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Abstract:  

 

The implications of targeting a novel class of epigenetic enzymes, nuclear signalling kinases, are 

beginning to be appreciated in clinical oncology and T-cell biology. In this thesis, I will cover the 

regulatory role of one of these nuclear signalling kinases, PKC-θ, its mechanism of nuclear localisation 

and the interplay with components of the transcriptional regulatory machinery such as transcription 

factors, splicing factors and epigenetic enzymes in the context of the immune and cancer setting.  

This thesis examines the nuclear translocation and expression of PKC-θ. Showing for the first time that 

PKC-θ is expressed within the nucleus of Jurkat-T-cells and MCF-7 cancer cells and has two separate 

NLS’s, a canonical NLS and a novel SPT NLS motif activity that only functions within the T-cell line. This 

thesis also addresses the importance of PKC-θ in cancer cell mesenchymal signatures showing for the 

first time that overexpression of nuclear PKC-θ can drive a mesenchymal, stem-like cancer phenotype 

in cancer cell lines (Chapter 3). To address the functions of nuclear PKC-θ in regulation this thesis 

investigates the indispensable role of PKC-θ in splicing and transcriptional machinery. Briefly, this 

thesis demonstrates that PKC-θ is responsible for the phosphorylation of histone marks H2Bs32 and 

H2Bs36 as well as the nuclear expression and phosphorylation of the transcription factor p65 and the 

splicing factor SC35 in T-Cells and regulation of H2Bs32 and p65 in mesenchymal breast cancer cells 

(Chapter 4). 

Lastly this thesis examines the implications of PKC-θ and LSD1 in variety of cancer models including 

cell-lines, mouse cancer models and patient derived circulating tumour cells (CTCs). This chapter 

shows for the first time that LSD1 and PKC-θ have a role as onco-epi-enzymes and may be implicated 

in cancer progression, metastasis, and the ability of cancer to evade therapy and express stem-like 

signatures, regulating mediators of mesenchymal signatures such as FOXQ1. This chapter also 

discusses the implications of onco-epi-enymes as prognostic and predictive biomarkers and drug 

targets to assist in patient stratification and therapeutic intervention. Further to this work I will 
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discuss the development of novel liquid biopsy-based biomarkers in this context and discuss the 

potential implications for the utility of epi-therapy in combination with immunotherapy and 

chemotherapy.  

 

In summary, this thesis has demonstrated the importance of nuclear PKC-θ in regulating the nuclear 

dynamics of the splicing factor SC35 and the transcription factor P65, influencing both protein 

expression and transcriptional programs in T-Cells. Hence demonstrating an elegant epigenetic 

enzyme that has implications in the transcriptional memory model of T-Cells through specific 

phosphorylation of precise histone marks, in particular H2Bs32p and H2Bs36p. PKC-θ’s critical role is 

not restricted to that of T-Cells as this thesis also demonstrates the importance of nuclear PKC-θ 

expression in cancer cells, particularly in mesenchymal, breast cancer cells and chemo-resistant cancer 

cells in mouse xenograft models as well as PKC- θ’s role in regulation FOXQ1 a mesenchymal 

promoting transcription factor (Chapter 5).  

This thesis has also demonstrated an approach to isolate circulating tumour cells (CTCs) from liquid 

biopsies to examine protein expression and subsequently demonstrated the high expression of PKC-

 θ in CTCs derived from patients with high disease burden and its potential as a biomarker of disease 

burden and tumour response (Chapter 5). 

In summary, this Thesis demonstrates that nuclear PKC-θ has a critical role in normal cell responses 

regulating T-Cell biology, transcription, splicing and protein expression and is critical for normal 

immune function, however dysregulation of PKC-θ expression is intimately tied to a progressive 

cancer disease burden, metastatic events and cancer therapeutic evasion as well as regulating 

critical factors such as LSD1 and FOXQ1 implicated in mesenchymal cancer. PKC-θ is therefore a 

important target for both therapeutic intervention and a biomarker for tracking disease burden and 

immune responses.  
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Chapter 1: Introduction  

1.1 Introduction  

1.2 Transcriptional Control in Eukaryotes  

Highly coordinated gene expression is a fundamental process in eukaryotes that is vital for their 

normal development, differentiation, and function. Strict transcriptional control is required to 

orchestrate spatiotemporal gene expression. Template DNA is converted to RNA through an 

exquisitely regulated transcriptional process to enable the correct gene expression in different cells at 

the correct time and in response to different stimuli. 

However, only about 1.5% of the human genome is thought to be protein coding (Consortium, 2004). 

The remaining DNA sequence is implicated in the regulation of specific gene expression patterns 

(Consortium, 2004). Although the basic principles and mechanisms of gene expression are similar in 

prokaryotes and eukaryotes, eukaryotic transcription is a far more complex, multi-layered process 

operating at several hierarchies (Figure 1.1) (Struhl, 1999; van Driel et al., 2003).  

The first layer 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). Of the distal regulatory elements, the best characterised and understood are the enhancers. 

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

gene expression by stabilising physical enhancer-promoter interactions (Symmons and Spitz, 2013; 

Erokhin et al., 2015). In addition, these clustered cis-acting regulatory elements can also express 

recognition sequences that bind and recruit transacting DNA-binding transcription factors to either 

activate or repress transcription (Kadonaga, 2004; Ansari and Morse, 2013).  
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The second layer is the chromatin structure overlying the DNA sequence. Chromatin serves as a 

dynamic template for the epigenetic regulation of gene expression by a variety of tightly controlled 

dynamic processes such as DNA methylation, histone modification, and histone variant exchange 

(Figure 1.1). This dynamic structure exists in two conformational states: euchromatin, the open 

chromatin structure permissible to active transcription, and heterochromatin, the closed chromatin 

structure that represses transcription. This switch between the permissive and repressive chromatin 

states provides a control mechanism for transcription, ensuring that only necessary genes are 

expressed in response to specific signals (Lamond and Earnshaw, 1998; Eberharter, 2002; Fedorova 

and Zink, 2008). Moreover, post-transcriptional regulation also operates at several layers of hierarchy 

including non-coding (nc)RNAs, especially micro(mi)RNAs. miRNAs 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. Seminal studies by Jackson and 

Standart (2007) and Pillai et al. (2007) demonstrated that one miRNA can target hundreds of mRNAs 

and individual target genes can be regulated by multiple miRNAs. Together, the co-ordinated action 

of these different layers of transcriptional control enable a cell to generate an appropriate 

transcriptional program in the correct spatiotemporal manner. 
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Figure 1.1. The Organization of chromatin structure in eukaryotic transcription. The basic chromatin 

structure consists of positively charged histone proteins that bind strongly to negatively charged DNA 

within the nucleus. This structure is called a nucleosome, and it is composed of DNA wound 1.65 times 

around eight histone proteins. Histones are capable of undergoing a variety of post-translational 

modifications (PTMs) including: Ac = acetylation; Me = methylation; and P = phosphorylation. 

Transcription factors (TFs) initiate transcription by binding to the transcriptional start site (TSS) along 

with co-activators of transcription followed by recruitment of RNA Pol II. (Image Taken from Tedeschi, 

2011). 
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1.3 Alternative splicing  

mRNA splicing is an essential and universal mechanism to increase gene expression complexity. 

Alternative splicing is a key mechanism for generating protein diversity and regulating gene expression 

and, therefore, plays a fundamental role in eukaryotic cell function and development. Constitutive 

splicing is the regulated mechanism of intron removal and exon ligation in the order in which the exons 

appear within the transcribed gene. Alternative splicing is the process by which specific exons are 

skipped and introns are retained rather than removed to alter both exon and intron length. This 

process is dynamically regulated by a protein complex called the spliceosome (Listerman et al., 2006; 

Kornblihtt et al., 2013; Will & Lührmann 2011; Spector & Lamond, 2011; Nilsen & Graveley, 2010). 

The spliceosome is a ribonucleoprotein complex enriched in pre-mRNA splicing machinery including 

small nuclear ribonucleoproteins (snRNPs), spliceosome subunits, non-snRNP splicing factors, and a 

plethora of unknown mRNA-regulating nuclear factors (Will & Lührmann, 2010; Spector & Lamond, 

2011). Upon target transcript binding at specific splice sites, spliceosomes catalyse the removal of non-

coding introns and exon ligation to produce protein-coding mRNA. A number of mechanisms regulate 

alternative pre-mRNA splicing including exon skipping, intron retention, and the selective use of 3′ and 

5′ splice sites (Chen & Manley, 2009). 

Seven core patterns of alternative splicing have been identified through analysis of expressed 

sequence tags and microarray data (Figure 1.2) (Blencowe et al., 2006): cassette alternative exon, 

wherein a specific exon can be included in the sequence or spliced out entirely, which is the most 

common type of alternative splicing accounting for at least 30% of alternative splicing in mammals; 

alternative 5’ splice site selection or alternative 3’ splice site selection within exon sequences, 

accounting for at least 25% of alternative splicing in mammals; intron retention, wherein a whole 

intron is retained for translation and not spliced out of the sequence; and three types of alternative 

exon inclusions including mutually exclusive alternative exons, alternative promoter and primary exons 
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and alternative poly-A site and terminal end sequence exons (Blencowe et al., 2006; Zavolan et al., 

2003; Kornblihtt, 2005). 

Splicing occurs both post-translationally and co-transcriptionally, that is before RNA polymerase II 

(RNA Pol II) has actually completed translation of the gene in question (Listerman et al., 2006). The 

spatial organisation of splicing and transcription within the nucleus are functionally coupled 

(Kornblihtt et al., 2013). Recruitment of splicing factors can be orchestrated by both the transcriptional 

machinery and a mechanism described as “kinetic coupling”, which is regulated and controlled by the 

RNA Pol II elongation rate (Das et al., 2007; Munoz et al., 2010; de la Mata et al., 2011; de la Mata et 

al., 2003). Additionally, specific histone post-translational modifications (PTMs) can be used to recruit 

splicing factors to the chromatin platform, demonstrating that the dynamic chromatin platform can 

also regulate the recruitment of splicing factors through both DNA methylation and a specific suite of 

histone marks (Luco et al., 2010; Sims et al., 2007). 
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Figure 1.2. Mechanisms of alternative splicing. Depicted are the seven basic mechanisms of 
alternative splicing, with the boxes in blue representing potential alternative exons. (Image Taken 
from Blencowe, 2006). 
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1.4 The Basic Chromatin Structure  

The basic chromatin structure consists of nucleosomal units, in which 147 DNA base pairs are wrapped 

around an octameric histone complex composed of four core histones: 2xH2A, 2xH2B, 2xH3, and 2xH4 

(Kornberg, 1974; Luger et al., 1997; Wu and Grunstein, 2000; Andrews and Luger, 2011). An additional 

“linker histone” known as H1 interacts with the linker region, which is the DNA sequence between 

nucleosomes (Bednar et al., 1998; Woodcock et al., 2006). In addition, eukaryotic cells express variant 

histones, which are non-allelic core histone isoforms that can substitute core histones in a nucleosome 

(Henikoff and Ahmad, 2005; Skene and Henikoff, 2013). Both the core and variant histones have a 

similar N-terminal tail that carries an array of PTMs (Sarma and Reinberg, 2005; Kouzarides, 2007; Li 

et al., 2007). Decades of molecular studies have unravelled the way in which chromatin acts as a point 

of regulation that either facilitates or represses gene transcription (Turner, 2012). Figure 1.3A) 

 

1.5 Mechanisms of Chromatin Remodelling 

A core epigenetic mechanism is the modification of chromatin structure, otherwise known as 

chromatin remodelling. In general, the condensed nature of chromatin prevents transcription factors 

from gaining access to DNA-binding sites. However, transcription factors can acquire access if the 

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

depends on the stimuli received either during cellular development or from signalling cascades 

initiated by 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 (Adenosine triphosphate)-dependent chromatin remodelling 

complexes; (2) histone variant exchange; (3) covalent histone PTMs by epigenetic enzymes; and (4) 

DNA methylation.  
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Figure 1.3. Structure of nucleosomes. (A) Depicts the basic structure of the nucleosome consisting of 

a histone octamer (made up of two of each of the following histone proteins: H2A, H2B, H3, and H4), 

with the DNA double helix wrapped 1.65 times around the histone octamer. (B) Depicts the various 

histone PTMs that can occur on a histone tail (for H2A, H2B, H3 and H4 tails) or within the globular 

domain (for lysine 56 and 79 on H3). Purple = acetylation, blue = phosphorylation, green = 

methylation, red = ubiquitylation. (Image Taken from Kim, 2014). 
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1.5.1 ATP-dependent Chromatin Re-modellers 

ATP-dependent chromatin re-modellers employ the energy generated by ATP hydrolysis to modify 

chromatin structure. This process transports nucleosomes across the DNA, evicts histones from DNA, 

or alternatively facilitates the exchange of histone variants. The end result is that chromatin is made 

accessible and open so that transcription factors can bind and activate transcription (Flaus and Owen-

Hughes, 2004; Smith and Peterson, 2005; Hargreaves and Crabtree, 2011; Struhl and Segal, 2013).  

All chromatin remodelling complexes share a consistently conserved ATPase domain but are classified 

into four major families based on their specific 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). This complex can disrupt and modulate 

chromatin structure via nucleosome eviction to either activate or repress transcriptional programs 

(Workman and Kingston, 1998; Kadam and Emerson, 2003; Mohrmann and Verrijzer, 2005; 

Brettingham-Moore et al., 2008; Witkowski and Foulkes, 2015). In contrast, the ISWI family of 

chromatin remodelling complexes containing either the SNF2H or SNF2L subunits 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 spacing nucleosomes evenly across 

chromatin and forming DNA loops (Mueller-Planitz et al., 2013). In humans, the CHD family comprises 

nine chromodomain-containing members (CHD1-9), broadly subdivided based on their constituent 

domains; however, the precise function of each member remains largely unknown (Ho and Crabtree, 

2010; Witkowski and Foulkes, 2015). Finally, the INO80 family is a re-modelling family involved in 

regulating histone variant exchange, in particular H2A.Z deposition and removal (Watanabe and 

Peterson, 2010). Together, different chromatin remodeller subfamilies have been shown to play 
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intricate roles in orchestrating nucleosome conformation and changing histone octamer composition 

to contribute to lineage-specific gene expression. 

  

1.5.2 Histone Variant Exchange 

Histone variant substitution, or “histone exchange”, can also be used to modulate the nucleosome 

barrier and 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 synthesised throughout the 

cell cycle and are 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). Interestingly, the histone 

variants that replace the canonical histones also exhibit varying amino acid sequence similarity with 

their replaced canonical histones (Doyen et al., 2006; Hake et al., 2006). These variants and amino acid 

sequences introduced by variant histones can alter the nucleosome’s biochemical properties and, 

consequently, nucleosome dynamics. Structural differences in histone variants can bear specific PTMs 

that affect interactions between histone proteins and nucleosomal stability as well altering higher-

order chromatin structure (Loyola et al., 2006; Jin and Felsenfeld, 2007; Chen et al., 2013). Therefore, 

histone variant substitution has the ability to reshape 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). An example of histone replacement includes the replacement of histones H2A.Z 

and H3.3, which is often associated with reduced nucleosome stability and the positive regulation of 

transcription (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 
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transcription factors to access their docking sites and initiate gene expression (Jin and Felsenfeld, 

2007). Furthermore, activation of transcriptional activation programs is often closely associated with 

the deposition of histone variants such as H2A.Z and H3.3 into nucleosomes, which can occur over 

gene promoters, enhancers, or coding regions (Schones and Zhao, 2008; Venkatesh and Workman, 

2015). 

 

1.5.3 Histone Post-translational Modifications  

At its simplest, epigenetics has been defined as the regulation of gene expression controlled by 

inheritable mechanisms separate from the specific DNA sequence (Bird, 2007). Epigenetic enzymes 

can alter the PTMs of histone tails or directly methylate DNA and/or post-translationally modified 

specific protein targets to regulate their nuclear role(s). 

A number of residue-specific histone modifications participate in transcriptional control and are co-

ordinated by a variety of epigenetic enzymes that control dynamic changes in chromatin structure and 

histone PTMs (Kouzarides et al., 2007; Dawson et al., 2012). Firstly, histone modifications modulate 

nucleosomal stability by altering the electrostatic charge of the chromatin structure. For example, 

acetylation neutralises positively charged lysine residues, while phosphorylation introduces additional 

negative charge; this changes the biophysics of nucleosomes and regulates either chromatin 

unwinding (euchromatin) or compaction (heterochromatin), respectively (Roth and Allis, 1992, Hong 

et al., 1993, Zentner and Henikoff, 2013). Secondly, the “histone code” hypothesis postulates that the 

combination or sequential order of histone modifications act together to amplify or attenuate 

downstream transcriptional processes (Jenuwein and Allis, 2001; Henikoff and Shilatifard, 2011; 

Rando, 2012). The unique distribution of histone modifications comprising the histone code is 

established by the balanced actions of the epigenetic enzymes that add histone modifications (termed 
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“writers”) and those that eradicate them (termed “erasers”). The code is interpreted by “readers” that 

subsequently modulate chromatin structure (Allis et al., 2007; Gardner et al., 2011). For example, the 

writers (histone acetylases, HATs) and the removers (histone deacetylases, HDACs) maintain 

appropriate histone acetylation across euchromatin regions (Roh et al., 2006). Writers include 

acetyltransferases, which consist of – but are not limited to - enzymes such as HAT1, GCN5, p300/CBP, 

TIP60, and HB01. The majority of these enzymes target H3 or H4, with p300/CPB targeting H2B. These 

enzymes mediate lysine acetylation in either the indicated histone target residues or potentially 

specific protein targets (Kouzarides, 2007; Santos-Rosa and Caldas, 2005) and, overall, acetylation is 

more commonly linked to an active transcriptional state. Erasers include HDACS, which are generally 

more involved in transcriptional repression. An example is SirT2, which targets H4k16 and 

deacetylates the transcription factor FOXO1 implicated in the regulation of adipocyte differentiation 

and with potential tumour suppressive functions (Jing et al., 2007; Park et al., 2012). 

Histone phosphorylation plays an important role in chromatin remodelling by targeting a variety of 

residues including serine, threonine, and tyrosine (Rossetto et al., 2012). Histone phosphorylation is 

not as well characterised as either methylation or demethylation, as the specific signalling pathways 

involved in histone phosphorylation require activation before histone phosphorylation can be 

identified, complicating the direct investigation of the process. As a result, the mediators of histone 

phosphorylation and specific target histone residues are not as well described as for other histone 

PTMs such as methylation and demethylation (Kouzarides, 2007; Rossetto et al., 2012). One of the 

best described histone phosphorylation mechanisms occurs in the DNA damage response, where 

H2A.X is phosphorylated at serine 139 of the H2A.X histone variant (Rogakou et al 1998). However, 

histone phosphorylation has also been described in H1, H2A, H2B, H3, and H4 (Rossetto et al., 2012). 

Lysine and arginine methyltransferases are a large group of enzymes that predominantly target H3 

and H4 histones and, with few exceptions, share a conserved 140 amino acid catalytic domain known 

as the SET domain. Lysine methylation is not biased towards transcriptional repression or activation 
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and is extremely diverse in consequence depending on the modified residue and the array of other 

modifications decorating the histone (Kouzarides, 2007; Santos-Rosa and Caldas, 2005; Santos-Rosa, 

et al., 2002; Bernstein et al 2002). Interestingly, the lysine methyltransferase EHTM2 (G9A) is another 

example of a histone PTM-targeting epigenetic enzyme that also targets non-histone proteins, in this 

case CDYL1, WIZ, ACINUS, and itself via automethylation (Rathert et al., 2008).  

Histone demethylation is also a dynamic, reversible process implicated in a large array of 

transcriptional activation and repressive functions generally targeting lysine or arginine residues. 

Although it was initially thought that these PTMs were irreversible, this was subsequently disproved 

when it was discovered that the demethylase KDM1A/LSD1 actively removes methylation from 

histone H3 on lysine 4 (H3K4) (Shi et al., 2004). 

Readers of the histone code, which include the bromodomain in the SWI/SNF complex, recognise 

acetylated lysines and initiate region-specific chromatin remodelling (Tamkun et al., 1992; Xi et al., 

2008). Moreover, the close proximity of one histone modification can affect the deposition of another 

histone modification either on the same histone tail or on the histone tail of an adjacent histone. This 

mechanism is exemplified by the dependence of H3K79 methylation on H2A ubiquitination (Fischle et 

al., 2003; Barth and Imhof, 2010).  

Thirdly, histone modifications can serve as an integrating signalling platform for multiple incoming 

signals. Signalling molecules such as kinases act with other chromatin-associated enzymes to convert 

transient cytoplasmic signals into stably integrated chromatin marks to mediate a continuous 

transcriptional outcome (Badeaux and Shi, 2013) (Figure 1.3B). The writers, erasers, and readers of 

some of the better-studied histone modifications on histone H3 and their influence on transcriptional 

activity are summarised in Table 1.1. It is evident that the redundant functions of these chromatin-

modifying enzymes not only secure a tightly regulated chromatin structure but also make studying the 

role of an individual histone modification highly complex. 



 

14 | P a g e  
  

 

Table 1.1. Gene expression is regulated by histone modifications. Histone modifications are 

regulated by a range of chromatin-modifying enzymes. The N-terminal tails of histones can be 

chemically modified by “writers” or chemically eliminated by “removers”. Readers are then recruited 

to read the histone modifications to recruit and carry out downstream chromatin-modifying programs 

to regulate gene transcription. (Table summarises information in Allis et al., 2007 and Musselman et 

al., 2012). 
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1.6 Lysine-specific Demethylase 1 (LSD1) 

LSD1 is a histone lysine demethylase that selectively catalyses the demethylation of mono- and di-

methylated H3K4 and H3K9 residues. It was initially thought that LSD1 selectively targeted either 

mono- and di-methylated H3K4, marks of active promoters, thus repressing transcription (Shi et al., 

2004). It has since been demonstrated that LSD1 can also can also catalyse mono- and di-methylated 

H3K9 demethylation in the context of hormone receptors. In this case, both of these marks are 

repressive. These findings indicate the LSD1 has a dual role as both a transcriptional activator and 

repressor (Metzger et al., 2005). Three highly conserved domains, an N-terminal SWIRM (Swi3p, 

Rsc8p, and Moira) domain, a C-terminal amine oxidase-like (AOL) domain, and a central tower domain 

(Stavropoulos et al., 2006; Yang et al., 2006) make up LSD1. Within this LSD1 structure, the AOL domain 

is made up of two major subdomains, a flavin adenine-binding sub-domain and a substrate-binding 

sub-domain, with the catalytic core located in the latter sub-domain. Next, the SWIRM domain 

interacts with the C-terminal AOL domain, employing a lattice of hydrophobic interactions to create a 

stable, highly conserved cleft that can mediate specific nucleosome targeting and regulate LSD1 

binding to the associated histone tails (Da et al., 2006; Stavropoulos et al., 2006; Yang et al., 2006) 

(Figure 1.4). The tower domain is positioned with the AOL domain, with which it forms the basis of a 

crucial catalytic structure and additionally serves as a recruitment platform to bind other proteins to 

the epigenetic template. Through this binding of additional proteins, LSD1’s catalytic activity is 

regulated (Anand and Marmorstein, 2007; Stavropoulos et al., 2006; Yang et al., 2006). The catalytic 

core of LSD1 contains four major pockets which together detect the histone tails and existing PTMs 

that may be present on the tails (Stavropoulos et al., 2006). Finally, the N-terminal region is not 

required for the activity of the LSD1 domain, but it does contain a potential nuclear localisation signal 

(NLS) (Jin et al., 2014). 
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Figure 1.4. LSD1 structural overview. (A) Depicts the domains of LSD1, colour-coded as follows: 

SWIRM domain in green, the AOL domain in blue (the FAD-binding subdomain) and cyan (the 

substrate-binding subdomain), and the Tower domain in yellow. The N-terminal flexible region and 

the C-terminal tail are coloured in grey but are not shown in the schematic in B. (B) Ribbon diagram 

of LSD1 structure. LSD1’s molecular structure is coloured as described in A. FAD is the stick figure 

representation and is coloured in red. (Image Taken and modified from Chen et al., 2006). 
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1.6.1 Physiological Role of LSD1 

During normal homeostasis, LSD1 participates in a range of functions including cell cycle control, 

hormone receptor-mediated transcription, and hematopoietic stem cell differentiation (Kozub et al., 

2017). In the case of estrogen-induced gene expression, LSD1 plays a critical role in response to signals 

from the estrogen receptor (ER), mediating H3K9 demethylation at both promoter and upstream 

enhancer sites. This local demethylation results in the local production of hydrogen peroxide, which 

modifies the surrounding DNA and recruits 8-oxoguanine-DNA glycosylase 1 and topoisomerase II-β. 

This recruitment then modifies the chromatin structure, allowing efficient and precisely orchestrated 

transcription (Perillo et al., 2008). LSD1 also plays a role in orchestrating haematopoietic 

differentiation, where it acts as a repressor of haematopoietic stem and progenitor cell (HSPC) gene 

expression programs. Loss of LSD1 and the resultant failure to fully silence these HSPC gene programs 

result in the failure of normal haematopoietic stem cell differentiation and production of mature 

blood cell lineages. LSD1 therefore acts as a pivotal epigenetic mechanism to control normal 

haematopoietic maturation (Kerenyi et al., 2013). LSD1 is also a key epigenetic regulator in human 

embryonic stem cells by controlling the balance between H3K4 di/trimethylation and H3K27 

trimethylation marks, with LSD1 maintaining the silencing of developmental genes at promoter sites 

occupied by OCT and NANOG (Adamo et al., 2011; Wang et al., 2009). 

 

1.7 Nuclear Kinases   

Signalling kinases are emerging as a new class of chromatin-associated enzyme that act as 

intermediaries between cytoplasmic signalling and chromatin modification events. The dual role of 

these signalling kinases is best exemplified by the stress-induced mitogen-activated protein kinases 

(MAPKs). Within eukaryotes, one of the best described kinases with a nuclear role is Hog1 in the 
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budding yeast Saccharomyces cerevisiae and its human homolog p38α (Alepuz et al., 2001; Alepuz et 

al., 2003; Pokholok et al., 2006). Hog1 regulates survival in response to adverse osmotic environmental 

conditions; when S. cerevisiae encounters hyperosmotic environments, the Hog1 pathway is activated 

and Hog1 translocates to the nucleus and chromatin template. These MAPKs interact with MSK1/2 to 

phosphorylate histones H3S10 and H3S28 (Clayton and Mahadevan, 2003; Soloaga et al., 2003) and 

associate with the ATP-dependent chromatin re-modellers SWI/SNF for chromatin remodelling 

(Simone et al., 2004). Similar to other MAPK family members, Hog1 lacks a classical nuclear localisation 

signal (NLS) to interact with importins (Sharma and Mondel., 2005). Instead, Hog1 localisation occurs 

through threonine and tyrosine phosphorylation of a critical 174TGY176 motif required for nuclear 

translocation, making Hog1 available to the nuclear transport machinery. Hog1 passes through the 

nuclear pore complex (NPC) in an active process involving a homolog of the importin β family, NMD5 

(Ferrigno et al., 1998) and the activity of Ran-GSP1 (Ferrigno et al., 1998; Gorlich and Mattaj, 1996). 

Apart from the kinase role of Hog1 in regulating transcription factors, it also regulates transcriptional 

elongation, potentially as part of the chromatin template for specific genes involved in the osmotic 

stress response (Proft et al., 2006). It would be rational to assume that kinases in higher eukaryotes, 

particularly the mammalian MAPKs such as the extracellular signal-regulated kinase (ERKs) and p38α, 

also have diverse and complex nuclear roles and unique nuclear localisation mechanics. However, this 

remains to be established in detail for all kinases.  

In mammals, Hog1’s homolog is p38α (Maik-Rachline et al., 2018), a member of the MAPK family. 

MAPKs are proline-directed serine and threonine protein kinases activated by dual-specificity kinases 

that phosphorylate threonine and tyrosine in a Thr-Xaa-Tyr motif in a loop near the active site. There 

are three types of MAPK based on the intervening amino acid: (ERKs), where the amino acid is Glu; c-

jun N-terminal kinases (JNKs), where the amino acid is Pro; and p38α MAPKs, where the amino acid is 

Gly. The p38α pathway plays critical roles in inflammation, cellular differentiation, cell growth, and 

cytokine production such as IL1 and TNF-α (Ono and Han., 2000; Lee et al., 1994). Indeed, nuclear 
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translocation of p38α and similar associated MAPKs is thought to be critical in the regulation of 

immune and inflammatory responses such as activating macrophages and T cells (Ono and Han., 

2000). Interestingly, like Hog1, p38α does not possess a canonical nuclear localisation signal (NLS) 

(Raingeaud et al., 1995), instead being dependent on the specific pathway that activates the kinase 

(Wood et al., 2009; Maik-Rachline et al., 2018). Due to a lack of an NLS, the enzyme interacts with 

importins or nuclear chaperone proteins, mainly heterodimers of importin 3, 7, and 9 (Maik-Rachline 

et al., 2018). To translocate to the nucleus in response to environmental stress, p38α must be 

phosphorylated at Thr180/Tyr182 by MKK3 and/or MKK6, which induces a conformational change 

that unmasks a region permitting interaction with nuclear chaperones (Wood et al., 2009; Raingeaud 

et al., 1995). 

