect to their genomic location and chromatin state segmentation. 

Additionally, the regions that had increased or decreased accessibility compared to 

NS are shown. For the chromatin state data, the background (bg) percentages of the 

whole human genome are presented. The chromatin state data were summarized 

from CD4
+
 memory cells from UCS: quiescent (low level of any marks), repressive 

(H3K27me3), transcription (H3K36me3), enhancer (H3K4me1), permissive 

(H3K4me3), and heterochromatin (H3K9me3). 

 

(B) The percentage GC content and CpG islands were analysed in regions with 

increased accessibility (groups a-g). 
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To further profile the chromatin landscape of FAIRE-enriched regions, all regions 

were annotated to their chromatin states in CD4+ memory T cells using RoadMap 

data (Bernstein et al., 2010; Hoffman et al., 2013). Nearly half were located in 

regions with permissive histone marks (H3K4me3 and H3Ac) (Fig 4.6 A). However, 

there were more peaks with increased accessibility located in enhancer or quiescent 

(low histone Ac or Me) regions than those that were in permissive regions. Even 

fewer regions with decreased accessibility were annotated with permissive marks, 

but a small proportion of peaks were located in transcription (H3K36me3) regions. 

Moreover, all regions with increased accessibility (group a-g) had significantly lower 

(p < 0.0006) GC and CpG island content than all NS accessible regions (Fig 4.6 B).  

To examine whether regions with altered accessibility in SW samples (group d-g and 

k-n) were cell-type specific, these regions were annotated to chromatin states across 

a range of cell types using RoadMap data (Bernstein et al., 2010). During CD4+ T 

cell differentiation from naïve to memory, 2062 regions with increased accessibility 

(groups d-g) almost retained the same chromatin state features, while only a small 

subset of the regions changed (Fig 4.7). Although higher accessibility regions 

marked as permissive were more likely to be ubiquitous across different cell types, 

regions with enhancer element marks tended to be more cell-type specific and were 

mainly enriched in lymphocytes and CD34+ progenitor cells. Similar patterns were 

also observed for regions with decreased accessibility in SW samples (groups k-n, 

Fig 4.7). 
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Fig. 4.7 Summarized chromatin state annotations in different cell types 

  

The chromatin state annotations for different cells types are shown for the 

regions with increased (SW > NS) and decreased (SW < NS) accessibility.   
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4.4 Increased Accessibility is Associated with Poised and Active 

Enhancers  

Although both H3K27ac and H3K4me1 are chromatin marks of distal enhancer 

regions (Schmidl et al., 2014), H3K27ac has recently been used as a means to 

subclassify enhancers into “active” (with H3K27ac) and “poised” states (lacking 

H3K27ac) (Zentner and Scacheri, 2012; Calo and Wysocka, 2013). Since a large 

subset of regions with altered accessibility were annotated to enhancer regions in SW 

samples (Fig 4.6 A), we next sought to examine what enhancer states existed within  

these regions and whether their enhancer states differed in naïve and memory T cells. 

A ChIP-seq dataset (GSE43119) of CD4+ naïve and memory cells was used to 

profile the H3K4me1 and H3K27ac marks around regions (±5 kb) with increased or 

decreased accessibility in SW cells (Schmidl et al., 2014). The regions with 

increased accessibility contained five sets with distinct patterns of H3K4me1 and 

H3K27ac marks in naïve and memory T cells (Fig 4.8). Many of these regions were 

flanked by H3K4me1 (sets I, III, IV, and V) and some regions had active enhancer 

mark H3K27ac (sets I, III, IV, and V). Comparison of the enhancer marks in naïve 

and memory cells indicated that the majority of the regions had no or negligible 

changes in H3K4me1 (sets I, II, and III), while sets IV and V showed increased 

H3K4me1 in memory cells. By contrast, most active enhancer regions in memory 

cells showed increased H3K27ac, with the highest level in set V followed by set III 

and to a lesser extent set IV. Only regions in set I had negligible changes in 

H3K27ac. Similarly, a large proportion of regions with decreased accessibility had 

the H3K4me1 mark but fewer of these regions had active enhancer mark H3K27ac 

compared to increased accessibility regions in SW samples.  
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Fig. 4.8  Characterization of enhancer marks across increased and 

decreased accessibility regions in SW cells 

Overlap of regions with increased (SW > NS) and decreased (SW < NS) 

accessibility to previously published H3K27ac and H3K4me1 enrichment 

data (GSE43119) in naïve (N) and memory (M) CD4
+
 T cells. Sequencing 

tags were binned by 100 bp and are shown ±5kb from the centre of the 

FAIRE region. Profiles (± 1kb) showing the mean histone marks/FAIRE 

levels are presented for several different clusters. 



Chapter 4                                       Genome-wide Profiling of Chromatin Accessibility in the in vitro JTM Model 

 

129 
 

Taken together, different enhancer states were observed in regions with altered 

accessibility in SW cells. In particular, nearly half of the regions with increasing 

accessibility could be active enhancer regions marked by both H3K4me1 and 

H3K27ac. Moreover, memory T cells had increased H3K27ac in their distal 

enhancer elements compared to naïve cells. 

 

4.5 Altered Accessibility Regions Occur Near Immune Pathway 

Genes 

In order to investigate which biological processes were affected by the changes in 

chromatin accessibility in the Jurkat TM model, DAVID (Huang et al., 2007) was 

used for ontological analysis of the genes nearest to regions with increased or 

decreased accessibility in ST, SW, or RS cells. The regions in ST, SW, or RS cells 

were compared to the NS region background. Increased accessibility regions were 

significantly enriched for TCR and chemokine signalling pathways (Fig 4.9A). Other 

immune categories including lymphocyte activation, haematopoietic development, 

regulation of apoptosis, cell morphogenesis, and cell adhesion processes were 

enriched in regions with both increased and decreased accessibility. (Fig 4.9A). Of 

note, a subset of immune responsive genes including CXCR5, PLCG2, BCL3, 

FKBP1A, DOCK2, CSF1, and TPD52 involved in lymphocyte activation or other 

immune-related GO groups contained increased accessibility regions in SW cells. 

Although their expression did not necessarily change in Jurkat cells, increases in 

expression were found in in vivo models of T cell memory and/or differentiation (Fig 

4.9B). This suggests that additional external cues in the microenvironment may be 

needed for the expression of certain inducible immune genes.  
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Fig. 4.9 Regions with changes in DNA accessibility are near genes involved in the 

immune response 

(A) Over-represented Gene Ontology (GO) biological pathways and KEGG pathways in 

the genes nearest to regions with increased or decreased accessibility in ST, SW, or 

RS cells. The genes nearest to all accessible regions in NS were used as background. 

(B) The expression of genes near SW > NS accessibility regions that are upregulated in 

effector memory (EM), activated memory (AM), naïve Tregs (NT), and memory 

Tregs (MT) compared to naïve (N) (from E-MEXP-2578). Genes belonging to GO 

groups associated with the immune response are labelled. Heat map z-scores scaled. 



Chapter 4                                       Genome-wide Profiling of Chromatin Accessibility in the in vitro JTM Model 

 

131 
 

4.6 Changes in Chromatin Accessibility Correlate with 

Transcription in the Jurkat Transcriptional Memory Model 

To determine how accessibility changes are related to changes in expression of the 

nearest gene, we used JTM microarray data (GEO number: GSE61172) to explore 

the relationship between chromatin accessibility and transcription. The JTM 

microarray data were generated from a similar experiment to the FAIRE-seq 

experiment, except that stimulus withdrawal samples were rested for nine days 

instead of one (Li et al., 2016).  

 

An open chromatin configuration with accessible sequence-specific biding sites is 

required for RNA polymerase II occupancy to regulate gene expression (Workman 

and Kingston, 1998; Teves et al., 2014). We investigated the Δ distribution pattern of 

ST, SW, and RS relative to NS in each sub-group of accessible regions (Fig 4.10 A 

and B).  Compared to NS samples, the median changes (Δ) in expression of genes 

near FAIRE-enriched regions were log2 0 in all treatment groups (ST, SW, and RS). 

However, the Δ (ST-NS) distribution significantly shifted upwards (p < 0.001) for 

genes near regions with increased accessibility in ST, with 14% genes having Δ 

values over log2 0.5 compared to background control. In SW regions with higher 

accessibility, the shift in the Δ (SW-NS) distribution was much subtler, with only 

4.8% genes having Δ values over log2 0.5. Moreover, Δ distributions with significant 

shifts were observed in genes in sets b1, c, and d for all ST, SW, and RS samples, 

genes of sets a, b2, e1, and e2 for ST and RS treatments, and genes of sets f and g for 

SW and RS treatments (Fig 4.10 A). By contrast, the Δ (ST-NS) and Δ (RS-NS) 

distributions of genes near regions with decreased accessibility in all  
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Fig. 4.10 Changes in chromatin accessibility are associated with transcription  

The change (Δ) in expression for the genes nearest to the sub-grouped regions with 

increased (A; groups a-g) or decreased (B; groups h-n) accessibility upon different 

treatments (ST, SW, and RS) compared to NS. Expression values are from a previously 

published Affymetrix microarray study using Jurkat NS, ST, SW, and RS cells. The 

expression values for all probes on the microarray are shown as background (bg).  

 

C) The change (Δ) in expression of genes nearest to the sub-grouped regions with 

increased (A; groups a-g) or decreased (B; groups h-n) accessibility upon restimulation 

(RS) compared to primary stimulation (ST).  

 

D) The number of primary responsive genes (PRGs) and memory responsive genes 

(MRGs) within the given distance of sub-grouped regions with increased (group a-g) 

or decreased (group h-n) accessibility, compared to all genes (All) within the same give 

distance of each region. Data represent the mean ± SD, * z scores > 2, z-test. Genes 

were classified as PRGs if they had at least log2 0.5 greater expression in NS cells (day 

0) and RS cells (day9); while MRGs if they had at least log2 0.5 greater expression in 

RS cells (day 9) compared to both NS cells (day 0) and ST cells (day 0). 
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treatments showed a significant (p < 0.001) downward skew in expression (Fig 4.10 

B).   

 

When RS and ST expression levels were directly compared, the Δ (RS-ST) 

distribution was significantly (p value <0.001) different, with 12.1% genes having 

higher expression in RS. Genes in sets a, c, f, and g had significant upwards shifts (p 

= 4 x 10-3, 6 x 10-6, 1 x 10-4 and 2 x 10-3, respectively) compared to the whole 

microarray (Fig 4.10 C). Interestingly, the Δ (RS-ST) distribution of genes near SW 

regions shifted more dramatically (p < 0.001) upon P/I re-stimulation, with 14.1% 

genes having expression greater than log2 0.5. Thus, the data suggested that 

increased accessibility was required for active transcription but did not necessarily 

lead to increased expression of all nearby genes. In addition, increased accessibility 

in SW could prime a subset of genes for further higher expression upon re-

stimulation. However, genes near regions with decreased accessibility (sets h-n) were 

more likely to have decreased expression in different treatments (Fig 4.10 B and C).  

We further investigated the relationship between accessibility changes and gene 

expression by examining the proportion of ‘primary response’ genes (PRG) and 

‘memory responsive’ genes (MRG) within 50 kb of FAIRE-enriched regions in 

different chromatin accessibility sets (Fig 4.10 D). PRGs were defined as genes with 

higher expression (> log2 0.5) in ST than NS and RS, whereas MRGs were defined 

as genes with higher expression (> log2 0.5) in RS than NS and ST. The percentage 

of all genes near the specific set was used as a reference control for comparison to 

PRGs or MRGs. Within regions with increased accessibility in ST (sets a, b, d, and 

e), the percentages of PRGs in set a, b1, and e1 showed more significant enrichment 

(p < 3 x 10-7), while less significant enrichments of PRGs (p < 0.05) were found in 
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sets b2, e2, and even set c (with increased accessibility in RS). More MRGs were 

significantly enriched (p < 3 x 10-6) in sets b1, b2, c, e2, and f with increased 

accessibility in RS. Interestingly, significant enrichment of MRGs was also found in 

set g, which was defined as regions with increased accessibility only in SW. 

Examination of genes with decreased expression in RS showed that they were 

enriched near the regions with decreased accessibility in RS (sets i, j, l, and m).   

 

 

4.7 The Changes in Chromatin Accessibility Persist Throughout 

Multiple Cell Divisions 

To determine whether changes in chromatin accessibility persist throughout cell 

divisions, FAIRE qPCR was used to validate chromatin accessibility for chosen 

regions in the JTM model with RS cells rested for six days after primary stimulation 

(Fig 4.11 A). As reported previously (Li et al., 2016), stimulus-withdrawn cells were 

confirmed to continue to divide six times on average in the following six days by the 

carboxyfluorescein succinimidyl ester (CFSE) staining assay (Fig 4.11 B).  

 

Nine SW > NS regions (from sets e2, f, and d) and one RS > NS region (from set c, 

TNF) near memory-responsive genes were chosen for validation (Fig 4.12), together 

with four “control” regions showing increased accessibility in ST but not maintained 

in SW (from sets a, b1, and b2). These four control regions were located near 

BACH2, DUSP2, TRIB3, and CREB5, whose expression levels were similar between 

ST and RS treatments in JTM microarray data (GEO number: GSE61172). In  
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Fig. 4.11 Cell divisions after stimulus withdrawal in the Jurkat memory model 

(A) A schematic of the in vitro transcriptional memory Jurkat T cell Model (JTM). 

Non-Stimulated (NS) Jurkat T cells were stimulated with PMA and ionomycin 

(ST) and then washed of stimulus and rested for 6 day (SW) before re-

stimulation (RS). 

 

(B) Jurkat T cells were stimulated with PMA and ionomycin (2 h) then washed 

(SW) and stained with carboxyfluorescein succinimidyl ester (CFSE). The 

CFSE intensity was assessed at 6 hours and days 1-6 after SW. The median 

CFSE intensity is shown after subtraction of the unstained cell intensity and as a 

percentage of the day 0 SW sample. A 2-fold decrease in CFSE intensity 

indicates one cell division. 
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Fig. 4.12 Chromatin accessibility and 

transcription of SW > NS regions  

Heat maps of the accessibility (FAIRE-seq 

tag counts) of SW > NS regions (groups d-g) 

within 50 kb of an MRG and the gene 

expression from the previous microarray 

study. The distance between the accessible 

region and the transcription start site (TSS) 

of the gene is shown. Heat maps show 

scaled values. * denotes regions chosen for 

further FAIRE qPCR analysis. 
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addition, the promoter region of IL2, which was used in experiments to establish the 

FAIRE assay, was also chosen for FAIRE-seq validation.  

 

Consistent with previous findings (Li et al., 2016), the ten genes near candidate 

regions and IL2 were confirmed to show increased TM responses (Fig 4.13 A and 

Fig 4.14 A). Of the eleven validated regions with maintained increased accessibility 

on stimulus withdrawal in FAIRE-seq data, regions near IL2, MIR21, BIRC3, 

BCL2A1, MIR155, TNFSF10, LTA/TNF, PRDM8 and DUSP10 demonstrated 

significant increases in chromatin accessibility (p < 0.05) in day 6 SW samples, 

while BCL6 and PRDM8 showed consistent but non-significant increases (Fig 4.13 B 

and Fig 4.14 B). As expected, chromatin accessibility of the promoter region near 

TNF was reversed in SW samples on day 6 (Fig 4.13 B).  Upon re-stimulation on day 

6, all ten candidate regions showed further enhanced accessibility compared to 

primary stimulation as expected. Surprisingly, enhancer regions near BCL6 (from set 

d) also showed significantly increased accessibility in RS on day 6 compared to ST 

(Fig 4.13 B and Fig 4.14 B). This may have been due to different SW resting times 

used in the FAIRE-seq (1 day) and FAIRE qPCR (6 days) experiments, which may 

have contributed to different differentiation stages of short-term memory-like and 

long-term memory-like cells, respectively, in the JTM model.  

 

By contrast, the four control regions near TRIB3, DUSP2, BACH2, and CREB5 

showed the same accessibility levels in NS and SW samples (Fig 4.15). As shown by 

the FAIRE-seq data, no further increases in accessibility were observed in regions 

chosen from sets a and b1 (TRIB3, BACH2, and DUSP2) in RS samples on day 6. 

This was also consistent with their expression patterns in the JTM microarray study.  
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Fig. 4.13 Changes in accessibility of promoter regions and gene expression 

in the Jurkat memory model 

(A) Fold change in mRNA expression of IL2, mir21, BIRC3, BLC2A1, and TNF 

in the Jurkat transcriptional memory model compared to NS. Expression 

levels were measured by RNA qPCR and normalized to GAPDH 

expression. 

 

(B) Fold change in FAIRE chromatin accessibility of the above memory-

responsive genes in the Jurkat transcriptional memory model compared to 

NS. Chromatin accessibility was measured by FAIRE qPCR and 

normalized to the GAPDH promoter. 

Data presented aremean ± SEM, n=3. *p < 0.05, t-test. 
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Fig. 4.14 Changes in accessibility of enhancer regions and gene expression in the 

Jurkat memory model 

(A) Fold change in mRNA expression of mir155, TNFSF10, TNF, DUSP10, BCL6, and 

PRDM8 in the Jurkat transcriptional memory model compared to NS. Expression 

levels were measured by RNA qPCR and normalized to GAPDH expression. 

 

(B) Fold change in FAIRE chromatin accessibility of the above memory responsive 

genes in the Jurkat transcriptional memory model compared to NS. Chromatin 

accessibility was measured by FAIRE qPCR and normalized to the GAPDH 

promoter. 

Data presented are mean ± SEM, n=3. *p < 0.05, t-test. 
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Fig. 4.15 Changes in accessibility of control regions in the Jurkat memory model 

Fold change in FAIRE chromatin accessibility of control regions with similar 

accessibility between NS and SW in the Jurkat transcriptional memory model 

compared to NS. Chromatin accessibility was measured by FAIRE qPCR and 

normalized to the GAPDH promoter. 

Data presented aremean ± SEM, n=3. *p < 0.05, t-test. 
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Primary stimulation-induced accessibility increases in eleven validated regions were 

partially maintained throughout cell divisions and mirrored their gene expression 

pattern in the JTM model.  

 

To determine if primary memory T cells also showed this increased accessibility, 

naïve (CD4+CD45RA+CCR7+CD27+) and memory (CD4+CD45RA-) lymphocytes 

were isolated from the peripheral blood of four healthy individuals (Fig 4.16 A) and 

FAIRE-PCR performed (Fig 4.16 B). Regions close to DUSP10 and LTA/TNF had 

significantly higher DNA accessibility in memory CD4+ cells compared to naïve 

cells in all cases, and regions such as those close to MIR21, BIRC3, BCL6, and 

MIR155 showed increases in three donors. 

 

 

4.8 Regulation of MRG Expression by Chromatin Looping   

To further explore whether distal regions with maintained accessibility in SW were 

associated with enhanced expression of related genes in RS, 2062 regions with 

maintained accessibility in SW > NS (sets d-g) were investigated to identify which 

were within 50 kb of MRGs (Fig 4.10 D). All regions of the investigated distance 

with upregulated genes in RS had z scores > 2. 114 regions were identified with 

increased accessibility in SW within 50 kb of MRGs. Moreover, some MRGs such as 

TNFSF10 and PRDM8 had additional nearby enhanced accessibility regions (Fig 

4.12).  
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Fig. 4.16 Changes accessibility of candidate regions in primary CD4

+
 

lymphocytes 

(A) Naïve (CD4
+
CD45RA

+
CCR7

+
CD27

+
) and memory (CD4

+
CD45RA

-
) 

lymphocytes were isolated from human peripheral blood of 4 individuals. 

 

(B) Fold change in FAIRE chromatin accessibility of primary CD4
+
 memory cells 

compared to NS. Chromatin accessibility was measured by FAIRE qPCR and 

normalized to the PPIA promoter. 

Data presented are mean ± SEM, n=4. *p < 0.05, t-test. 
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Many regions with accessibility changes were identified in putative distal enhancer 

regions. Recent studies have shown that enhancers can regulate gene expression up 

to 750 kb away from TSSs by forming chromatin loops and by physical interaction 

between distal enhancer and core promoter regions of target genes (Rhie et al., 2014; 

Nguyen et al., 2015) (Fig 4.17 A).  

 

Chromosome conformation capture (3C) (Fig 4.17 B) can be used to measure 

chromatin looping by examining whether enhancer elements are in close contact with 

the TSSs of particular genes (Hagège et al., 2007; Singh et al., 2009). We 

investigated locus-wide enhancer-promoter interactions in NS, ST, and SW (on day 

6) samples in the JTM model using primers targeting our enhancer-accessible 

regions and the TSSs of DUSP10, BCL6, and TNFSF10. The gene desert regions 

(Ferraiuolo et al., 2012) were used as background control, which are expected to only 

show background interactions occurring by chance and demonstrate decreased 

interaction with increase in the distance between the anchor and test primers.  

 

As seen in Fig 4.17 C, significantly higher interaction frequencies were observed in 

NS and ST cells for all three chosen genes: TNFSF10 (p = 0.025 and 0.011) 

compared to the 8.7 kb control; BCL6 (p = 0.021 and 0.002) compared to the 34 kb 

control; and DUSP10 (p = 0.001 and 0.043) compared to the 25 kb control. 

Unexpectedly, the interactions were weaker on average in SW samples compared to 

NS and ST treatments but still showed higher frequency than the gene desert control 

regions.  
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Figure 4.17 Chromatin looping in the regulation of MRG transcription 

(A) A looping model of direct contact between enhancers and promoters of target 

genes. 

 

(B) A schematic of the chromosome conformation capture (3C) procedure.  

 

(C) Chromatin conformation capture (3C) ligation efficiencies indicating 

interaction between putative TNFSF10, DUSP10, and BCL6 enhancers and the 

transcription start site. The contact frequencies of the gene desert region with 

similar distances were used as random collision control. 3C-qPCR data were 

normalized to Bacterial Artificial Chromosome (BAC) clone ligation products 

(mean ± SEM, n = 4-5, *p < 0.05, t-test). 
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4.9 Chapter Summary and Discussion 

FAIRE-seq was performed to generate genome-wide maps of accessible chromatin 

regions in JTM T cells. We identified 40,703 open chromatin sites in all Jurkat T cell 

samples. Comparison of FAIRE data from different stimulation treatments (ST, SW, 

and RS) to that from NS cells revealed that 5337 regions (13%) showed increased 

accessibility, with fewer regions (3520 = 8.6%) showing decreased accessibility. To 

directly compare enhanced accessibility regions in each stimulation treatment, these 

5337 regions were categorised into 7 groups (groups a-g). Most peaks (1430) were 

unique to the RS treatment (group c), which might suggest that these accessible 

regulatory elements are important in transcriptional memory response induction. 

Remarkably, 2062 regions with increased accessibility were also identified in SW 

cells (groups d-g) after activation ceased, of which 492 regions (group f) overlapped 

with SW and RS enrichment, and 579 preserved open chromatin regions (group e) 

were shared by all three stimulation treatments. Several studies have suggested that 

the more rapid and enhanced transcription of effector genes in memory CD8+ T cells 

is due to the active chromatin modifications at these loci, which maintains their open 

chromatin states even when they are transcriptionally inactive in the quiescent 

memory state (Araki et al., 2008, 2009). In agreement with this finding, we observed 

Δ (RS-ST) expression distributions with significant shifts towards upregulation in RS 

in genes from groups c, f, and g by integrating JTM microarray data with the FAIRE-

seq analysis. Moreover, ‘memory-responsive’ genes were predominantly enriched 

within 50 kb of accessible regions unique to RS (group c), followed by SW-induced 

open chromatin sites (groups f and g). Thus, it is conceivable that increased 

accessibility in SW cells, which resemble quiescent memory cells, does not 

immediately lead to gene expression but may be more important in facilitating 
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heightened transcription upon re-stimulation by priming genes with an open 

chromatin conformation.  

 

We also technically validated the FAIRE-seq results with a focus on SW > NS 

accessible regions near MRGs by showing high concordance with the accessibility 

patterns of select genes by FAIRE qPCR. Furthermore, these open chromatin states 

remained open and stable after P/I stimulus withdrawal and were epigenetically 

inherited across multiple cell divisions in the JTM, which again indicated putative 

roles in the maintenance of the long-term transcriptional memory response in T cells. 

Indeed, a recent study reported that primed DNase I-hypersensitive sites (pDHSs) 

identified in mouse TB cells by DNase-seq, which have similarities to our Jurkat SW 

cells, are preserved following T cell proliferation and stably maintained in memory-

phenotype T cells in the absence of TCR signalling (Bevington et al., 2016).  

 

It is well documented that FAIRE-isolated open chromatin regions typically 

encompass gene TSSs (Giresi et al., 2007; Gaulton et al., 2010; Song et al., 2011; 

Waki et al., 2011; Buck et al., 2014; Hardy et al., 2016), but dynamic chromatin 

changes are rarely found near TSSs. In particular, promoter regions are referred to as 

ubiquitous sites with accessibility remaining largely constant during differentiation 

and between different cell types (Heintzman et al., 2009; Song et al., 2011; Waki et 

al., 2011; Hardy et al., 2016). Consistent with previous findings, our chromatin state 

annotation showed that FAIRE peaks were more stable at permissive regions 

associated with TSSs, whereas increased changes in accessibility were commonly 

located at distal regions (e.g., enhancers) away from TSSs in all three stimulation 

treatments compared to NS samples in the JTM. This observation was extended in 
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other cell types using Roadmap data, where most SW-induced higher accessibility 

regions with permissive chromatin marks were observed across a range of cell types. 

By contrast, those distal regions defined as enhancers were less likely to be found in 

non-lymphoid cell lineages, highlighting their important regulatory roles in 

regulating cell-type specific gene expression (Ong and Corces, 2011, 2012).  