 

1.8 Canonical Nuclear and Cytoplasmic Translocation 

Canonical nuclear localisation involves the transport of proteins through the nuclear envelope through 

specialised nuclear pore complexes (NPC) that elegantly regulate protein shuttling from the cytoplasm 

to the nucleus. The NPC allows the free diffusion of smaller molecules including ions, metabolites, and 

small macromolecules (up to 40 kDa) in and out of the nucleus. Smaller sized molecules are generally 

transported via nucleoporins (NUPs) by passive diffusion. However, larger proteins and RNA must 

engage with specific and active transport mechanisms for nuclear translocation, in particular special 

shuttling transport factors called importins and transportins. One of the best described mechanisms 

is interaction with importin-α/β, which rapidly escorts proteins into the nucleus. This interaction is 

usually mediated by a specific nuclear localisation signal (NLS) within the sequence of cargo proteins 

rather than the actual protein requiring transport into the nucleus (Nigg et al., 1997; Sorokin et al., 

2007). Figure 1.5 depicts the canonical NLS pathway, the canonical and non-canonical NLS pathways 

are described below.  
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1.8.1 The Structure of the Canonical NLS 

A main type of NLS consists of a cluster of four or more basic amino acids known as a monopartite 

NLS, but in many cases it contains additional separated basic clusters known as a bipartite basic NLS 

(Lange et al., 2007; Kosugi et al., 2009). The differing canonical NLS sequences bind to specific 

sequences in importin-α, which then recruits importin-β to the complex. This complex then interacts 

with the NUPs within the NPC to permit active transport via the transporting complex through the 

pores. After nuclear transport, the target protein must dissociate from the carrier complex, which is 

achieved at the nuclear face by the small GTPase Ran localised to this site in its GTP-bound form. This 

allows Ran to focus and act on the transported complex, allowing the target protein to enact its 

nuclear function (Bednenko et al., 2003; Cook et al., 2007; Nardozzi et al., 2010; Stewart, 2007). After 

the complex dissociates, the remaining importins are then exported from the nucleus by the CRM1 

export machinery (Fornerod et al., 1997). This canonical or classic nuclear localisation pathway is used 

by a large variety of proteins including ERK5 (Nishimoto and Nishida, 2006). However, many signalling 

kinases do not contain a canonical or classic NLS and, in many cases, the canonical NLS does not explain 

a protein’s ability to translocate via more rapid alternative localisation methods (see below).  

 

 

 

 



 

21 | P a g e  
  

 

Figure 1.5. Canonical nuclear localisation. Canonical nuclear import functions via importins (green), 

which bind a protein with an NLS which is then transported through the nuclear pore complex (NPC, 

inside the red oval). Transport of a protein containing a nuclear localisation signal (NLS; light blue) 

through the NPC itself is not dependent on hydrolysis of guanosine triphosphate (GTP), but the 

movement of nuclear transport receptors is dependent upon energy and the GTP hydrolysis as 

depicted above. (Image Taken and adapted from Flather & Semler, 2015). 
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1.8.2 Canonical NLS-independent Translocation 

A variety of signalling proteins that are too large for rapid diffusion (>40 kDa) can translocate to the 

nucleus shortly after stimulation via canonical pathway-independent mechanisms. Protein kinase A 

(PKA) is one such signalling protein (Harootunian, et al., 1993) that regulates metabolic and cellular 

differentiation pathways. The catalytic subunit of PKA translocates and accumulates in the nucleus 

shortly after stimulation. The rapid speed at which this translocation takes place suggests that PKA 

uses a different mechanism to the passive diffusion previously suggested by Harootunian et al. (1993).  

 

1.9 ERK2 Kinases: Novel Nuclear Localisation Signals 

ERK2, like many MAPKs, requires precise nuclear localisation to elicit its function after extracellular 

stimulation. As described in Section 1.8, both canonical and non-canonical pathways control nuclear 

localisation. Examples of non-canonical methods include direct interaction with NLS-containing carrier 

proteins or interaction with the NUPs (Xu and Massague, 2004). 

Examples of signalling proteins that translocate to the nucleus in an NLS-independent manner include 

the PKC family, ERKs, MEKs (Yoon and Seger, 2006), and SMADs (Massague et al., 2005). Xu and 

Massague (2004) suggested an alternative to the canonical nuclear localisation pathway, namely by 

interacting with NUPs directly via a unique nuclear localisation motif.  Chuderland et al. (2008) showed 

that ERK2 contains a canonical NLS but also a unique Ser-Pro-Ser (SPS) motif phosphorylated upon 

stimulation to mediate nuclear translocation. The phosphorylated SPS sequence is found within a 19 

amino acid stretch and can bind to importin 7 (Imp7). They also identified a similar non-canonical NLS 

motif (Thr-Pro-Thr; TPT) that regulated SMAD3 and MEK nuclear transport, also mediated by Imp7. 
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The authors proposed that a phosphorylated S/T-P-S/T acts as a general nuclear translocation signal 

(NTS) for NLS-lacking proteins that shuttle to the nucleus upon pathway activation. 

  

1.10 Protein Kinase C: A Novel Kinase Family  

The protein kinase C family (PKC) contains a set of homologous serine/threonine protein kinases that 

are conserved in a wide variety of eukaryotes. The 12 isoforms of the PKC family are subdivided into 

three groups based on their divergent regulatory domains and second messenger requirements for 

activation: conventional PKCs (cPKCs: α, βI, βII, and γ); novel PKCs (nPKCs: δ, ε, η, and θ); and atypical 

PKCs (aPKCs: ι /λ and ζ) (Mellor and Parker, 1998). PKC-θ has a similar structure to the other PKC 

isoforms, that is 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 esters (such as phorbol-12-myristate-13-acetate; PMA). 

Interestingly, the structural difference within the PKC-θ C2 domain indicates that, in contrast to cPKCs 

that require both DAG/PMA and Ca2+, PKC-θ is activated by DAG/PMA in a Ca2+-independent manner. 

Figure 1.6 depicts the structural features of PKCs (Steinberg, 2008). 
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Figure 1.6. Overall structure of the protein kinase C (PKC) isoform family. Consistent in the structure 

of all PKC isoforms is the presence of a pseudo-substrate (yellow) and the C1 domain (blue) for 

diacylglycerol (DAG); however, this is not present in atypical PKCs. Present within all isoforms is a 

phosphatidylserine (PS)-binding domain in the regulatory region located at the N-terminal. PKC 

isoforms also have a catalytic domain, C3 (dark green) and C4 (light green), in the C-terminal region. 

Conventional PKCs (cPKCs) have a C2 domain (pink), whereas novel PKCs (nPKCs) have an alternative 

C2-like domain (red) that cannot bind Ca2+. An atypical C1 domain is found within atypical PKCs 

(aPKCs), and this domain cannot bind DAG, also found in atypical PKCs is the Phox/Bem domain 1 

(PB1), which regulates protein:protein interactions. (Image adapted from Lim et al., 2015). 
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1.10.1 PKC-θ Activity and Function in T Cell Responses 

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

state to regulate its kinase activity (Seco et al., 2012; Xu et al., 2004). PKC-θ is recruited to the plasma 

membrane via membrane-resident DAG binding to its C1 domain after receptor stimulation. This 

triggers a conformational change from a “closed” to “open” state, which in turn opens up the kinase 

domain activation loop to make it accessible to phosphorylation by germinal centre kinase-like kinase 

(GLK, also known as MAP4K3; Chuang et al., 2011). Multiple phosphorylation sites exist within PKC-θ, 

and these phosphorylation sites play distinct roles in its kinase activity and membrane translocation. 

Of these multiple phosphorylation sites, phosphorylation at Thr 538 in the activation loop is critical 

for kinase activation (Liu et al., 2002). Several other phosphorylation sites exist and 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). 

Once phosphorylation has occurred, PKC-θ kinase activity is facilitated by unlocking of the 

pseudosubstrate from the kinase domain. This unlocking allows catalytic activation of PKC-θ and 

downstream signalling for T cell survival, proliferation, and homeostasis (Oancea and Meyer, 1998). 

However, the direct kinases and/or specific regulators of these phosphorylation sites are still poorly 

characterised. 

 

1.10.1.1 PKC-θ Activity and Function in the Immunological Synapse 

PKC-θ is the best studied member of the PKC family, even though most of the other 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’s translocation to the immunological synapse (IS) following antigen 

stimulation of T cells is very well characterised (Monks et al., 1997). Three-dimensional digital imaging 
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of T cell-antigen-presenting cell (APC) interactions has revealed a “bull’s-eye” structure of the IS. This 

structure contains three distinct subregions: 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, suggesting 

that PKC-θ is essential for complete and proper T cell function. An intermediate pSMAC ring surrounds 

this central core cSMAC, which is enriched with cognate integrin lymphocyte function-associated 

antigen 1 (LFA-1; also known as α4β7 integrin) and ICAM-1 (intercellular adhesion molecule 1; Kong 

and Altman, 2013). 

DAG accumulates at the plasma membrane by initial signalling from TCR/CD28 stimulation followed 

by PKC-θ recruitment to the IS by binding to its C1 domains (Wang et al., 2012). Interestingly, the DAG-

C1 domain interaction is insufficient for the selective translocation of PKC-θ to the cSMAC. This is 

further confirmed by the fact that other PKC isoforms that possess similar C1 domains do not have 

access to the cSMAC. Clearly, other co-effectors must engage for selective PKC-θ recruitment to the 

cSMAC.  

One such co-effector would be the Lck tyrosine kinase, as it plays an essential dual role in regulating 

CD28-PKC-θ complex formation and PKC-θ conformational change in this unique IS translocation. This 

complex formation and IS translocation are first mediated by Lck serving as a linker/adaptor in the 

CD28-PKC-θ complex. Additionally, 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).  

The proline-rich motif within the V3 domain has been shown to bind to the SH3 domain of Lck (Kong 

et al., 2011). Based on this set of structural interactions, the most likely predicted binding model 

involves PKC-θ/Lck/CD28 in a trimolecular complex and, within this, the SH2 domain of Lck interacts 

with phosphorylated Tyr 188 of the CD28 cytoplasmic tail and the SH3 domain of Lck binds to the 
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proline-rich motif in the V3 domain of PKC-θ (Kong and Altman, 2013). It has also been demonstrated 

that mutation of the PKC-θ V3 Pro-rich motif significantly 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 to these functions, Lck can also directly phosphorylate PKC-θ at Tyr 90 in its 

C2-like domain both in vitro and in vivo (Liu et al., 2000). Despite this, there is no direct evidence that 

demonstrates that Tyr 90 phosphorylation participates in PKC-θ membrane translocation, and it still 

remains unclear how Tyr 90 phosphorylation regulates PKC-θ conformation and kinase activation. 

Thr 538 is directly phosphorylated by GLK in the activation loop responsible for PKC-θ active 

conformational stability in addition to DAG binding and Tyr 90 phosphorylation. While Thr 538 

phosphorylation may not directly regulate PKC-θ recruitment to the IS, it still regulates access to and 

enables kinase domains to undergo autophosphorylation at other phosphorylation sites such as Thr 

219. These phosphorylation sites are required for proper translocation of PKC-θ to the cSMAC (Thuille 

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

IS and kinase conversion were found to be regulated by PKC-θ and Wiscott-Aldrich syndrome protein 

(WASp). Interestingly, PKC-θ negatively controls IS stability and WASp restores the IS in the absence 

of PKC-θ (Sims et al., 2007). The fact that PKC-θ plays a critical role in T cell activation, proliferation, 

and differentiation has been well and thoroughly established. Ex vivo studies have shown that the 

activation of NF-κB, activation protein-1 (AP-1), and nuclear factor of T cells (NFAT) are dependent on 

PKC-θ involvement (Baier-Bitterlich et al., 1996; Coudronniere et al., 2000; Lin et al., 2000; Pfeifhofer 

et al., 2003; Sun et al., 2000). In quiescent T cells, IκB binds to the NLS of NF-κB. NF-κB is sequestered 

in the cytoplasm; however, once TCR/CD28 activation occurs, PKC-θ phosphorylates membrane-

associated guanylate kinase (MAGUK) domain-containing protein 1 (CARMA1) on its serine residues, 
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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 signalling complex 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). PKC-θ has also been identified as an essential component of the OX40 

signalosome, which consists of a multiple protein complex containing OX40, TRAF2, RIP2, IKKα/β/γ, 

and the CBM complex. This process has been shown to be independent of TCR engagement (So et al., 

2011; So and Croft, 2012).  

 

1.10.1.2 PKC-θ Activity and T-cell development 

Multiple studies have demonstrated the critical role of PKC-θ in T-cell proliferation, differentiation and 

development. PKC-θ deficient mice have dramatically impaired T-cell proliferation, differentiation and 

the production of T-cell related cytokines including IL2 (Pfeifhofer et al., 2003; Sun et al., 2000; 

Ghaffari-Tabrizi et al., 1999; Werlen et al., 1998). PKC-θ is also required for activation and survival of 

mature T-cells and defects in PKC-θ expression can lead to impaired survival through unregulated 

expression of apoptotic related proteins (Hayashi and Altman., 2007). PKC-θ has also been 

demonstrated to have a critical role in the development of specific T-cell lineages, including 

CD4+CD25+ natural T-Reg cells (Gupta, et al., 2008) as well as been indispensable for the development 

of T-Helper cell responses (Marsland et al., 2004).  
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1.10.2 PKC-θ is a Novel Nuclear Chromatin-associated Kinase 

As described above, the critical nuclear role of kinases has been extensively studied for some kinases 

such as MAPKs. Previous work by the Rao laboratory also demonstrated a role for PKC-θ within T cell 

nuclei. Using a Jurkat T cell model, Sutcliffe et al. (2011) demonstrated in active T cells that PKC-θ also 

co-localised with active euchromatin and RNA Pol II. There was also increased expression of nuclear-

localised PKC-θ in CD4+ T cells, with the lowest expression seen in naïve CD4+ T cells and the highest 

in activated memory CD4+ T cells (Sutcliffe et al., 2011). This study also elegantly demonstrated that 

PKC-θ is recruited to the chromatin template as an integral part of transcriptional complexes, localising 

to both promoter and transcribed regions of active genes. The recruitment of PKC-θ is dependent on 

a continuous series of T cell activation signals and a functional catalytic domain. PKC-θ forms a 

transcriptional complex with MSK-1, Pol II, 14-3-3, and LSD1 (Sutcliffe et al., 2011) as part of an 

inducible gene program and regulates chromatin accessibility to proximal promoters (Figure 1.6). It is 

also possible that this association of PKC-θ with the chromatin template is also gene- and cell-specific, 

and while PKC-θ and MSK-1 display a co-dependent binding mechanism in tethering to chromatin in 

activated T cells, this was not the case in two other studies: one showed that PKC-θ inhibition by 

rottlerin did not affect phosphorylation of the MSK-1-mediated histone PTM H3S10p (Thomson et al., 

1999), whereas the other demonstrated that H3 phosphorylation of osmotic stress genes was blocked 

by rottlerin (Burkhart et al., 2007). This phenomenon has previously been demonstrated for other 

nuclear kinases such as p38α (Simone et al., 2004). In addition to this role, Sutcliffe et al. (2011) 

demonstrated that PKC-θ negatively regulates miRNAs in a T cell activation-dependent manner, 

specifically miR-200c, miR-9, and miR-183, which are involved in regulating T cell active genes. It was 

also demonstrated that PKC-θ inhibition with rottlerin also upregulated expression of these miRNAs 

(Sutcliffe et al., 2011).  
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However, the exact nuclear localisation motifs in PKC-θ, its targets for phosphorylation within the 

nucleus (such as histone PTMs), and the mechanisms of chromatin recruitment have yet to be 

elucidated. 

 

1.10.3 PKC-θ in T cell-mediated Diseases 

PKC-θ has been shown to be expendable for the differentiation and effector function of Th1 cells 

(Hayashi and Altman, 2007; Marsland et al., 2004). In support of this, PKC-θ-deficient mice show intact 

CTL-mediated protective responses against the intracellular bacterium Leishmania major (Marsland 

et al., 2004), lymphocytic choriomeningitis virus (LCMV) (Berg-Brown et al., 2004), and murine 

gamma-herpesvirus 68 (Giannoni et al., 2005).  

In contrast, however, Th2 cell proliferation and differentiation are defective in PKC-θ-null mice, which 

may reflect PKC-θ‘s essential role in upregulating GATA-3 (Stevens et al., 2006). PKC-θ also appears to 

be essential for the induction of effective Th2 responses against allergens and helminths (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 (Valenzuela et al., 2009).  

Interestingly, in a divergent role to the transcriptionally active or positive role of PKC-θ in Th2 immune 

responses, one study demonstrated that PKC-θ can also display a transcriptionally negative role that 

impacts the suppressive function of Treg cells (Zanin-Zhorov et al., 2010). PKC-θ activity has also been 

identified in undesirable immune responses such as Th2-mediated allergies and Th17-associated 

autoimmune diseases (Tan et al., 2006) and GvHD (Valenzuela et al., 2009). 
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Figure 1.7. Chromatin-bound PKC-θ regulates inducible gene transcription in activated T cells. PKC-

θ has been shown to directly regulate inducible immune response genes as a multilayered regulator 

in chromatin-tethered transcription complexes, complexing with TFs, MSK-1, 14-3-3, and RNA Pol II. 

Nuclear PKC-θ can also negatively regulate microRNA transcription in T cells, abrogating miRNA (e.g., 

miR-200c) and inhibiting genes encoding transcriptional repressor proteins (e.g., Zeb1), thus 

dampening expression of repressor proteins and in turn allowing transcription of the targets of 

repression such as Th1 cytokines (IFNγ and TNFα). This complex multilayered process allows the 

precise and elegant control of gene transcription by this chromatin-tethered kinase. (Image Taken 

from Sutcliffe et al., 2011, Supplemental Figures). 
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1.11 Epithelial-to-mesenchymal Transition (EMT) and Cancer 

Epithelial-to-mesenchymal transition (EMT) is a dynamic and reversible phenotype switching process 

essential for plasticity in cancer progression (Yu et al., 2013, De Craene and Berx, 2013). The normal, 

homeostatic control and initiation of EMT is a fundamental event that drives epithelial cells to 

differentiate and proliferate in a controlled, homeostatic manner in heart, muscle, and peripheral 

nervous system tissues during very early gastrulation and neural crest formation (Thiery et al., 2009). 

The normal natural reversal of this state change from mesenchymal to epithelial also enables 

reconstruction of epithelial cells for tissue repair in adults (Arnoux et al., 2008). However, when 

homeostatic mechanisms break down - such as during cancer progression - EMT can be considered a 

disease state response of broken homeostasis that ultimately produces pro-cancerous traits such as 

invasion, metastasis to distant organs, and drug resistance (Singh and Settleman, 2010). 

EMT was initially observed by Hay et al. in 1995. The comprehensive studies that followed showed 

that EMT was a conserved transition programme with multiple hallmark signatures. In normal cells, 

during complete transition from the epithelial to mesenchymal state, differentiated epithelial cells 

lose cell-cell adhesion and communication, undergo basement membrane degradation, and lose 

apical-basal polarity but gain front-rear polarity. This subsequently restructures the actin cytoskeletal 

architecture, activates a diverse set of transcription factors, changes gene and surface protein 

expression, and reprograms cell signalling to produce the characteristic mesenchymal spindle cell 

morphology (Lamouille et al., 2014; De Craene and Berx, 2013; Thiery et al., 2009; Chapman, 2011). 

Epithelial traits are lost, and this is then linked to acquisition of a mesenchymal phenotype and the 

signature traits of motility, migration, invasion, and resistance to apoptosis, all of which are “cancer 

hallmarks” (Kalluri and Weinberg, 2009; Thiery et al., 2009; Chapman, 2011).  

In “complete” EMT, cells completely lose epithelial traits and acquire highly precise and unambiguous 

mesenchymal traits, whereas neoplastic cells and potentially cancerous cells retain adaptability and 
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the ability to exist in a continuum of signature states ranging from fully differentiated epithelial to fully 

dedifferentiated mesenchymal cells (Huang et al., 2012; Tam and Weinberg, 2013a). This is highly 

dependent on the specific cell type and received activation signals (Huang et al., 2012; Tam and 

Weinberg, 2013a). This broad scope of signature cellular plasticity has been strongly linked to multiple 

rounds of EMT and its opposite process, mesenchymal-to-epithelial transition (MET) (Polyak and 

Weinberg, 2009; Tam and Weinberg, 2013a).  

Many types of cancer undergo dynamic and reversible EMT and MET during malignant progression, 

resulting in both retained epithelial and newly gained mesenchymal characteristics (Thiery et al., 

2009). This provides cancers with a two-fold advantage: EMT confers cancer cells with the ability to 

execute virtually all steps of metastasis including local invasion in the primary tumour, migration to 

distant organs via intravascular-extravascular circulation, and colonisation of distant sites. 

Additionally, as metastasising cancer cells take root at distant sites, these colonising and growing 

metastatic lesions are less likely to encounter EMT activation signals, therefore undergoing MET to 

restore epithelial properties and granting cancer cells the ability to form new cancerous lesions, 

prepare for further metastasis, and perhaps form macro-metastases (Mani et al., 2008; Tam and 

Weinberg, 2013a; Lin et al., 2014; Tsai et al., 2012). 

 

1.12 Cancer Stem Cells 

The cancer stem-like cell (CSCs) hypothesis was first introduced in the 1900s based on the microscopic 

similarities between embryonic and cancer tissues (Sell, 2004). Over a century later, this concept was 

finally investigated experimentally in human acute leukaemia, in which CSCs were identified by the 

expression of cell surface markers (CD34high/CD38low) (Bonnet and Dick, 1997; Lapidot et al., 1994). 

Further studies identified cells in other cancers with stem-like signatures including the ability to self-
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renew, induce long-term repopulation, and seed new tumours (Chang and Mani, 2013; Kreso and Dick, 

2014). Brain and breast tumours cells with stem-like signatures were initially identified in 2003, and 

CSCs were also subsequently detected in a variety of other tumours including melanomas and those 

arising in the prostate, colon, pancreas, lung, and ovary (Singh et al., 2003; Al-Hajj et al., 2003; O'Brien 

et al., 2007; Hermann et al., 2007; Ho et al., 2007; Zhang et al., 2008; Collins et al., 2005; Visvader and 

Lindeman, 2008; Ricci-Vitiani et al., 2007; Malanchi et al., 2008; Beck and Blanpain, 2013).  

Many cell surface markers including CD24, CD29, CD44, CD90, CD133, epithelial-specific antigen (ESA), 

ABCB5, and aldehyde dehydrogenase (ALDH) have been used to identify and isolate CSCs in different 

tumours. For example, breast CSCs are CD44high/CD24low, while colon, brain, melanoma, and lung 

tumours are CD133high (Yu et al., 2011a). It is also highly probable, given the heterogenous nature of 

CSCs, that specific cohorts of CSCs proliferate and differentiate and others do not. This non-

proliferative cohort provides a reservoir of cells that are resistant to radio- and chemotherapies and 

proliferate to cause tumour recurrence (Diehn and Clarke, 2006; Ogawa et al., 2013; Vidal et al., 2014) 

It is likely that a subset of metastasis-initiating cancer cells exists within CSCs, and these are found in 

a variety of human cancers. There is now a significant body of evidence supporting the notion that this 

CSC cohort is associated with highly aggressive cancer traits including therapeutic resistance (to 

conventional chemotherapy, radiotherapy, and even immunotherapy), recurrence, and metastasis.  

To address the fundamental clinical problem of cancer escaping therapeutic intervention and 

recurring in patients initially clear of disease is relatively new area of cancer biology, and 

understanding CSC signatures contributing the resistant phenotype and which drug targets may 

overcome resistance are vital areas of research. In particular, relatively little is known of the epigenetic 

factors in this CSC population. This subset of metastasis-initiating cancer cells may represent a distinct 

subpopulation within the CSC population of mesenchymal cells that possess several important 

features, namely expression of surface markers (CD133, CD44high, CD24low, ACBCB5, and CD20) 

(Clevers, 2011), a distinct transcriptome, the ability to form spherical colonies in suspension cultures 
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(termed mammospheres), and enhanced resistance to chemotherapy and ionising radiation (Yang et 

al., 2010; Scatena et al., 2011; Korkaya et al., 2011; Chaffer et al., 2011).  

 

1.12.1 Breast Cancer and CSCs 

Breast cancers have now been classified into four main molecular subtypes: luminal A (the most 

common subtype), followed equally in terms of occurrence by luminal B and HER2+ cancers, and finally 

the least common and most aggressive subtype, triple-negative/basal-like breast cancer. Traditionally, 

breast cancer CSCs have been described as a subtype of CD44high/CD24low/- cells. Multiple studies have 

demonstrated that tumour cells isolated from patients with this cell surface marker signature can 

generate new tumours, and this population is implicated in both therapeutic resistance and 

recurrence (Al-Hajj et al., 2003; Sheridan et al., 2006) 

Interestingly, even within this population of cells, there is large amount of diversity and ability to 

proliferate, escape therapy, and defy classification as either epithelial or mesenchymal (Liu et al., 

2014). A large study of 275 patient samples representing a variety of primary breast cancer subtypes 

examined the expression of mesenchymal, stem-like signature markers including CD44, CD24, ALDH1, 

vimentin, osteonectin, EPCR, caveolin 1, connexin 43, cytokeratin 18 (CK18), MUC1, claudin 7, and 

GATA3. The authors found that there was extensive variability and significant heterogeneity within 

these samples, suggesting that further biomarkers are needed to identify the subtypes within the CSC 

signature important for metastatic events, cancer recurrence, and therapeutic resistance (Park et al., 

2010). With regards to resistance, breast CSCs resistant to chemotherapy have also been shown to be 

mediated by regulators such as ATP-binding cassette (ABC) transporters such as ABCB1 and ABCG2 

(Chow et al., 2012; Carnero et al., 2016). However, the epigenetic control behind these resistant 

markers has not been thoroughly investigated in metastatic breast cancer. 
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1.12.2 Melanoma and CSCs 

Recent evidence suggests that CSCs play a role in the aggressiveness of melanoma and its overall 

resistance to immunotherapy and recurrence after treatment (Codony-Servat & Rosell, 2015; Schatton 

et al., 2009). Indeed, one resistance mechanism in melanoma is upregulation of PD-L1 in response to 

checkpoint immunotherapy (Twyman-Saint Victor et al., 2015). Of particular significance is a subset of 

CSCs in melanoma that have been identified as malignant melanoma-initiating cells (MIMICs), which 

display distinct markers such as ACBCB5 (another ATP-binding cassette (ABC) transporter implicated 

in melanoma chemoresistance; (Schatton et al., 2008), CD133, and CD271. It has been proposed that 

MIMICs may play a role in initiating melanoma and its aggressive ability to evade immunotherapy and 

develop resistance (Schatton et al., 2009). 

The molecular mechanisms of failure to respond to immunotherapy or develop resistance are poorly 

defined. Unravelling the molecular footprint underpinning such resistance is likely to lead to novel 

therapeutic options. Global changes in the epigenetic landscape have long been recognised as a 

hallmark of cancer. These mechanisms are important because epigenetic aberrations are reversible 

and, therefore, represent attractive therapeutic targets. Indeed, epigenetic enzyme inhibitors have 

shown great promise as cancer therapeutics in clinical trials. Thus, the investigation of the epigenetic 

mechanisms of response and resistance to anti-PD-1 and anti-PD-L1 therapies in patient samples of 

melanoma could potentially assist in improving treatment outcomes and prognosis. Correlating this 

information with CSC burden and examining potential epigenetic regulators will provide opportunities 

for the development of new combination therapies for these cancers as well as an understanding the 

epigenetic and molecular signatures associated with resistance and CSCs (Kelderman, Schumacher, & 

Haanen, 2014; Maio et al., 2015). 
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1.12.3 Circulating Tumour Cells (CTCs) 

The investigation and analysis of cancer biomarkers is a challenging endeavour in the context of both 

clinical oncology and research into new, improved cancer therapies. One avenue with huge promise 

is examining predictive and prognostic cancer biomarkers via analysis of a simple, non-invasive blood 

test (“liquid biopsies”) that captures the cancer cells present within the blood. Primary and metastatic 

cancers can give rise to CTCs, and it is important not only to isolate but characterise these CTCs as they 

are highly heterogenous with a variety of subtypes (Duffy et al., 2018; Wu et al., 2015; Micalizzi et al 

2017). As well as this heterogeneity, it is generally accepted that the presence of cancer cells in the 

peripheral blood of patients with various forms of cancer is generally indicative of disseminated 

disease and a high risk of tumour progression (Duffy et al., 2018; Wu et al., 2015; Micalizzi et al 2017). 

The legacy standard for identification of a CTC is capture of circulating cells with an intact nucleus that 

express cytokeratin (CK) but not CD45, a white blood cell marker (Allard et al., 2004). CTCs have been 

profiled using a variety of liquid biopsy-based platforms by employing epithelial cell adhesion 

molecule (EpCAM) capture in breast and non-small lung cancers (NSCLC) amongst others (Danila et 

al., 2007; Cristofanilli et al., 2005; Krebs et al., 2011). However, these methods would entirely miss 

CTCs expressing more mesenchymal marks and do not express EpCAM at all, an important omission 

since these CTCs are likely to comprise a population of more aggressive cells. For instance, Gorges et 

al. (2012) demonstrated that some CTCs evaded detection using an EpCAM-based system due to EMT. 

Another study by Hanssen et al. (2016) also demonstrated that, in lung cancer, CTCs were much less 

frequently detected by EpCAM protein expression, whereas more CTCs were detected when more 

mesenchymal markers such as Twist or stem-like markers such as ALDH1 were used. Indeed, in the 

case of brain metastatic events from breast cancer patients, CTCs were found to not express EpCAM 

at all but instead express other markers of mesenchymal status such as urokinase plasminogen 

activator receptor (uPAR) and integrin β1 (int β1) (Vishnoi et al., 2015; Zhang et al., 2013a). In a study 

by Zhang et al. (2013), CTCs were EpCAM negative but positive for a metastatic protein signature, 
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HER2+/EGFR+/HPSE+/Notch1+, a signature termed the “brain metastasis selected markers” (BMSM) 

signature (Zhang et al., 2013a). Due to the heterogeneity of CTCs, a variety of markers would be 

needed to characterise an individual patient’s population of CTCs isolated from a liquid biopsy. 