 

Furthermore, 3C analysis demonstrated that a chromatin loop structure was 

established between putative enhancer regions and proximal promoters in NS cells 

prior to transcriptional activation, and this long-range interaction was stably 

maintained in ST and SW cells. Indeed, several studies have reported ‘pre-poised’ 

chromatin looping at the Th2 cytokine locus either in naïve T cells (Spilianakis and 

Flavell, 2004) or in resting D10.G4.1 cells before activation (Cai et al., 2006). More 

recently, an embryogenesis study showed that enhancer-promoter interactions, which 

arise before gene activation, appear to be stable during development and do not 

change across different tissues in the Drosophila genome (Ghavi-Helm et al., 2014).  

Together, these data highlight the need for pre-existing enhancer-promoter loops, 

which may be a unique feature of genes ‘poised’ for rapid transcriptional induction 

upon activation.  

 

In summary, genome-wide profiling of open chromatin domains was performed in 

the Jurkat transcriptional memory model using FAIRE sequencing. In total, 2062 

novel active regulatory elements with increased accessibility were identified in 

transcriptionally experienced T cells, which were closely associated with the 

establishment of T cell transcription memory. Importantly, we demonstrated that 

many of these elements were defined as enhancers with H3K4me1 and H3K27ac 
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active marks. Unexpectedly, enhancer-promoter interactions were preformed in naïve 

T cells and remained in ST and SW cells and might, therefore, allow rapid 

transcriptional responses upon T cell activation.  
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Chapter 5:                                                                                  

PKC-θ Facilitates Transcriptomic Memory 

Responses by Regulating Chromatin Accessibility in 

Human T Cells  
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5.1 Chapter Introduction  

Protein kinase C (PKC) is an important family of evolutionarily conserved enzymes 

involved in immune signal transduction pathways. PKCs phosphorylate specific 

downstream signalling targets at serine/threonine residues, eventually influencing the 

regulation of immune gene expression (Keenan et al., 1997; Newton, 2001). 

Although other PKCs (PKC-α, δ, ε, η, and ζ) are expressed in T cells (Pfeifhofer-

Obermair et al., 2012; Kong and Altman, 2013), PKC-θ is the best characterized 

protein kinase. PKC-θ is selectively recruited to the immunological synapse (IS) 

following TCR signalling activation (Monks et al., 1997). The role of PKC-θ as a 

cytoplasmic signal transducer in T cells was comprehensively elucidated in knockout 

mouse models (Baier-Bitterlich et al., 1996; Sun et al., 2000; Pfeifhofer et al., 2003; 

Anderson et al., 2006; Essen et al., 2006). In general, PKC-θ is recognized to be a 

key regulator of T cell differentiation and is known to perform different functions in 

CD4+ Th1, Th2, Th17, and CD8+ CTL responses (Marsland et al., 2004; Essen et al., 

2006; Tan et al., 2006; Marsland and Kopf, 2008). Furthermore, PKC-θ is required 

for antigen recall responses in CD8+ T cells in vitro upon lymphocytic 

choriomeningitis virus (LCMV) infection (Marsland et al., 2005; Marsland and 

Kopf, 2008). The efficient recruitment of PKC-θ to the IS is critical for NF-κB 

activity and the development of effector and memory T cells, suggesting that PKC-θ 

is crucial to efficient immune memory formation (Teixeiro et al., 2009).  

 

In addition to their traditional role in cytoplasmic signalling, signalling kinases have 

emerged as a novel class of chromatin-associated epigenetic enzymes involved in 

modifying chromatin. This phenomenon was first reported for the protein kinase 
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Hog1, which activates gene expression by physical association with promoter 

regions during stress induction in yeast (Alepuz et al., 2001). Since then, there is 

growing evidence that upstream signalling kinases can directly regulate gene 

expression by phosphorylating transcription factors, histones, and histone modifiers 

in the nucleus (Baek, 2011). All PKC isoforms contain a putative nuclear localization 

signal (NLS) motif, which enables PKCs to translocate into or out of the nucleus 

(DeVries et al., 2002; Sutcliffe et al., 2012). Thus, numerous studies now show that 

PKC family members represent a class of chromatin-associated kinase that 

potentially regulate gene transcription via their nuclear activity (Martelli et al., 2006; 

Metzger et al., 2010; Sutcliffe et al., 2011). Specifically, upon T cell activation, 

nuclear PKC-θ forms an active transcriptional complex with RNA Pol II, the histone 

kinase MSK-1, lysine specific demethylase 1 (LSD1), and the adaptor molecule 14-

3-3ζ at the proximal promoter and coding regions of inducible immune-responsive 

genes in human Jurkat T cells (Sutcliffe et al., 2011). Therefore, the nuclear activity 

of PKC-θ further emphasises the importance of PKC-θ as a key epigenetic enzyme in 

T cell activation.  

 

Despite PKC-θ’s role as a signalling kinase being well characterized in T cell 

development, the precise molecular mechanism of how it facilitates transcriptional 

memory responses remains largely unknown. In Chapter 3, I demonstrated that 

chromatin accessibility increases at active regulatory regions during T cell 

transcriptional memory formation. Moreover, chromatin accessibility is dynamically 

controlled by various regulatory factors such as transcription factors, histone 

variants, histone modifiers, and chromatin remodelling complexes (Lim et al., 2010, 

2013; Dunn et al., 2015). Given the importance of nuclear PKC-θ in regulating 
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inducible gene expression in T cells and its ability to phosphorylate histone modifiers 

such as p300 (Granja et al., 2008), I hypothesized that PKC-θ regulates chromatin 

accessibility by epigenetic modification of regulatory factors, which eventually 

facilitates transcriptional memory (TM) responses in human T cells.   

 

In this chapter, both PKC-θ catalytic inhibition and PKC-θ-NLS mutant strategies 

were employed to investigate the role of PKC-θ in the regulation of chromatin 

accessibility and TM formation in T cells.  

The specific aims were: 

1. To examine the role of PKC-θ in inducing and maintaining chromatin 

accessibility and TM responses in the JTM. 

2. To distinguish the role of cytoplasmic and nuclear PKC-θ in T cell TM 

responses. 

3. To investigate the strategy/mechanism of how nuclear PKC-θ regulates 

chromatin accessibility in the JTM. 

4. To study the role of PKC-θ in chromatin accessibility in the ex vivo-derived 

memory CD4+ T cell model. 
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Results 

5.2 PMA-mediated Chromatin Accessibility Primes the 

Transcriptional Memory Response  

Phorbol myristate acetate (PMA) and Ca2+ ionophore (CaI) mimic the receptor 

signals of DAG and IP3 at the IS, leading to activation of PKC-θ and calcineurin-

mediated signalling pathways, respectively (Planelles et al., 1992). To examine 

whether partial activation signals during primary stimulation could initiate the 

chromatin changes required for TM responses, Jurkat T cells were primarily 

activated with either CaI (I) alone, PMA (P) alone, or P/I followed by stimulus 

withdrawal and six days of resting. These cells were subsequently re-stimulated with 

full strength P/I stimulation (Fig 5.1 A). The inducible genes IL2 and TNF are known 

to show a classical memory response, with higher gene expression in stimulated 

CD4+ memory T cells compared to naïve T cells (Liu et al., 2001). Therefore, the 

role of PMA- and CaI-driven signalling pathways in chromatin accessibility was first 

examined by FAIRE qPCR at the IL2 and TNF promoter regions (Fig 5.1 C).  

 

Consistent with previous findings in our laboratory (Li et al., 2016), primary 

activation with P/I led to significant increases in both IL2 and TNF gene expression 

during secondary stimulation (Fig 5.1 B). As expected, significantly increased 

chromatin accessibility was detected upon primary activation and further enhanced 

accessibility was observed in RS cells at the promoter regions of both genes (Fig 5.1 

C). Although initial activation with PMA did not result in active IL2 and TNF 

transcription in ST cells, remarkably enhanced transcription was still observed for 

both genes upon secondary full-strength stimulation, which was almost equal to that  
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  Fig. 5.1 PMA-mediated inducible gene transcription and chromatin accessibility  

(A)  A schematic of the stimulus dependency strategy in the JTM. Non-Stimulated 

(NS) Jurkat T cells previously stimulated with either calcium ionophore alone 

(CaI), PMA alone (PMA), or P/I (ST) were subjected to stimulus withdrawal (SW). 

These cells were re-cultured in stimulus-free medium then reactivated with full 

strength P/I (RS). 

 

(B) Fold change in mRNA expression of IL2 and TNF in the stimulus dependency 

strategy in the JTM compared to NS. Expression levels were measured by RT-PCR 

and normalized to GAPDH expression. 

 

(C) Fold change in FAIRE chromatin accessibility of IL2 and TNF promoters in the 

stimulus dependency strategy in JTM compared to NS. Chromatin accessibility was 

measured by RT-PCR and normalized to the GAPDH promoter. 

Data presented is mean ± SEM, n=3. 
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seen in RS cells with P/I primary activation. By contrast, primary activation with CaI 

alone failed to induce transcription of IL2 and TNF in ST cells and showed much 

lower transcription upon reactivation compared to the TM responses detected in RS 

cells with either PMA or P/I primary stimulation (Fig 5.1 B).  

 

The difference in secondary transcription levels between the two partial primary 

activation strategies might be attributed to the chromatin accessibility changes 

produced by initial stimulation. As shown in Fig 5.1 C, induced accessibility was 

detected at the promoter regions of IL2 and TNF in ST cells stimulated by PMA 

alone compared to NS cells in the absence of detectable gene expression. Moreover, 

these accessible regions were maintained during SW states and significantly 

increased to similar levels to P/I primary-stimulated cells upon secondary activation. 

However, cells treated with CaI alone showed no changes in chromatin accessibility 

in ST and SW samples and lower levels of accessibility increases than those in PMA-

treated cells upon re-activation.  

 

These data again support our FAIRE-seq findings (Chapter 3.6) that accessible 

chromatin is not always associated with gene expression but increased accessibility 

on stimulus withdrawal might prime the chromatin structure for TM responses upon 

re-stimulation. Thus, we next examined the role of PKC-θ in TM formation at MRGs 

close to regions with increased accessibility in SW identified in FAIRE-seq data 

(Chapter 3.7): the promoter regions of MIR21 and BIRC3 from set e2 and the 

enhancer regions of MIR155 and TNFSF10 from set f. For all the four MRGs tested, 

similar gene expression (Fig 5.2 A) and chromatin accessibility (Fig 5.2 B) patterns 

were observed under the three stimulation strategies as for IL2 and TNF.  
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Fig. 5.2 PMA-mediated memory responsive gene transcription and chromatin 

accessibility  

(A) Fold change in mRNA expression of MIR21, MIR155, BIRC3, and TNFSF10 in the 

stimulus dependency strategy in the JTM compared to NS. Expression levels were 

measured by RT-PCR and normalized to GAPDH expression. 

 

(B) Fold change in FAIRE chromatin accessibility of the promoter regions of MIR21 and 

BIRC3, as well as the enhancer reigons of MIR155 and TNFSF10 in the stimulus 

dependency strategy in the JTM compared to NS. Chromatin accessibility was 

measured by RT-PCR and normalized to the GAPDH promoter. 

The data presented are representative of 2 independently repeated experiments. 
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Taken together, PMA-targeted signalling pathways alone, particularly PKC-θ 

signalling, were sufficient to prime Jurkat T cells for robust TM responses upon re-

stimulation by regulating chromatin accessibility in the absence of primary induction 

of gene expression. PKC-θ plays a major role in chromatin structure modulation, 

which might be associated with establishing TM in Jurkat T cells.  

 

 

5.3 Genome-wide Profiling of PKC-θ-mediated Chromatin 

Accessibility in the JTM 

To further examine the influence of PKC-θ inhibition during primary activation on 

inducing and maintaining the chromatin accessibility required for TM, a PKC 

inhibitor was used to block PKC-θ’s enzymatic activity in Jurkat T cells prior to P/I 

stimulation. Rottlerin (ROTT) is a well-characterized ATP-competitive PKC 

inhibitor that has been shown to impair PKC-θ’s catalytic activity in human T cells 

(Davies et al., 2000; Springael et al., 2007). Non-stimulated Jurkat T cells (NS) were 

first pre-treated with rottlerin (ROTT) for an hour prior to P/I activation (ST), 

followed by ROTT and stimulus withdrawal (SW) and resting in stimulus-free 

medium for one day. Cells were then re-stimulated (RS) with P/I in the absence of 

ROTT (Fig 5.3 A). FAIRE DNA was isolated from ROTT pre-treated Jurkat T cell 

samples and used for FAIRE-seq library preparation. Library quality was assessed on 

the Agilent 2100 Bioanalyzer (Fig 5.3 B). High quality libraries were constructed for 

each sample, with single fragment size distribution peaks and the recommended 

median sizes ranging between 200 and 500 bp (Simon et al., 2012). Jurkat T cells 

pre-treated with 0.075% DMSO for an hour were used as vehicle control, 
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  Figure 5.3 FAIRE-seq in the Jurkat transcriptional memory model with rottlerin 

pre-treatment  

(A) A schematic of the in vitro transcriptional memory Jurkat T cell Model (JTM) 

with rottlerin pre-treatment. Non-Stimulated (ROTT NS) Jurkat T cells were pre-

treated with rottlerin for 1 hour followed by stimulation with PMA and ionomycin 

(ROTT ST), then washed of stimulus and rested for 1 day (ROTT SW) before re-

stimulation (ROTT RS). Jurkat T cells pre-treated with 0.075% DMSO instead for 

an hour were used as vehicle control (data shown in Chapter 3). 