A subpopulation of CTCs has been identified as circulating CSCs, and this subpopulation may have a 

significant role in the seeding of new metastatic sites and the ability of cancers to evade and escape 

therapy (Yang et al., 2015; Scatena et al., 2011; Korkaya et al., 2011; Chaffer et al., 2011). Indeed, CSCs 

and CTCs appears to represent different functional statuses from the same pathologically relevant 

subpopulation of cancer cells, clearly indicating that the CSC and its signature arise from a population 

of CTCs shed by the primary tumour to seed distant sites (Pantel et al., 2008; Polyak et al., 2009). 

 

1.13 Epigenetic Enzymes and CSCs 

Epigenetic and genetic changes can disrupt chromatin and gene function. Although the focus of this 

work is on epigenetic dysregulation, genetic changes are fundamental to tumorigenesis. For example, 

genetic mutations (translocations, point mutations, deletions, amplifications, and insertions) can be 

oncogenic or tumour suppressive. For example, p53 mutations can lead to defective protein 

expression that results in the loss of its tumour suppressive functions (which include DNA repair, 

protein regulation, apoptotic control, and cell cycle inhibition in G1/S phase) and promotes the 

malignant phenotype (Biswas and Rao, 2017; Baylin and Jones, 2011; Esteller, 2008). 

Conversely, epigenetics can be regarded as a dynamic regulator of cell fate with epigenetic 

modifications such as DNA methylation, histone modifications, and nucleosome position playing 

important roles in cancer formation (Portela and Esteller, 2010). An example of the various 

“signatures” important when a cell develops into cancer are depicted in Figure 1.8. 
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Figure 1.8. Epigenetic mechanisms of tumorigenesis. A large number of regulatory abnormalities can 

lead to cancer, many of which are epigenetically regulated. Depicted is a brief overview of epigenetic 

mechanisms which, when aberrant, contribute to tumorigenesis, and the classic markers of cancer are 

depicted as part of the circle of cancer markers. (Image Taken from Flavahan et al., 2017). 
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1.13.1 LSD1 and Metastatic Breast Cancer 

LSD1 is implicated in the pathogenesis of many cancers including tumours of the haematopoietic 

(AML, acute lymphoblastic leukaemia, and T cell non-Hodgkin lymphoma) and lymphatic systems and 

epithelial cancers (Niebel et al., 2014; Wada et al., 2015). LSD1 overexpression has also been linked to 

cancers of the bladder, breast, gallbladder, liver (hepatocellular), lungs (small cell and NSCLC), 

pancreas, prostate and neuroblastomas (Hayami et al., 2011; Kahl et al., 2006; Kauffman et al., 2011; 

Lian et al., 2015; Lv et al., 2012; Qin et al., 2014; Schulte et al., 2009; Zhao et al., 2013). Interestingly, 

LSD1 overexpression has been linked with poor prognosis and lower overall survival in patients with 

gallbladder cancer, NSCLC, and oesophageal squamous cell carcinoma (Lian et al., 2015, Lv et al., 2012, 

Yu et al., 2013).  

Specifically, in breast cancer, LSD1 overexpression has been correlated with progression of ductal 

carcinoma in situ (DCIS) to invasive ductal carcinoma and negative expression of the estrogen receptor 

(ER) (Lim et al., 2010, Serce et al., 2012). LSD1 may play a central role in increasing the aggressiveness, 

stem-like signature, and invasiveness of cancers, as it has been reported that LSD1-overexpressing 

cancers are positively linked to cell proliferation, migration, and invasion. These effects are thought 

to be due to an LSD1-directed epigenetic program (Hayami et al., 2011). During TGF-β-induced EMT 

in a non-neoplastic murine hepatocyte model of EMT, LSD1 regulated the epigenetic reprogramming 

of histone PTMs, especially H3K9me2, H3K4me2, and H3K36me3 (McDonald et al., 2011). Based on 

this information, it is possible that LSD1 contributes to the creation of a stem-like signature within a 

cohort of breast cancer CSCs and contributes to increased tumorigenesis by regulating the EMT 

signature. However, the expression of LSD1 within metastatic breast cancer CTCs/circulating CSCs is 

currently not well characterised. 
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1.13.2 PKC in Melanoma and Metastatic Breast Cancer 

As noted above, expression of members of the PKC family have been associated with a large variety 

of diseases including cancer, autoimmune diseases, and metabolic disorders (Garg et al, 2014; Garg et 

al, 2017; Griner & Kazanietz, 2007; Baker et al., 2017). Specific PKC family isoforms such as PKC-α are 

linked to progression of the EMT signature in breast (Tam et al., 2013b) and ovarian cancers (Qi et al., 

2014). Recently, PKC-α signalling has been linked with the formation of CSCs and shown to act as a 

central mediator of tumorigenesis by not only regulating EMT but also targeting breast CSCs by 

activating FRA1 (encoded by FOSL1), which is an important transcription factor that regulates the 

invasion of breast cancer cells (Tam et al., 2013b; Jain and Basu, 2014). This has also been shown for 

PKC-θ in a wound-healing assay, in which PKC-θ overexpression promoted and enhanced migration of 

the epithelial breast cancer cell line MCF-7 (Sutcliffe et al., 2011). 

PKC-θ was found to be important in mammary tumorigenesis, which involves activation of Akt and 

repression of c-Rel transcriptional activity. A study by Belguise et al. (2007) indicated that PKC-θ 

activation inhibits the FOXO3a/ERα/p27Kip1 axis, which normally maintains an epithelial cell 

phenotype and induces c-Rel target genes and a transformed phenotype, thereby promoting a 

proliferative, stem-like signature, EMT, and metastasis. Normal breast epithelial cells show low PKC-θ 

and Akt1 levels and activities, whereas PKC-θ levels are increased, particularly in ER-negative human 

breast cancers (Belguise et al., 2007). 

PKC isoforms have been described in a variety of cancers including PKC-δ in the mouse melanoma cell 

line BL6 (La Porta et al., 2000). Overexpression of this PKC isoform enhanced metastatic potential but 

reduced proliferative potential, making the signature of this cancer more mesenchymal and stem-like. 

Indeed, H2B phosphorylated at serine 32, a phosphorylated histone mark, has been described in skin 

cancers and linked to malignant transformation (Lau et al., 2011). It is therefore possible that this mark 

is mediated by a PKC isoform targeting serine/threonine for phosphorylation. PKC-ε levels are elevated 
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in melanoma and associated with poor prognosis, and its oncogenic mechanism may be associated 

with its ability to phosphorylate and activate STAT3 (Aziz et al., 2007; Benavides et al., 2011; Lau et 

al., 2012). 

However, the expression of PKC-θ and other isoforms in melanoma CTCs/circulating CSCs requires 

further characterisation, particularly in patient samples. So far, PKC-β expression has not been 

detected in melanoma cell lines, which is interesting as a PKC-β-specific inhibitor, enzastaurin, has 

shown success in melanoma clinical trials (Carducci et al., 2006; Faul et al., 2003; Hanauske et al., 

2007; Wolff et al., 2012). This suggests that that expression of these isoforms should be confirmed in 

human tissues, liquid biopsy samples, and in vivo melanoma mouse tumour models rather than just 

cell lines. 

1.14 Thesis Aims 

Given the importance of PKC-θ’s potential nuclear role in regulating chromatin and transcriptional 

programming, the nuclear expression signature of PKC-θ will be examined by first probing how PKC-θ 

nuclear translocation is regulated in both T cells and cancer cells. Then, PKC-θ’s association with 

chromatin within T cell nuclei will be examined in the context of the regulation of T cell immune 

programs such as via the critical immune transcription factor NF-κB, histone re-modelling via 

phosphorylation, and alternative splicing. Given PKC-θ’s potential role in tumorigenesis and 

metastasis, it is important to understand what, if any, PKC-θ targets exist in the tumour 

microenvironment, including if there is any nuclear interplay between PKC-θ and other nuclear 

proteins implicated in cancer progression such as LSD1. 
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Chapter 2 Materials and Methods 

2.1 Chemicals and Reagents 

Bovine serum albumin (BSA) (Sigma-Aldrich, Cat No. A9418) 

Carestream® Kodak® autoradiography GBX developer/replenisher (Sigma-Aldrich, Cat No. P7042) 

Carestream® Kodak® autoradiography GBX fixer/replenisher (Sigma-Aldrich, Cat No. P7167) 

Chloroform (Thermo Fisher Scientific, Cat No. BP1145-1) 

Crystal violet (Sigma-Aldrich, Cat No. C3886) 

Dimethyl sulfoxide (DMSO) (Thermo Fisher Scientific, Cat No. BP231) 

Dithiothreitol (DTT), 1M (Thermo Fisher Scientific, Cat No. P2325) 

Dulbecco's phosphate-buffered saline (DPBS) (Gibco, Cat No. 14190250) 

Ethyl alcohol, pure (Sigma-Aldrich, Cat No. E7023) 

Ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetraacetic acid (EGTA) (Sigma-Aldrich, Cat No. E3889) 

Ethylenediaminetetraacetic acid (EDTA) disodium salt solution, 0.5 M (Sigma-Aldrich, Cat No. E7889) 

Foetal bovine serum (FBS) (Bovogen, Cat No. SFBS-F) 

Formaldehyde 37% (Merck, Cat No. 344198) 

Glycine (Sigma-Aldrich, Cat No. 50046) 

Glycogen (Roche, Cat No. 10901393001) 

HEPES buffer, 1 M (Sigma-Aldrich, Cat No. H0887) 

Isopropanol/propan-2-ol (Thermo Fisher Scientific, Cat No. P/7507/17) 

4× Laemmli sample buffer (Bio-Rad, Cat No. 1610747) 

L-glutamine, 200 mM (Thermo Fisher Scientific, Cat No.25030081) 

LiCl immune complex wash buffer (Merck-Millipore, Cat No. 20-156) 

Low salt immune complex wash buffer (Merck-Millipore, Cat No. 20-154) 

Magna ChIP™ protein A magnetic beads (Merck-Millipore, Cat No. 16-661) 

Magnesium chloride (MgCl2), 1 M (Sigma-Aldrich, Cat No. M1026) 
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2-mercaptoethanol (β-mercaptoethanol) (BioRad, Cat No. 161071) 

NP-40 Surfact-Amps™ detergent solution (Thermo Fisher Scientific, Cat No. 28324) 

Pefabloc® SC (Roche, Cat No. 11585916001) 

Penicillin-streptomycin (5000 U/ml) (Thermo Fisher Scientific, Cat No. 15070063) 

Penicillin-streptomycin-neomycin (PSN) (Thermo Fisher Scientific, Cat No. 15640055) 

Phenol-chloroform-isoamyl alcohol (25:24:1) (Sigma-Aldrich, Cat No. P3803) 

Phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich, Cat No. P8139) 

Phosphatase inhibitor cocktail set V, 50x (Merck-Millipore, Cat No. 524629) 

Ponceau S solution (Sigma-Aldrich, Cat No. P7170) 

Precision Plus Protein™ Dual Color standards (Bio-Rad, Cat No. 1610374) 

Protease Inhibitor Cocktail Set III, EDTA-free (Merck-Millipore, Cat No. 539134) 

Proteinase K solution (20 mg/ml), RNA grade (Thermo Fisher Scientific, Cat No. 25530049) 

Recombinant human TGF-β1 (R&D Systems, Cat No. 240-B) 

Red blood cell lysis buffer (Sigma-Aldrich, Cat No. 11814389001) 

RNaseZap™ (Life Technologies, Cat No. AM9782) 

SDS lysis buffer (Merck, Cat No. 20-163) 

SlowFade™ Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific, Cat No. S36964) 

Sodium acetate (NaAcetate) buffer solution (Sigma-Aldrich, Cat No. S7899) 

Sodium bicarbonate (NaHCO3) (Sigma-Aldrich, Cat No. S7277) 

Sodium chloride (NaCl), 5 M (Sigma-Aldrich, Cat No. S6546) 

Sodium dodecyl sulfate (SDS) (Sigma-Aldrich, Cat No. L4390) 

TaqMan™ gene expression master mix (Thermo Fisher Scientific, Cat No. 4369016) 

TE buffer (Merck-Millipore, Cat No. 20-157-K) 

TRI reagent® (Sigma-Aldrich, Cat No. T9424) 

Triton™ X-100 (Sigma-Aldrich, Cat No. T8787) 

Trizma® base (tris base) (Sigma-Aldrich, Cat No. T1503) 
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Trizma® hydrochloride solution (Tris-HCl), pH 7.4, 1 M (Sigma-Aldrich, Cat No. T2663) 

Trypan blue (Sigma-Aldrich, Cat No. T6146) 

Trypsin-EDTA (0.25%), phenol red (Life Technologies, Cat No. 25200072) 

TWEEN® 20 (Sigma-Aldrich, Cat No. P9416) 

Western Lightning Plus-ECL, (PerkinElmer, Cat No. NEL103E001EA) 

 

2.1.1 Mammalian Cell Lines 

MCF-7 (ATCC® HTB-22™) 

MDA-MB-231 (ATCC® HTB-26™) 

MDA-MB-436 (The Khanna Lab) 

SUM149 PT (The Khanna Lab) 

T47D (The Khanna Lab) 

ZR751 (The Khanna Lab) 

Human Jurkat T cell line (Clone E6-1) (ATCC® TIB-152) 

Human HuT78 (The Kelleher Lab) 

COS-7 cells (ATCC® CRL-1651™) 

Docetaxel resistant lines (kind gift from Dr Sikic, Standford University): 

MCF-7-P 

MCF-7-TXT50 

MCF-7-TXTP50 

MDA-MB-231-P 

MDA-MB-231- TXT50 

MDA-MB-231- TXTP50 

T47D-P 

T47D- TXT50 
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T47D- TXTP50 

2.1.2 Media 

Dulbecco’s modified Eagle’s medium (DMEM), high glucose (Sigma-Aldrich, Cat No. D5796) 

DMEM, low glucose, pyruvate, HEPES (Thermo Fisher Scientific, Cat No. 12320032) 

OPTI-MEM™ I reduced serum medium (Life Technologies, Cat No. 31985062) 

Phosphate buffered saline (PBS) (Thermo Fisher Scientific, Cat No. 14190250) 

RPMI 1640 (Thermo Fisher Scientific, Cat No. 11875119) 

 

2.1.3 Buffers 

Nuclear extraction buffer A+ (10 ml) 

Reagents Final Concentration Volume 

Tris-HCl 10 mM 100 µl 

NaCl 10 mM 20 µl 

MgCl2 3 mM 30 µl 

EGTA 0.1 mM 2 µl 

NP-40 5% 500 µl 

Phosphatase Inhibitor 0.5%  50 µl 

Protease Inhibitor 1% 100 µl 

Pefabloc® SC 0.2% 20 µl 

DEPC H2O  9.178 ml 

 

Nuclear extraction buffer A- (10 ml) 

Reagents Final Concentration Volume 

Tris-HCl 10 mM 100 µl 
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NaCl 10 mM 20 µl 

MgCl2 3 mM 30 µl 

EGTA 0.1 mM 2 µl 

Phosphatase Inhibitor 0.5%  50 µl 

Protease Inhibitor 1% 100 µl 

Pefabloc® SC 0.2% 20 µl 

DEPC H2O  9.678 ml 

 

 

Nuclear extraction buffer C (5 ml) 

Reagents Final Concentration Volume 

HEPES 20 mM 100 µl 

NaCl 400 mM 400 µl 

MgCl2 7.5 mM 37.5 µl 

EDTA 0.2 mM 2 µl 

EGTA 0.1 mM 1 µl 

DTT 1 mM 5 µl 

Phosphatase Inhibitor 0.5% 25 µl 

Protease Inhibitor 0.5% 25 µl 

Pefabloc® SC 2% 100 µl 

DEPC H2O  4.305 ml 

 

10× running buffer (1 L) 

Reagents Amount 

Tris base 30.2 g 
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Glycine 144 g 

SDS 10 g 

Deionised H2O 1 L 

 

10× transfer buffer (1 L) 

Reagents Amount 

Tris base 30.2 g 

Glycine 144 g 

Deionised H2O 1 L 

 

TBST (1 L) 

Reagents Final Concentration Amount 

TWEEN® 20 0.1% 1 ml 

Tris-HCl  999 ml 

 

High Salt Immune Complex Wash Buffer Millipore, 20-155-k 

LiCl Immune Complex Wash Buffer Millipore, 20-156-k 

Low Salt Immune Complex Wash Buffer Millipore, 20-154-k 

NEBuffer DpnII Generesearch, B0543 

SDS Lysis Buffer Millipore, 20-163 

TE Buffer Millipore, 20-157 

Tris-HCl, pH7.4 Sigma, T2663-1L 

ChIP dilution buffer (Millipore, 20-153-K) 
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2.1.4 Kits 

DNase I Recombinant, RNase-free (Roche, Cat No. 4716728001) 

Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific, Cat No. K1641) 

MycoAlert™ Mycoplasma Detection Kit (Lonza, Cat No. LT07-218) 

Neon™ Transfection System (Thermo Fisher Scientific, Cat No. MPK5000) 

Neon™ Transfection System 100 µL Kit (Thermo Fisher Scientific, Cat No. MPK10025) 

Novex® Reversible Membrane Protein Stain Kit (Thermo Fisher Scientific, Cat No, IB7710) 

Qubit™ Protein Assay Kit (Thermo Fisher Scientific, Cat No. Q33211) 

Qiagen MAXI Plasmid Purification Kit (Qiagen, Cat No./ID: 12163) 

RosetteSep™ Human CD45 Depletion Cocktail (StemCell Technologies, Cat No. 15162) 

SepMate IVD -50 or IVD -15 (StemCell Technologes, Cat No. 85460 or 85420) 

LymphoPrep (StemCell Technologies, Cat No. 7861) 

 

2.1.5 Antibodies 

Table 2.1 Primary Immunofluorescence Microscopy Antibodies 

Protein Host Species Supplier Catalogue Number 

ALDH1A1 Goat Abcam ab9883 

H3K27ac Rabbit Abcam ab4729 

Pol-II-S2 Rabbit Abcam ab5095 

SC35p Mouse Abcam ab11826 

CSV Mouse Abnova H00007431-M08 

FOXQ1 Goat Santa Cruz sc-47596 

PDL1 Rabbit Santa Cruz sc-50298 
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LSD1 Mouse Merck 05-939 

LSD1 Rabbit Merck 07-705 

LSD1-s111p Rabbit Merck abE1462 

PKC-θ-t538p Rabbit Abcam ab63365 

SNAI1/Snail Goat Santa Cruz sc-10433 

Vimentin Mouse Santa Cruz sc-6260 

ZEB1 Mouse Abcam ab181451 

NF-κB p65 Rabbit Abcam ab16502 

ZEB1 Mouse Abcam ab181451 

Anti-HA Mouse Sigma-Aldrich H3663 

Anti-HA Rabbit Sigma-Aldrich H6908 

H2Bs32 Rabbit Abcam ab10476 

PKC-θ Rabbit SCT SC-212 

PKC-θ Rabbit Abcam ab47774 

ABCB5 Goat Abcam ab77549 

Cytokeratin Mouse Miltenyi-Biotec CK3-6H5 

FAP Rabbit Abcam ab53066 

CCL2 Goat Santa Cruz sc-1304 

EGFR Rabbit Abcam ab47774 

H3K4me3 Rabbit Merck 07-473 

PKC-θ Goat SCT SC-1875 

 

Table 2.2 Secondary Immunofluorescence Microscopy Antibodies 

Reactive Species 
Conjugated 

Fluorophore 
Supplier Catalogue Number 



 

51 | P a g e  
  

Goat Alexa Fluor 488 Life Technologies A11055 

Goat Alexa Fluor 633 Life Technologies A21082 

Mouse Alexa Fluor 488 Life Technologies A11001 

Mouse Alexa Fluor 568 Life Technologies A11037 

Rabbit Alexa Fluor 488 Life Technologies A21206 

Rabbit Alexa Fluor 568 Life Technologies A10042 

 

Table 2.3 Primary Western Blotting Antibodies 

Protein Host Species Supplier Catalogue Number 

PKC-θ-t538p Rabbit Abcam ab63365 

SP1 Rabbit SCT sc-59 

NF-κB p65 Rabbit Abcam ab16502 

Phospho-NF-κB p65 

(Ser468) 

Rabbit CST #3039 

Phospho-NF-κB p65 

(Ser536) 

Rabbit CST #3031 

Monoclonal Anti-HA Mouse Sigma-Aldrich H3663 

Polyclonal Anti-HA Rabbit Sigma-Aldrich H6908 

H3 Rabbit Abcam ab1791 

H2Bs32 Rabbit Abcam ab10476 

H2Bs36 Rabbit ECM Biosciences HP4331 

SC35p Mouse Abcam ab11826 

 

Table 2.4 Secondary Western Blotting Antibodies 

Reactive Species Conjugate Supplier Catalogue Number 
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Mouse HRP Merck AP181P 

Rabbit HRP Merck AP187P 

 

Table 2.5 Chromatin Immunoprecipitation Antibodies 

Protein Supplier 
Catalogue 

Number 

PKC-θ-t538p Abcam ab63365 

 

2.1.6 siRNA and Associated Reagents 

Control siRNA-A (Santa Cruz, Cat No. sc-36869)  

Human PKC-θ siRNA (Santa Cruz, Cat No. sc-36252) 

Human PKC-θ siRNA Pool (Life Technologies, ID s11122, s11123) 

Lipofectamine® 2000 Transfection Reagent (Thermo Fisher Scientific, Cat No. 11668019) 

Life Technologies siRNA PKC-θ pool (Life Technologies, ID s11122, s11123) 

 

2.1.7 Pharmacological Inhibitors 

Insolution™ bisindolylmaleimide I (BIM) (Calbiochem, Cat No. 203293) 

C27 (SYNthesis Med Chem, made to order) 

Rottlerin (Calbiochem, Cat No. 557370) 

 

2.1.8 Other 

Cell-free DNA collection tube (Roche, Cat No. 07785674001) 

CellSave preservative tubes (Cell-Search, Cat No. 7900005) 
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CL-XPosure™ film (Thermo Fisher Scientific, Cat No. 34091) 

Corning® 1.2 ml external threaded polypropylene cryogenic vial (Corning, Cat No. 430658) 

MicroAmp® optical PCR 384-well reaction plates (Thermo Fisher Scientific, Cat No. 4309849) 

Mini-PROTEAN® TGX™ precast protein gels, 4–20% (Bio-Rad, Cat No. 4561096) 

Mr. Frosty™ freezing container (Thermo Fisher Scientific, Cat No.5100-0001) 

Neubauer-improved haemocytometer (Marienfeld-Superior, Cat No. 640010) 

Parafilm® M (Sigma-Aldrich, Cat No. P7793) 

Vacutainer® Plastic Plus EDTA Blood Collection Tubes (Becton Dickinson, Cat No. 366643) 

Water, (for RNA work) (DEPC-treated, DNase, RNase free) (Thermo Fisher Scientific, Cat No. BP561-1) 

 

2.2 Cell Culture  

2.2.1 Maintenance of Adherent Cell Lines 

All cell lines were cultured exponentially in a DHD Autoflow Air-Jacketed Automatic CO2 incubator 

(NuAire, USA) in a humidified atmosphere at 37°C with 5% CO2. MCF-7 and MDA-MB-231 cells were 

grown in DMEM, low glucose (Thermo Fisher Scientific, Waltham, MA Cat No. 12320032) supplemented 

with 10% heat-inactivated FBS (HI-FBS) (Bovogen, Cat No. SFBS-F), 2% L-glutamine (Thermo Fisher 

Scientific, Cat No.25030081) and 1% PSN (Thermo Fisher Scientific, Cat No. 15640055). MDA-MB-436 

cells were grown in DMEM, high glucose (Sigma-Aldrich, Cat No. D5796) supplemented with 10% HI-FBS 

and 1% penicillin-streptomycin (Thermo Fisher Scientific, Cat No. 15070063). SUM149 PT cells were 

grown in DMEM, low glucose supplemented with 10% HI-FBS. T47D and ZR751 cells were grown in RPMI-

1640 (Thermo Fisher Scientific) supplemented with 10% HI-FBS. COS-7 Cell lines were grown in DMEM, 

high glucose supplemented with 10% HI-FBS.  Once cells reached approximately 80% confluency, they 

were sub-cultured to prevent cell death and inhibition of exponential growth. 
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2.2.2 Cell Culture 

2.2.2.1 Adherent Cell Lines 

COS-7 cells and all breast cancer cell lines used were adherent. Therefore, prior to splitting, cells were 

washed with PBS (Thermo Fisher Scientific, Cat No. 14190250) to inactivate FBS and allow detachment 

by trypsinisation. A 0.25% trypsin-EDTA (Life Technologies, Cat No. 25200072) solution was then added 

to the flask and incubated at 37°C for 3 minutes to detach all cells. Complete medium was added to the 

flask to inactivate the trypsin and harvest the cells. Cells were pelleted by centrifugation using a Heraeus 

Multifuge X3R Centrifuge (Thermo Fisher Scientific) at 1500 rpm for 5 minutes. Cell pellets were then 

resuspended in complete medium and reseeded according to experimental demands. Cells that were 

intended for microscopy assays were seeded on sterilised 15 × 15 mm coverslips that were placed into 

12-well plates prior to seeding.  

 

2.2.2.2 Human Jurkat T Cells and Hut-78 Cell Lines 

The human Jurkat T cell line (Clone E6-1, ATCC® TIB-152) and the peripheral human HuT-78 T cell line 

originated from the Kelleher Lab (AMR, UNSW, Sydney). Frozen stocks were stored at 1 x 107cells/ml in 

a mixture of 45% complete RPMI-1640 (Invitrogen, 11875-093; Carlsbad, CA), 45% heat-inactivated 

foetal calf serum (HIFCS; Sigma-Aldrich), and 9% dimethyl sulfoxide (DMSO) solution (Thermo Fisher 

Scientific, Cat No. BP231). These stocks were stored at -70°C overnight before long-term storage in liquid 

nitrogen. When required, frozen cells were thawed by re-suspension in complete RPMI-1640 medium 

followed by centrifugation at 1200 rpm, 10 min, at room temperature. The cell pellet was re-suspended 

in complete RMPI at a density of 4 x 105 cells/ml for Jurkat T cells and HuT78 cells for 24 h in a humidified 

Hepa-filtered IR incubator with 5% CO2/O2, at 37oC. Jurkat and HuT78 T cells were then passaged daily 
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to a density of 2.5 x 105cells/ml to maintain a maximum cell density of 5 x 105cells/ml for experimental 

use. 

2.2.2.3 Stimulation and Stimulus Withdrawal Conditions for Jurkat T cells  

Human Jurkat T cells were activated at 5 x 105 cells/ml by using the final concentration of 24 ng/ml of 

phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich, P8139) and 1 µM calcium ionophore (CaI; Sigma-

Aldrich, A23187). The process of stimulus withdrawal involved centrifuging Jurkat T cells for 10 minutes 

at 1200 rpm at room temperature. Supernatant was discarded followed by re-suspension in stimulus-

free complete RPMI-1640. This was repeated three times before re-suspending these previously 

activated Jurkat T cells at a density of 5 x 105 cells/ml in complete stimulus-free RPMI for cell resting. 

During the resting period, Jurkat T cells were maintained at a cell density of 5 x 105 cells/ml on a daily 

basis. When required, these cells were re-activated by P/I (PMA/CaI) addition at a cell density of 5 x 105 

cells/ml.   

 

2.2.2.4 Epithelial-to-mesenchymal Transition (EMT) Stimulation 

To investigate the epigenomic changes occurring during breast cancer epithelial-to-mesenchymal 

transition (EMT), a model was required that was both efficient and recapitulated the molecular 

phenotype of EMT. Recombinant growth factors including TGF-β, FGF, EGF, and HGF can induce EMT 

(Jechlinger et al., 2006, Strutz et al., 2002, Lo et al., 2007, Savagner et al., 1997, Jiang et al., 2007, 

Timmerman et al., 2004). However, such models often require prolonged exposure for detectable 

changes to occur, such as with TGF-β, which requires at least 5 days of pre-incubation for effective EMT 

induction (Ruike et al., 2010, Derksen et al., 2006, Gregory et al., 2011). In contrast, administration of 

the protein kinase C (PKC) activator phorbol 12-myristate 13-acetate (PMA) can induce EMT in as little 

as 24 hours (He et al., 2010). Our laboratory has previously shown that treatment of MCF-7 cells with 

PMA induced EMT-related morphological changes, increased cell motility and mammosphere-forming 

ability, and rapidly induced the formation of CD44high/CD24low breast cancer stem cells (CSCs) and the 
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expression of EMT-related genes. Moreover, TGF-β in combination with PMA has been shown to 

potentiate EMT and the formation of a breast CSC subpopulation. 

All EMT stimulation assays were carried after the completion of all previous treatments, and antibiotic-

free medium was replenished. MCF-7 cells were stimulated with 1.32 ng/ml PMA (Sigma-Aldrich) alone 

or in combination with 5 ng/ml recombinant human TGF-β1 (R&D Systems, Minneapolis, MN) for 60 

hours as previously optimised and described by our laboratory [ref]. Stimulated MCF-7 samples were 

examined by both brightfield and immunofluorescent microscopy. 