 

(B) Quality check of library samples of ROTT pre-treated Jurkat T cells (ROTT NS, 

ROTT ST, ROTT SW, and ROTT RS) for FAIRE-seq. The FAIRE-enriched peak 

of each library sample is presented in the electropherograms. 
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representing the JTM FAIRE-seq data presented in Chapter 3. Finally, FAIRE-seq 

was performed on ROTT pre-treated samples to profile PKC-θ-mediated chromatin 

accessibility changes by comparing to vehicle control (DMSO) FAIRE-seq data. In 

this chapter, the JTM FAIRE-seq samples already presented in Chapter 3 are termed 

“DMSO controls” to distinguish them from ROTT pre-treatments. 

 

All FAIRE-seq data are deposited in GEO (accession number GSE63766). 

Spearman’s rank correlation analysis was performed on all FAIRE-seq data to test 

the association between DMSO control and ROTT inhibition samples (Fig 5.4 A). In 

non-stimulated samples, ROTT pre-treatment showed almost the same level of 

accessible DNA as that in DMSO controls (Spearman’s rank correlation 0.93). 

ROTT inhibition had no impact on basal chromatin accessibility in Jurkat T cells, in 

which accessibility changes compared to DMSO samples upon activation were 

mainly due to impaired PKC-θ activity. Relative to DMSO controls, pre-treatment 

with ROTT had the greatest impact on chromatin accessibility in RS samples 

(Spearman’s rank correlation 0.89), followed by ST and SW cells (Spearman’s rank 

correlation 0.90 and 0.91, respectively).  

 

In agreement with the Spearman’s rank correlation analysis, only 242 FAIRE-

enriched peaks in ROTT pre-treated NS samples showed detectable changes 

compared to DMSO NS samples (Fig 5.4 B). Thus, using this comparison as a guide, 

a 1.75-fold change with a minimum read number of 30 was set to determine cut-offs 

for peak calling of changed accessibility between the two pre-treatments in ST, SW, 

and RS samples. Within the increased accessibility regions identified in DMSO pre-

treated ST (2516 regions), SW (2062 regions), and RS samples (3514 regions) shown 
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  Fig. 5.4 Correlation and density distribution analysis of ROTT FAIRE-seq 

(A) Spearman correlation analysis of the FAIRE-seq data of both DMSO control 

and ROTT pre-treated samples. 

 

(B) Regions of enrichment were called against total genomic input and MA-

normalized. Regions were considered to show a change in accessibility for a 

given stimulation state (ST, SW and RS) if they had over 30 reads in that 

treatment and more than a 1.75-fold increase compared to NS.  
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in Chapter 3.6, impaired PKC-θ activity resulted in remarkable changes in chromatin 

accessibility, with 23% (813/3514 regions) of regions showing at least a 1.75-fold 

decrease in accessibility in RS samples, with fewer altered regions (16.5%, 416/2516 

regions) also observed in ST cells. Only a small proportion (9%, 184/2062 regions) 

of regions had altered accessibility in SW cells with ROTT pre-treatment (Fig 5.4 

B). PKC-θ might, therefore, play a more important role in TM responses than 

primary T cell activation in the context of the regulation of chromatin accessibility. 

 

To further classify these PKC-θ-mediated accessible regions into specific subsets 

(groups a–g and groups h-n) defined in Chapter 3.6, the majority of ROTT-sensitive 

accessible regions affected by PKC-θ inhibition were from group c (RS > NS-

specific regions) and group b2 (RS > ST > NS regions) in RS cells. Despite the 

identification of unique SW > NS regions associated with TM responses in the JTM 

in Chapter 3, PKC-θ appeared not to dramatically affect regions with maintained 

accessibility in SW, with only a few regions found to be ROTT sensitive in group f 

and even fewer in group e2. By contrast, ROTT pre-treatment showed very little 

impact on decreased accessibility regions in ST, SW, and RS cells (Fig 5.5 A). This 

result highlights the importance of PKC-θ enzymatic activity in the positive 

regulation of chromatin accessibility into a more open or permissive state. Moreover, 

impaired PKC-θ activity predominately affected regions that were either memory-

specific accessible or required for further enhanced accessibility upon secondary 

activation, suggesting that PKC-θ is required for chromatin modulation of memory-

responsive genes in RS cells.   
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Fig. 5.5 The effect of rottlerin inhibition on accessibility changes in Jurkat T cells 

(A) Numbers of rottlerin-sensitive regions with more or less accessibility in ST, SW, 

and RS cells compared to NS cells. Regions were considered more accessible if 

they had ≥1.75 fold more normalized tag counts than NS and at least 30 

sequencing tags. 

 

(B) The ratio of accessibility in RS compared to ST for all regions with ST>NS and the 

subsets of ST>NS that were also SW>NS or Rott sensitive (sens). * Wilcoxon text 

p-value < 2 x 10
-16

 compared to all ST>NS regions. 

 

(C) The percentage of DNA accessible regions in NS, ST, SW, and RS cells were 

annotated with respect to their genomic location and chromatin state segmentation. 

Additionally, rottlerin-sensitive regions are also shown. For the chromatin state 

data, the background (bg) percentages of the whole human genome are presented. 

The chromatin state data was summarized from CD4
+
 memory cells from the 

UCSC Genome Browser: quiescent (low level of any marks), repressive 

(H3K27me3), transcription (H3K36me3), enhancer (H3K4me1), permissive 

(H3K4me3), and heterochromatin (H3K9me3). 
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In addition, PKC-θ inhibition also affected a large proportion of regions with 

increased accessibility in ST cells, which were also mainly detected in group b2 

regions (Fig 5.5 A). To further investigate whether these ROTT-sensitive regions 

during primary stimulation were associated with TM responses upon re-activation, 

changes in accessibility between RS and ST cells were examined in the following 

three groups of accessible regions: 1) all ST>NS regions; 2) both ST and SW > NS 

regions; and 3) ST > NS regions that were ROTT sensitive (Fig 5.5 B). ST > NS 

regions that were identified as ROTT sensitive (or PKC-θ regulated) had 

significantly (p < 2 x 10-16) greater accessibility than those in all ST > NS regions 

upon re-activation. Upon initial activation, PKC-θ regulated the chromatin regions 

that were supposed to have further increased accessibility in response to re-

stimulation in the JTM. PKC-θ appears to be a key regulator of chromatin structural 

changes required for robust memory responses in Jurkat T cells.  

 

We next annotated these ROTT-sensitive regions with respect to genomic location to 

assess their genome-wide distribution. Generally, there was no difference in genomic 

location between DMSO controls and ROTT pre-treated samples, where most of 

ROTT-sensitive regions also located to intronic, intergenic, and upstream (-1 to -10 

kb) regions (Fig 5.5 C). Similar chromatin states were also observed in ROTT-

sensitive regions compared to DMSO controls (Fig 5.5 C), showing that half of 

altered ROTT-sensitive regions occurred in enhancers and others were located in 

quiescent regions. Since we demonstrated in Chapter 3 that these newly identified 

regulatory regions with enhanced accessibility, especially the distal regulatory 

elements, were critical for the formation of T cell TM, the high consistency of 

chromatin landscape features between ROTT-sensitive and DMSO control regions 
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again confirmed the important role of PKC-θ in regulating TM responses in Jurkat T 

cells.  

 

 

5.4 The Effect of PKC-θ Inhibition on Establishing Transcriptional 

Memory in the JTM 

To validate the effect of PKC-θ inhibition on the TM response of genes near ROTT-

sensitive regions, four RS > NS regions from set c located near the memory-

responsive genes TNF, IL8, ICOS, and NR4A2 were chosen for assessment (Fig 5.6). 

Gene expression was assessed by qPCR, as shown in Fig 5.6 A. DMSO control 

samples displayed robust TM responses in all tested genes, with secondary activation 

(RS) inducing a remarkable increase in gene expression compared to primary 

activation (ST). However, ROTT pre-treatment during primary activation 

significantly impaired primary transcription of TNF (p = 0.013), IL8 (p = 0.038), 

ICOS (p = 0.007), and NR4A2 (p = 0.019). Although stimulus withdrawal washed 

away both stimulus and ROTT, significantly reduced secondary gene transcription 

was observed for TNF (p = 0.004), IL8 (p = 0.007), and ICOS (p = 0.011), as well as 

remarkably decreased transcription of NR4A2 in RS cells pre-treated with ROTT 

(Fig 5.6 A). These results suggest that inhibition of PKC-θ activity during primary 

activation was maintained after SW and was sufficient to impair TM responses 

regardless of the presence of normal PKC-θ catalytic activity during reactivation.  

 

We next performed FAIRE-qPCR on these genes to investigate the underlying 

molecular basis of how abrogated primary PKC-θ enzymatic activity influences the  
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Fig. 5.6 The effect of rottlerin on establishing transcriptional memory in the 

JTM 

(A) mRNA expression levels of TNF, IL8, ICOS, and NR4A2 in the JTM with 

rottlerin pre-treatment. Expression levels were measured by RT-PCR and 

normalized to GAPDH expression. 

 

(B) FAIRE chromatin accessibility of TNF, IL8, ICOS, and NR4A2 in the JTM with 

rottlerin pre-treatment. Chromatin accessibility was measured by RT-PCR and 

normalized to the GAPDH promoter. 

Data presented are mean ± SEM, n=3. 
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subsequent TM response (Fig 5.6 B). As expected, chromatin accessibility of DMSO 

controls was predominantly enhanced upon re-activation at the promoter regions of 

IL8 and ICOS, while further increased or at least maintained accessibility was 

observed at the promoter regions of TNF and NR4A2, respectively, in RS cells 

compared to ST samples. In the absence of PKC-θ activity during primary 

stimulation, chromatin accessibility was dramatically diminished at the promoter 

regions of TNF (p = 0.03), IL8 (p = 0.07), and ICOS (p = 0.005) in ST cells 

compared to DMSO controls. Moreover, this decreasing trend was inherited after 

stimulus withdrawal, and the most significant reduction in chromatin accessibility 

was observed in ROTT RS cells in TNF (by 95%, p = 0.002), IL8 (by 98%, p = 

0.001), and ICOS (by 97%, p = 0.002). This is consistent with our ROTT FAIRE-seq 

findings showing that these ROTT-sensitive regions were mainly found in RS cells 

(Section 5.3). Surprisingly, ROTT pre-treatment did not affect accessibility of 

NR4A2 during primary activation or stimulus withdrawal compared to DMSO 

controls. However, the promoter regions of NR4A2 still became significantly less 

accessible (by 59%, p = 0.003) upon re-activation.  

 

Taken together, these results show that impaired PKC-θ activity during primary 

activation failed to initiate the open chromatin structure required for active gene 

transcription. Upon secondary activation, these inaccessible chromatin regions were 

unable to be further induced to the same accessibility levels as in DMSO RS 

controls, which were previously demonstrated to correlate with the TM response in 

Jurkat T cells. Thus, the effect of primary PKC-θ inhibition on transcriptional 

processes was epigenetically inherited via the chromatin accessibility features of 

affected genes, which eventually block the TM response.  
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5.5 Cytoplasmic Versus Nuclear PKC-θ in Transcriptional Memory 

Responses  

It has previously been shown that PKC-θ plays dual roles in the regulation of T cell 

gene expression, acting as both a cytoplasmic signalling kinase and a chromatinized 

epigenetic enzyme (Sutcliffe et al., 2011, 2012). To further distinguish the role of 

cytoplasmic and nuclear PKC-θ in T cell TM responses, Jurkat T cells over-

expressing HA-tagged wild type PKC-θ (HAPKC or WT) or a PKC-θ mutant with a 

defective NLS sequence (NLS-PKC-θ) were generated (Sutcliffe et al., 2012) and 

used in this study. As seen in Fig 5.7 A, total HAPKC-θ protein expression was 

similar for all PKC-θ constructs, but a large proportion of NLS-PKC-θ was shown to 

be cytoplasmically restricted on confocal microscopy (Fig 5.7 B) 1 . The results 

presented in Chapter 5.4 suggested that PKC-θ is required for the formation of TM 

responses due to its important role in regulating chromatin accessibility. We next 

sought to investigate the behaviour of a NLS-PKC-θ mutant with restricted PKC-θ 

access to chromatin on gene expression in Jurkat T cells. Non-stimulated Jurkat T 

cells (NS) were first transiently transfected with the vector only plasmid (VO) or 

HAPKC-θ (WT) or NLS-PKC- θ plasmids using the NEONTM transfection system and 

rested for 48 hours prior to P/I activation (1o). The cells were then subjected to 

stimulus withdrawal and re-stimulated with P/I (2o). The effect of cytoplasmic-

restricted PKC-θ on TM responses was assessed by gene-specific qPCR using the 

inducible genes IL2 and TNF, which show a classical memory response in T cells 

(Fig 5.7 C). Compared to WT, the NLS mutation decreased primary IL2 

transcription by 32% and significantly reduced primary TNF expression by 60%. 