 

2.2.2.5 Cell Density Counts 

For adherent cell lines, after harvesting by trypsinisation, cells were resuspended in 1 ml of complete 

medium, whereas for suspended cell lines an aliquot of 500 µl was directly taken from the culture flask 

for counting. A 1:1 dilution of the cells in 0.4% trypan blue (Sigma-Aldrich, Cat No. T6146) was prepared, 

and 10 µl of cells were transferred to a Neubauer-improved haemocytometer (Marienfeld-Superior, 

Lauda-Königshofen, Germany). Using an Olympus CKX31 inverted light microscope (Olympus 

Corporation, Shinjuku, Tokyo, Japan), all live cells (those that had not taken up the blue dye) in the four 

corner squares of the haemocytometer were counted. The total number of cells was calculated using 

the formula: number of cells = �Cell count
4

 ×  2� × 104, where the number of cells counted was divided 

by 4 to obtain an average number per square before being multiplied by 2 to account for the trypan blue 

dilution and then multiplied by 104 (surface area factor) to determine the number of cells present in 1 

ml of medium. The appropriate number of cells was seeded as per the experimental demands.  

 

2.2.2.6 Cryopreservation of Cells 

Cells were harvested by trypsinisation, counted, and diluted to 1 × 105/ml in complete medium. An equal 

volume of freezing medium containing 82% HI-FBS and 18% DMSO ((Thermo Fisher Scientific, Cat No. 
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BP231) was added to the re-suspended cells. 1 ml of the freezing medium containing the cells was 

transferred into cryogenic vials (Corning, Corning, NY) and placed into a Mr. Frosty™ freezing container 

(Thermo Fisher Scientific) and cooled slowly at a rate of -1°C/min, the optimal rate for cell preservation. 

Cells were then stored at -80°C overnight. Cells were transferred to liquid nitrogen for long-term storage. 

 

2.2.2.7 Recovery of Cells from Cryopreservation 

Cryopreserved cells were thawed quickly in a 37°C water bath to minimise exposure to DMSO. Cells were 

gently mixed and added drop-wise to a tube containing 10 ml of pre-warmed complete medium. The 

cell suspension was then centrifuged at 1500 rpm for 5 minutes in a Heraeus Multifuge X3R centrifuge, 

the supernatant was discarded, and the cell pellet was re-suspended in complete medium and 

transferred to a new flask containing pre-warmed complete medium for culturing. 

 

2.2.2.8 Mycoplasma Detection 

The MycoAlert™ Mycoplasma detection kit (Lonza, Basel, Switzerland) was used to test for mycoplasma 

contamination according to the manufacturer’s instructions. Prior to commencing the assay, all 

MycoAlert™ Mycoplasma detection kit reagents were brought to room temperature and the 

MycoAlert™ reagent and MycoAlert™ substrate were reconstituted in MycoAlert™ assay buffer. 

Following trypsinisation, cells were harvested, transferred to a 15 ml tube, and centrifuged at 1500 rpm 

for 5 minutes at 4°C in a Heraeus Multifuge X3R centrifuge. 100 µl of the supernatant was transferred to 

a luminometer cuvette, and 100 µl of MycoAlert™ regent was added to each sample and incubated at 

room temperature for 5 minutes. Luminescence readings were obtained using a GloMax®-Multi 

Detection System (Promega, USA) luminescence module at 1 second read time (integrated) (Reading A). 

100 µl of MycoAlert™ substrate was added to each sample and incubated at room temperature for 10 

minutes. Luminescence readings were obtained again at 1 second read time (integrated) (Reading B). To 

determine if cells were mycoplasma-free, the ratio of Reading B to Reading A as was calculated using the 
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formula: Reading B
Reading A

. Ratios of: < 0.9 = negative mycoplasma; 0.9 – 1.2 = borderline: quarantine cells and 

re-test in 24 hours; and > 1.2 = mycoplasma contamination. All cells were negative for mycoplasma. 

 

2.3 SDS-Polyacrylamide Gel Electrophoresis 

Separation of proteins based on molecular weight was achieved by SDS-polyacrylamide gel 

electrophoresis (PAGE). Prior to running gels, 10× running buffer (recipe in Section 2.1.3) was diluted to 

1× in deionised H2O. Protein samples were prepared 1:4 in 4× Laemmli Sample Buffer (Bio-Rad 

Laboratories, Hercules, CA; Cat No. 1610747) containing 5% β-mercaptoethanol (BioRad, Cat No. 

161071) and heated at 95°C for 5 minutes. Samples were loaded onto a 4–20% Mini-PROTEAN® TGX™ 

precast protein gel (Bio-Rad) alongside Precision Plus Protein™ Dual-Color standards (Bio-Rad, Cat No. 

1610374). Gels were run in a Mini-PROTEAN® Tetra Cell (Bio-Rad, Cat No. 4561096) containing 1× 

running buffer at 200 volts for 20-30 minutes until the dye front reached the end of the gel. Gels were 

then used for western blotting. 

 

2.4 Western Blotting 

Prior to running gels, 10× transfer buffer (recipe in Section 2.1.3) was diluted to 1× by adding 100 ml 10× 

stock and 200 ml ethanol to 700 ml of deionised H2O; TBST was prepared as in the recipe in Section 

2.1.3. Protein was transferred to a nitrocellulose membrane in a transfer cassette containing one fibre 

pad, filter paper, the gel, the membrane, filter paper and another fibre pad all pre-soaked in 1× transfer 

buffer. Transfers were run in a Mini-PROTEAN® Tetra Cell at 400 mA for 90 minutes with a cooling block 

that was replaced half way through. The membrane was stained with Ponceau S solution (Sigma-Aldrich, 

USA) for approximately 5 minutes until clear bands were visible and then gently washed with distilled 

water.  
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The membrane was blocked in 5% BSA (Sigma-Aldrich: A9418) in TBST overnight at 4°C on a shaker. 

Primary antibodies were diluted to the appropriate concentration in blocking buffer, added to the 

membrane, and incubated for 2 hours at room temperature on a shaker in a sealed plastic sleeve. The 

membrane was washed in TBST 4 times: 3 × 5 minutes followed by 1 × 10-minute wash. Secondary 

antibodies were diluted to the appropriate concentration in TBST in 1% blocking buffer, added to the 

membrane, and incubated for 1 hour at room temperature on a shaker. The membrane was washed 

again in TBST 4 times: 3 × 5 minutes followed by 1 × 10-minute wash. 1 ml of Western Lightning Plus-

ECL, Enhanced Chemiluminescence Substrate (PerkinElmer, Waltham, MA Cat no NEL103E001EA) was 

added to the membrane and then incubated for 1 minute at room temperature. CL-XPosure™ Film 

(Thermo Fisher Scientific Cat No. 34091) was placed onto the membrane inside a film cassette and then 

incubated for the required time. The film was placed in the developer solution (Sigma-Aldrich Cat No 

P7042) until bands were visible and then washed with water for 20-30 seconds. The film was then placed 

in the fixer solution (Sigma-Aldrich Cat No P7167) until clear and then washed again with water for 20-

30 seconds. Signals were detected by scanning the blot using an Epson Perfection 2450 Photo scanner 

(Epson, Suwa, Nagano Prefecture, Japan). Bands of the correct molecular weight were analysed with 

ImageJ (public domain software) for intensity, and protein loading was normalised with the highly 

sensitive, quantitative Novex® Reversible Membrane Protein (Thermo Fisher Scientific Cat No, IB7710) 

total protein loading control detection kit. 

 

2.5 PKC-θ Kinase Assay 

PKC-θ enzymatic activity was assayed using a modification of a chromatin immunoprecipitation (ChIP) 

method previously optimised by the Rao laboratory (Sutcliffe et al., 2009). Whole cell and nuclear 

extracts were prepared using the following protocol. Cells were sonicated using the Ultrasonic processor 

(Qsonica S4000): 5 seconds on and 15 seconds off for the total elapse time of 15 minutes at power 5 

(120 watts). The sonicated samples were centrifuged at 14,000 rpm for 5 min to remove debris and the 
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supernatant collected. Samples were diluted with ChIP dilution buffer (Millipore, 20-153-K) and 

incubated overnight at 4°C with 5 µg of anti-PKC-θ antibody (sc212, Santa Cruz) and goat anti-rabbit IgG 

antibodies conjugated to agarose beads (Cat. No: A8914, Sigma-Aldrich). Samples were then processed 

with ChIP wash buffers (Merck-Millipore high salt Buffer (Millipore, 20-155-K), lithium chloride (LiCl) 

wash buffer (Millipore, 20-156-k), then TE Buffer (Millipore, 20-157-K),) and the Kinase Wash Buffer 

(Enzo Life Sciences, Farmingdale, NY; DI-EKS-420A). The beads were then re-suspended in Kinase Assay 

Dilution Buffer (Enzo Life Sciences; DI-EKS-420A). The samples were loaded in duplicate wells on the PKC 

kinase activity plate, and the assay was performed as per the manufacturer’s guidelines (PKC kinase 

activity kit, Cat. No: ADI-EKS-420A, Enzo Life Sciences). 

PKC kinase activity was measured at an absorbance of 450 nm on the Benchmark Plus™ Microplate 

Spectrophotometer (Bio-Rad). PKC kinase activity was analysed by first subtracting the blank readings 

from the average of duplicate sample wells to correct for background absorbance. Then, the no antibody 

control well readings were subtracted from the corrected sample readings to give the relative kinase 

activity. Find below an example of processing of the raw absorbance readings for analysis as described 

above for Figure 3.6 for Jurkat T-Cells.  

2.5.1 Example of provessing of raw data from PKC activity assay in Jurkat T-Cells 

 

Raw Absorance at 450nm for 30 min
Cytoplasmic Nuclear
NS ST NS ST

0.449 0.449 0.449 0.449 Raw Absorance at 450nm for 30 minutes
0.349 0.649 0.549 0.399 Postive control 1.174 1.161 1.131
0.449 0.649 0.449 0.449 Blank control 0.025 0.02 0.02
0.449 0.649 0.349 0.399 No AB Control 0.021 0.03 0.03
0.449 0.449 0.549 0.499
0.449 0.849 0.449 0.399 Averaged 
0.399 0.649 0.549 0.499 Blank control 0.022
0.399 0.449 0.449 0.449 Postive control 1.13367
0.349 0.649 0.349 0.399 No AB Control 0.027
0.349 0.649 0.549 0.449

Absorbance minus negative control and no antibody control = Relative Kinase Activity
Cytoplasmic Nuclear
NS ST NS ST

0.4 0.4 0.4 0.4
0.3 0.6 0.5 0.35
0.4 0.6 0.4 0.4
0.4 0.6 0.3 0.35
0.4 0.4 0.5 0.45
0.4 0.8 0.4 0.35

0.35 0.6 0.5 0.45
0.35 0.4 0.4 0.4

0.3 0.6 0.3 0.35
0.3 0.6 0.5 0.4

Relative % PKC activity increase Cytoplasmic Nuclear
ST versus NS ST ST
ST Average/NS Average*100 64.286 7.14286
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2.5.2 In vitro Histone Kinase Assay 

A mixture of kinase reaction buffer (ADI-EKS-420A, Enzo Life Sciences) containing 25 μM ATP and 5 μg 

recombinant histone was pre-warmed for 10 min at 30°C. Recombinant histone H2B (31252), H3.1 

(31294), nucleosome H3.1 (31466), nucleosome H3.3 (31468), and histone H4 (31223) were used (active 

motif). The reaction was initiated by adding 20 ng recombinant PKC-θ (PV3605, Life Technologies) or 

PKC-μ (ADIEKS-420A, Enzo Life Sciences) with the final reaction mixture (40 μl) incubated for 30 min at 

30°C. The resulting phosphorylated proteins were resolved on 4–20% SDS-polyacrylamide gels followed 

by western blotting (Section 2.4). 

 

2.6 Phase-Contrast Microscopy 

Phase-contrast microscopy was used to monitor morphological changes. Images were obtained using a 

Leica DM IL LED inverted microscope (Leica Camera, Wetzlar, Germany) with attached Leica DFC425 

digital colour microscope camera (Leica Camera) at 10 × magnification running Leica Application Suite 

software (2015; Leica Camera). Images were analysed using Microsoft Office 2010 (free software in the 

public domain). 

 

2.7 Immunofluorescence Microscopy 

2.7.1 Fixing 

Following treatment completion, cells were left in tissue culture plates and washed twice with 1 ml ice-

cold PBS for 5 minutes at room temperature on a shaker. Cells were fixed using 1 ml 3.7% formaldehyde 

(Sigma-Aldrich, USA), diluted 1:10 in PBS from a stock concentration of 37% and incubated for 

10 minutes at room temperature. Cells were washed again twice with 1 ml ice-cold PBS for 5 minutes at 

room temperature on a shaker. 1 ml of PBS was added to each well, and plates were covered with foil 
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to prevent drying. Fixed cells were stored at 4°C until required. Non-adherent cells (Jurkat T cells and 

CTCs isolated from liquid biopsies) were cyto-centrifuged onto 15 x 15 mm coverslips coated with poly-

l-lysine using a Shandon Thermo Fisher cytospin centrifuge at 300 rpm for 5 minutes after fixing. Cells 

were stored in 1 ml of PBS at 4°C until required. 

 

2.7.2 Staining 

Fixed cells were permeabilised using 2% Triton X-100 (Sigma-Aldrich, USA) and incubated for 20 minutes 

at room temperature. Cells were washed twice with PBS for 5 minutes at room temperature on a shaker 

to remove the detergent. Cells were blocked by adding 1 ml 1% BSA and incubated at room temperature 

for 15 minutes with slight agitation. Primary antibodies were diluted to the appropriate concentration 

in 1% BSA, and 80 µl was added to each coverslip and incubated for 12-16 hours at 4°C, protected from 

light. Cells were washed with PBS for 5 minutes at room temperature on a shaker to remove excess 

primary antibody. Secondary antibodies were diluted to the appropriate concentration in 1% BSA, and 

80 µl was added to each coverslip and incubated for 1 hour at room temperature, protected from the 

light. Coverslips were removed from the wells and mounted onto glass microscope slides using 

SlowFade™ Diamond Antifade Mountant with DAPI (Thermo Fisher Scientific). Slides were left to cure 

overnight in drying chambers, protected from light. Once dry, the coverslips were sealed using clear nail 

polish and stored at -20°C until required for immunofluorescence microscopy. 

 

2.7.2.1 Formalin-Fixed Paraffin-Embedded (FFPE) Staining 

Tissue from mouse xenograft biopsies were formalin-fixed paraffin-embedded (FFPE) after sectioning 

with a microtome (3-5 µm-thick sections). The Bond RX system (Leica Biosystems, Wetzlar, Germany) 

was used for immunofluorescent staining of the FFPE tissue using the instrument protocol: ER2 for 20 

mins at 100oC with Epitope Retrieval Solution 2 (a pH 9 EDTA-based retrieval solution) followed by 

probing with rabbit anti-LSD1p, mouse anti-CSV, and goat anti-ALDH1A and visualisation with donkey 
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anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 568, and anti-goat Alexa Fluor 633 antibodies. 

Coverslips were mounted on glass microscope slides with ProLong Diamond Antifade reagent (Life 

Technologies). Protein targets were localised by confocal laser scanning microscopy. Single 0.5 μm 

sections were obtained using a Leica DMI8 microscope using a 100x oil immersion lens running LAX 

software. The final image was obtained by averaging four sequential images of the same section. Digital 

images were analysed using ImageJ software (ImageJ, NIH, Bethesda, MD) to determine either the total 

nuclear fluorescence intensity (TNFI), the total cytoplasmic fluorescent intensity (TCFI), or total 

fluorescence intensity (TFI). 

 

2.7.3 Data Acquisition  

Immunofluorescent images were acquired with a Leica DMI8 3D-scanning laser microscope system 

(Leica) using LAS-X Software (Leica). Images were obtained by averaging four sequential images of single 

0.5 mm sections captured using the Leica 100x oil immersion lens. Images were analysed using ImageJ-

Fiji software.  

 

2.7.4 Microscopy Data Analysis 

Digital confocal images were analysed using Fiji-ImageJ software (Schindelin et al., 2012) to determine 

the TNFI, TCFI, TFI,  or the nuclear to cytoplasmic fluorescence ratio (Fn/c) using the equation: Fn/c = (Fn 

− Fb)/(Fc − Fb), where Fn is nuclear fluorescence, Fc is cytoplasmic fluorescence, and Fb is background 

fluorescence. A minimum of n = 20 cells were analysed for each sample set. The Mann–Whitney non-

parametric test (GraphPad Prism, GraphPad Software, San Diego, CA) was used to determine significant 

differences between datasets.  
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2.7.5 Microscopy Co-localisation Analysis 

For visualisation of co-localisation of confocal images, different image channels were overlaid in the 

same Z-plane. Consequently, a green and red overlay gave rise to yellow hotspots, where the two 

molecules of interest were present in the same pixel locations. Statistical analysis of co-localisation was 

performed with an intensity correlation coefficient-based method using the Colo-2 Fiji-ImageJ plugin 

with automatic thresholding (Schindelin et al. 2012; Bolte & Cordelieres 2006; Adler & Parmryd 2010). 

Pearson’s colocalisation coefficients (PCCs) were collected using the ROI manager to select at least 20 

individual nuclei per sample set. PCCs ranged from 1 to −1, with 1 denoting complete positive 

correlation, −1 denoting complete negative correlation, and 0 denoting no correlation. Data were 

presented as mean ± SEM. Statistical analyses were performed with Student’s t-test for paired 

comparisons. Additionally, the plot-profile feature of Fiji-ImageJ was used to record the fluorescence 

intensity of a pair of antibody targets along a line through selected nuclear staining. For each dataset, 3 

lines were counted for 3 separate cells and plotted with the mean ± SEM. 

 

2.8 Plasmid Creation 

Plasmid sequences were constructed from the consensus sequence for PKC-θ using the UniProt database 

(protein ID Q04759). From the sequence information based on the putative SPT-like NLS and canonical 

NLS, mutant sequences were designed that were either a WT sequence, a mimic of a non-

phosphorylated state of the SPT motif (APA mutant), a mimic of a constituently phosphorylated state 

(EPE mutant), or a non-functional NLS (NLS mutant). Sequences were sent to ATUM (www.atum.bio) to 

create plasmids using the pTracer CMV vector.  
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2.9 Lipofectamine Transfections 

All forward siRNA transfection reactions were performed using Lipofectamine 2000 (Thermo Fisher 

Scientific, Cat No. 11668019) as well as initial transfections in COS-7 cells with PKC-θ plasmids. 24 hours 

prior to transfection, cells were seeded in antibiotic-free medium at an appropriate density such that 

they were 30-50% confluent at the time of transfection. All transfection complexes were prepared in 

OPTI-MEM™ I Reduced Serum Medium (Life Technologies, Cat No. 31985062). An aliquot of pre-warmed 

OPTI-MEM™ equivalent to 10% of the final reaction volume was added to 15 ml tubes. All siRNAs were 

thawed, flicked to mix, and then spun down prior to use. For siRNAs, a final concentration of 50 nM was 

used; cells were untreated (mock) or treated with Life Technologies siRNA PKC-θ pool (Life Technologies 

ID s11122, s11123) or PKC-θ siRNA (Santa Cruz SC-36252), with the equivalent concentration of mock 

siRNA (Santa Cruz) added to a 15 ml tube containing OPTI-MEM™. For plasmids transfections, a final 

concentration of 15 µg was employed for each plasmid construct. Each tube was inverted 20 times to mix, 

tapped to remove any droplets remaining on the sides of each tube, and then incubated at room temperature 

for 5 minutes. An aliquot of Lipofectamine® 2000 equivalent to 0.2% was added to a 15 ml tube containing 

OPTI-MEM™. Each tube was inverted 20 times, tapped, and then incubated at room temperature for 5 

minutes. An equal volume of siRNA/OPTI-MEM™ and Lipofectamine® 2000/OPTI-MEM™ were combined, 

inverted 20 times, tapped, and then incubated at room temperature for 20 minutes. Final transfection 

complexes were added to each well before being cultured in a in a humidified atmosphere at 37°C with 5% 

CO2. 

 

2.9.1 Validation of siRNAs 

To validate siRNA knockdown of PKC-θ, Jurkat T cells were treated with either Life Technologies siRNA 

PKC-θ pool (Life Technologies ID s11122, s11123) or a PKC-θ siRNA pool from Santa Cruz (SC-36252), or 

MCF-7 cancer cells were treated with a PKC-θ siRNA pool from Santa Cruz SC-36252 (see Section 2.9). 
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Nuclear extracts of samples (see Section 2.12) were run on an immunoblot (see Section 2.4) and probed 

with an antibody for PKC-θ-T538p. Immunoblot density graphs demonstrated significant knockdown of 

PKC-θ in both Jurkat T cells and MCF-7 cells (Figure 2.1). 
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Figure 2.1. Validation of PKC-θ siRNA knockdown in Jurkat T-cells and MCF-7 cancer cells. (A) 

Immunoblotting for PKC- θ in Jurkat T cell extracts treated with either mock siRNA or PKC-θ siRNA pool 

from Santa Cruz (SC) or Life Technologies (LT). Immunoblot was normalised with a Novex total protein 

loading control. (B) Immunoblotting for PKC-θ in MCF-7 cell extracts treated with either mock siRNA or 

PKC-θ siRNA (Santa Cruz (SC)) and subsequently either non-stimulated (NS) or PMA stimulated (ST). 

Immunoblot was normalised with a tubulin loading control. 
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2.10 Neon Transfections 

All vector transfections were performed using the NeonTM Transfection System and Neon™ Transfection 

System 100 µL kit (Thermo Fisher Scientific, Cat No. MPK5000). Wild-type PKC-θ (Figure 3.9), PKC-θ NLS-

mutant (Figure 3.9), PKC-θ APA-mutant (Figure 3.9), and the PKC-θ EPE-mutant (Figure 3.9) constructs 

were cloned into the p-Tracer-CMV mammalian expression vector (Thermo Fisher Scientific). For Jurkat 

T cells and Hut-78 cells, cells were harvested, transferred to a 15 ml tube, and centrifuged at 1500 rpm 

for 5 minutes at 4°C in a Heraeus Multifuge X3R centrifuge. The supernatant was discarded, and the 

pellet was washed in 1 ml of PBS to remove any antibiotics. Cells were counted, and 1 × 106 cells/sample 

were resuspended in 50 µl of Buffer R (kit)/sample. All plasmids were thawed, flicked to mix, and then 

spun down prior to use. 15 µg of vector only plasmid, wild-type PKC-θ (Figure 3.9), PKC-θ NLS-mutant 

(Figure 3.9), PKC-θ APA-mutant (Figure 3.9), and the PKC-θ EPE-mutant (Figure 3.9) plasmids were added 

to a 1.7 ml tube and diluted to 50 µl in Buffer R. 50 µl of cell suspension was added to each plasmid 

dilution and gently mixed. 3 ml of Electrolytic Buffer E2 (kit) was added to a NeonTM Tube and placed 

into the NeonTM Pipette Station. Using the NeonTM Pipette, 100 µl of the cell-DNA mixture was aspirated 

into a NeonTM tip (kit) and placed vertically into the NeonTM Tube in the NeonTM Pipette Station. Jurkat T 

cells or Hut-78 cells were electroporated using the following parameters: pulse voltage (V) – 1350; pulse 

width (ms) – 10; pulse number – 3. Electroporated cells were dispensed into a new 1.7 ml tube before 

being aliquoted at an appropriate density according to experimental demand. Cells were cultured in a 

humidified atmosphere at 37°C with 5% CO2 for 48 hours. 

 

For MCF-7 cells following trypsinisation, cells were harvested, transferred to a 15 ml tube, and 

centrifuged at 1500 rpm for 5 minutes at 4°C in a Heraeus Multifuge X3R centrifuge. The supernatant 

was discarded, and the pellet was washed in 1 ml of PBS to remove any antibiotic and processed for 

transfections as described above. MCF-7 cells were electroporated using the following parameters: pulse 

voltage (V) – 1100; pulse width (ms) – 30; pulse number – 2. Electroporated cells were dispensed into a 
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new 1.7 ml tube before being aliquoted at an appropriate density according to experimental demand. 

Cells were cultured in a humidified atmosphere at 37°C with 5% CO2 for 48 hours. 

 

2.11 PKC Inhibition  

A selection of PKC inhibitors was used to impair PKC activity in Jurkat T cells prior to PMA/CaI activation. The 

inhibitors were dissolved DMSO as a solvent. The inhibitor was first diluted in complete RPMI-1640 to 1 

mM before addition to a culture of confluent Jurkat T cells at a density of 5 x 105 cells/ml. Jurkat cells 

were incubated with these inhibitors for 1 hour before experimental use. A Jurkat sample pre-treated 

with DMSO was included in all experiments using PKC inhibitors, which included bisindolylmaleimide I 

(BIM; Calbiochem, Merck-Millipore), a highly selective, reversible, ATP-competitive PKC inhibitor. All BIM 

stocks were prepared in DMSO, and all BIM treatments were at concentration of 1 µM as previously 

optimised by our laboratory. Compound 27 (C27; SYNthesis Med Chem, Australia) is a selective PKC-θ 

inhibitor as demonstrated in studies performed by both the Rao lab (Li et al., 2016) and by other groups 

(Jimenez et al., 2013). All C27 stocks were prepared in DMSO. Rottlerin (ROTT) was used at a concentration 

of 15 mM with 0.075% DMSO as a vehicle control and, as a positive control for transcriptional memory, 

untreated Jurkat T cells were also included and referred to as “Ctrl”. MCF-7 cells were treated with BIM for 1 

hour prior to simulation; MDA-MB-231 cells were treated with BIM for 48 hours prior to harvesting. All BIM 

treatments were at concentration of 1 µM as previously optimised by our laboratory.  

 

2.12 Nuclear and Cytoplasmic Protein Extractions 

This nuclear extraction protocol has been extensively setup and optimized by the Rao Lab (Sutcliffe et 

al., 2012; Zafar et al., 2014; Li et al., 2016). Prior to harvesting cells, tips were cooled to 4°C, and the 

nuclear and cytoplasmic extraction buffers A+, A-, and C were freshly prepared (recipes in Section 2.1.3). 

All buffers were vortexed and then stored on ice until required. Following trypsinisation, 5 × 106 cells 

were harvested, transferred to a 1.7 ml tube, and centrifuged at 1500 rpm for 5 minutes at 4°C in an 
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Eppendorf 5430 R centrifuge. Cell pellets were washed with 1 ml of PBS and centrifuged again at 

1500 rpm for 5 minutes at 4°C, and the supernatant was removed completely. 1 ml of Buffer A+ was 

added to each sample, and cells were gently mixed using cut tips. Cells were then placed on ice for 

exactly 5 minutes to facilitate cell membrane lysis. Samples were centrifuged at 3000 rpm for 5 minutes 

at 4°C, and the supernatant containing the cytoplasmic extracts was transferred to a 1.7 ml tube. Nuclei 

pellets were gently resuspended in 1 ml of Buffer A- using cold cut tips and then centrifuged at 3000 rpm 

for 5 minutes at 4°C. The supernatant was discarded, and the nuclei pellets were gently resuspended in 

100 µl of Buffer C using cold cut tips. Samples were incubated on ice, shaking for 20 minutes to facilitate 

nuclear lysis. Samples were centrifuged at 13,000 rpm for 5 minutes at 4°C, and the supernatant 

containing the nuclear extracts was transferred to a 1.7 ml tube. Nuclear and cytoplasmic protein 

extracts were stored at -80°C until required. Volumes of each buffer were adjusted accordingly when 

less than 5 × 106 cells were used. 

 

 2.13 Protein Quantification   

The total protein concentration from each sample was measured on a Qubit® 2.0 fluorometer (Thermo 

Fisher Scientific) using the Qubit® Protein Assay kit (Thermo Fisher Scientific) according to the 

manufacturer’s instructions. Prior to use, all Qubit® Protein Assay regents were brought to room 

temperature. 200 µl of the Qubit® Working Solution was prepared for each sample by diluting the Qubit® 

Protein Reagent 1:200 in Qubit® Protein Buffer. Three protein standards were prepared by diluting 10 

µl of each standard (#1, #2, and #3) with 190 µl of Qubit® Working Solution. Each protein sample was 

prepared by diluting 1 µl of each sample with 199 µl of Qubit® Solution. All samples and standards were 

vortexed for 2-3 seconds and then incubated at room temperature for 15 minutes. The Qubit® 2.0 

fluorometer was calibrated with the standards and each sample was measured. 
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2.14 FACS of CSC Population Analysis in Transfected MCF-7 Cells 

Following trypsinisation, 2 × 105 cells were harvested, transferred to 1.7 ml tubes, and centrifuged at 

1500 rpm for 5 minutes at 4°C in an Eppendorf 5430 R centrifuge. Cells were washed with 1 ml of PBS 

and centrifuged again at 1500 rpm for 5 minutes at 4°C. 

To quantify the CSC population, a CSC staining master mix was prepared with the following volumes for 

each sample: 1 µl of anti-CD44-APC (BD Biosciences, Franklin Lakes, NJ), 1 µl of anti-CD24-PE (BD 

Biosciences), 0.1 µl of Hoechst 33258 (Sigma-Aldrich), and 48 µl of FACS buffer (PBS containing 1% FBS). 

50 µl of master mix was added to each sample, incubated for 30 minutes on ice, and centrifuged 

at 1500 rpm for 5 minutes at 4°C. Cells were washed with 100 µl of PBS and centrifuged again 

at 1500 rpm for 5 minutes at 4°C. Cells were then resuspended in 50 µl of FACS buffer and 

transferred to 1.2 ml FACS tubes (Corning) and kept on ice until flow cytometry was performed. 

A no antibody control was included for each cell line and a single-stain control was included for 

each fluorochrome/stain. 

Flow cytometry was performed on single cell suspensions and data acquired using a BD LSR II Flow 

Cytometer (BD Biosciences) at the ICF facility, JCSMR, ANU, Canberra, Australia. Forward scatter (FSC) 

and side scatter (SSC) parameters were selected with APC fluorochrome excited by a 633 nm helium-

neon laser, PE, PerCP-Cy5.5 fluorochrome, and PI excited by a 488 nm argon ion laser, Pacific Blue 

fluorochrome excited by a 405 nm krypton fluoride laser, and Hoechst fluorochrome excited by a 350 

nm helium-cadmium UV laser. Single colour controls were used to set compensation parameters.  