Moreover, the extent of NLS inhibition was particularly evident during re-activation,  

                                                      
1 Western blotting and confocal microscopy experiments were performed by Robert McCuaig 
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Fig. 5.7 The effect of PKC-NLS mutation on the transcriptional memory response 

(A) Representative western blot of HA-tagged PKC-θ protein levels in non-stimulated 

(NS) and P/I –activated Jurkat T cells transfected with vector only plasmid (VO), 

wild type plasmid (WT), or cytoplasm-restricted PKC-θ mutant (NLS) plasmids. 

 

(B) Confocal microscopy showing subcellular localization of PKC-θ in Jurkat T cells 

transfected with wild type (
HA

PKC or WT) or cytoplasm-restricted PKC-θ mutant 

(NLS) plasmids. 

 

(C) Gene expression of IL2 and TNF in Jurkat T cells transfected with VO, WT, and 

NLS with the percentage of inhibition calculated between the WT and NLS 2
o
-

restimulated samples. 

Data presented are mean ± SEM, n=3. 
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during which secondary IL2 transcription was significantly reduced by 91% 

accompanied by a remarkable decrease in TNF transcription. Despite intact PKC-θ 

signalling in the cytoplasm, reduced transcription of MRGs in NLS-PKC-transfected 

cells demonstrated the importance of PKC-θ nuclear translocation for generating 

robust TM responses.  

 

(Sutcliffe et al., 2011) showed that PKC-θ catalytic activity in the cytoplasmic 

domain is necessary for chromatin association and inducible gene expression and can 

be inhibited by the PKC inhibitor rottlerin. Our data (Chapter 5.4) extended the 

effect of PKC-θ catalytic activity in the cytoplasmic domain to TM responses in 

Jurkat T cells. Therefore, we directly compared the effects of cytoplasmic PKC-θ 

and chromatin-tethered PKC-θ by assessing the expression of a panel of TM-

responsive genes in ROTT treated versus NLS-PKC Jurkat T cells in the JTM (Fig 

5.8). Rottlerin pre-treatment significantly decreased transcription of a large 

proportion of genes including transcription factors involved in T cell lineage 

differentiation (e.g., EOMES, BCL6, STAT, and GATA family) (Thaventhiran et al., 

2013) and T cell activation (e.g., ATF3, REL, and NFKB2) (Oh and Ghosh, 2013). A 

subset of genes (e.g., EOMES, HIVEP3, and TNFSF10) was primarily inhibited 

during 1o activation whereas other genes such as NR4A3, TNFSF9, and EGR2 were 

more susceptible to rottlerin inhibition during 2o re-stimulation.  

 

Consistent with our previous observation (Fig 5.7 C), transfection with NLS mutant 

PKC-θ significantly reduced the expression of certain effector genes such as TNF 

during 1o activation, but this inhibition was particularly evident during re-stimulation 

for IL2, IL8, IL3, CSF2, CCL4L1, IFNG, and TNFSF9 (Fig 5.8). Importantly,  
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Fig. 5.8 Gene expression regulated by nuclear PKC-θ versus cytoplasmic PKC-θ 

Heat map representation of the median inhibition of gene expression due to rottlerin 

treatment (DMSO-rottlerin) and the NLS mutation (WT-NLS) in non-stimulated 

(NS), primary (1
o
), and secondary (2

o
)-activated cells. The order of the genes is 

clustered on the effect of rottlerin and NLS-PKC on their gene expression. Statistical 

significance was determined using the one-sample T-test on the log ratio. 

Data presented are mean inhibition ± SEM, n=3-4. 
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overlapping the gene expression profiles of rottlerin and NLS mutant-treated samples 

demonstrated that genes such as IL2, IL8, IFNG, TNFSF9, and TNF were 

consistently downregulated by both rottlerin and NLS mutation.  

 

Taken together, these results suggest that a distinct subset of transcriptionally 

responsive immune-related genes require the coordinated activity of cytoplasmic and 

nuclear PKC-θ for optimal TM responses. 

 

 

5.6 PKC-θ-mediated Chromatin Accessibility via H2B 

Phosphorylation 

Protein kinases are known to phosphorylate a considerable number of nuclear 

substrates (Baek, 2011). Moreover, PKC-θ directly associates with the chromatin 

template (Sutcliffe et al., 2011), and our data suggest that it is involved in the 

regulation of chromatin accessibility. This raises the possibility that PKC-θ regulates 

transcription by altering chromatin accessibility via histone phosphorylation in T 

cells. Our recent histone peptide microarray study showed that the most significant 

PKC-θ-mediated phosphorylation signals were detected on the H2B-derived peptide  

H2B:22 (Li et al., 2016). Ser32, which exists at the DNA-histone interaction point on 

H2B:22 (Lau et al., 2011), appeared to be the most likely PKC-θ substrate. To 

confirm whether H2B, or specifically H2B Ser32, is the phosphorylation substrate 

for PKC-θ, sequential chromatin immunoprecipitation (SeqChIP) was performed to 

examine co-occupancy of PKC-θ and H2B or PKC-θ and H2B Ser32p at a given 

chromatin region (Fig 5.9). Given that both rottlerin and NLS mutation had an  
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Fig. 5.9 Identification of PKC-θ phosphorylation substrates 

(A) and (B) Representative sequential ChIP-PCR shows the direct association of PKC-θ 

with (A) H2B or (B) H2B Ser32p at the IL2 promoter in non-stimulated (NS), 1
o
 

and 2
o
-activated Jurkat T cells. 

 

(C) GAPDH-normalized gene expression of IL2, TNF, and TNFSF9 in DMSO or 1 μM 

C27-treated Jurkat T cells ±P/I . Data presented are mean ± SEM, n=3. 

 

(D) ChIP-PCR analysis of H2B at the IL2, TNF, and TNFSF9 promoters in DMSO or 1 

μM C27-treated Jurkat T cells ±P/I. ChIP enrichment ratio is presented as mean ± SEM, 

n=3. 
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impact on IL2 expression, the promoter region of IL2 was used to assess the extent of 

co-occupancy in SeqChIP.  

 

Relative to non-stimulated cells, an increased interaction between PKC-θ and H2B 

was detected at the IL2 promoter upon both primary and secondary stimulation by 

SeqChIP (Fig 5.9 A). More importantly, the enhanced direct association of PKC-θ 

with phosphorylated H2B Ser32 was also observed at the IL2 promoter in 2o re-

stimulated cells (Fig 5.9 B). These results are entirely consistent with findings from 

PKC-θ in vitro kinase assays (Li et al., 2016), which showed that only H2B produced 

phosphorylated histone H2BSer32p and H2BSer36p in the presence of enzymatically 

active PKC-θ, but not with PKC-µ, suggesting that PKC-θ phosphorylation is 

specific.  

 

Despite demonstrating the influence of rottlerin inhibition on chromatin accessibility 

in Jurkat T cells (Chapter 5.4), we cannot exclude the possibility that changes in 

chromatin accessibility may also be regulated by other PKC isoforms or chromatin 

regulators, as rottlerin is a pan-PKC inhibitor that also inhibit other PKC family 

members and even some unexpected targets (Davies et al., 2000). In order to better 

understand the consequence of specific PKC-θ inhibition on transcription-associated 

chromatin accessibility, we made use of a PKC-θ-specific inhibitor compound 27 

(C27) (Jimenez et al., 2013). Since IL2, TNF, and TNFSF9 are nuclear PKC-θ targets 

(Fig 5.8), we examined whether their gene expression was influenced by C27 

inhibition of PKC-θ-specific activity. Similar to the ROTT inhibition strategy, Jurkat 

T cells were pre-treated with DMSO or C27 inhibitor for one hour followed by P/I 

activation. Overall, pre-treatment with C27 significantly inhibited transcription of 
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IL2 (p=0.004), TNF (p=0.0004), and TNFSF9 (p=0.001) compared to DMSO 

controls (Fig 5.9 C).  

 

To further investigate the effect of C27 inhibition on chromatin configuration, the 

overall H2B deposition pattern was determined by ChIP qPCR. Upon P/I activation, 

DMSO control samples displayed considerable increases in H2B enrichment at the 

promoters of PKC-θ target genes such as IL2, TNF, and TNFSF9 (Fig 5.9 D). 

However, C27 pre-treatment resulted in abnormal accumulation of H2B at the IL2, 

TNF, and TNFSF9 loci in non-stimulated Jurkat T cells, which might be predicted to 

affect the deposition of other histones during gene activation. Furthermore, C27 pre-

treated Jurkat T cells were unable to incorporate H2B for further enrichment in 

response to P/I activation. These results were further supported by western blot 

analysis, which showed that impairment of PKC-θ activity by C27 pre-treatment 

prevented an increase of H2B Ser32p, but not Ser36p, upon T cell activation (Li et 

al., 2016). Together, PKC-θ inhibition during T cell activation aberrantly perturbed 

the chromatin configuration through H2B Ser32 phosphorylation at a gene-specific 

level. 

 

To further confirm the role of nuclear PKC-θ in regulating chromatin accessibility, 

the chromatin accessibility of regions near PKC-θ targeted genes was measured by 

FAIRE qPCR in Jurkat T cells transfected with VO, WT, or PKC-NLS mutant 

plasmids. In VO and WT cells, primary P/I activation resulted in highly accessible 

IL2 and TNF promoter regions with further increases in accessibility during re-

activation (Fig 5.10). Similarly, increased accessibility was observed at the TNFSF9 

promoter upon primary simulation in both VO and WT samples, but no further  
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Fig. 5.10 The effect of nuclear PKC-θ on chromatin accessibility in Jurkat T cells 

FAIRE chromatin accessibility shown for IL2 , TNF, and TNFSF9 promoters in NS, 

1
o,
 and 2

o
-activated Jurkat T cells expressing VO, WT, and NLS plasmids. FAIRE 

chromatin accessibility is normalized to GAPDH (mean ± SEM, n=2-3 with two-way 

ANOVA in Prism, ***p<0.001). 
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enhanced accessibility was detected upon P/I re-activation. However, compared to 

WT controls, PKC-NLS transfected cells displayed a significant decrease in 

chromatin accessibility at the IL2 promoter of 58% in 1o ST cells and 92% in 2o RS 

cells. The same decreasing trend was also observed at promoter regions of other 

PKC-θ-targeted genes following T cell activation. For example, the accessibility of 

the TNF and TNFSF9 promoters was constrained by 64% and 62%, respectively, 

during primary activation in NLS mutant compared to WT controls. Moreover, 

decreases in accessibility were detected to a higher extent at their promoter regions 

(TNF by 74% and TNFSF9 by 81%) in NLS mutants upon secondary stimulation.  

 

 

5.8 The Effect of PKC-θ Knockdown on Chromatin Accessibility in 

Ex Vivo-derived Memory CD4+ T Cells 

To further validate our findings, a PKC-θ siRNA knockdown strategy was employed 

in the ex vivo-derived memory CD4+ T cell model. Chromatin accessibility was 

measured by FAIRE analysis. PKC-θ siRNAs have been shown to specifically knock 

down PKC-θ expression by ~50% in TaqMan microfluidic array card analysis 

without having any impact on PKC-α or PKC-δ transcription (Li et al., 2016). In 

siCtrl samples, a gradual increase in basal chromatin accessibility was detected at the 

IL2 promoter from naïve to memory CD4+ T cells (Fig 5.11), which supported the 

finding that specific immune-regulatory genes progressively acquire chromatin 

accessibility during memory T cell development (Youngblood et al., 2013). In 

contrast to IL2, chromatin accessibility at the TNF promoter exhibited an inducible 

pattern dependent on the activation state: particularly significant increased  
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Fig. 5.11 The effect of PKC-θ knockdown on chromatin accessibility in 

human CD4
+
 T cells 

FAIRE chromatin accessibility shown for IL2, TNF, and TNFSF9 promoters in 

human naïve and memory CD4
+
 T cells treated with PKC-θ siRNA ±P/I. 

FAIRE chromatin accessibility is normalized to GAPDH (mean ± SEM, n=3).  
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accessibility was detected during reactivation in siCtrl naïve and memory T cells. As 

a result of PKC-θ siRNA knockdown, activated memory CD4+ T cells displayed 

significant decreases in chromatin accessibility at the promoters of both IL2 and TNF 

MRGs compared to siRNA control samples.  

 

Interestingly, chromatin accessibility of the TNFSF9 promoter was only inducible in 

siCtrl naïve T cells upon activation, while chromatin accessibility remained at basal 

levels in memory T cells. However, PKC-θ knockdown still abrogated TNFSF9 

accessibility in activated naïve T cells compared to siRNA control T cells. Taken 

together, our findings show that nuclear PKC-θ is important for mediating chromatin 

accessibility at specific gene loci in human memory CD4+ T cells.   

 

 

5.9 Chapter Summary and Discussion 

Using a different primary activation strategy, namely PMA alone, CaI alone, and P/I, 

we confirmed the previous finding that active primary gene transcription requires 

both PMA- and CaI-driven signalling in Jurkat T cells (Isakov and Altman, 1987; 

Arai et al., 1992). Surprisingly, initial stimulation of Jurkat T cells with PMA (a 

PKC-θ pathway inducer) alone enabled previously transcriptionally inexperienced 

cells to establish TM responses in IL2 and TNF upon P/I reactivation (Fig 5.1 B). 