 

Flow cytometry data were analysed using FlowJo software (Tree Star, USA). Cell debris was first excluded 

from the analysis by gating cells using SSC-A and FSC-A. Hoechst 33342-positive dead cells were then 

excluded from the analysis by gating cells using the Hoechst channel (Alexa Fluor 405-A) and FSC-A. Only 

single cells were selected for further analysis by gating cells using FSC-H and FSC-A. SSC-H and SSC-A 

could also be used. Breast CSCs were selected by gating CD44hi/+/CD24- cells using APC and PE. 
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2.15 Total RNA Isolation and Quantitative Real-time PCR 

2.15.1 Total RNA Extraction 

Total RNA was extracted from 1 x 106 Jurkat T cells or MDA-MB-231 cells using TRIzol® reagent (Invitrogen, 

15596-018) according to the manufacturer’s instructions. Briefly, cells were lysed in 1 ml TRIzol by violent 

pipetting and incubated for 10 minutes at room temperature. RNA was extracted by adding 0.2 ml of 

chloroform (Sigma-Aldrich, C2432) followed by vigorously shaking the Eppendorf tube and then resting for 

10 minutes at room temperature. The mixture was then centrifuged at 12,000 rpm for 15 minutes at 4°C, and 

the upper aqueous layer containing RNA was collected into a fresh Eppendorf tube. A volume of 0.5 ml 100% 

isopropanol (Sigma-Aldrich, 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 12,000 rpm 

for 15 minutes at 4°C. The supernatant was removed, and RNA pellets were washed with 1 ml of ice cold 80% 

ethanol and then centrifuged at 12,000 rpm for 10 minutes at 4°C. Ethanol (Sigma-Aldrich, 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; Thermo Fisher Scientific, BP561-1)-treated water. Extracted 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). 

 

2.15.2 First-Strand cDNA Synthesis 

First-strand cDNA was synthesised using the SuperScriptTM III First-Strand Synthesis System (Invitrogen, 

18080-051) according to manufacturer’s instructions. Briefly, for each reaction, 1 μL of 50 μM oligo(dT)20 and 

1 μL of 10 mM dNTP mix were added to 1 μg total RNA diluted in 8 μL of DEPC water in a total reaction volume 

of 10 μL. Samples were mixed thoroughly and incubated at 65°C for 5 minutes, followed by placing on ice for 

one minute. The cDNA synthesis mix of 2 μL of 10x RT buffer, 4 μL of 25 mM of MgCl2, 2 μL of 0.1 M DTT, 1 

μL of 40 U/μL RNase OUT TM, and 1 μL of 200 U/μL SuperScript III RT was prepared in a nuclease-free 
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microcentrifuge tube for each reaction. A total of 10 μL of this mixture was then added to each RNA/primer 

sample mixture followed by incubation at 50°C for 50 minutes. Subsequently, the sample was heated at 85°C 

for 5 minutes to terminate the reaction. A volume of 1 μL of 2 U/μL E. coli RNaseH was added to the samples 

and incubated at 37°C for 20 minutes to remove complementary RNA. Synthesised cDNA samples were used 

for qRT-PCR or the 384-well microfluidic TaqMan® gene expression array assay 

 

2.15.3 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. 4.5 μL of 

1:20 diluted cDNA was added to the master mix containing 5 μL of 2X TaqMan universal master mix and 0.5 

μL of gene-specific TaqMan probes to make up a reaction volume of 10 μL for each sample. TaqMan RT-PCR 

reactions were performed with the following thermocycler conditions: stage 1, 50°C for 2 minutes for 1 cycle; 

stage 2, 95°C for 10 minutes for 1 cycle; stage 3, 95°C for 15 seconds and 60°C for 1 minute for 40 cycles. 

 

2.15.4 RT-PCR Analysis 

Total RNA was extracted and qRT-PCR performed as described in Sections 2.15.1, 2.15.2, and 2.15.3 (Sutcliffe 

et al. 2009) using the Maxima First-Strand cDNA Synthesis kit (Thermo Fisher Scientific) as described above 

and using 1:20 dilutions of cDNA for the qRT-PCR reaction. Ct values were normalised to the housekeeping 

gene GAPDH. Data were expressed as fold changes in message relative to NS. The following human TaqMan 

primer sets were used for Jurkat T-cells: SC35 Hs01923929_s1 (Life Technologies), GAPDH Hs99999905 (Life 

Technologies). The following human TaqMan primer sets were used for CSC analysis: human CD44 

(Hs01075864_m1),  IL6 (Hs00174131_m1), and housekeeping GAPHD (Hs99999905). 

All cycle threshold (Ct) values from the qRT-PCR amplification were converted to arbitrary copy numbers 

in Microsoft Excel using the formula: arbitrary copies = 105

2Ct−17
, where a Ct of 17 was set to 105 copies and 
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assuming that each cycle increase was equal to a 2-fold increase in input DNA. For relative transcript 

analysis, arbitrary copy numbers were normalised to the housekeeping gene GAPDH. All qRT-PCR 

experiments were performed in duplicate. 

2.15.5 Example RT-PCR Analysis 

Below is an example work sheet showing RAW CT values to calculate the % difference for CD44 and 
IL6 for MCF7 cells transfected with PKC-Theta WT or PKC-Theta NLSmut for figure 3.14B. 

 

2.16 Kinase Profiling on Peptide Microarrays 

The in vitro PKC-θ kinase assay was performed by JPT Peptide Technologies (Berlin, Germany). Active 

recombinant PKC-θ was provided to JPT Peptide Technologies for kinase profiling on peptide 

microarrays. Experiments for histone phosphorylation were performed using a 20-meric unmodified or 

modified human histone peptide library of 3,868 peptides covering all known and synthetically 

accessible natural variants of these histone sequences and modifications: 604 H1 peptides (seven 

subtypes), 1093 H2A peptides (15 subtypes), 978 H2B peptides (15 subtypes), 922 H3 peptides (five 

subtypes), and 271 H4 peptides (one subtype) to include all known and synthetically accessible natural 

variants. Acetylation (lysine, KAc), methylation [lysine, Kme1, Kme2, Kme3; arginine, Rme1, Rme2a 

(asymmetric), Rme2s (symmetric)], butyrylation (lysine, KBut), propionylation (lysine, KProp), 
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malonylation (lysine, KMal), succinylation (lysine, KSuc), citrullination (arginine, Cit) and phosphorylation 

(threonine, pT; serine, pS; tyrosine, pY) were considered. Experiments for SC35 examined 51 unmodified 

peptide variants, LSD1 phosphorylation analysis examined 201 unmodified LSD1 peptides, and FOXQ1 

examined 125 unmodified peptide variants.  

 

All peptides were chemoselectively immobilised on glass slides and incubated for an appropriate amount 

of time with kinase solution (50 mM HEPES-NaOH, 5 mM MgCl2, 5 mM MnCl2, 3 µM sodium-

orthovanade, 1 mM DTT, 0.1 mg/ml BSA, and 10 µM non-radioisotopic ATP) in the presence of 1 µM of 

γ-³³P-ATP. The peptide microarray was first washed 5 times for 3-4 minutes with 0.1 M phosphoric acid 

in a beaker with PBS and then 5 times for 3-4 minutes with deionised water. The mean signal intensities 

after image conversion ranged between ∼49,800 and ∼65,400 (median ∼54,400 units). An arbitrary 

threshold of 57,500 was determined to distinguish signal from background for histone analysis, an 

arbitrary threshold of 52,000 was used for SC35, an arbitrary threshold 15,000 for FOXQ1, and finally 

52,500 for LSD1. Microarrays were repeated with the PKC-θ inhibitor C27 as a negative control, resulting 

in a significant signal decrease to 32,500; normal microarrays and inhibitor-treated microarrays were 

both analysed and compared during data evaluation. All peptides were immobilised on three identical 

spots per subarray, yielding nine instances of each peptide and results are given as mean ± SD. The 

microarray was then washed again with methanol and dried in a gentle stream of nitrogen. Images of 

the peptide microarray were obtained using high-resolution phosphorimaging. Given that each peptide 

was deposited in three adjacent spots, artefacts were easily detected. Asymmetric spots in the vicinity 

of very strong signals were discounted. GenepixPro and ArrayPro 4.0 were used for spot recognition and 

data analysis. Excel, R and Python custom scripts (available on request) were used for statistical analysis.  
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2.17 Half-Way Chip 

Half-ChIP assays were performed according to the manufacturer’s instructions (Upstate Biotechnology, 

MilliporeSigma) and as previously described for Jurkat T cells (Sutcliffe et al. 2011). Briefly, cells were 

cross-linked with 2% formaldehyde and lysed fixed chromatin was then sonicated with an ultrasonic 

processor (Qsonica) under optimised conditions to produce average DNA fragments of approximately 

500 bp to shear the chromatin. The cell lysates were diluted 10-fold with ChIP dilution buffer (Millipore, 

20-153-K) with 1:1000 protease inhibitor. The cell lysate in total was aliquoted for immunoprecipitation 

(1 ml), samples were pre-cleared with salmon sperm DNA-protein A-agarose. Antibodies used for ChIP-

DNA enrichment targeted PKC-θ. Briefly, samples were incubated with appropriate volume of ChIP 

antibodies (5 µg for PKC-θ) and 20 µL of Magna ChIPTM Protein A magnetic beads (Millipore, 16-661) at 

4°C 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 500 μL 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). Beads were then incubated with 100 µl of immunoblot loading buffer 

containing beta-mercaptoethanol at 95°C and analysed via immunoblot analysis with a primary SC35 

antibody. 

 

2.18 Mouse Xenografts 

Mr. Abel Tan performed all in vivo work including experimental design, ethical applications, performing 

injections, animal monitoring, and tumour excision. Five-week-old female nude mice were acquired 

from the Animal Resources Centre (Perth, Australia) and allowed to acclimatise for one week in the 

animal facility at the JCSMR before experimentation. All experimental procedures were performed in 

accordance with the guidelines and regulations accessed and approved by The Australian National 
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University Animal Experimental Ethics Committee (Ethics ID A2014/30). MDA-MB-231 human breast 

carcinoma cells were injected subcutaneously into the right mammary gland (2 × 106 cells in 1:1 PBS and 

BD Matrigel matrix). Tumours were measured using external callipers and calculated using the modified 

ellipsoidal formula: ½ (a/b2), where a = longest diameter and b = shortest diameter. Tumours were 

allowed to grow to around 50 mm3 before commencing treatments (around 15 days). All treatments 

were given by intraperitoneal injections (see Figure 5.7). Tumours were excised and collected in DMEM 

supplemented with 2.5% FBS. Tumours were then finely minced using a surgical blade and incubated at 

37°C for 1 hour in DMEM 2.5% FBS and collagenase type 4 (Worthington Biochemical Corporation, 

Lakewood, NJ) (1 mg of collagenase/1 g of tumour). For microscopy analysis, harvested cells were 

cytospun onto 15 x 15 mm coverslips coated with poly-l-lysine using a Shandon Thermo Fisher cytopsin 

centrifuge at 300 rpm for 5 minutes after fixing. Cells were stored in 1 ml of PBS at 4°C until required. 

 

2.19 Optimisation and Isolation of Circulating Tumour Cells. 

2.19.1 Optimisation of Collection Tubes and Protocol 

Three types of blood collection tubes were profiled for the isolation of CTCs from healthy donor blood 

(30 ml) spiked with 100 MDA-MB-231 cells/ml. The collection tubes tested were: EDTA blood collection 

tube (BD, Cat No. 366643); cell-free DNA collection tube (Roche, Cat No. 07785674001); CellSave 

Preservative Tubes (Cell-Search, Cat No. 7900005). Samples were then processed as below to identify 

the best collection tubes and protocol. Blood samples, PBS + 10% FBS, Lymphoprep (StemCell 

Technologies, Vancouver, Canada, Cat No. 786), and centrifuge were all at room temperature before 

commencement of isolation. The RosetteSep human CD45 depletion cocktail was used at 50 µl/ml of 

whole blood and added to each sample and incubated for 20 minutes at room temperature. Whilst 

samples were incubating, Sepmate + Lymphoprep was prepared as detailed in Table 2.6. Depending on 

the starting whole blood volume, the appropriate amount of Lymphoprep was added to the SepMate 

tubes by carefully pipetting it through the central hole of the SepMate insert. 
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Table 2.6. CTC isolation optimisation conditions 

Volumes and tube sizes 

Whole blood CD45 depletion cocktail 
PBS + 10% 

FBS 
LymphoPrep 

Tube 

size 

2.5ml 125µl 2.5ml 3ml 14ml 

4ml 200µl 4ml 4.5ml 14ml 

7.5ml 375µl 7.5ml 15ml 50ml 

10ml 500µl 10ml 15ml 50ml 

 

The sample was then transferred into a 50 ml tube and diluted with an equal volume of PBS + 10% FBS 

(see Table 2.6). An equal volume of the diluted sample was transferred into two SepMate tubes by 

pipetting it down the side of the tube whilst keeping the SepMate tube vertical. The sample mixed with 

the density gradient medium above the insert. Samples were then centrifuged at 1200 x g for 10 minutes 

at room temperature (25°C) without brakes. The plasma layer was next removed using a pipette leaving 

approximately 1 cm of thickness. Then, slowly and gently, the PBMC layer was transferred to a 15 ml 

Falcon tube. Enriched cells were washed (no more than 6-7 mls of buffy coat per tube) by topping up 

with up to 15 ml PBS + 10% FBS in 15 ml Falcon tubes and mixed by inversion, followed by centrifugation 

at 120 x g for 8 mins at room temperature without brakes to remove platelets. Cells were resuspended 

in 2 ml red blood cell lysis buffer (Sigma-Aldrich, Cat No. 11814389001) for no longer than 10 min. This 

step was repeated again with fresh buffer if a lot of blood was still present (no more than three times). 

Cells were then washed twice more with 15 ml PBS + 10% FBS at 120 x g for 8 mins at room temperature 

with brakes on. Cells were next re-suspended in 2 ml of PBS + 20% FBS. Coverslips were made of the 

suspended CTCs using a Shandon cytospin rig with dual coverslip funnels and 15 x 15 mm coverslips. 200 

µl of cells were loaded per funnel. The Shandon Cytospin rig was set to 300 rpm for 5 minutes, and 

coverslips were removed to a 12-well plate. Coverslips were washed once with 1 ml of PBS for 5 minutes 

on an orbital shaker (medium setting) and PBS removed. Cells were then fixed with 1 ml 3.7% 
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formaldehyde at room temperature (25°C) for 10 minutes to fix cells. Samples were then analysed by 

high-resolution immunofluorescence microscopy as previously described. 

 

2.19.2 Optimised Protocol for CTC Isolation from Metastatic Cancer Patient Liquid Biopsies 

Liquid biopsies employing EDTA tubes were collected from 15 patients with ER+/PR+/HER2− stage IV 

metastatic breast cancer who had received any form of systemic therapy or 20 stage IV metastatic 

melanoma patients who had received immunotherapy and classified into one of four categories based 

on response to immunotherapy using RECIST 1.1 measurements as determined by CT scans of the 

tumours (Eisenhauer, et al., 2009). RECIST melanoma cancer status was classified as: an increase in 

target disease lesions of 20% increase in sum and/or a 5 mm absolute increase was considered 

progressive disease (PD); complete response (CR) was defined as the disappearance of all target lesions, 

and any pathological lymph nodes (whether target or non-target) must have reduction in short axis to 

<10 mm; partial response (PR) was defined as at least a 30% decrease in the sum of diameters of target 

lesions, taking as reference the baseline sum diameters; and stable disease (SD) was considered to be 

the case when there was neither sufficient shrinkage to qualify for PR nor a sufficient increase to qualify 

for PD, taking as reference the smallest sum of diameters. Melanoma disease burden was assessed by 

standard of care monitoring (CT scans (RECIST 1.1), blood work, clinical symptoms/judgement). The 

optimised protocol in Section 2.19.1 was employed to isolate CTCs using EDTA collection tubes. Briefly, 

liquid biopsies were pre-enriched using the RosetteSep™ method to isolate CTCs by employing the 

RosetteSep™ human CD45 depletion kit (15162, StemCell Technologies) to remove CD45+ cells and red 

blood cells using density gradient centrifugation with SepMate™-15 (IVD)  or SepMate™-50 density 

gradient tubes (85420 or 85460, Stemcell Technologies) and Lymphoprep™ density gradient medium 

(07861, Stemcell Technologies).  
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2.19.3 DEP-Array Analysis of CTCs Isolated from Liquid Biopsies.  

Enriched CTC samples were then quantified on the DEPArray™ single cell isolation system using the 

manufacturer’s protocol from Silicon Biosystems (Castel Maggiore (BO), Italy). Samples were stained 

with anti-APC-CD45 (555485; BD Biosciences), anti-FITC-pan-cytokeratin (130-080-101; Miltenyi Biotec, 

Bergisch Gladbach, Germany), and anti-PE-vimentin (562337; BD Biosciences) to confirm the presence 

of CTCs and produce a CTC count per 7.5 ml of blood. Only CD45−/cytokeratin+/vimentin+/DAPI+ cells 

were considered to be CTCs.  

 

2.19.4 CTC Sample Imaging and Ethics 

Purified CTC samples were then processed for high-resolution immunofluorescence using the methods 

described in Section 2.7. All experimental procedures relating to human studies were performed in 

accordance with the guidelines and regulations approved by the ACT Health Research Ethics and 

Governance Office: Human Research Ethics Committee, Building 10, The Canberra Hospital, Garran, ACT, 

2605 (Ethics ID ETH.11.15.217 for metastatic breast cancer and ETH.5.16.073 for melanoma). Written 

informed consent was received from all patients prior to inclusion in the study. 

 

2.20 Statistical analysis 

Statistical analysis to analyse differences between samples were performed using two-tailed non-

parametric Mann-Whitney test (GraphPad Prism version 7.04) unless otherwise stated. Where 

applicable, statistical significance is denoted by * for P ≤ 0.05, ** for P ≤ 0.01, *** for P ≤ 0.001, and **** 

for P ≤ 0.0001. Data are expressed as mean ± standard error (SE). In all cases statistical analysis has been 

extensively optimized with publications in multiple peer review journals, statistical analysis for our data 

published in peer review journals also indicated that data with 3 repeats (N=3) was sufficient for robust 

statistical power a selection of example publications from our lab demonstrating this include (Boulding 
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et al., 2018, Hardy et al., 2018; Tu et al., 2017; Li et al., 2016; Boulding et al 2016; McCuaig et al. 2015; 

Sutcliffe et al., 2011; Sutcliffe et al., 2009; Rao et al., 2003). 
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Chapter 3: The Nuclear Role of PKC-θ 

3.1 Introduction 

Protein kinase C (PKC) members are primarily described as part of a cytoplasmic signalling kinase 

family. For examples, stimulation of the T cell receptor (TCR) and CD28 co-receptor initiates complex 

and elegantly orchestrated molecular events that result in the priming and activation of a suite of 

immune response genes orchestrated by PKC-θ (Keenan, et al 1997; Fooksman, et al., 2010; Gupta et 

al., 2008). PKC isoforms are subdivided into three groups based on their divergent regulatory domains 

and second messenger activation requirements: 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). 

A new role for PKC-θ has recently emerged. Several significant studies have demonstrated that 

signalling molecules and kinases traditionally regarded as cytoplasmic can play very different nuclear 

roles under a variety of conditions, including in T cell activation (Martelli et al., 1999; Passalacqua et 

al., 1999). In the nucleus, these kinases form part of the chromatin structure that facilitates nuclear 

signal transduction. For example, PKC-θ and similar proteins can be recruited to the chromatin of 

inducible genes in T cells, where they bind to the transcribed regions of genes (Sutcliffe et al., 2011). 

Indeed, multiple kinases thought to be cytoplasmic signalling kinases have described nuclear roles. 

Examples include the MAPK signalling kinases, which participate in four signalling cascades (Coulombe 

et al., 2007) defined by specific MAPK components including extracellular signal-regulated kinase 1 

and 2 (ERK1/2), c-Jun N-terminal kinase (JNK), p38, and ERK5 (Coulombe et al., 2007).  

To carry out their nuclear roles, these kinases localise to the nucleus and employ a “canonical” nuclear 

localisation signal (NLS) or, alternatively, the protein binds to a carrier protein with its own NLS for 

nuclear transport. Many examples exist of proteins that use an NLS-dependent mechanism for nuclear 

translocation. Indeed, DeVries et al. described a potential NLS motif for PKC-δ in 2002, where PKC-δ - 

and particularly nuclear PKC-δ - is involved in regulating apoptosis (DeVries at el, 2002). They identified 
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a novel and functional canonical NLS in the C-terminus of PKC-δ and showed that the nuclear 

localisation of PKC-δ was abrogated when this NLS was mutated and inactivated, subsequently 

preventing initiation of mitochondria-dependent apoptosis (DeVries et al 2002).  

Traditionally, the canonical NLS sequence binds to a special class of proteins known as carrier proteins 

or importins, which import the “carried protein” with the NLS into the nucleus through a nuclear pore 

protein or NUP (Schlenstedt et al., 1996; Xu and Massague 2004; Tran and Wente 2006). However, a 

canonical NLS is not the only motif that can potentially control the nuclear localisation of PKC-θ to the 

nucleus.  

However, the canonical NLS pathway may not permit the exquisitely orchestrated timing required by 

kinase pathways such as in the case of T cell activation involving PKC-θ. Chuderland et al. (2008) 

described an alternative nuclear localisation pathway for ERK2, a member of the MAPK signalling 

kinase cascade. Through exhaustive mutational analysis of the ERK2 kinase insert domain (KID domain, 

based on previous papers suggesting a role for the KID in nuclear localisation (Lee at al., 2004), a critical 

motif was identified for nuclear translocation independent of the canonical NLS (Chuderland et al., 

2008). This sequence consisted of Ser244, Pro245, and Ser246 (SPS sequence) within the KID of ERK2 

located within a 19 amino acid stretch, with mutation of the residues to an alanine (which mimics a 

non-phosphorylated state) or elimination of the residue eliminating the ability of ERK2 to translocate 

to the nucleus. These studies confirmed that the sequence is important for nuclear localisation and 

that phosphorylation may also be important in nuclear localisation (Chuderland et al., 2008). Similar 

motifs/sequences (Thr-Pro-Thr; TPT) and phosphorylation regulation events that orchestrate nuclear 

localisation were identified in several other proteins including SMAD3 and MEKs. Chuderland et al. 

proposed that phosphorylated S/T-P-S/T motifs (also called SPT-like motifs(Ser-Pro-Thr) act as a 

general nuclear translocation signal for canonical pathway-independent nuclear localisation.  

Based on this information, the structures of 11 PKC isoforms including PKC-θ were examined to 

identify potential canonical NLS motifs. In all 11 isoforms, a putative canonical NLS motif was 
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identified. In particular, while the exact sequence of the canonical NLS varied between different 

isoforms (Figure 3.2A), the tertiary structural location of the putative NLS motif was conserved 

between the different isoforms, namely following the catalytic domain in the C-terminus (Figure 3.1, 

Figure 3.2A) (DeVries et al., 2002). Following this, an exhaustive search for SPT-like motifs was carried 

out in PKC isoforms. Figure 3.1 depicts a schematic of the overall the structure of each PKC isoform, 

including the major domains, motifs, and catalytic sites. The C2-like domain (aqua) is characteristic of 

nPKCs, while cPKCs share the calcium-binding C2 domain (orange box). Both nPKC and cPKC isoforms 

possess a C1 domain (white) composed of C1a and C1b. In comparison, aPKC isoforms only contain 

C1a of the C1 domain. All PKC family members contain a C-terminal catalytic domain (green). The 

structural difference in the C2 domain dictates that PKC-θ is activated by diacylglycerol/phorbol 12-

myristate 13-acetate (DAG/PMA) in a Ca2+-independent manner, in contrast to cPKCs, which require 

both DAG/PMA and Ca2+ (Steinberg, 2008). The exact SPT motif and NLS motif sequences are tabulated 

in Figures 3.2A & B. 

 

 

 

 

 

 

 

 



 

86 | P a g e  
  

 

Figure 3.1. PKC isoform structure for plasmid constructs. (A) Protein structure from UNIPROT for 11 

PKC isoforms (δ, θ, η, ε, α, βI, βII, γ, ζ,  ι, and λ). Jalview was used to identify SPT-like nuclear localisation 

motifs and canonical nuclear localisation signals, indicated in the schematic along with major domains 

within PKC. SPT-like motifs are depicted in orange, and the locations of NLS are shown in yellow. 
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Figure 3.2. PKC isoform NLS and SPT motif structure. (A) Sequence and location of the canonical 

nuclear localisation signals identified and indicated in Figure 3.1. (B) Sequence and location for SPT-

like nuclear localisation motifs for 11 PKC isoforms as in Figure 3.1. 
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3.1.1 Chapter objectives 

Given the importance of PKC-θ’s potential nuclear role in regulating chromatin and transcriptional 

programming, the nuclear expression and translocation of PKC-θ were examined in the Jurkat T cell 

transcriptional memory model and in the MCF-7 epithelial breast cancer cell line. Moreover, in this 

chapter, we elucidated the precise nuclear localisation motifs used to regulate PKC-θ’s nuclear 

localisation in different cell types, including a thorough analysis of both the potential SPT and 

canonical NLS motifs within PKC-θ. 

3.1.2 Chapter 3 Specific Aims 

1. To examine the nuclear expression signature of PKC-θ in human Jurkat T cell and breast cancer 

cell lines. 

2. To examine the regulation of PKC-θ’s nuclear localisation signals. 

 

3.2 Nuclear Expression of PKC-θ in the Jurkat T cell Transcriptional Memory Model 

An in vitro T cell transcriptional memory model devised by the Rao Laboratory was utilised to 

investigate nuclear PKC-θ expression (Li et al., 2016a). Briefly, in this model, non-stimulated Jurkat T 

cells (NS) were stimulated with the PKC pathway inducers PMA (24 ng/ml) and Ca2+ ionophore (CaI; 1 

μM) for either two or four hours to investigate the effect of stimulation duration (denoted primary 

(1°) stimulation). This was followed by stimulus withdrawal (SW), in which T cells were rested for up 

to nine days followed by re-stimulation for two or four hours (denoted as secondary (2°) stimulation) 

(Figure 3.3). For the detailed protocol, please see Section 2.2.2.3. This model involves alteration of the 

chromatin landscape and therefore epigenetic based enzymes would play a significant role in this 

process. Therefore, to investigate PKC-θ’s role in T-Cell transcriptional regulation this model provides 

an elegant tool to do so. 
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Figure 3.3. Transcriptional memory model in the Jurkat T cell line. (A) Schematic of the in vitro 

transcriptional memory Jurkat T cell model. Non-stimulated (NS) Jurkat T cells were activated with 

PMA/CaI (1°) and then subjected to stimulus withdrawal (SW) for up to nine days before re-stimulation 

(2°). (B) Schematic of the in vitro transcriptional memory Jurkat T cell model for transfected Jurkat T-

cells: non-stimulated (NS) Jurkat T cells were activated with PMA/CaI (1°) and then subjected to 

stimulus withdrawal (SW) for up to nine days before re-stimulation (2°). 
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Employing a nuclear extract protocol extensively optimized and developed by the Rao lab (Sutcliffe et 

al., 2012; Zafar et al., 2014; Li et al., 2016), nuclear extracts (see Section 2.12 for a detailed protocol) 

from Jurkat T cell transcriptional memory model samples were prepared and subjected to 

immunoblotting analysis for PKC-θ expression using a rabbit antibody specific for phosphorylated PKC-

θ at T538p, the active form of PKC-θ, with normalisation to loading control (SP-1). This assay 

specifically addresses and quantifies the nuclear load of PKC-θ in its active form (phosphorylated at 

T538) as multiple studies have demonstrated that PKC-θ-T538p is an active, nuclear form of this 

epigenetic enzyme (Zafar et al., 2014; Wang et al., 2012; Sutcliffe 2011).  Upon 1° activation, there 

was detectable but low nuclear PKC-θ expression in the unstimulated (NS) sample (0 h stimulation) 

(Figure 3.4). The nuclear intensity of PKC-θ was significantly increased after two and four hours of 

PMA/CaI stimulation relative to unstimulated samples (p = 0.0321). Upon 2° activation, there was even 

higher nuclear PKC-θ expression than in 1° samples at each corresponding time point. Both two- and 

four-hour stimulations also showed significantly higher activity than NS or 1° (p = 0.0195; Figure 3.4). 

There was little difference between two- or four-hour stimulations for either 1° or 2° stimulations.  

In summary, these findings indicate that: (i) PKC-θ is indeed expressed in the nuclei of Jurkat T cells; 

(ii) that the activation of Jurkat T cells within the transcriptional memory model increases the level of 

PKC-θ expression in nuclei; and (iii) that 2° re-stimulations had higher expression of PKC-θ than at the 

1° stimulation time point. 
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Figure 3.4. PKC-θ expression in nuclear extracts of the Jurkat T cell transcriptional memory model. 

Nuclear extracts were made from Jurkat T cells stimulated as previously described. Samples were 

probed with a primary rabbit antibody to a phospho-epitope of human PKC-θ as described in the 

Methods; representative bands are shown. PKC-θ band intensity was plotted using Fiji-ImageJ 

software minus background for n=3 with mean ± SEM. 
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3.3 Nuclear Expression of NF-κB-p65 in the Jurkat T cell Transcriptional Memory Model 

NF-κB-p65 has been extensively linked to the cytoplasmic signalling role of PKC-θ. NF-κB-p65 is 

activated by the CD3/CD28 TCR complex, with PKC-θ a definite intermediate signalling protein that 

transduces these co-stimulatory signals from the T cell receptor surface complex to initiate activation 

and nuclear localisation of NF-κB-p65 in Jurkat T cells (Lin et al., 2000; Takeda et al., 2008; So et al., 

2011). 

Given that previous studies have shown that PKC-θ regulates NF-κB-p65, the nuclear expression of NF-

κB-p65 was investigated in the Jurkat T cell transcriptional memory model following simulation with 

PMA/CaI to examine how similar the pattern of nuclear expression of NF-κB-p65 was to that of PKC-θ 

in this model. Therefore, the nuclear expression pattern of p65 was analysed in T cells in the in vitro 

Jurkat T cell transcriptional memory model (as per Section 2.2.2.3). Nuclear extracts were subjected 

to immunoblotting analysis with a rabbit primary antibody specific for NF-κB-p65 and normalized to 

the loading control (nuclear transcription factor SP-1). The nuclear intensity of NF-κB-p65 was 

significantly increased relative to unstimulated samples after 1o activation (p ≤ 0.05), and re-

stimulated cells displayed even higher nuclear NF-κB-p65 expression at both the two- and four-hour 

stimulations (p ≤ 0.05). There was no significant difference between the NS or SW samples (Figure 

3.5). There was little difference between the two- and four-hour stimulations for either the 1° or 2° 

stimulations. Overall, the NF-κB-p65 staining pattern was similar to that of PKC-θ in the same model, 

in that similar nuclear dynamics were observed for these two proteins following Jurkat T cell 

activation. This suggests that the nuclear translocation of these two proteins are linked in the Jurkat 

T cell transcriptional memory model.  
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Figure 3.5. p65 expression in nuclear extracts from the Jurkat T cell transcriptional memory model. 

Nuclear extracts were made from Jurkat T cells stimulated as described in Figure 3.1. Samples were 

probed with a primary rabbit antibody to an epitope of human p65 as described in the Methods; 

representative bands are shown. PKC-θ band intensity was plotted using Fiji-ImageJ software minus 

background for n=3 with mean ± SEM. 
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3.4 Nuclear Kinase Activity of PKC-θ in Jurkat T cells 

Given that PKC-θ exists within the nuclei of Jurkat T cells, PKC-θ kinase activity was examined in the 

nuclear compartment of stimulated and non-stimulated Jurkat T cells. Therefore, the PKC-θ kinase 

activity of Jurkat T cells stimulated with PMA/Cal for four hours or treated with vehicle (unstimulated) 

was examined in cytoplasmic and nuclear extracts from treated Jurkat T cells. Briefly, PKC-θ enzymatic 

activity was assayed using a modified chromatin immunoprecipitation (ChIP) method previously 

optimized in the Rao laboratory (Sutcliffe et al., 2009) and detailed in Section 2.5. Briefly, this modified 

ChIP method was performed on cytoplasmic and nuclear extracts (prepared as in Section 2.12) using 

an anti-PKC-θ antibody targeting unmodified PKC-θ. As expected, there was a significant increase in 

kinase activity in the cytoplasmic fraction of non-stimulated compared to stimulated samples (p = 

0.0006). There was also significant kinase activity in the nuclear fraction; however, this activity was 

not significantly greater in stimulated vs. unstimulated T cells (Figure 3.6; two-tailed paired t-test). 

These data confirm that PKC-θ kinase activity exists in both the cytoplasmic and nuclear fractions of 

Jurkat T cells and that the nuclear kinase activity is not significantly upregulated upon Jurkat T cell 

stimulation. 
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Figure 3.6 PKC-θ kinase activity in Jurkat T cells. Cytoplasmic or nuclear extracts were harvested from 

either unstimulated (NS) or PMA/Cal (four hours) stimulated Jurkat T-cells (ST). PKC-θ was 

immunoprecipitated with an antibody specific for PKC-θ. PKC ELISA-based kinase assays were 

performed on these PKC-θ fractions, and absorbance was measured at 450 nm. Data are plotted as 

the total relative kinase activity (A) or the relative kinase activity compared to the negative control 

without antibody and plotted as a % increase of ST on NS samples (B). Data are representative of the 

mean ± SE of three independent experiments and statistical significance was determined using the 

two-tailed paired t-test using GraphPad Prism. 
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3.5 Nuclear PKC-θ Expression in the MCF-7 Breast Cancer Cell Line  

PKC-θ dysregulation has been shown to induce a variety of factors involved in inflammatory disorders, 

tumour progression and metastasis, and chemo-resistant, aggressive breast cancers. However, PKC-

θ’s role in eliciting these traits in breast cancer and the related molecular pathways are not well 

characterized (Belguise et al., 2012; Belguise et al., 2007; Byerly et al., 2016). To date, there is little 

information regarding the cross-talk between signalling kinases and chromatin for eliciting 

transcriptional programs that drive mesenchymal differentiation and cancer stem cell (CSC) formation, 

processes important in tumour progression, metastasis, and therapeutic resistance. Therefore, it is 

important to understand the nuclear expression pattern of PKC-θ in breast cancer cells.  

Given that previous studies (Belguise et al., 2012; Belguise et al., 2007; Byerly et al., 2016) have 

demonstrated a role for PKC-θ in breast cancer, we selected the MCF-7 epithelial breast cancer cell 

line inducible model to examine nuclear PKC-θ expression. This breast cancer cell line expresses low 

levels of PKC-θ (PKC-θ overexpression is described in basal-like breast cancers; Byerly et al., 2016), and 

stimulation of this cell line with PMA and transforming growth factor-β (TGF-β) induces PKC-

θ signalling and induces a motile, invasive, and more aggressive phenotype, a process known as 

epithelial-to-mesenchymal transition (EMT). We hypothesised that the EMT-induced MCF-7 cell line 

would express higher nuclear PKC-θ. EMT was induced in MCF-7 cells using PMA and TGF-β (MCF-7ST), 

elegantly allowing the expression profile of a variety of proteins including differential PKC-θ nuclear 

localisation to be examined and compared between the epithelial and mesenchymal (or stimulated) 

MCF-7 states (Figure 3.7A). Induciton of EMT in the MCF-7 cell line is also linked with increased 

expression of mesenchymal markers including cell surface vimentin and SNAIL (Figure 3.7B). 

PKC-θ nuclear expression was examined using high-resolution immunofluorescent (IF) microscopy by 

probing unstimulated (NS) or EMT-stimulated (ST) MCF-7 cells with a rabbit antibody to the active 

form of PKC-θ (phosphorylated at T538p) (Figure 3.8A). Intriguingly, only low PKC-θ expression was 
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present in NS-MCF-7 cells, with a total nuclear fluorescence intensity (TNFI) of only 320. Strikingly, 

after treating the MCF-7 cells with PMA/TGF-β, there was a significant increase in nuclear PKC-θ (TNFI 

1532, p ≤ 0.0001; Figure 3.8A).  

We next examined PKC-θ-T538p's expression in nuclear and cytoplasmic extracts from three other 

breast cancer cell lines: MDA-MB-231, BT549, and Hs578t to confirm that PKC-θ was present and 

nuclear in these mesenchymal cell lines (all three are mesenchymal breast cancer cell lines as shown 

by immunoblotting; see Section 2.4). MDA-MB-231, BT549, and Hs578t all had strong nuclear PKC-

θ expression as measured via ImageJ analysis, with a normalised densitometric signal of 

approximately 200, significantly different to the lack of PKC-θ expression in the cytoplasm (p = 0.0002; 

Mann-Whitney test; Figure 3.8B). 

In summary, PKC-θ expression is low within the nuclei of epithelial cancer cells (MCF-7) but increases 

in stimulated mesenchymal breast cancer cells, with the more basal-like, mesenchymal breast cells 

significantly expressing nuclear PKC-θ. Together, these data suggest that PKC-θ is overexpressed in the 

mesenchymal cancer cell signature. 
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A 

  

Figure 3.7. MCF-7 mesenchymal stimulation model. (A) Phase-contrast microscopy was performed 

on MCF-7 cells after incubation with PMA+TGF-β or vehicle control. Representative images are shown 

for each treatment set. (B) Immunofluorescence microscopy of MCF-7 (NS/ST) cells was performed by 

labelling MCF-7 cells with a primary mouse antibody against CSV (Cell surface vimentin) and a goat 

antibody against SNAIL. With secondary antibody against mouse immunogens labelled with Alexa 

Fluor 568 (red) and secondary antibody against goat immunogens labelled with Alexa Fluor 633 

(purple) with nuclei stained with DAPI (blue). Total nuclear fluorescence intensity (TNFI) was measured 

with ImageJ-Fiji software for at least n=20 cells minus background, scale bar shown equals 10µm. 

B 
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Figure 3.8 PKC-θ expression in breast cancer cell lines. (A) Immunofluorescence microscopy of MCF-

7 (NS/ST) cells was performed by labelling MCF-7 cells with a primary rabbit antibody against PKC-θ 

(at T538p) antibody (with a secondary antibody against rabbit immunogens labelled with Alexa Fluor 

488 (green) with nuclei stained with DAPI (blue). Total nuclear fluorescence intensity (TNFI) was 

measured with ImageJ-Fiji software for at least n=20 cells minus background, scale bar shown equals 

10µm. (B) Nuclear and cytoplasmic extracts were made from the human breast cancer cell lines MDA-

MB-231, BT548, and Hs578t as described in the Methods. Samples were probed with a primary rabbit 

antibody targeting an epitope of human phosphorylated PKC-θ (at T538p) as described in the 

Methods; representative bands are shown. PKC-θ band intensity was plotted using Fiji-ImageJ 
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software minus background for n=4 with mean ± SEM for both nuclear and cytoplasmic fractions with 

differences indicated. 

3.6 Verification of PKC-θ Plasmid Expression in COS7 Cells by Immunoblotting 

To address the mechanisms of PKC-θ nuclear localisation, the putative SPS/T-like and canonical NLS 

nuclear localisation motifs identified from an exhaustive sequence search of PKC-θ structure (Figures 

3.1 and 3.2) were utilized to construct four plasmids (Section 2.8). One plasmid contained the PKC-θ 

wild-type sequence, two contained SPT motif mutants (an EPE motif, which mimics a phosphorylated 

SPT motif, and an APA motif, which mimics a sequence that cannot be phosphorylated), and an 

inactivated canonical NLS motif (Figure 3.9). The plasmid sequences were confirmed as correct by 

sequencing the plasmid constructs (service provided by ATUM, see Section 2.8; plasmid sequences are 

presented in full in the supplemental files). 

To test that these plasmid constructs were appropriately expressed, COS7 cells (an African green 

monkey kidney fibroblast-like cell line) were selected, as this cell line does not express PKC-θ (Miranti 

et al., 1999) and transfects extremely well, making it an excellent model to investigate PKC-θ plasmid 

construct expression. COS7 cells were transfected with the wild type (WT) and mutant constructs 

using the Life Technologies lipofectamine transfection system (see Section 2.9 for a complete 

protocol). Briefly, COS7 cells were transfected with 10 µg of plasmid DNA and then harvested for 

nuclear extracts. Nuclear extracts were probed with a rabbit host PKC-θ-T538p antibody via 

immunoblotting and normalisation to an alpha-tubulin loading control (Figure 3.10). 

Our hypothesis was that the PKC-θ-NLS mutant would restrict protein expression to the cytoplasm, 

whereas the PKC-θ-EPE mutant, which mimics a permanently phosphorylated SPT, would be restricted 

to the nucleus; conversely, the PKC-θ-APA mutant, which mimics a non-phosphorylated state, would 

be restricted to the cytoplasm. PKC-θ-WT would be expected to be expressed in both the cytoplasmic 
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and nuclear fractions. Immunoblotting results agreed with this hypothesis and confirmed that the PKC-

θ-WT and PKC-θ-EPE mutant plasmid constructs were expressed in the nuclei of COS7 cells, whereas 

both APA- and NLS-mutant-transfected cells showed little nuclear expression (Figure 3.10). This 

regulation on the nuclear and cytoplasmic dynamics of PKC-θ was confirmed next with high resolution 

microscopy analysis of transfected COS7 cells (see Figure 3.11). 
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Figure 3.9. PKC-θ SPT and NLS mutants for plasmid constructs. (A) Based on the putative SPT-like NLS 

and canonical NLS, mutant sequences were designed that were either WT, a mimic of a non-

phosphorylatable state of the SPT motif (APA mutant), a mimic of a constituently phosphorylated state 

(EPE mutant), or a non-functional NLS (NLS mutant). (B) Sequences from (A) were cloned into a pTracer 

CMV vector; a general schematic of the plasmids employed to investigate the effect of these motifs 

on the mechanisms of nuclear localisation of PKC-θ is depicted.  
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Figure 3.10. Immunoblotting of PKC-θ plasmid expression in COS-7 cells. PKC-θ was assayed in 

nuclear extracts (NE) from COS-7 cells transfected with VO, WT, APA, EPE, and NLS plasmids to confirm 

expression of transfected samples and that NLS/APA mutants restricted expression from the nucleus. 

Representative blot of three independent repeats. KE is a plasmid construct outside the scope of this 

Thesis and included as reference only for the immunoblot. 
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3.7 Verification of PKC-θ Plasmid Expression in COS7 Cells by Immunofluorescence  

Next, the localisation of these constructs was confirmed by immunofluorescent microscopy. COS7 

cells were again transfected with PKC-θ-WT and mutant constructs (PKC-θ-APA, PKC-θ-EPE, and PKC-

θ-NLS mutants) using the protocol described in Section 2.9 to further verify their nuclear and 

cytoplasmic distributions. Briefly, cells were labelled for PKC-θ with a rabbit PKC-θ-T538p-specific 

antibody and visualised with an Alexa-Fluor-568 secondary antibody directed against rabbit 

immunogens, followed by Fn/c analysis (ratio of nuclear to cytoplasmic staining minus background 

expressed as nuclear/cytoplasmic fluorescent intensity; Figure 3.11). A score less than 1 indicates 

cytoplasm-biased expression, a score greater than 1 indicates nuclear bias, and a score of 1 means 

balanced cytoplasmic and nuclear expression. 

 

COS7 cells transfected with WT-PKC-θ had an Fn/c score of 0.3987, whereas the EPE mutant had a 

score of 0.52 (Figure 3.11). The APA mutant had an Fn/c score of 0.24, and the NLS mutant construct 

had an Fn/c score of 0.27. Overall, PKC-θ’s localisation was biased to the cytoplasm in COS7 cells 

(overall Fn/c scores less than 1), but the mutants had a clear and significant effect on this ratio, with 

the APA and NLS mutants significantly biasing PKC-θ expression to the cytoplasm compared to WT (p 

≤ 0.0001 and p = 0.0006, respectively). As expected, the EPE mutant significantly increased the bias 

towards the nuclear compartment relative to WT (p = 0.003).  

These data are in agreement with the immunoblot analysis presented in Section 3.6, with the 

constructs behaving in an identical fashion; that is, the NLS and APA mutants were restricted to the 

cytoplasm and the EPE mutant was restricted to the nucleus. The WT PKC-θ plasmid behaved in the 

same way. Therefore, both the canonical NLS and the SPT motifs can control PKC-θ localisation, and 

phosphorylation of the SPT motif is critical for nuclear localisation. Interestingly, however, transfection 

with the WT PKC-θ plasmid demonstrated that there was overall bias towards cytoplasmic expression 

of PKC-θ in COS7 cells. 
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Figure 3.11. The SPT NLS and the traditional NLS control PKC-θ localisation in COS-7 cells. The full-

length PKC-θ WT gene sequence and its derivatives (putative phosphorylation sites at S241 and T243 

mutated to either the non-phosphorylatable alanine (SPT to APA) or the phospho-mimetic glutamine 

(SPT to EPE)) were cloned into the pTracer-CMV vector in-frame with a C-terminal HA tag. The vector 

also codes for GFP, which is translated independently of the insert and serves as an internal marker 

for transfected cells. Sub-confluent COS-7 cell cultures were transfected, and subsequently the fixed 

cells were probed with a rabbit antibody to PKC-θ followed by a secondary antibody to rabbit 

immunoglobulins conjugated to Alexa Fluor 568. Localisation of expressed PKC-θ was studied by 

confocal laser scanning microscopy as detailed in the Methods. Representative images for each 

construct are shown. Fn/c values for each construct are shown, with significant differences between 

datasets indicated for n>15 for each dataset. Scale bar is indicated in orange and is equal to 20 µm. 

This dataset represents three independent experiments. 
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3.8 Immunofluorescent Analysis of Novel, PKC-θ Nuclear Localisation Mechanisms in Transfected 

Jurkat T Cells  

Given that the PKC-θ plasmid constructs influenced PKC-θ localisation, we next utilized these 

constructs to establish the mechanism of nuclear PKC-θ localisation in the human Jurkat T cell line.  

The lipofectamine transfection system used for COS7 cells performed poorly in Jurkat T cells, with low 

transfection efficiency and mild toxicity. Therefore, the NEON transfection model was established as 

described in Section 2.10, which employs electroporation and can be used to transfect a diverse range 

of cells. Transfections were optimized with control vector-only (VO) plasmids before proceeding with 

this optimized system to transfect Jurkat T cells with the PKC-θ plasmid constructs. 

In the NEON transfection system, cells are pulsed with a defined voltage, number of pulses, and pulse 

width. Starting with the manufacturer’s recommendations, a series of instrument settings were 

tested: pulse voltages of 1,250 to 1,450 volts, pulse widths of 10 to 30 ms, and pulse numbers of 1 to 

6 pulses. The most efficient electroporation parameters and the optimised transfection conditions 

were used as described in Section 2.10. Jurkat T cells were transfected with 15 µg of VO plasmid, HA-

tagged wild-type (WT) PKC-θ, APA PKC-θ-mutant, EPE PKC-θ-mutant, or cytoplasm-restricted PKC-θ-

mutant (NLS) plasmids and probed for PKC-θ-T538p. We predicted that the PKC-θ-EPE mutant would 

be entirely restricted to the nucleus, whereas the PKC-θ-APA and PKC-θ-NLS mutants would be 

restricted to the cytoplasm. PKC-θ WT plasmid expression in Jurkat T cells was strongly nuclear with 

an Fn/c score of over 1.4, indicating nuclear bias (Figure 3.12). In agreement with this prediction, the 

PKC-θ-EPE-mutant construct was entirely restricted to nuclear expression, with an Fn/c of 2 or more 

and significantly higher than the WT construct (p = 0.0004; Figure 3.12).  

The PKC-θ-NLS and PKC-θ-APA mutants were, as predicted, entirely restricted to cytoplasmic 

expression, with Fn/c scores of 0.1 and 0.17, respectively, and both were significantly reduced 

compared to PKC-θ-WT (PKC-θ-APA mutant p < 0.0001 and NLS mutant p < 0.0001; Figure 3.12).  
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As predicted, the IF analysis demonstrated that the APA and NLS mutants were restricted to 

cytoplasmic localisation whereas the EPE mutant restricted PKC-θ to the nucleus. Interestingly, the 

PKC-θ WT construct was biased towards nuclear expression over cytoplasmic expression. These data 

also demonstrate that both NLS motifs - the SPT and canonical NLS - function in Jurkat T cells. 
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Figure 3.12. The SPT NLS and the traditional NLS control localisation of PKC-θ in Jurkat T cells. 

The full-length PKC-θ WT gene sequence and its derivatives were cloned into the pTracer-CMV 

vector as in Figure 3.11. Jurkat T cell cultures were transfected, incubated for 48 hours, cytospun, 

and subsequently probed with rabbit antibodies to the HA tag followed by a secondary antibody 

to rabbit immunoglobulins conjugated to Alexa Fluor 568. Localisation of expressed PKC-θ was 

studied by confocal laser scanning microscopy as detailed in the Methods. Representative images 

for each construct are shown. Fn/c values for each construct are shown, with significant 

differences between datasets indicated for n>15 for each dataset. Scale bar is indicated in orange 

and is equal to 20 µm. This dataset represents three independent experiments. 
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3.9 PKC-θ Nuclear Localisation in Transfected MCF-7 Cells with PKC-θ Plasmid Constructs 

As described in Section 3.5, PKC-θ is expressed in the nucleus of the inducible MCF-7 breast cancer 

cell line model system, with expression higher in the mesenchymal state than the epithelial state 

(Figure 3.8). Therefore, it is important to understand which PKC-θ nuclear localisation pathways 

function in breast cancer cell lines and if the same regulatory mechanisms are employed, i.e., the SPT 

and canonical NLS motifs. To examine the NLS motifs functioning in the MCF-7 breast cancer cell line, 

sub-confluent MCF-7 cultures (NS) were transfected using the NEON transfection system and probed 

with a rabbit antibody to PKC-θ (phosphorylated at T538p). PKC-θ localisation was studied by confocal 

laser scanning microscopy as described in Section 2.7.  

MCF-7 cells transfected with the PKC-θ-WT plasmid had higher nuclear and cytoplasmic PKC-θ 

expression (TNFI 4005; TCFI 2706; Fn/c 1.85) compared to VO transfection (TNFI 1488; TCFI 736; Fn/c 

1.5; all p < 0.0001). Intriguingly, neither the PKC-θ-EPE or PKC-θ-APA mutants had any effect on the 

TNFI, TCFI, or Fn/c, suggesting that the SPT motif has no effect on PKC-θ localisation in MCF-7 cells. In 

contrast, the PKC-θ-NLS-mutant plasmid totally abrogated nuclear PKC-θ expression, with an average 

TNFI of 143 (barely above background), significantly lower than either PKC-θ-WT or VO plasmid 

transfections (p < 0.0001 for both). The PKC-θ-NLS-mutant plasmid showed increased cytoplasmic 

expression over that of VO, with a TCFI of 1782 (p < 0.0001). The PKC-θ-NLS-mutant plasmid also had 

an extremely low Fn/c of 0.081, indicating a strong cytoplasmic bias that was significantly lower than 

both VO and PKC-θ-WT plasmids (p < 0.0001 for both; Figure 3.13). The PKC-θ-NLS-mutant plasmid 

also had moderately abrogated existing endogenous nuclear PKC- θ as well. 

In summary, these data show that the WT PKC-θ plasmid has a nucleus bias in the MCF-7 breast cancer 

cell line and that the PKC-θ-NLS-mutant functions as predicted by preventing PKC-θ localisation to the 

nucleus. In contrast, both the PKC-θ-APA and PKC-θ-EPE mutants had no effect on PKC-θ localisation 

in MCF-7 breast cancer cells. This indicates that the SPT motif is non-functional and only the canonical 
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NLS is functional in the MCF-7 breast cancer cell line. PKC-θ-NLS-mutant plasmid effects on the existing 

endogenous nuclear PKC- θ also suggest that restricting PKC-θ to the cytoplasm initiates a positive 

feedback signal that induces translocation of PKC-θ to the cytoplasm. The exact mechanisms behind 

this are an appropriate area of follow-up experiments but outside the scope of this thesis. 
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Figure 3.13. The traditional NLS controls PKC-θ localisation in the MCF-7 breast cancer cell line 

whereas the SPT motif does not. Either vector only (VO) or the full-length PKC-θ WT gene sequence 

and its derivatives were cloned as above. MCF-7 cultures (NS) were transfected, plated on 12-well 

coverslips, incubated for 48 hours, and subsequently probed with a rabbit antibody to PKC-θ followed 

by secondary antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 568. Localisation of 

expressed PKC-θ was studied by confocal laser scanning microscopy as detailed in the Methods. 

Representative images for each construct are shown. TNFI, TCFI, and Fn/c values for each construct 

are shown, with significant differences between datasets indicated for n>15 for each dataset. Scale 

bar is indicated in orange and is equal to 20 µm. 
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3.9.1 PKC-θ Induces Expression of CSC-stem-like Cells in Transfected MCF-7 Cells 

We next investigated the importance of PKC-θ’s nuclear role in CSCs and if overexpression of PKC-θ 

induces a stem-like, mesenchymal signature without stimulation of MCF-7 cells. MCF-7 cell cultures 

(NS) were transfected with PKC-θ-WT and PKC-θ-NLS-mutant plasmids. EPE and APA plasmid mutants 

showed no effect in MCF-7 cells so were not tested. Transfections were carried out using the NEON 

transfection system using the manufacturer’s optimised settings for MCF-7 cells as described in 

Section 2.10, with a transfection efficiency of 70% for MCF-7 cells.  

Samples were trypsinised and harvested for flow cytometric (FACs) analysis using the well 

characterised breast CSC markers CD44 and CD24. CSCs express high levels of CD44 and low levels of 

CD24. Mock transfected cells with VO (as per Section 2.10) were used as a control, and the percentage 

change measured by FACs (see Section 2.14) was plotted relative to this control (Figure 3.14A). 

Transfection with the PKC-θ WT plasmid resulted in a significant increase in the proportion of CSCs 

within the treated population relative to VO (p = 0.0286). The PKC-NLS mutant increased the CSC 

population very slightly but not significantly, whereas it was significantly lower than the WT 

transfection (p = 0.03; Figure 3.14A). The effect on CSC markers and mesenchymal genes of WT or NLS 

mutant transfections compared to the VO transfection are significantly different and therefore highly 

likely to be the result of the effect of the transfection of these specific plasmids. 
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Figure 3.14. PKC-θ induces CSC-like cells in transfected MCF-7 cells. (A) FACS analysis was performed 

on the breast cancer cell line MCF-7 transfected with either the WT PKC-θ plasmid or PKC-θ-NLS 

mutant as described in the Methods to quantify changes in CD44high/CD24low CSCs, with the data 

plotted as a % CSC over mock transfected cells. (B) mRNA expression by RT-PCR of samples as 

described in panel A. Data are plotted as percentage change in transcript above results for mock-

treated samples. 
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Next, the effect of PKC-θ on inducible CSC genes was examined. CD44 and IL6 mRNA expression was 

quantified by real-time (RT)-PCR. Transfection of PKC-θ plasmid relative to VO control induced higher 

expression of CD44 and IL6 (p = 0.0286), while PKC-θ-NLS mutant transfection inhibited and reduced 

CD44 and IL6 transcription (Figure 3.14B). Next, the effect of PKC-θ abrogation on CSC-like cells 

(CD44high/CD24low) in the stimulated inducible MCF-7 cancer cell line model was examined by treating 

with either mock or PKC-θ siRNA (Figure 3.15) (a validated pool of five PKC-θ-specific 19- to 25-

nucleotide (nt) siRNAs (Santa Cruz) were used; see Section 2.9). Specific PKC-θ knockdown was 

confirmed in the inducible MCF-7 model by immunoblotting (see Section 2.4) with an anti-PKC-θ-

T538p antibody (see Methods Figure 2.1). Treatment of stimulated MCF-7 breast cancer cells with the 

PKC-θ-specific siRNA significantly abrogated expression of a CSC-like population expressed as 

percentage change measured via FACs (Figure 3.15) (see Section 2.14). Nuclear PKC-θ therefore 

appears to be required for the adoption of a CSC-like, metastatic signature in breast cancer cells and 

is capable of regulating both expression of breast CSC markers and CSC-inducible genes. Indeed, 

overexpression of PKC-θ can induce a mesenchymal, stem-like signature in unstimulated MCF-7 

epithelial cancer cells. 
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Figure 3.15 siRNA mediated PKC-θ abrogation inhibits expression of CSC-stem like cells in treated 

inducible MCF7 cell model. FACS analysis of CD44high/CD24low CSCs in MCF-7 cells following 

transfection with either mock siRNA or PKC-θ siRNA and PMA stimulated (ST) for 60 h. Data expressed 

as % of CSC-like population of ST samples. 
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3.10 Summary 

This chapter established that PKC-θ is expressed within the nuclei of both Jurkat T cells and MCF-7 

breast cancer cells and that the nuclear localisation of PKC-θ is controlled by both a novel SPT nuclear 

localisation motif and the canonical NLS motif. The mechanisms of nuclear localisation are cell type-

specific, with the canonical NLS motif functioning equally well in both Jurkat T cells and MCF-7 cells 

and the SPT motif only functioning in Jurkat T cells (see summary Table 3.1). Transfection of PKC-θ in 

the inducible MCF-7 model system demonstrated that overexpression of PKC-θ can drive a 

mesenchymal, stem-like phenotype in the MCF-7 breast cancer cell line without the need for 

stimulation as demonstrated by the increase in CD44 and IL6 and overall % of the CSC like signature. 

However, the nuclear location mechanism does need to be investigated in additional cell lines and 

cancer types to see confirm if this mechanism is universal. It is interesting that over-expression of PKC-

θ WT construct was predominantly nuclear in both MCF7 cells and Jurkat-T-cells and this may suggest 

that PKC-θ when over-expressed is biased towards nuclear expression in Jurkat-T-cell and MCF-7 cell 

types suggesting a potential common mechanism. Although outside the scope of this thesis, follow up 

experiments could investigate the nuclear transport binding partners of PKC-θ to examine the effect 

of PKC-θ overexpression and nuclear transport 
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Table 3.1: Putative Nuclear/Cytoplasmic bias of PKC-θ plasmid constructs in COS7, Jurkat T-
cells or MCF7 breast cancer cell line 
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Chapter 4: The Importance of Nuclear PKC-θ in Transcription and Chromatin Regulation 

4.1 Introduction 

Nuclear kinases and other epigenetic enzymes play important roles in adaptive transcriptional 

and chromatin responses to environmental stimuli. This is especially true in the immune 

response, where transcriptional re-programming induces memory T and B cell formation 

following immunological challenge. This creates an epigenetically regulated chromatin baseline 

that elicits rapid transcriptional upregulation of immunological genes, with immediate gene 

expression attributed to permissive chromatin modifications. Some examples of these 

modifications include enrichment of acetylated lysine 9 (H3K9ac) and tri-methylated lysine 4 on 

H3 (H3K4me3) at the loci of genes such as IL2 and IFNγ, as well as histone phosphorylation 

(Rothenberg EV, 2014; Chang et al 2014, McHeyzer-Williams M et al., 2011, Russ et al., 2017; Tu 

et al., 2017; Lim et al 2015; Lim et al 2013; Juelich et al., 2009). Therefore, PKC-θ may play a role 

in chromatin remodelling, as phosphorylation of chromatin is a key mediator of this process 

(Rossetto et al., 2012). 