This suggests that the induction of primary gene expression was not necessary to 

establish a TM response, but a mechanism involving PMA-targeted PKC-θ pathway 

exists that primes genes for TM in Jurkat T cells. FAIRE qPCR results revealed the 

underlying molecular basis that an activated PKC-θ pathway alone could increase 



Chapter 5                PKC-θ Facilitates TM Responses by Regulating Chromatin Accessibility in Human T Cells 

   

182 
 

chromatin accessibility at the promoter regions of IL2 and TNF during primary 

activation and bookmark these unexpressed genes for robust TM responses by 

inducing further enhanced accessibility upon P/I re-stimulation (Fig 5.1 C). 

Therefore, it is conceivable that primarily activated PKC-θ signalling plays a major 

role in the regulation of chromatin accessibility and may not induce immediate gene 

expression but is required to establish TM in Jurkat T cells.  

 

Our previous FAIRE-seq data showed that a large number of regions with 

maintained chromatin increase in SW cells. These were thought to contribute to the 

formation of TM. Although PMA activation alone could increase the chromatin 

accessibility of genes near some of those regions such as MIR21, BIRC3, MIR155, 

and TNFSF10 and eventually induce their TM responses (Fig 5.2), FAIRE-seq data 

generated from rottlerin (a PKC catalytic inhibitor) pre-treated cells revealed that 

only few regions with increased accessibility in SW were affected by impaired PKC-

θ activity. The greatest number of ROTT-sensitive regions were found within regions 

showing increased accessibility in RS cells followed by half the regions again in ST 

cells (Fig 5.4). This implies that two different models of chromatin accessibility 

regulation might contribute to establishing TM: one through the maintained 

accessible regions in SW cells and the other through PKC-θ-mediated chromatin 

accessibility that predominantly occurs in RS cells.  

 

Importantly, the majority of the ROTT-sensitive regions were found to be either 

specifically only more accessible upon re-activation (group c) or show further 

enhanced accessibility in RS than ST cells (group b2) (Fig 5.5 A). This suggests that 

PKC-θ’s role in regulating chromatin accessibility is more associated with secondary 
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memory responses in Jurkat T cells. This was further supported by the data from 

gene-specific FAIRE-qPCR of TNF, IL8, ICOS, and NR4A2, which all displayed a 

significant reduction in chromatin accessibility upon re-stimulation in ROTT pre-

treated cells accompanied by abrogation of TM potential in RS cells but varying 

degrees of reduced chromatin accessibility upon primary activation (Fig 5.6).  

 

Similar to the genomic distribution of accessibility changes observed in SW cells, 

our genome-wide annotation of ROTT-sensitive regions demonstrated that PKC-θ 

also largely regulates chromatin accessibility at quiescent genomic regions and 

regulatory domains such as intronic enhancers (Fig 5.5 C). Our data established that 

pre-existing enhancer-promoter chromatin loops were able to prime genes for rapid 

transcriptional induction upon re-activation (Section 4.7); therefore, PKC-θ might 

play a structural or regulatory role to remodel chromatin by introducing or 

maintaining enhancer-promoter interactions during T cell activation.  

 

Our laboratory has previously reported that PKC-θ can translocate to the nucleus and 

form an active transcription complex at the proximal promoters of inducible immune 

responsive genes in human T cells (Sutcliffe et al., 2011; Sutcliffe and Rao, 2011).  

Although the importance of PKC-θ catalytic activity has previously been extensively 

addressed, the chromatin-associated role of this signal transduction kinase is still 

poorly understood. By generating a cytoplasm-restricted NLS-PKC mutant, we were 

able to examine the specific role of nuclear PKC-θ in transcriptional induction in 

human T cells. We demonstrated that NLS mutation significantly impaired both 

primary and secondary gene activation of IL2 and TNF despite the existence of intact 

cytoplasmic PKC-θ in Jurkat T cells (Fig 5.7), suggesting that the physical presence 
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of PKC-θ in the nucleus was also necessary for active gene expression and TM 

formation. By comparing the transcript levels of ROTT pre-treated and NLS-PKC 

Jurkat T cells, we demonstrated that the optimal expression of a distinct subset of 

TM-responsive genes such as the immune-regulatory genes IL2, IFNG, and TNF and 

other chemokines like IL8 and TNFSF9 requires both the catalytic and nuclear 

activities of PKC-θ.  

 

PKC family members are known to phosphorylate a considerable range of substrates 

in the nucleus, suggesting that they may function as chromatin modifiers to regulate 

chromatin accessibility (Martelli et al., 2003; Hurd et al., 2009; Metzger et al., 2010). 

Microarray-based kinase profiling suggested that PKC-θ catalytic activity could 

phosphorylate a number of residues on the core histone component H2B (Li et al., 

2016) at Ser32, 36, and 38, all of which are affiliated with mitogenic responses, 

increased transcription, and cell survival (Takai et al., 1977; Bungard et al., 2010; 

Lau et al., 2011). Our sequential ChIP results provided direct evidence that PKC-θ 

interacted with H2B at the IL2 promoter during both primary and secondary 

activation, and its association with H2B Ser32p was more evident upon re-activation 

in Jurkat T cells. Given that chromatin undergoes rapid H2B substitution (Jamai et 

al., 2007), we demonstrated that impairing PKC-θ catalytic activity by C27 inhibition 

resulted in aberrant H2B incorporation and that the NLS-PKC mutant displayed 

significantly reduced accessibility during primary and secondary activation. This 

requirement for PKC-θ in maintaining permissive chromatin, particularly in the 

context of memory T cell activation, was further confirmed in the ex vivo-derived 

naïve and memory CD4+ T cell model.  
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In summary, the inhibitory effect of PKC-θ on chromatin accessibility was 

particularly evident at the regulatory enhancer regions in reactivated T cells. 

Moreover, we have demonstrated that nuclear localization of PKC-θ cooperating 

with intact activating signals can facilitate rapid TM responses by modulating 

chromatin accessibility via H2B Ser32 upon T cell activation. 
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General Discussion 
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6.1 Preamble 

Memory T cells exhibit transcriptional memory (TM), which allows them to 

“remember” previous pathogenic encounters and more efficiently transcribe 

immune-responsive genes upon re-infection. However, the molecular mechanisms 

underpinning this transcriptional priming response are largely unknown. There is 

growing evidence that TM is encoded by the epigenome, in particular chromatin 

accessibility states and the actions of chromatin-modifying enzymes (Bevington et 

al., 2016; Dunn et al., 2015; Ostuni et al., 2013; Wong et al., 2014). Here we used the 

FAIRE-seq approach in a human T cell TM model, which allowed us to characterize 

global chromatin accessibility profiles (Chapter 3). The results revealed that primary 

activation induced chromatin accessibility landscape alterations that persisted in the 

resting memory state. Secondary activation induced secondary-specific opening in 

previously less accessible regions, which was associated with enhanced expression of 

memory-responsive genes. Chromatin state annotation analysis showed that 

increased accessibility mainly occurred in distal regulatory regions away from TSSs 

and was associated with increased active histone acetylation marks. 3C analysis 

revealed that enhancer-promoter chromatin loops were pre-established in NS cells 

prior to activation, and this configuration may be required for rapid transcription of 

“poised” genes in response to stimulation (Chapter 4). The enhanced re-stimulated 

T cell response was closely associated with the strength of initial PKC signaling. 

Thus, PKC inhibitors and siRNA knockdown were used to dissect the role of PKC-θ 

in regulating changes in chromatin accessibility in TM. FAIRE analysis showed that 

the regions with PKC-sensitive chromatin accessibility increases upon primary 

activation had significantly higher chromatin accessibility upon re-activation in RS 

cells, suggesting that an impaired initial PKC signal can lead to a failure in chromatin 
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accessibility during primary activation and eventually block the TM response. 

Finally, a nuclear PKC-θ mutant revealed that chromatinized PKC-θ is required to 

facilitate rapid transcriptional programs by maintaining permissive chromatin 

through H2B Ser32 phosphorylation upon T cell activation (Chapter 5). This study 

demonstrates that transcriptional responses are primed via the chromatin accessibility 

landscape in memory T cells. This thesis contributes to our understanding of the 

molecular mechanisms underpinning TM responses and provides new insights into 

how to enhance or develop vaccination strategies against pathogens and cancer. 

 

 

6.2 Genome-wide Approaches for Chromatin Accessibility Profiling  

Transcriptional activation throughout the eukaryotic lineage is tightly controlled by 

the availability of various transcription factors and the accessibility of their target 

sites in chromatin. Therefore, measuring chromatin accessibility provides a means to 

characterize cell type-specific epigenetic signatures that constitute the dynamic 

interplay between the chromatin landscape and gene regulation. 

 

Typically, open chromatin regions can be identified by nuclease digestion at 

preferential genomic sites. Two of the most widely used nucleases are micrococcal 

nuclease (MNase) (Reeves and Jones, 1976) and deoxyribonuclease I (DNase I) 

(Weintraub and Groudine, 1976). MNase digestion is an indirect chromatin 

accessibility assay that preferentially cuts linker DNA between nucleosomes to 

generate mono- and oligo-nucleosomes. Thus, this approach is commonly referred to 

as the nucleosome occupancy assay, which indirectly probes chromatin accessibility 
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by uncovering genome-wide nucleosome distributions (Yuan et al., 2005; Schones et 

al., 2008; Valouev, 2011; Cui and Zhao, 2012).  

 

Another classical endonuclease-based method is DNase I digestion, which directly 

identifies accessible chromatin regions by preferentially cleaving within nucleosome-

free regions known as DNase I hypersensitive sites. As DNase I hypersensitive sites 

usually reside in cis-regulatory elements of actively transcribed genes, this method 

allows the identification of potential transcriptional and chromatin regulatory 

elements including promoters and enhancers (Wu et al., 1979; Crawford et al., 

2006a, 2006b; Thurman et al., 2012). However, both approaches introduce cleavage 

bias, which influences their use as reliable epigenetic profiling assays (Cousins et al., 

2004; Chung et al., 2010; He et al., 2014).     

 

Formaldehyde-assisted isolation of regulatory elements (FAIRE) is a recently 

developed technique that can directly identify nucleosome-depleted regions across 

the genome (Nagy et al., 2003; Giresi et al., 2007; Giresi and Lieb, 2009; Simon et 

al., 2012). FAIRE is a fragmentation-based method that involves initial 

formaldehyde fixation of chromatin, mechanical shearing of chromatin with 

sonication, followed by phenol-chloroform extraction to enrich for protein-free DNA 

fragments in the aqueous phase (Simon et al., 2012). Compared to traditional 

nuclease-based methods, FAIRE avoids enzymatic variability and overcomes the 

sequence-specific cutting bias observed in MNase and DNase I digestion assays. In 

addition, as there is no requirement to use fresh samples and nucleosome-depleted 

regions are not degraded after formaldehyde fixation, FAIRE can easily be applied to 

any type of cell or tissue such as primary human cells. FAIRE-enriched accessible 
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chromatin regions can be quantitatively analyzed at gene-specific regions using real-

time polymerase chain reaction (RT-PCR) or across the genome by high-throughput 

sequencing (FAIRE-seq). Genome-wide studies have shown that this assay not only 

captures active regulatory regions such as DNase I hypersensitive sites but also 

identifies additional distal regulatory elements not detected by DNase-seq (Giresi et 

al., 2007; Song et al., 2011).  

 

Another current method for mapping genome-wide chromatin accessibility is the 

assay for transposase-accessible chromatin with high-throughput sequencing 

(ATAC-seq) (Buenrostro et al., 2001, 2013). In ATAC-seq, hyperactive Tn5 

transposase cuts the genome and integrates sequencing adaptors into accessible 

chromatin regions (Adey et al., 2010; Goryshin and Reznikoff, 1998). The 

transposed DNA fragments are subsequently amplified by PCR for library 

construction, and open chromatin sites are captured by paired-end high-throughput 

sequencing (Buenrostro et al., 2001). Compared to FAIRE-seq, ATAC-seq is a 

relatively simple and rapid two-step method with high sensitivity, allowing low 

starting sample sizes of 500-50,000 cells (Buenrostro et al., 2013). However, ATAC-

seq requires unfixed fresh cells as starting material because fixatives can reduce Tn5 

transposition frequency in ATAC-seq. This restricts ATAC-seq’s application to 

specific sample preparations, especially excluding clinical studies in which cross-

linked human primary samples are available.  

 

The most challenging aspect of FAIRE-seq, especially when using human primary 

samples, is the requirement for a large amount of starting material: 1 x 106 to 5 x 107 

cells and ideally 1 x 107 cells for most applications (Simon et al., 2012). Here, 
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different starting cell numbers were first investigated to optimize the FAIRE assay 

for Jurkat T cells (Section 3.2). FAIRE enrichment starting with as few as 0.5 x 106 

cells and ideally 1 x 107 cells showed similar alterations in chromatin accessibility 

upon P/I simulation (Fig 3.4), showing that the FAIRE assay could be successfully 

performed with human primary T cells in this study.  

 

IL2 is a key cytokine associated with T cell activation (Lim et al., 2013). We 

previously showed that IL2 expression was increased in P/I-stimulated Jurkat T cells 

(Li et al., 2016) but not transcribed in the MCF-7 inducible breast cancer cell model 

with PMA treatment (Zafar et al., 2014). In Jurkat T cells, the IL2 promoter region 

showed increased chromatin accessibility upon P/I stimulation but it remained 

inaccessible following PMA treatment in MCF-IM cells (Section 3.3). However, 

chromatin accessibility of inducible EMT-related genes such as CD44, PLAUR, IL6, 

and DUSP4 were induced in PMA-treated MCF-IM cells. Thus, the FAIRE assay 

efficiently characterizes the unique chromatin accessibility profile in a cell-specific 

manner.  

 

 

6.3 The Contribution of Enhanced Chromatin Accessibility to 

Memory-responsive Gene Transcription 

Various immune cells maintain memory of previous activation and produce different 

transcriptional responses upon 2 activation than those that occur upon 1 activation 

(Bevington et al., 2016; Ostuni et al., 2013). It has been shown that chromatin state 

changes modulated by different chromatin modifications at regulatory regions 
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contribute to the memory-responsive genes poised for rapid expression (Araki et al., 

2009; Russ et al., 2014; Zediak et al., 2011)  

 

In this analysis of all the different chromatin accessibility change profiles in the JTM 

model, the 5337 regions with increased chromatin accessibility in ST, SW, and/or RS 

cells were grouped into sets a-g (Section 4.2), which included three different 

chromatin alteration patterns (Fig. 6.1): chromatin accessibility greatest in primary 

(1) activation (1 enriched; a, b1, e1); chromatin accessibility greatest in secondary 

(2) activation (2 enriched; b2, c, e2); and high chromatin accessibility in SW (f, g). 

Here, four patterns with greater chromatin accessibility in RS than ST were further 

identified: (i) stimulation-dependent chromatin accessibility lost in SW but enhanced 

upon RS (b2); (ii) 2-specific chromatin accessibility detected only in the RS state 

(c); (iii) persistent chromatin accessibility remaining in cells from ST and SW but 

highest in RS (e2); and (iv) delayed chromatin accessibility detected in SW and RS 

(f). We propose that all four groups contribute to memory-responsive gene induction 

and, in agreement with others (Bevington et al., 2016), that different regions act 

together to modulate transcription. For instance, NFATC1, FASLG, TNFSF10, and 

DUSP10 had multiple nearby chromatin accessibility regions. It is increasingly 

apparent that not only do multiple regions regulate transcription of a target gene, but 

also that chromatin accessibility at each of these regions is regulated by a 

combination of transcription factors that contribute differently at various activation 

stages. 
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Fig. 6.1 Different patterns of increased chromatin accessibility landscape.  

Mean Z-score profiles of the increased accessibility sets. This included patterns with: 

chromatin accessibility greatest in primary (1) activation (1 enriched; a, b1, e1); 

chromatin accessibility greatest in secondary (2) activation (2 enriched; b2, c, e2); 

and high chromatin accessibility in SW (f, g). 
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6.4 Pre-established Enhancer-Promoter Loops in JTM  

As a large proportion of the chromatin accessibility changes occurred away from a 

TSS, we examined if they occurred in genomic regions containing histone marks 

associated with regulatory elements such as enhancers. The analysis of Roadmap 

chromatin state annotations revealed that larger proportions of sets that exhibited an 

increase in chromatin accessibility overlapped with enhancer regions (35-50%, 

Section. 4.3), which were more cell specific and only had enhancer chromatin marks 

in T cells or CD34+ progenitor cells. 

 

Based on relative H3K27ac and H3K4me1 levels, Roadmap divides enhancer states 

into weak, active, and poised.  Most accessible regions annotated as enhancers were 

in a weak state in naïve cells (Fig. 6.2 A). However, in the delayed (f) and persistent 

memory (e2) sets, 20-22% of the weak enhancers gained H3K27ac in memory cells 

to become active enhancers. Furthermore, 21-22% of quiescent regions in these sets 

gained enhancer marks. In contrast, a greater proportion of the weak enhancers in 

sets with corresponding decreases in chromatin accessibility (m and l2) lost 

H3K4me1 (18-21%) (Fig. 6.2 B). With respect to the four different memory 

chromatin accessibility groups (b2, c, e2, f), 34-46% of regions, which were weak 

enhancers in naïve cells, became active enhancers in PMA/I-stimulated Th cells, and 

17-26% of the quiescent regions had enhancer marks (Fig. 6.2 A). Regions near 

memory-responsive genes were mainly located in permissive or enhancer 

environments (Fig. 6.2 A). The Roadmap analysis highlights that changes in 

chromatin accessibility primarily occur in regions with enhancer or weak permissive 

chromatin marks, indicating that these distal regulatory elements play an important  
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Fig. 6.2 Changes in the chromatin accessibility landscape occur in regions with 

enhancer environments in primary CD4 lymphocytes 

Detailed chromatin state of the memory regions with increased (A) and decreased (B) 

accessibility in naïve (N), memory (M), and PMA/I stimulated Th (S) CD4
+
 

lymphocytes. Those regions with increased accessibility (A) within 50kb of an MRG 

TSS are marked with a black line. Transcribed (Tx), Permissive (Tss), Enhancer (Enh). 
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role in facilitating the TM response in Jurkat T cells, particularly through interactions 

between enhancer regions and their promoter targets. 

 

The transcription of many memory-responsive genes corresponded to regions with 

increased chromatin accessibility in RS, which were often located away from the 

TSS in cell type-specific enhancer regions. Studies using a TNF enhancer region 

have shown it to interact more strongly with the TNF promoter in PMA/I-stimulated 

T cells (Tsytsykova et al., 2007). However, examination of three interactions in our 

model revealed that these enhancer regions were already in close proximity to TSSs 

in naïve T cells (Section 4.8). Several other studies have found evidence for 

promoter-enhancer interactions in the absence of gene expression (Jin et al., 2013; 

Melo et al., 2013; Montavon et al., 2011), suggesting the existence of pre-established 

(“permissive”) and de novo (“instructive”) loops (Denker and de Laat, 2016). Most 

similar to this study, inducible genes such as CCL2 already had enhancer-promoter 

loops in the absence of the TNF treatment that induces their expression. The three 

interactions we examined appear to be “permissive loops”, with increased 

accessibility at the enhancers in the SW state (a secondary step) and RS-dependent 

factors (a tertiary step) to enhance expression. Although beyond the scope of the 

current study, it would be informative to examine additional enhancers and to utilize 

other methods such as ChiA-PET (Li et al., 2017) to investigate interactions in the 

JTM. 
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6.5 Chromatin Motifs Associated with Maintenance of Chromatin 

Accessibility 

Motif analysis revealed that the stimulation-dependent (set b2) group contained 

motifs for transcription factor families such as NFAT, NFκB, NR4A, and AP-1. For 

this set, the most likely cause of increased chromatin accessibility in RS cells was 

increased activation of these transcription factors (Fig. 6.3). While chromatin 

accessibility at these regions increased in RS compared to ST cells, the increases 

were not maintained in SW cells when nuclear levels of these transcription factors 

decreased. It is possible that, as in macrophages, H3K4me1 is maintained at these 

regions (Ostuni et al., 2013), and some of these regions change chromatin state in 

memory CD4+ lymphocytes.  

 

A recent chromatin accessibility study (Samstein et al., 2012) in Tregs showed that 

ETS bound sites were accessible before Foxp3 was present and that ETS might keep 

these sites open for Foxp3. It has also been shown that ETS plays an important role 

in memory lymphocyte enhancer regions (Schmidl et al., 2014), and a mouse 

lymphocyte study (Bevington et al., 2016) demonstrated that ETS-1 binding was 

increased in pre-activated resting lymphocytes, suggesting a role for ETS-1 in 

maintaining chromatin accessibility. 

 

The persistent (set e2) and delayed (set f) group were enriched for the ETS motif. 

ETS-1 is constitutively expressed in Jurkat cells, and these results suggest it may 

play a role in chromatin accessibility in NS in regulatory regions that lose chromatin 

accessibility upon stimulation (such as set h) (Fig. 6.3). Similar to the role of the  



 

199 
 

  

Fig. 6.3  The transcription factor motifs that characterise the different sets of 

increased and decreased chromatin accessibility. 

 The top overrepresented motifs in the sets with increased and decreased chromatin 

accessibility. Results from HOMER, *p < 0.05, ***p < 1x10
-5

, Benjamini q value, 

compared to control sets with similar GC content (trend line).  
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ETS family member PU.1 in macrophages (Ostuni et al., 2013), some regions 

appeared to require other transcription factors to modify the chromatin at regions 

before ETS-1 can bind. Our work and that of (Bevington et al., 2016) suggests that, 

in lymphocyte activation, members of the AP-1, NFAT, EGR, and NFκB families 

execute this role. AP-1 has previously been shown to tether ETS-1 to genes such as 

TIMP1 (Logan et al., 1996). However, once ETS-1 binds DNA, it appears to be able 

to maintain chromatin’s open state.  

 

ETS-1 and other ETS family members are known to recruit histone acetylases (Koh 

et al., 2016; Yang et al., 1998), and the presence of ETS-1 may affect histone 

acetylation in SW cells and play a role in recruiting factors that control enhanced 

chromatin accessibility in RS or recruiting other transcription factors. ETS motifs 

also marked the 2-specific set (c). However, the NFAT motif appeared to be most 

critical for determining these regions, and several known NFAT targets including 

CSF2, EGR2, NR4A2, IL8, FASLG, and TNF are near these regions (Hogan et al., 

2003; Johnson et al., 2004; Lucena et al., 2015; Martinez et al., 2015). ETS-1 and 

NFAT physically interact in T cell nuclei, and NFAT recruitment to the IL2 promoter 

decreases in the absence of ETS (Tsao et al., 2013). There was partial ETS and 

NFAT binding motif overlap (Fig. 6.4), resulting in many NFAT targets containing 

composite sites. Hence, increased ETS-1 in SW may help to recruit NFAT more 

quickly to the enhancers of memory-responsive genes. 

 

NFAT is implicated in regulating chromatin accessibility via recruitment of 

remodellers BRG and BRM (Pham et al., 2010) and histone modifiers such as p300 
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Fig. 6.4  The co-exist of NFAT motif and ETS-1 motif  

The memory responsive genes within 50kb of a region with rottlerin sensitive 

increased accessibility in RS and that contained a NFAT motif. Regions that 

also contained ETS-1 motifs are indicated with green lines.  
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(García-Rodríguez and Rao, 1998). Acetylases such as p300 are thought to maintain 

TM (Wong et al., 2014).  

 

We also identified a region upstream of NFATC1 that became accessible in SW cells 

and has enhancer chromatin marks in CD4 lymphocytes; we propose that this could 

act as an NFATC1 enhancer, although further experiments are needed to confirm its 

interaction with the NFATC1 promoter. This region was bound by ETS-1 in SW cells 

and may be responsible for ETS-1-dependent NFATC1 induction. 

 

 

6.6 The Signaling Kinase PKC-θ Mediated Chromatin Accessibility 

PKC-θ mediates signals from the co-stimulated TCR and is required for early 

survival of effector CD8+ T cells (Barouch-Bentov et al., 2005) and memory T cell 

development (Höllsberg et al., 1993; Teixeiro et al., 2009). Conversely, PKC-θ 

knockdown in ex vivo-derived human memory CD4+ T cells disrupts the expression 

of pro-inflammatory genes and transcription factors that determine memory T cell 

quality (Gruta et al., 2004; Seder et al., 2008) and effector and memory T cell 

differentiation (Thaventhiran et al., 2013). 

 

PMA activates several PKC isoforms including PKC-θ, which plays a central role in 

T cell activation (Altman and Kong, 2016). Treatment with PMA/I induces the 

transcription of genes associated with T cell activation such as IL2 and TNF 

(Kumagai et al., 1988; Lim et al., 2009). IL2 and TNF have higher persistent 
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expression in stimulated memory than naïve CD4+ cells (Liu et al., 2001). Our 

studies discovered that Jurkat T cell activation with PMA or PMA/I can initiate TM 

responses and enhanced chromatin accessibility in RS cells. However, T cells 

primarily activated with CaI alone failed to induce robust TM response (Section 5.2). 

 

Rottlerin is a well-characterized ATP-competitive PKC inhibitor that has been shown 

to impair PKC-θ’s catalytic activity in human T cells (Davies et al., 2000; Springael 

et al., 2007). To dissect the roles of different T cell signalling pathways in regulating 

chromatin accessibility, FAIRE-seq was performed on cells pre-treated with the PKC 

inhibitor rottlerin before 1 stimulation and washed away before 2 stimulation 

(Section 5.3). Rottlerin treatment influenced a greater proportion of chromatin 

accessibility increases in RS than ST cells, with the majority of rottlerin-sensitive 

regions being from two transcriptional memory sets: 2-specific set c and 

stimulation-dependent set b2. 

 

A motif enrichment approach was used to identify which transcription factor 

pathways rottlerin affected. When the RS>NS regions were ranked by their 

chromatin accessibility with and without rottlerin, the NFAT, NFκB, and TCF7L2 

motifs were significantly enriched in the regions with higher chromatin accessibility 

in the absence of rottlerin (p ≤ 0.002, Fig. 6.5 A). Interestingly we found that 

chromatin accessibility at AP-1-containing regions was less rottlerin sensitive.  