However, the full molecular details of changes in the epigenetic landscape and signal integration 

to induce transcriptional memory remain elusive (Dunn et al., 2015; Lim et al., 2013; Lim at el 

2015). PKC-θ plays diverse roles in a variety of cellular responses including specific immune cell 

responses (Lim et al 2015; Isakov and Altman, 2002; Isakov and Altman, 2012; Monks et al., 1997; 

Monks et al., 1998). T cell activation recruits PKC-θ to the immunological synapse to initiate 

formation of the CARMA–BCL10–MALT (CBM) signalling complex and nuclear translocation of NF-

κB family members necessary for the transcriptional programs governing T cell survival, 

proliferation, and homeostasis (Lin and Wang, 2004, Thome, 2004, Thome et al., 2010). However, 

given the obvious nuclear localisation of PKC-θ (as described in Chapter 3), we must question 

what role PKC-θ might play in the nucleus. The Rao lab reported that nuclear-anchored PKC-θ 
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forms an active signalling complex that directly binds to the promoter regions of inducible immune-

responsive genes to regulate human T cell transcription including NFκB (Sutcliffe et al. 2011). 

However, despite the obvious importance of PKC-θ in T cell development, how its nuclear activity 

facilitates transcriptional reprogramming and chromatin remodelling responses is still largely 

unknown.  

 

4.1.1 Alternative Splicing 

Alternative splicing of nuclear pre-mRNA transcripts is an essential eukaryotic gene expression 

mechanism. Alternative splicing produces numerous functionally distinct protein isoforms from a 

single gene (Nilsen & Graveley 2010) and is an additional mechanism of transcriptional regulation. 

However, although numerous immunologically relevant genes undergo alternative splicing, the role 

of alternative splicing in T cell memory remains largely unexplored. SC35 (also known as SRSF2) is a 

well-characterized splicing factor belonging to the serine/arginine-rich (SR) protein family, an 

important class of splicing regulators (Cazalla et al. 2002). In addition to its crucial function as an 

alternative splicing regulator, SC35 participates in transcriptional elongation, RNA stability, mRNA 

transport, and translation (Lin et al. 2008; Zhong et al. 2009). SC35 is associated with alternative 

splicing in T cells. For example, SC35 regulates alternative splicing of the CD45 membrane receptor 

(Wang et al. 2001) and the cell adhesion molecule CD44 in T cells (Loh et al. 2014). Serine/arginine-

rich splicing factors are phosphoproteins regulated by serine phosphorylation in the RS domain 

(Colwill et al. 1996; Qian et al. 2011). Several protein kinases have been shown to phosphorylate SR 

proteins, but the specific kinases that regulate SC35 in T cells are unknown. Several members of the 

PKC family have been shown to regulate alternative splicing in many cell types including T cells (Lynch 

& Weiss 2000; Revil et al. 2007). Furthermore, both the PKC-α and PKC-δ isoforms have been shown 

to regulate SC35 in post-natal rat cardiac muscle cells (Cataldi et al. 2009; Zara et al. 2009; Kornblihtt., 

et all 2004).  
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4.1.2 Chapter Objectives 

Given (i) the importance of nuclear PKC-θ, (ii) its ability to translocate and co-localise with chromatin, 

(iii) that several PKC family members regulate alternative splicing events in T cells; and (iv) that PKC-θ 

plays a key role in T cell function, we hypothesise that nuclear PKC-θ orchestrates immunological 

responses via three mechanisms: 1) transcription factors such as NF-κB family members; 2) 

regulation of closed/open chromatin by histone modification via phosphorylation; and 3) 

regulating SC35 in T cells. Additionally, given the importance of histone phosphorylation and the 

transcription factor NFκB in cancer progression, we speculate that PKC-θ may have role in regulating 

these mechanisms in malignant cells.  

 

4.1.3 Chapter 4 Specific Aims 

1. To examine the nuclear role of PKC-θ in regulating NF-κB transcription factors. 

2. To examine the nuclear role of PKC-θ in regulating histone modifications. 

3. To examine the nuclear role of PKC-θ in regulating alternative splicing. 

 

4.2 PKC-θ Nuclear Localisation Impacts p65 Nuclear Translocation and p65 Phosphorylation 

We hypothesised that if nuclear localisation of PKC-θ is important to the regulation and 

phosphorylation of nuclear p65, then restricting PKC-θ to the cytoplasm should abrogate nuclear p65 

and its phosphorylation. To examine this, vector only (VO), PKC-θ WT, and NLS-mutant plasmids were 

transfected into human Jurkat T cells using optimised NEON electroporation-based transfection (see 

Section 2.10 for details). Following electroporation, transfected Jurkat T cells were stimulated as 

described in Section 2.2.2.3. Following this, cells were harvested for nuclear extractions performed on 

the transfected T cells using the optimized nuclear extraction protocol. Nuclear extracts were run on 

an 4-20% SDS-PAGE gel for analysis by immunoblotting as described in Section 2.4. First, the ratio of 
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the nuclear extract intensity of non-phosphorylated p65 to the cytoplasmic extract of non-

phosphorylated p65 was analysed with ImageJ-Fiji. Transfection with WT PKC-θ did not affect non-

phosphorylated p65 band intensity relative to VO. However, transfection with the mutant NLS 

plasmid, which restricts PKC-θ to the cytoplasmic fraction, significantly reduced nuclear localisation of 

p65 compared to both VO and WT (p = 0.0027; Figure 4.1; n = 3 independent repeats). The PKC-θ-NLS-

mutant plasmid transfection also had abrogation on overall P65 expression which is keeping with the 

role of nuclear PKC-θ in regulating p65 expression. 

 

Next, using the same treatments (NS, 1° stimulation, and 2° stimulation), the nuclear expression of 

p65 and p65 phosphorylated at s468 and s536 (phosphorylation of these serines has been shown to 

be important for p65 transcriptional activity (Schmitz et al., 2004) was assessed. Total immunoblot 

band density of p65, p65-s468p, and p65-s536p was detected with primary rabbit antibodies to either 

p65, p65-s468p, or p65-s536p, and the Novex Reversible Membrane Protein Stain kit was employed 

to quantify total protein labelling as a loading control with normalised densitometric signals measured 

using ImageJ-Fiji. WT PKC-θ mildly increased total p65 (p = 0.0343) and resulted in a mild but non-

significant increase in p65-s468p and p65-s536p. However, the NLS mutant abrogated total non-

phosphorylated p65 and p65-s536p (p = 0.0068) but not p65-s468p (Figure 4.2). These data clearly 

indicate that the nuclear localisation of PKC-θ is important for p65 phosphorylation and that 

abrogation of the nuclear localisation of PKC-θ reduces p65 phosphorylation.  
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Figure 4.1. Effect of PKC-θ localisation on protein expression (p65) in Jurkat T cells. (A) Schematic of 

the in vitro transcriptional memory Jurkat T cell model: non-stimulated (NS) Jurkat T cells were 

activated with PMA/CaI (1°) and then subjected to stimulus withdrawal (SW) for nine days before re-

stimulation (2°). (B) Immunoblots for total p65 and p65 phosphorylated at serine 468 (p65 s468p) and 

serine 536 (p65 s536p) in nuclear (NE) and cytoplasmic extracts (CE) in NS,- 1°-, and 2°-activated Jurkat 

T cells transfected with VO, WT, and NLS plasmids. Representative blot of three independent repeats. 

(C) Nuclear to cytoplasmic ratios (NE/CE) of p65 protein levels were calculated in NS, 1°, and 2°-

activated Jurkat T cells transfected with VO, WT, or NLS plasmids (mean ±SEM, n = 3), two-way ANOVA 

(* p≤0.05, ** p≤0.01). 
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Figure 4.2. Effect of PKC-θ localisation on protein expression (p65, p65s468p, p65s536p) in Jurkat T 

cells. (A) Graph of quantification of immunoblotting results for total p65 and p65 phosphorylated at 

serine 468 (p65 s468p) and serine 536 (p65 s536p) in the nuclear extracts (NE) of NS-, 1°-, and 2°-

activated Jurkat T cells transfected with VO, WT, and NLS plasmids. Representative blot of three 

independent repeats. (B) Loading control for immunoblot labelled with the Novex Reversible 

Membrane Protein Stain Kit to quantify total protein. 
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4.2.1 PKC-θ Localisation Controls Nuclear NF-κB-p65 Expression in the Jurkat T Cell Transcriptional 

Memory Model 

As cytoplasmic restriction of PKC-θ abrogated nuclear NFκB (Section 4.2), we speculated that 

overexpressed PKC-θ would increase the nuclear bias of p65 and abrogation of nuclear PKC-θ would 

reduce the nuclear bias of p65 as measured by an immunofluorescence assay measuring the ratio of 

nuclear to cytoplasmic signal. The nuclear localisation of PKC-θ and its effect on p65 localisation were 

assessed in the Jurkat T cell memory model described in Section 2.7. Jurkat T cells were again 

transfected with VO, PKC-θ WT, and NLS-mutant plasmids using the optimised NEON Transfection 

System protocol (Section 2.10) and stimulated as described in Section 2.2.2.3 (NS, 1° stimulation, rest 

period, and re-stimulation (2°)). Cells were then fixed and probed with a rabbit antibody to p65.  

VO-transfected T cells had an Fn/c score of 0.6 in NS cells, indicating cytoplasmic bias, and 1.2 for 1° 

and 1.5 for 2°, indicating a slight nuclear bias for 1° and a more significant nuclear bias for 2°-

stimulated cells. Relative to VO, PKC-θ WT plasmid overexpression increased the nuclear bias of p65 

under NS, 1°, and 2° conditions, with an Fn/c of 0.9 for NS (p = 0.0003), 1.8 for 1° (p = 0.0013), and 2.5 

for 2° (p = 0.0051).  In contrast, the PKC-θ NLS mutant transfection strongly abrogated the nuclear bias 

of p65 compared to either VO or WT transfections, with an Fn/c of 0.3 for NS and 1° (p = 0.0001) and 

a Fn/c of 0.8 for 2° (p = 0.0001) (Figure 4.3). 

In Sections 3.2 and 3.3 (Figure 3.4 and 3.5), we demonstrated that nuclear expression of PKC-θ and 

p65 increased in an almost identical, time-dependent manner during stimulation. Therefore, we next 

examined the effect of cytoplasmic PKC-θ restriction over two hours of stimulation (0, 0.5 h, 1 h, and 

2 h). The effect of stimulation time on p65 translocation in T cells transfected with either VO or PKC-θ 

NLS mutants was assessed as in Section 2.10 and then either NS or stimulated for 0.5, 1, or 2 hours 

(Section 2.2.2.3). Samples were permeabilised and probed with a rabbit antibody to p65 followed by 

confocal laser scanning microscopy to assess the effect on p65 nuclear localisation and Fn/c (see 
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Section 2.7 for experimental details). Overall, the PKC-θ NLS mutant significantly abrogated nuclear 

p65 expression, with an Fn/c of 0.24 (p = 0.0001); however, this was unaffected by stimulation time. 

For the VO transfection, there was increased nuclear p65 in the stimulated samples but little 

difference between stimulation time points (0.33 for NS to approximately 0.6 at each stimulation 

timepoint; Figure 4.4). 

In summary, these data demonstrate that nuclear localisation of PKC-θ plays a role in p65 

translocation in both unstimulated and stimulated Jurkat T cells. 
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Figure 4.3. Effect of plasmid transfection of VO, PKC-θ-WT or PKC-θ-NLS mutant on p65 localisation. 

Jurkat T cell cultures were transfected with VO (vector only), WT (wild type PKC-θ), or PKC-θ-NLS (PKC-

θ-NLS mutant) plasmids and then stimulated as in Figure 4.1. NS-, 1°-, and 2°-activated Jurkat T cells 

were probed with a rabbit primary antibody to p65 followed by visualisation with Alexa Fluor 488-

conjugated goat anti-rabbit immunoglobulin secondary antibodies. Confocal laser scanning 

microscopy was used to assess the effect of PKC-θ localisation on the Fn/c of p65. Representative 

images for each construct are shown with scale bars of 10 μm and Fn/c values (using the equation: 

Fn/c = (Fn − Fb)/(Fc − Fb), where Fn is nuclear fluorescence, Fc is cytoplasmic fluorescence, and Fb is 

background fluorescence) for each construct with significant differences between datasets indicated. 

Data represent the mean ±SEM, n > 20 for each dataset. 
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Figure 4.4. Time course of PKC-θ-NLS mutant or VO plasmid transfection and effect on p65 

localisation. Jurkat T cell cultures were transfected with VO (vector only) or PKC-θ-NLS plasmids and 

then either non-stimulated (NS) or stimulated for 0.5 hours (0.5 ST), 1 hour (1 h ST), or 2 hours (2 h 

ST). Cells were subsequently probed with a rabbit primary antibody to p65 followed by visualisation 

with Alexa Fluor 488-conjugated goat anti-rabbit immunoglobulin secondary antibodies. Confocal 

laser scanning microscopy was used to assess the effect of PKC-θ localisation on the Fn/c of p65 as in 

Figure 4.3. Data represent the mean ±SEM, n > 20 for each dataset 
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4.3 Inhibition of PKC-θ Catalytic Activity by C27 Abrogates Nuclear NF-κB-p65 and NF-κB-p65-536p 

Expression 

The importance of nuclear localisation of PKC-θ in regulating nuclear NF-κB-p65 and NF-κB-p65-536p 

expression was established above. Therefore, we next examined the importance of PKC-θ catalytic 

activity in regulating its nuclear fraction and NF-κB phosphorylation using an inhibitor specific for PKC-

θ catalytic activity called C27 (Jimenez et al., 2013, Li et al., 2016). 

Nuclear extracts were created from Jurkat T cells either unstimulated or activated at 5 x 105 cells/ml 

with a final concentration of 24 ng/ml PMA and 1 μM CaI for two hours (Section 2.2.2.3). Cells were 

then treated with vehicle control or C27 (Section 2.11). Immunoblots of nuclear extracts were probed 

with rabbit antibodies specific for either p65 or p65-s536p and normalised to total protein. Band 

density was normalised to the NS control and analysed with ImageJ-Fiji, and significant differences 

were determined with the Mann-Whitney test. If PKC-θ catalytic activity is responsible for p65-s536p 

phosphorylation and p65 nuclear localisation, inhibition of this activity would be expected to abrogate 

both nuclear p65 and p65 s536p. 

Inhibition of PKC-θ with C27 significantly decreased the nuclear intensity of p65 and p65-s536p in both 

unstimulated and stimulated samples relative to untreated controls (p = 0.0006 in all cases; Figure 

4.5), clearly indicating the potential importance of PKC-θ catalytic activity in p65 phosphorylation and 

nuclear localisation in Jurkat T cells. From this data we can infer that a reduction in nuclear expression 

which figure 4.5 clearly indicates combined with the data from Figure 4.3 and 4.4 (pages 148 and 149) 

clearly show that P65 nuclear expression and translocation is interrupted by both abrogation of PKC-

θ catalytic activity and restriction of PKC-θ to the cytoplasm. 
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Figure 4.5. Effect of C27 (PKC-θ catalytic inhibitor) inhibition on p65 protein expression via 

immunoblotting in Jurkat T cells. (A) Graph of immunoblotting of p65 and p65 phosphorylated at 

serine 536 (p65 s536p) in the nuclear extracts (NE) of NS and ST-activated Jurkat T cells treated with 

the PKC-θ kinase inhibitor C27. Show are representative blots of four independent repeats using the 

Novex Reversible Membrane Protein Stain Kit to quantify total protein. (B) Immunoblot density 
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normalised to NS control, with significant differences indicated according to a Mann-Whitney test for 

nuclear p65 and p65-s536p levels. 

 

4.4 PKC-θ Regulates p65 Nuclear Translocation and Phosphorylation in MCF-7 Cells 

Given that PKC-θ regulates the phosphorylation and nuclear localisation of p65 in Jurkat T cells, we 

next sought to understand if this process also occurs in MCF-7 breast cancer cells using the MCF-7 

mesenchymal model described in Chapter 3. Briefly, MCF-7 cells were stimulated with the EMT 

inducers PMA and TGF-β and then treated with vehicle control or the PKC-θ-specific catalytic inhibitor 

C27, thereby allowing characterisation of the importance of PKC-θ catalytic activity on p65 

phosphorylation in this model. Nuclear extracts were obtained and analysed by western blotting using 

rabbit host antibodies specific for NFκB-p65, NFκB-p65-s468p, and NFκB-p65-s536p. Protein loading 

was normalised with an H3 antibody. Based on the Jurkat T cell data, PKC-θ kinetic activity was 

predicted to regulate both p65 phosphorylation and nuclear localisation in MCF-7 cells. 

Immunoblot analysis of C27 inhibition revealed significantly reduced nuclear expression of NFκB-p65 

(p = 0.0002; Figure 4.6) whereas there was no significant reduction in NFκB-p65-s536p expression 

(Figure 4.7) in both NS and stimulated cells. Intriguingly, a significant reduction in NFκB-p65-s468p 

was also seen in treated MCF-7 samples, but only in EMT-stimulated MCF-7 1° stimulated samples (p 

= 0.0002; Figure 4.8). Multiple studies by both the Rao lab and other groups have also demonstrated 

that nuclear PKC-θ and its catalytic activity are vital for the downstream regulation and expression of 

the nuclear function of p65 (Li et al., 2016; Zafar et al., 2014; Sutcliffe et al., 2012; Manicassamy et al., 

2006). 

In summary, PKC-θ can also regulate the nuclear localisation and phosphorylation of p65 in MCF-7 

cancer cell lines as well as Jurkat T cells.  
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Figure 4.6. PKC-θ regulates nuclear p65 in MCF-7 cells. Nuclear extracts were taken from MCF-7 

breast cancer cells either non-stimulated or treated with stimulus to induce a mesenchymal 

phenotype together with either vehicle control or the PKC-θ catalytic inhibitor C27. Immunoblotting 

was performed on the treated MCF-7 NEs with a rabbit antibody to NF-κB-p65. Fifteen micrograms of 

the protein were used for western blotting, and histone H3 antibody was used as a nuclear control. 

Densitometric analyses were performed using ImageJ on replicate blots. 
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Figure 4.7. PKC-θ interplay with nuclear p65-536p in MCF-7 cells. Nuclear extracts were taken from 

MCF-7 breast cancer cells either non-stimulated or treated with stimulus to induce a mesenchymal 

phenotype together with either vehicle control or the PKC-θ catalytic inhibitor C27. Immunoblotting 

was performed on the treated MCF-7 NEs with a rabbit antibody to phosphorylated NF-κB-p65-536p. 

Fifteen micrograms of the protein were used for western blotting, and histone H3 antibody was used 

as a nuclear control. Densitometric analyses were performed using ImageJ on replicate blots. 
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Figure 4.8. PKC-θ regulates nuclear P65-468p in MCF-7 cells. Nuclear extracts were taken from MCF-

7 breast cancer cells either non-stimulated or treated with stimulus to induce a mesenchymal 

phenotype together with either vehicle control or the PKC-θ catalytic inhibitor C27. Immunoblotting 

was performed on the treated MCF-7 NEs with a rabbit antibody to phosphorylated NF-κB-p65-s468p. 

Fifteen micrograms of the protein were used for western blotting, and histone H3 antibody was used 

as a nuclear control. Densitometric analyses were performed using ImageJ on replicate blots. 
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4.5 Histone Phosphorylation by PKC-θ 

Therefore, PKC-θ plays a role in binding to and regulating the transcription factor NFκB-p65 as part of 

its nuclear, chromatin-associated role. It was therefore important to understand how the chromatin-

associated role of PKC-θ may regulate transcription. Histone modifications are known to result in a 

permissive chromatin structure that facilitates a variety of transcriptional responses to external stimuli 

(Handy et al., 2011; Bannister and Kouzarides., 2011; Phan et al., 2017). Transcription depends on the 

DNA sequence, the co-operation of transcription factors and co-activators, ATP-dependent chromatin 

re-modellers, a transcription-permissive chromatin structure, and basic transcriptional machinery at 

the transcription start site (TSS). Chromatin is composed of repeating nucleosomal units. N-terminal 

tails protruding from these histones are subjected to post-translational modifications (PTMs) (Handy 

et al., 2011; Bannister and Kouzarides., 2011; Phan et al., 2017). We hypothesised that PKC-θ may 

organise and alter chromatin structure by phosphorylating histones to regulate transcription and exert 

its nuclear role. Enzymatic protein phosphorylation by protein kinases is a key regulatory event in 

biologically important processes. Exact knowledge of substrate specificity and downstream targets of 

protein kinases is critical to elucidate signal transduction pathways. 

To examine the putative phosphorylation of histone proteins by PKC-θ, a protein microarray was used 

(see Section 2.16 for details). Briefly, a library containing a comprehensive collection of human histone 

H1-, H2A-, H2B-, H3-, and H4-derived sequences consisting of 3,868 overlapping peptides was chemo-

selectively bound to a membrane in array format (Figure 4.9). Peptides were selected to include all 

known and synthetically accessible natural variants of these histone sequences as well as all natural 

or synthetic PTMs including (with abbreviations): acetylation (lysine, KAc), methylation [lysine, Kme1, 

Kme2, Kme3; arginine, Rme1, Rme2a (asymmetric), Rme2s (symmetric)], butyrylation (lysine, KBut), 

propionylation (lysine, KProp), malonylation (lysine, KMal), succinylation (lysine, KSuc), citrullination 

(arginine, Cit), and phosphorylation (threonine, pT; serine, pS; tyrosine, pY). Specificity of signals for 
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PKC-θ phosphorylation was confirmed via incubation with the PKC-θ catalytic inhibitor C27, treatment 

with which would be expected to remove all phosphorylation events associated with PKC-θ to reveal 

background. Treatment of the companion protein microarray with C27 significantly reduced or 

eliminated PKC-θ-specific phosphorylation signals. Figure 4.10 shows the distribution of signal 

intensities for histone phosphorylation as well as the phospho-images before and after incubation 

with C27. Treatment with inhibitor induced massive artefacts and high background Overall, all histone 

proteins (H1, H2A, H2B, H3, and H4) contained multiple positive signals for phosphorylation; however, 

the density and intensity of peptides positive for phosphorylation varied greatly. Histone H1 had the 

lowest density of peptides positive for phosphorylation, with only four peptides showing positive 

phosphorylation signals (Table 4.1). Three of these had no PTMs, and only one sequence with a lysine 

propionylation had a positive signal, with no other peptides with PTMs showing positive 

phosphorylation signals. The highest intensity peptide for phosphorylation (VIPKSTRSKAKKSVSAKTKK) 

mapped to amino acids 125 to 134 within the globular region of H1 and, interestingly, the second 

highest peptide positive for phosphorylation (SRIKLGIKSLVS-KProp-GTLVQTK) mapped to the DNA-

binding region of H1 (Th’ng et al., 2005). H2A had a significantly greater density of peptides and 

peptide intensities representing a range of PTMs within the peptide population positive for 

phosphorylation. PTMs increased the phosphorylation score of multiple peptides (for example peptide 

SGRGKQGGKARAKAKTRSSR), including the following PTMs that increased phosphorylation: lysine 

succinylation, butyrylation, and propionylation. Of note, this peptide maps to the N-terminus of H2A 

locating to amino acids 2 to 21.  
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Figure 4.9. Phosphorimage of histone microarray slides incubated with PKC-θ. (A) Schematic of 

microarray histone peptide assembly. (B) A set of histone microarray slides (2649/2650) were 

incubated with PKC-θ to examine if PKC-θ phosphorylates histones. As indicated, several strong signals 

were observed on peptide microarrays displaying a complete histone code library. Each peptide is 

presented as three adjacent spots in each of the three subarrays. 
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Figure 4.10. Phosphorimage of histone microarray slides incubated with PKC-θ. (A) Displayed is the 

graph of the minimum of mean signal intensities for all histones after image conversion. Image 

intensities ranged from approximately 49,800 to approximately 65,400, with most of signals 

distributed at around 54,400 units. To distinguish real signals from background noise, an arbitrary 

threshold of 57,500 was determined, above which signals were deemed to represent a 

phosphorylation event. (B) A set of histone microarray slides (2649/2650) were incubated with PKC-θ 

and a PKC-θ-specific inhibitor (C27) to examine which signals were abrogated by treatment with the 

inhibitor.  
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Overall, peptides with PTMs were required for positive phosphorylation of H2A peptides, with only 

one unmodified peptide showing a strong phosphorylation signal (RSSRAGLQFPVGRIHRLLRK; see 

Table 4.1) and lysine methylation or arginine citrullination reducing the phosphorylation signal. This 

peptide maps to amino acids 18 to 37 near the histone N-terminus. Histone H3 had no verifiable signals 

for phosphorylation and therefore no signals were accepted as above background or representing real 

PKC-θ-mediated phosphorylation. H4 histone peptides showed a smaller density of positive peptides 

than H2A but more than H1; again, the majority of peptides showed a variety of PTMs (Table 1), with 

only one unmodified peptide having a positive phosphorylation signal and most PTMs of this peptide 

showing little or no effect on signal intensity. However, lysine or arginine methylation produced a 

minor increase in phosphorylation, and lysine succinylation strongly favoured phosphorylation (Table 

4.1), with the highest phosphorylation signal seen in the H4 histone peptide YEETRGVL-KSuc-

VFLENVIRDAV (with lysine succinylation) located in the globular domain and mapping to amino acids 

52 to 71. The final histone examined was H2B, which had by far the highest density of phosphorylation-

positive peptides (Figure 4.11); not only the most positive peptides, but the highest number of 

maximum signal intensities for phosphorylation. Therefore, we focused our analysis on histone H2B.  

 

. 
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Table 4.1 

Depicting sequences of H1, H2A and H4 peptides positive for PKC-θ phosphorylation depicted above 
is the mean signal intensity and PTM of the Histone sequence (H3 had no positive peptides). 
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Figure 4.11. Top signals of all histone sequences positive for phosphorylation by PKC-θ. Figure 

displays all top signals of all histone sequences. In the left-hand panel is each Histone (H1, H2A, H2B, 

H3, H4). The right-hand panel shows the mean signal intensities for each histone with each dot 

representing a positive peptide for phosphorylation. The solid red line marks the above-defined 

threshold of 57,500. Shaded grey bars indicate features where data quality could not be ascertained 

(over 5 out of 9 instances of a spot flagged as bad), which is only the case for H3.  
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4.5.1 Histone H2B PKC-θ-mediated Phosphorylation 

Of all the investigated histone peptides, H2B peptides displayed the highest density of positive 

peptides and exhibited the highest phosphorylation signal intensities. Almost 200 H2B-derived 

peptides had a mean signal intensity of over the 57,500-threshold used in these experiments to 

denote positive phosphorylation by PKC-θ. We next examined the localisation of the strongest 

peptides within the H2B histone peptide pool and found that they mapped to H2B histone peptide 

pools H2B:11 and H2B:22; the population of positive peptides and the H2B histone peptide pool they 

mapped too are displayed in Figure 4.12A. The other peptide pools had significantly lower peptide 

densities and signal intensities, so we initially examined peptides from H2B:11 and H2B:22 and, while 

lower in positive peptide density (Figure 4.12A) and signal intensity positivity for phosphorylation, 

peptide H2B:21, since this sequence only differed from H2B:22 by one residue. For H2B:11, the 

peptide SKKGFKKAVVKTQKKEGKKR (H2B:11) was strongly phosphorylated when unmodified and had 

a strong density of positive peptides (Table 4.2). However, while several modifications were tolerated 

without loss of signal strength or significant gain, a number of modifications appeared to be 

detrimental to phosphorylation, especially lysine succinylation and malonylation. Furthermore, 

trimethylation of lysine residues also reduced the phosphorylation signal whereas mono- or di-

methylation had little effect (Table 4.2). This peptide pool mapped to amino acid residues 10-30 of 

the H2B histone consensus sequence and extended towards – but did not fully cover - the H2B 

repression domain (HBR), a conserved region containing a potentially important serine for chromatin 

remodelling. 
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Figure 4.12. Top signals of all H2B histone sequences. (A) Depicted above is the mean signal intensity 

and density of peptides above the cut-off for phosphorylation (the red bar) for Histone H2B. (B) 

Depicted herein is the consensus sequence for H2B, along where the 3 highest intensity peptides 

positive for phosphorylation map too. The sequence highlighted in yellow is the Histone H2B 

Repressive domain which also contains the RxRxxS recognition site shared by many PKC-θ-targeted 

substrates within the blue box, and serine's 32, 36 and 38 are highlighted red. Displayed are the PKC-

Theta kinase motifs for phosphorylation which also map to this region covering the Serine-32 residue 

as well as Serine 36. 
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Table 4.2 

Depicting sequences of H2B:11 (10-30aa of H2B) as well as the mean signal intensity and PTM of each 

of the Histone sequences within H2B:11. 
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Intriguingly, the peptide pool H2B:22 did cover the HBR (Figure 4.12B). For this peptide (H2B:22), 

malonylation resulted in higher signals for several H2B peptides at position 22 (Table 4.3). Other 

modifications, especially lysine and arginine methylations, either increased or slightly decreased signal 

intensity. Likewise, acetylations, butyrlations, and propionylations increased or stabilised 

phosphorylation. However, several PTMs decreased phosphorylation intensity, particularly 

citrullination. Substrate recognition was also heavily dependent on adjacent histone modifications. 

For example, butyrylation and propionylation at Lys28, Lys30, and Lys34 generally promoted 

phosphorylation, but malonylation and succinylation at similar residues reduced phosphorylation. 