 

NFκB inhibition by rottlerin was expected, as NFκB is a known PKC signalling 

target (Lin et al., 2000). We (Li et al., 2016) previously showed by siRNA  
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Fig. 6.5  The role of PKC in regulating DNA motif at regions with increased 

accessibility in re-stimulated cells.  

(A) Regions with increased Chromatin accessibility (RS > NS) were analysed for 

the occurrence of DNA motifs. Regions were ranked according to the ratio of 

their chromatin accessibility in rottlerin-treated RS cells (compared to DMSO 

RS), the occurrence of the selected motif is illustrated by black lines and the 

enrichment score is plotted against the rank of the regions. 

 

(B) Regions of NFATC1, ICOS, TNF and IL8 with increased accessibility in re-

stimulated cells that are within 50kb of the transcription start site of a memory 

responsive gene (MRG). The side colour indicates which set the regions belong 

to, and, within sets, the regions are ranked by the inhibitory effect of rottlerin 

(ROTT) pre-treatment in the RS cells. Regions with NFAT, NF-κB or AP1 

DNA binding motifs are annotated. Heat maps show Z-scaled values for 

accessibility of the region and expression of the gene.  
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knockdown that stimulation-dependent NFATC1 expression in CD4+ naïve and 

memory T cells is also PKC- dependent. Furthermore, the PKC- inhibitor AEB071 

inhibits NFκB and NFAT but not AP-1 activity (Evenou et al., 2009). The enhanced 

2 expression of memory-responsive genes that were within 50 kb of a rottlerin-

sensitive RS>NS region, such as TNF, IL8, and ICOS, was also rottlerin sensitive 

(Section 5.4), and we confirmed the rottlerin sensitivity of the chromatin 

accessibility regions by FAIRE-qPCR. All three regions contained an NFAT motif 

(Fig. 6.5 B). Therefore, perturbation of the 1 signal in our model with rottlerin 

revealed that there is overlap in the signalling affected by rotterlin, primarily NFAT 

and NFB activation, and the signalling enhanced upon RS. 

 

Memory-responsive genes with rottlerin-sensitive RS regions and NFAT motifs play 

important roles in the immune response and include transcription factors, cytokines, 

receptors, and signalling molecules (Fig 6.4). Interestingly, many of these regions 

also contained an ETS motif, with many containing an overlapping NFAT-ETS motif 

(Fig 6.4). Thus, ETS together with PKC pathway-induced factors may promote 

NFAT activity in several different ways that together play a major role in the 

enhanced chromatin accessibility and 2 transcriptional response of pre-activated T 

cells. 

 

The results with rottlerin suggest that naïve cells exposed to different initial stimuli 

may be primed differently for gene expression upon re-stimulation. Differential TCR 

signalling strength and quality affect not only the development of the memory 

phenotype but also TCM/TEM balance (Daniels and Teixeiro, 2015; Knudson et al., 



Chapte 6                                                                                                                                       General Discussion 
 

206 
 

2013). It would be informative to study the epigenomes of lymphocytes with 

differing activation signals to determine if they are poised differently.  

 

 

6.7 Nuclear PKC-θ Facilitates Rapid TM Responses 

We (Li et al., 2016) previously demonstrated that PKC-θ largely binds to quiescent 

genomic regions that lack histone modifications and regulatory domains including 

intronic enhancers. Similarly, re-stimulation of Jurkat T cells directly targeted PKC-θ 

to H3K4me1- and H3K27ac-enriched regions, which demarcate lineage-specifying 

enhancers in human CD4+ T cell subsets (Schmidl et al., 2014). The presence of 

nuclear-tethered PKC-θ at these regions indicates that it may assume a structural or 

regulatory role to maintain enhancer interactions or remodel chromatin, which 

potentially explains the differences in PKC-θ binding observed between memory T 

cell subsets. 

 

Having a mutated NLS significantly reduced the expression of certain effector genes 

such as TNF during 1 activation, but this inhibition was particularly evident during 

re-stimulation for IL2, IL8, IL3, CSF2, CCL4L1, IFNG, and TNFSF9 (Section 5.5). 

Using this novel PKC-NLS mutant, we showed that nuclear translocation of PKC-θ 

is required for optimal TM responses. 

 

Although PKC family members are known to phosphorylate histone substrates, our 

results suggested that PKC-θ catalytic activity facilitates chromatin accessibility via 
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core histone H2B phosphorylation (Section 5.6). Previously, Ser32, 36, and 38 have 

been shown to participate in mitogenic responses, transcription, and survival (Takai 

et al., 1977; Bungard et al., 2010; Lau et al., 2011). Ser32 appears to be a major 

regulatory site, as its phosphorylation or repositioning can dramatically change 

chromatin configuration. Ser36 and 38 are located at the start of the N-terminus helix, 

whereas Ser32 forms part of the N-terminus tail, with a protruding hydroxyl side 

chain facing the DNA phosphate backbone. Together with the two N-terminus acidic 

side chain residues (R31 & K30) in close proximity to DNA, Ser32 is predicted to be 

highly constrained and able to interact with DNA with high affinity. Subsequent 

histone modifications to neighboring lysine residues might influence Ser32 

recognition by PKC-θ. Given chromatin experiences rapid H2B substitution (Jamai 

et al., 2007), our results indicate that aberrant H2B phosphorylation in NLS-PKC 

mutant cells alters the degree of chromatin accessibility during 1° and 2° activation. 

This implicates PKC-θ in maintaining permissive chromatin, particularly in the 

context of T cell activation, where chromatinized PKC-θ is required for H2B Ser32 

phosphorylation. Together with other histones, H2B facilitates the chromatin 

accessibility necessary for the bindings of transcription factors such as p65. 

 

 

6.8 Current Model of the Transcriptional Memory Response in T 

Cells 

In this study, we showed that transcriptional priming is regulated by the combined 

action of chromatin accessibility, distal regulatory elements, and transcription 
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factors. The proposed working model of the underlying mechanism for the TM 

response is schematically presented in Fig.  6.6.  

 

The results presented in this thesis demonstrated that the interactions between 

memory-accessible enhancer regions and their promoters were present in naïve cells 

before primary activation. However, most of these accessible enhancers were in 

weak states. Although ETS-1 pre-existed, other transcription factors might be 

required before it binds to DNA (Ostuni et al., 2013). Thus, gene expression remains 

poised or repressed due to the compact chromatin structure and lack of active 

regulatory elements.  

 

Upon primary activation, enhanced chromatin accessibility was detected at 2516 

regions (a, b1/b2, d, and e1/e2 sets). Also, those activation-dependent accessible 

regions (set b2) were enriched transcription factor motifs such as NFAT, NFAT, 

NFκB, NR4A, and AP-1, which may recruit EST-1 for DNA binding in pre-activated 

resting cells. Increased recruitment and activation of these inducible transcription 

factors, together with nuclear PKC-θ, formed chromatin-anchored complexes to 

actively transcribe immune responsive genes.  

 

Interestingly, a large proportion of accessible regions remained in a permissive/open 

state at enhancers in resting memory cells and persisted throughout cell division in 

the absence of activation. We propose that ETS-1 might play an important role in 

maintaining chromatin accessibility, as the ETS motif was more enriched in sets d-g 

with higher chromatin accessibility in SW cells. While ETS-1 binds to DNA, it may  
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Fig. 6.6  Schematic model of transcriptional memory response in T cells 

In non-stimulated (naïve) cells, gene transcription was repressed. “permissive loops” 

were formed by the interaction between enhancer and promoter, while most enhancers 

were in weak state.  

On stimulation (activated), active transcription was initiated. PKC and calcium 

signalling pathways activate and recruit the NFAT, NFκB and AP1 families, together 

with nuclear PKC-θ tethered chromatin-anchored complex, which increase 

accessibility.  

When stimulus is withdrawn (resting memory), activation of the induced transcription 

factors ceases but ETS family members gradually build up, maintain a subset of the 

chromatin accessibility at enhancer regions and make additional regions accessible. 

Ets-1 may recruit histone acetylase p300 which can acetylate weak enhancers with 

H3K27ac, turning to active enhancers that primed for rapid transcription response.  

On re-stimulation (RS), activated p300 might acetylate ETS-1 and subsequently result 

in its dissociation. While remaining Ets-1 may interact with NFAT and enhance its 

activation, together with PKC-θ induced H2B Ser32 phosphorylation, leading to 

increased chromatin accessibility. Weakening of the initial PKC signal by rottlerin 

(ROTT) partially inhibits chromatin accessibility induced by NFAT and NFκB in the 

primary and subsequent stimulation.  
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also recruit histone acetylases such as p300, which can affect histone acetylation at 

enhancer regions. This is consistent with our findings that weak enhancers from the 

delayed (f) and persistent memory (e2) sets gained H3K27ac to become active 

enhancers. In addition, increased ETS-1 in the resting memory state may help with 

faster NFAT recruitment to the enhancers to facilitate rapid transcriptional responses 

upon secondary activation.  

 

It has been shown that activated p300 can acetylate ETS-1 and subsequently result 

ETS-1 dissociating from DNA (Dong, 2013). Although our results showed that 2-

specific set c was also enriched for ETS motifs in RS cells, the NFAT motif appeared 

to be the predominant enrichment in these regions. Inhibition of PKC enzymatic 

activity with rottlerin significantly reduced chromatin accessibility and abrogated the 

gene expressions of two transcriptional memory sets: the 2-specific set c and the 

stimulation-dependent set b2. We revealed that PKC-θ modulates chromatin 

accessibility via H2B Ser32 phosphorylation. Also, both NFAT and NFκB activation 

were PKC-θ dependent, and many rottlerin-sensitive RS regions contained an 

overlapping NFAT-ETS motif. Taken together, we proposed that ETS-1 may interact 

with NFAT to promote NFAT activity and, together with PKC-θ-induced H2B Ser32 

phosphorylation, these processes play an important role in facilitating chromatin 

accessibility and the enhanced TM responses of pre-activated T cells.  
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6.9 Future Experiments and Implications  

Our model suggested that chromatin accessibility maintenance was associated with 

ETS-1, while accessible regions of 2-specific sets were closely associated with 

NFAT. Further experiments are needed to assess the role of ETS-1 in maintaining 

chromatin accessibility and gene expression. ETS-1 ChIP could be utilized to 

identify ETS-1 binding sites in the JTM model, and an ETS-1 siRNA knockdown 

strategy could be used to examine ETS-1’s contribution to the memory response. In 

addition, NFAT motif enrichment was found to be associated with the PKC pathway. 

It is important to dissect the role of PKC-θ in regulating NFAT activation. To 

achieve this aim, a PKC-θ inhibitory strategy needs to be applied to the JTM model, 

followed by immunohistochemistry and qRT-PCR to examine NFAT expression and 

FAIRE q-PCR to investigate chromatin accessibility changes. Moreover, we 

observed the co-existence of the ETS and NFAT motifs in increased accessibility 

regions in RS cells by motif analysis. Future experiments could be conducted to 

investigate the role of ETS-1 in regulating NFAT at both expression and chromatin 

levels. Finally, chromatin accessibility changes can also be mediated by histone 

variants (Chen et al., 2013; Sutcliffe et al., 2009), so ChIP could be used to examine 

histone variant exchange at inducible gene promoter and enhancer regions in JTM 

cells. These experiments are currently being undertaken in our laboratory.  

 

It has been demonstrated that the human immune system undergoes profound 

changes over time. Specifically, age-related changes contribute to the decreased 

ability of the human immune system to protect against infectious disease and 

significantly reduced vaccination efficacy in the elderly. Changes in T cell immunity 
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appear to be have the most impact (Cambier, 2005; Miller, 1996). There is a 

considerable body of evidence to suggest that epigenetic changes play a crucial role 

in natural and pathological immune aging (Grolleau-Julius et al., 2009). One very 

interesting finding arising out of these experiments was that there were differences in 

relative chromatin accessibility in memory and naïve lymphocytes between 

individuals (Section 4.6). Not all donors had increased accessibility for all regions, 

and some donors did not have increased accessibility at different regions, most 

noticeably donor 4 and MIR21. Our unpublished preliminary data suggest that the 

chromatin accessibility status of certain regulatory elements, in particular that of IL-2, 

alter over the human lifespan in naïve and memory T cells. This is further supported 

by findings that epigenetic regulation plays a prominent role in immune responses 

and age-related differential gene expression of IL-2 (Bruniquel and Schwartz, 2003) 

and IFN-γ (Yano et al., 2003). Therefore, it would be interesting to determine the 

extent of these differences and how they relate to the individual’s ability to induce 

the corresponding genes. Differences in individual CD4+ lymphocyte epigenomes 

have been found to relate to factors such as disease status and age (Li et al., 2012; 

Seumois et al., 2014; Zhao et al., 2016), and factors such as TCM/TEM balance may 

also play a role. The findings presented here have established a consolidated platform 

for future investigations into the importance of age-dependent epigenetic gene 

regulation in memory T cells to optimize vaccination, perhaps by therapeutically 

restoring immune function in the elderly.  
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