Furthermore, lysine methylation exerted status and positional effects on PKC-θ-mediated 

phosphorylation, such that monomethylation or demethylation at lysine residues (e.g., Lys28, Lys30, 

Lys34) increased phosphorylation but trimethylated Lys28, Lys30, and Lys34 inhibited 

phosphorylation. Interestingly the presence of an already phosphorylated serine residue in the 

peptide appeared to adversely affect the kinase activity, which mapped to serine 32 within the HBR 

(Figure 4.13). Notably, H2B:21, which mutated the serine 32 to a lysine, had significantly reduced 

phosphorylation well below background despite having intact serine 36 and serine 38 residues. 

However, acetylation, butyrylation, and propionylation at several lysines in the sequence led to a 

marked increase in signal intensity significantly above background, despite this density of positive 

peptides being very low (Table 4.4) 
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Table 4.3 

Depicting sequences of H2B:22 (21-40aa of H2B) positive for phosphorylation as well as the mean 

signal intensity and PTM of each of the Histone sequences within H2B:22. 
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Table 4.4 

Depicting sequences of H2B:21 (20-39aa of H2B) as well as the mean signal intensity and PTM of each 

of the Histone sequences within H2B:22. 
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Figure 4.13. Pre-phosphorylation of H2B blocks positive phosphorylation signal. Depicted above are 

sequences of H2B:22 (21-40aa of H2B), displaying mean signal intensity and PTM of the Histone 

sequence. Red line is cut off for positive phosphorylation. The purple box encloses the H2B:22 peptide 

with the pre-phosphorylated Serine-32. 
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Of particular interest, peptide AQKKDGRKRKRSRKESYSVY (H2B:22) mapped to the HBR. Lau et al. 

(2011) demonstrated via X-ray crystallography that Ser32 sits in the HBR, a notable DNA–histone 

interaction point. Of the three serine residues on H2B:22, Ser32 appeared to be the important 

regulatory site given that pre-phosphorylation of Ser32 significantly inhibited phosphorylation of this 

peptide (Figure 4.13). Additionally, a recognition sequence for PKC-θ phosphorylation is contained 

within this site (Figure 4.12B), which covers the serine 32, 36, and 8 residues and a series of six motifs 

for PKC-θ phosphorylation recently identified by Hutti et al. (2004). It is therefore reasonable to 

hypothesise that PKC-θ regulates gene expression by altering chromatin accessibility through H2B 

Ser32 phosphorylation. 

In summary, these data indicate that PKC-θ and its catalytic activity are critical in mediating histone 

protein phosphorylation and that PKC- θ can phosphorylate a variety of histone peptides derived from 

histones H1, H2A, H2B, and H4 but not H3. Additionally, histone H2B is most strongly phosphorylated 

by PKC-θ. These signal intensities can also be affected by neighbouring PTMs depending on the 

residue, and different PTMs can either reduce or enhance the serine/threonine phosphorylation signal 

with the critical residue for phosphorylation being serine 32. Therefore, we next went on to study the 

relationship and co-localisation (as measured by the Pearson’s co-localisation coefficient in IF assays; 

PCC) of PKC-θ and H2Bs32 within the nucleus and chromatin template in T cells and cancer cells. 

 

4.6 PKC-θ and H2Bs32 Co-localisation in the Nuclei of Jurkat T Cells 

To confirm the interaction between PKC-θ and H2B (phosphorylated at serine 32), the interplay 

between PKC-θ and H2B was examined in nuclei in the Jurkat T cell transcriptional memory model. 

Human Jurkat T cells were activated as described in Section 2.2.2.3 with a final concentration of 24 

ng/ml PMA and 1 μM CaI and stimulus withdrawal carried out as described in Section 2.2.2.3. Cells 

were then cyto-centrifuged and fixed as described in Section 2.7.1. Based on the extensive histone 
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phosphorylation peptide data, H2Bs32 and PKC-θ were predicted to positively co-localise. IF analysis 

was carried as described in Section 2.7, and cells were examined for expression and co-localisation of 

PKC-θ and H2B phosphorylated at serine 32. A specific mouse host PKC-θ antibody and a specific rabbit 

host H2Bs32 antibody were used to address this question (Section 2.7) (Figure 4.14). PCCs were 

calculated with Fiji-ImageJ as described in Section 2.7.5; PCCs ranged from +1 to -1, where a score of 

+1 meant perfect co-localisation and a score of -1 meant perfect dis-localisation. There was positive 

but weak co-localisation in the NS samples (PCC 0.23); however, this co-localisation significantly 

increased (p = 0.0023) in the 1° sample to a moderate PCC of 0.388. Furthermore, there was a 

significant increase to a strong PCC in the restimulated samples, with a PCC of 0.61 (p < 0.0001). In 

summary, these data indicate that PKC-θ and H2Bs32 co-localise within the nuclei of Jurkat T cells and 

that this co-localisation is most significant in secondary/restimulated (2°) samples. 

 

4.7 Recombinant Histone Analysis Reveals that PKC-θ Specifically Phosphorylates Histone H2B at 

Ser-32 and Ser-36 

To further investigate the specificity of PKC-θ for H2B phosphorylation, custom histones were used to 

test if they could be phosphorylated by PKC-θ. This was carried out using an in vitro kinase assay (see 

Section 2.5.1) to test the phosphorylation of a variety of individual histones including H2B, H3.1f, and 

H4 or nucleosomes containing several histones including the core histone H3.1 or variant histone H3.3 

as well as H2B, H2A, and H4. The kinase activity assay was carried out twice, and the samples were 

also loaded onto two separate but duplicate gels for western blotting as described in Section 2.4. A 

rabbit H2Bs32 antibody was used to probe the sample on one of the duplicate immuno-blots, which 

were normalised to the Novex membrane loading control. The subsequent analysis of the membrane 

was performed in a binary manner; that is, the presence or absence of a band detected by ImageJ-Fiji 

determined the presence or absence of the target.  
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Figure 4.14. PKC-θ co-localises with H2B in Jurkat T cell nuclei. Jurkat T cells were stimulated as 

described in the Methods (NS, no stimulation; ST, stimulation; RST, re-stimulation) and were probed 

with a rabbit antibody to a phospho-epitope of H2B (H2Bs32) and a mouse antibody to PKC-θ followed 

by visualisation with a secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 

568 and a secondary donkey antibody to rabbit immunogens conjugated to Alex Fluor 488. Confocal 

laser scanning microscopy was used to measure fluorescence signal. Channels were overlaid to 

examine co-localisation of the antibody targets. Pearson’s co-localisation coefficients (PCCs) were 

calculated with Fiji-ImageJ as described in the Methods. Data represent the mean ± SEM, n = 20 for 

each dataset, with significant differences between datasets indicated. Representative images are 

shown for each group with scale bar shown = 10 μm. 
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Figure 4.15. PKC-θ phosphorylates recombinant H2B Ser32. PKC-θ phosphorylates H2B Ser32. An in 

vitro kinase assay was performed by incubating active PKC-θ with either recombinant histones H2B, 

H3, or H4 or recombinant nucleosomes containing H3.1 or H3.3. Phosphorylated proteins were 

resolved by SDS-PAGE followed by western blotting for H2B phosphorylation. Negative control 

includes C1 (no ATP addition), C2 (no PKC addition), and C3 (incubation with PKC-μ). Representative 

blot of two experiments is shown. 
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Several controls were also included in this assay (Figure 4.15): negative controls included C1 (no ATP 

addition), C2 (no PKC addition), and C3 (incubation with PKC-μ). Probing with H2Bs32 detected 

positive bands only in histone H2B and not in histones H3 or H4. In agreement with this, bands were 

also detected in the H2B-containing H3.1n and H3.3n nucleosomes. Controls without addition of ATP 

or PKC resulted in undetectable phosphorylation. This pattern was also observed when the second, 

duplicate immunoblot was probed with a rabbit antibody specific for H2Bs36 (Figure 4.16).  

In summary, these data demonstrate the capacity of H2B Ser32 and Ser36 to be specifically 

phosphorylated by PKC-θ. Therefore, PKC-θ can phosphorylate H2B Ser32 or H2B Ser36 when it is 

present either as a peptide or in the context of a histone or a complete nucleosome. 

 

4.7.1 Inhibition of PKC-θ Kinase Activity Abrogates Expression of H2B Ser32 and Ser36 

To further prove that PKC-θ regulates H2Bs32 and H2Bs36 phosphorylation, NS and 1° stimulated 

Jurkat T cells were treated with the PKC-θ-specific kinase inhibitor C27 as described in Section 2.11. 

Nuclear extracts were then created from these samples and run on an SDS-PAGE 4-20% gradient 

western blot gel as described in Section 2.4. The resulting immunoblots were probed with rabbit 

antibodies specific for H2Bs32 or H2Bs36 (Figure 4.17). Figure 4.17A depicts a representative blot, 

with the Novex Reversible Membrane Protein Stain kit used to quantify total protein. Treatment with 

the C27 inhibitor abrogated H2Bs32p expression in treated NS (p = 0.0239) and 1° stimulated (p = 

0.0077) T cells (Figure 4.17B). A similar inhibition pattern was seen for H2Bs36, where C27 treatment 

abrogated expression of H2Bs36 in both NS (p = 0.0047) and 1° stimulated (p = 0.0019) samples (Figure 

4.17B). This is in agreement with the extensive preceding data strongly showing that PKC-θ can co-

localise with and specifically mediate the phosphorylation of H2B Serine 32 and Serine 36. 
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Figure 4.16. PKC-θ phosphorylates recombinant H2B Ser36. PKC-θ phosphorylates H2B Ser36. In vitro 

kinase assay was performed by incubating active PKC-θ with either recombinant histones H2B, H3, or 

H4 or recombinant nucleosomes containing H3.1 or H3.3. Phosphorylated proteins were resolved by 

SDS-PAGE followed by western blotting for H2B phosphorylation. Negative control includes C1 (no ATP 

addition), C2 (no PKC addition), and C3 (incubation with PKC-μ). Representative blot of two 

experiments is shown. 

 

 

 

 



 

155 | P a g e  
  

 

 

Figure 4.17. Effect of C27 inhibition of PKC-θ on H2B Ser32 and Ser36 phosphorylation. (A) Novex 

total protein blots used for normalization of density signals. (B) Immunoblotting of H2Bs32p and 

H2Bs36p in the nuclear extract (NEs) of NS and ST-activated Jurkat T cells treated with the PKC-θ kinase 

inhibitor C27. Show is a representative blot of three independent repeats, with the Novex Reversible 

Membrane Protein Stain Kit used to quantify total protein. (C) Immunoblot density normalised to total 

protein (Novex stain), with significant differences indicated with a Mann-Whitney test of nuclear 

protein levels for H2Bs32p or H2Bs36p. 
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4.8 siRNA Knockdown of PKC-θ Abrogates H2B Ser32 Expression in Human-derived CD4 T Cells 

To confirm that PKC-θ is specifically responsible for H2B Ser32 phosphorylation, human-derived CD4+ 

T cells from three patients were treated with either control siRNA or PKC-θ siRNA, either a validated 

pool of five PKC-θ-specific 19- to 25-nucleotide (nt) siRNAs from Santa Cruz or a validated pool of 

siRNAs specific for PKC-θ from Life Technologies (see Section 2.9 for details). Initially, the specificity 

for PKC-θ knockdown by either of the siRNAs was confirmed in Jurkat T cells via immunoblotting 

(Figure 2.1). Nuclear extracts were run on an SDS-PAGE gel for western blotting and probed with a 

rabbit PKC-θ-specific antibody to test for PKC-θ knockdown or a rabbit H2Bs32-specific antibody, 

normalised against total protein detected using the Novex Reversible Membrane Protein Stain kit 

(Figure 4.18A). PKC-θ was successfully knocked down in treated patient samples. Band intensities 

(normalised as described previously and in the Methods) were plotted for each individual patient 

sample (Figure 4.18B) and then grouped for each treatment to determine significant differences. 

Treatment with either the Life Technologies or Santa Cruz PKC-θ-specific siRNAs resulted in significant 

H2Bs32 knockdown (Figure 4.18C) in the average pool of three human donor-derived CD4 T cells (p = 

0.0012 for Life Technologies siRNA and p < 0.0001 for Santa Cruz siRNA). These data clearly indicate 

that PKC-θ specifically regulates H2Bs32 expression in CD4+ patient-derived T cells. 
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Figure 4.18. Effect of PKC-θ siRNA inhibition on H2Bs32 phosphorylation in human-derived CD4+ T 

cells. (A) Immunoblotting of nuclear extracts (NE) from CD4+ T cells treated with either control siRNA 

(siCtrl) or PKC-θ siRNA (siPKC-θ, either from Life Technologies or Santa Cruz). Shown is a representative 

blot of three donors in three independent repeats, with example images of the Novex Reversible 

Membrane Protein Stain Kit used to quantify total protein (H2B loading control and PKC-Theta loading 

control). (B) Immunoblot density normalised to total protein (Novex stain) and showing a reduction in 

expression of phosphorylated PKC-θ in three human CD4 T cell-derived NE donors. (C) Immunoblot 

density normalised to total protein (Novex stain) and showing a reduction in expression of H2Bs32 in 

an average of three human CD4 T cell-derived NEs pooled for either Life Technologies or Santa Cruz 

siRNAs. 
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4.9 PKC-θ Localisation Regulates H2Bs32 Phosphorylation 

To examine the importance of PKC-θ localisation on H2B Ser32 phosphorylation, Jurkat T cell cultures 

were transfected as described in Section 2.10 with either VO control, a plasmid expressing the PKC-θ 

WT sequence, or a PKC-θ NLS mutant with a non-functional canonical NLS. Samples were cyto-

centrifuged onto 15 x 15 mm coverslips for IF confocal scanning laser microscopy analysis as described 

in Section 2.7.1.  

Samples were probed with a rabbit antibody specific for H2Bs32p (phosphorylated), and the TFNI was 

determined by ImageJ-Fiji analysis (Figure 4.19). PKC-θ WT overexpression significantly increased 

H2Bs32 phosphorylation in all three treatment groups (NS p ≤ 0.0001, 1° stimulated p ≤ 0.0001, 2° 

stimulated p ≤ 0.0001) relative to VO controls, whereas PKC-θ NLS mutant overexpression significantly 

reduced H2Bs32 expression relative to both VO and WT transfected samples in all three treatment 

groups (all p ≤ 0.0001). This demonstrates that both the nuclear fraction of PKC-θ and its catalytic 

activity are critical for H2Bs32 phosphorylation. 
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Figure 4.19. Effect of transfection of VO, WT, or NLS mutant plasmids on H2Bs32 expression. Jurkat 

T cell cultures were transfected with VO (vector only), WT (wild type PKC-θ), or PKC-θ-NLS (PKC-θ-NLS 

mutant) plasmids and then stimulated as in Figure 4.1 with H2Bs32 expression quantified as above. 

Representative images for each construct are shown, with scale bars equal to 10 μm and TNFI (total 

nuclear fluorescent intensity) for each construct shown and significant differences between datasets 

indicated. Data represent the mean ±SEM, n > 20 for each dataset. 
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4.10 H2B and PKC-θ in T Cells: Summary 

In summary, these data show that PKC-θ mediates H2B phosphorylation at both Ser 32 and Ser 36 and 

that this phosphorylation relies on its catalytic activity and nuclear localisation. H2B phosphorylation 

(particularly at serine 32) also increases in the transcriptional memory model, indicating that it plays 

an important role in chromatin remodelling in T cell memory responses orchestrated by the nuclear 

role of PKC-θ. 

 

4.11 H2B Phosphorylation in Cancer 

T cells are not the only cell type in which PKC-θ has important chromatin and nuclear roles; PKC-θ 

overexpression has been linked to aggressive, mesenchymal cancer cells including in breast and 

pancreatic cancers (Aguilo, et al., 2009; Belguise et al., 2012; Belguise., et al., 2007; Sun et al., 2013). 

Therefore, a variety of human breast and pancreatic cancer cell lines were probed to examine the 

relationship between PKC-θ and H2B Ser32 expression by analysing both the PCC and plot profiles of 

these nuclear proteins (see Section 2.7.5 for the full protocol). 

 

4.11.1 H2B and PKC-θ Weakly Associate in Epithelial MCF-7 Breast Cancer Cells 

It has previously been reported that H2B Ser32 is increased in malignant, cancerous cells including 

skin cancer, mouse cancer models, and a variety of malignant human cancer cell lines (Lau et al., 2011). 

As we demonstrated that PKC-θ mediates H2B Ser32 in human T cells, we speculated that this process 

would also occur in cancer cells. 

To examine this hypothesis, H2B Ser32 and PKC-θ expression were profiled in an EMT inducible cancer 

cell model, namely epithelial MCF-7 breast cancer cells. Adherent NS-MCF-7 cells were fixed on 15 x 
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15 mm coverslips as described in Section 2.7.1 and probed with antibodies specific for H2Bs32 or PKC-

θ as described in Section 2.7.2. Confocal laser scanning microscopy was used to measure H2B Ser32 

and PKC-θ expression. PCC and mean fluorescence intensity (a quantitative measure of protein 

expression) line scans were calculated with Fiji-ImageJ as described in Section 2.7.5. There was very 

low-level PKC-θ expression (< 500 TNFI) and low to moderate expression of H2B Ser32 (TNFI of about 

1200), with both the plot profile and PCC score of 0.06 indicating very low to almost no spatial 

association (Figure 4.20). The expression of H2B Ser32 and PKC-θ was next profiled in the MDA-MB-

231 mesenchymal breast cancer cell line. Adherent MDA-MB-231 cells were fixed on 15 x 15mm 

coverslips and probed with antibodies specific for H2B Ser32 or PKC-θ (Section 2.7.2). Confocal laser 

scanning microscopy was used to measure H2B Ser32 and PKC-θ expression. PCC and mean 

fluorescence intensity line scans were calculated with Fiji-ImageJ. There was very high PKC-θ (TFI > 

3500) and H2B Ser32 (TFI 2500) expression, with both the plot profile and PCC score of 0.73 indicating 

a strong spatial association in MDA-MB-231 mesenchymal breast cancer cells (Figure 4.21). 
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Figure 4.20 
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Figure 4.20. H2Bs32 and PKC-θ co-localisation in MCF-7 epithelial breast cancer cells. MCF-7 cells 

were fixed and probed with primary mouse antibodies to a phospho-epitope of PKC-θ and primary 

rabbit antibody to H2Bs32 followed by visualisation with a secondary donkey antibody to mouse 

immunoglobulins conjugated to Alexa Fluor 568 and secondary antibodies to rabbit immunoglobulins 

conjugated to Alexa Fluor 488, respectively. Confocal laser scanning microscopy was used to measure 

H2Bs32 and PKC-θ expression. Representative images for each stimulation point are shown with a 20 

μm scale bar. Channels were overlaid to examine co-localisation of the antibody targets. PCCs and 

mean fluorescent intensity line scans were calculated with Fiji-ImageJ as described in the Methods. 

Data represent the mean ±SEM, n = 20 for each dataset, with significant differences between datasets 

indicated. Red = SC35; green = PKC-θ. The plot-profile feature of ImageJ was used to plot the 

fluorescence signal intensity along a single line spanning the nucleus (n = 5 lines per nucleus, 5 

individual cells). The average fluorescence signal intensity for the indicated pair of antibodies was 

plotted for each point on the line ±SE. Signal was plotted to compare how the signals for each antibody 

varied compared to the opposite antibody. The PCC was determined for each plot profile. PCC 

indicates the strength of relationship between the two fluorochrome signals for at least 20 individual 

cells ±SE. Colours from representative images correspond to plot profiles. 
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Figure 4.21 
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Figure 4.21 H2Bs32 and PKC-θ co-localisation in MDA-MB-231 mesenchymal breast cancer cells. 

MDA-MB-231 cells were fixed and probed with primary mouse antibodies to a phospho-epitope of 

PKC-θ and primary rabbit antibody to H2Bs32 followed by visualisation with a secondary donkey 

antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and secondary antibodies to rabbit 

immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal laser scanning microscopy was 

used to measure H2Bs32 and PKC-θ expression. Representative images for each stimulation point are 

shown with a 20 μm scale bar. Channels were overlaid to examine co-localisation of the antibody 

targets. PCCs and mean fluorescent intensity line scans were calculated with Fiji-ImageJ as described 

in the Methods. Data represent the mean ±SEM, n = 20 for each dataset, with significant differences 

between datasets indicated. Red = H2Bs32p; green = PKC-θ. The plot-profile feature of ImageJ was 

used to plot the fluorescence signal intensity along a single line spanning the nucleus (n = 5 lines per 

nucleus, 5 individual cells). The average fluorescence signal intensity for the indicated pair of 

antibodies was plotted for each point on the line ±SE. Signal was plotted to compare how the signals 

for each antibody varied compared to the opposite antibody. The PCC was determined for each plot 

profile. PCC indicates the strength of relationship between the two fluorochrome signals for at least 

20 individual cells ±SE. Colours from representative images correspond to plot profiles. 
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In summary, these data indicate that H2B Ser32 and PKC-θ expression are minimal with weak co-

localisation and little H2B Ser32 phosphorylation in an epithelial cancer cell line (MCF-7); however, 

within a mesenchymal cancer cell line (MDA-MB-231), H2Bs32 and PKC-θ are strongly expressed and 

co-localise with a high level of H2B Ser32 phosphorylation. Expression and co-localisation of PKC-θ and 

H2B Ser32 may be related to a more mesenchymal, metastatic cancer phenotype. 

 

4.11.2 H2B and PKC-θ in Pancreatic Cancer Cell Lines 

PCC and plot profiles of H2Bs32 and PKC-θ were next examined in five different pancreatic cancer cell 

lines (ASPC1, PANC1, MIA-PaCa-2, BXPC-3, and L3.6pl) by high-resolution IF as described in Section 

2.7. All cell lines expressed moderate to high intensities of PKC-θ and H2B Ser32 and showed similar 

plot profiles. Co-localisation within the nucleus ranged from low (PCC = 0.22 for BXPC-3) to moderate 

at its highest (PCC = 0.46 for ASPC1; Figure 4.22). 

As seen for the epithelial and mesenchymal breast cancer cell lines in Section 4.8.1, intensities and co-

localisation varied in the pancreatic cancer cell lines. This suggests that PKC-θ is expressed within these 

pancreatic cancer cell lines and that it is biased towards nuclear expression with some co-localisaton 

with H2Bs32p. It is possible therefore that PKC-θ may play a similar role in these pancreatic cancer cell 

lines that it does in the mesenchymal breast cancer cell lines. Future studies might include fully 

characterising the epithelial and mesenchymal signatures of these cell lines and comparing them with 

expression of H2B Ser32, PKC-θ, and co-localisation. 
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Figure 4.22 
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Figure 4.22. H2Bs32 and PKC-θ co-localisation in pancreatic cancer cell lines. Cells were fixed and 

probed with primary mouse antibodies to a phospho-epitope of PKC-θ and primary rabbit antibody to 

H2Bs32 followed by visualisation with a secondary donkey antibody to mouse immunoglobulins 

conjugated to Alexa Fluor 568 and secondary antibodies to rabbit immunoglobulins conjugated to 

Alexa Fluor 488, respectively. Confocal laser scanning microscopy was used to measure H2Bs32 and 

PKC-θ expression. Representative images for each stimulation point are shown with a 20 μm scale bar. 

Channels were overlaid to examine co-localisation of the antibody targets. PCCs and mean fluorescent 

intensity line scans were calculated with Fiji-ImageJ as described in the Methods. Data represent the 

mean ±SEM, n = 20 for each dataset, with significant differences between datasets indicated. Red = 

SC35; green = PKC-θ. The plot-profile feature of ImageJ was used to plot the fluorescence signal 

intensity along a single line spanning the nucleus (n = 5 lines per nucleus, 5 individual cells). The 

average fluorescence signal intensity for the indicated pair of antibodies was plotted for each point 

on the line ±SE. Signal was plotted to compare how the signals for each antibody varied compared to 

the opposite antibody. The PCC was determined for each plot profile. PCC indicates the strength of 

relationship between the two fluorochrome signals for at least 20 individual cells ±SE. Colours from 

representative images correspond to plot profiles. 
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4.12 H2B in Cancer Cell Lines: Summary 

Although more work is required, these initial data indicate that PKC-θ forms a complex with and 

regulates H2B Ser32 in cancer cell lines using a similar mechanism to that seen in Jurkat T cells. It 

would be interesting to examine the contribution of PKC-θ’s phosphorylation of H2B Ser32 to 

resistance and stem-like characteristics in cancer cells. 

 

4.13 SC35p is Induced in Stimulated Human Jurkat T-cells  

Given that the splicing factor SC35 regulates alternative splicing in T cells, the subcellular distribution 

of SC35 was first determined by IF microscopy (as per Section 2.7) in Jurkat T cells. Cells were either 

unstimulated or stimulated with PMA/CaI. The phosphorylated epitope of SC35 (SC35p) was detected. 

IF analysis showed that the TNFI of SC35p substantially increased following primary stimulation 

compared to unstimulated Jurkat T cells (Figure 4.23).  

 

4.13.1 SC35p Remains Localized to Active Histone Marks in the Absence of Continuous T Cell 

Activation Signals 

Next, the SC35 signature was examined in the Jurkat T cell transcriptional memory model. We 

hypothesised that nuclear accumulation of SC35p would correlate with active transcription and would 

be associated with active histone PTMs. To assess the time dependency of nuclear SC35p after 

continuous T cell activation, an experiment was designed (see schematic of the transcriptional 

memory model in Figure 3.3 and Section 2.2.2.3) to measure SC35p and its ability to co-localise with 

active histone PTMs before (NS), during (1°), and after (cells were washed five times to remove 

stimulus and maintained for three divisions; SW) T cell activation or after re-stimulation (2°). Double 

staining with the active transcription marks H3K27ac (Figure 4.24), H3K4me3 (Figure 4.25), and RNA 
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Pol II (Figure 4.26) indicated that SC35p (via IF microscopy as per Section 2.7) strongly co-localised 

with all three histone marks in both 1° stimulation (Figure 4.24-4.26; PCC 0.66 ± 0.02 H3k27ac; PCC 

0.72 ± 0.017 H3k4me3; PCC 0.7 ± 0.01 RNA Pol II-ser2) and 2° stimulation conditions (Figure 4.24-4.26; 

PCC 0.72 ± 0.019 H3k27ac; PCC 0.67 ± 0.01 H3k4me3; PCC 0.76 ± 0.01 RNA Pol II-ser2). Interestingly, 

this favourable co-localisation was also observed in the absence of ongoing stimulation in SW Jurkat 

cells (Figure 4.24-4.26; PCC 0.0.54 ± 0.016 H3k27ac; PCC 0.46 ± 0.03 H3k4me3; PCC 0.71 ± 0.02 RNA 

Pol II-ser2). In contrast, no co-localisation of these active transcription marks was observed in NS 

Jurkat T cells.  

Thus, in summary, SC35p is induced following primary activation and is maintained with active 

chromatin marks after stimulus withdrawal and further induced following secondary stimulation. It 

should be noted that SC35 gene expression was unchanged under all conditions. These data suggest 

that primary stimulation is required for induction of SC35 phosphorylation and for its co-existence 

with active chromatin marks and that this association with chromatin is maintained in the absence of 

continuing activation signals. 
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Figure 4.23. Expression of phosphorylated SC35 in Jurkat T cells. Jurkat T cells were either 

unstimulated (NS) or PMA/CaI-activated (ST) for 2 h and were fixed and probed with a mouse antibody 

to a phospho-epitope of SC35 followed by visualisation with a secondary goat antibody to mouse 

immunoglobulins conjugated to Alexa Fluor 568. Confocal laser scanning microscopy was used to 

measure SC35 expression as detailed in the Methods. Representative images for each treatment are 

shown, with a 10 μm scale bar. Total nuclear fluorescence intensity (NFI) was measured with Fiji-

ImageJ. Data represent the mean ±SEM, n = 20 for each dataset, with significant differences between 

datasets indicated. 
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Figure 4.24. Interplay between SC35p and H3k27ac in the Jurkat T cell model. Jurkat T cells 

stimulated as described in the Methods (NS = no stimulation, ST = stimulation, SW = stimulus 

withdrawal, RST = re-stimulation) were fixed and probed with a primary mouse antibody to a phospho-

epitope of human SC35 and primary rabbit antibody to H3K27ac followed by visualisation with a 

secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and secondary 

antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal laser 

scanning microscopy was used to measure expression of SC35p and H3K27ac. Representative images 

for each stimulation point are shown with a 10 μm scale bar. Channels were overlaid to examine co-

localisation of the antibody targets. PCC and mean fluorescent intensity line scans were calculated 

with Fiji-ImageJ as described in the Methods. Data represent the mean ±SEM, n = 20 for each dataset, 

with significant differences between datasets indicated. Red = SC35; green = H3K27ac, yellow = visual 

overlap between the fluorescence signals. 
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Figure 4.25. Interplay between SC35p and H3k4me3 in the Jurkat T cell model. Jurkat T cells 

stimulated as described in the Methods (NS = no stimulation, ST = stimulation, SW = stimulus 

withdrawal, RST = re-stimulation) were fixed and probed with a primary mouse antibody to a phospho-

epitope of human SC35 and primary rabbit antibody to H3k4me3 followed by visualisation with a 

secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and secondary 

antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal laser 

scanning microscopy was used to measure expression of SC35p and H3k4me3. Representative images 

for each stimulation point are shown with a 10 μm scale bar. Channels were overlaid to examine co-

localisation of the antibody targets. PCC and mean fluorescent intensity line scans were calculated 

with Fiji-ImageJ as described in the Methods. Data represent the mean ±SEM, n = 20 for each dataset, 

with significant differences between datasets indicated. Red = SC35; green = H3k4me3; yellow = visual 

overlap between the fluorescence signals. 
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Figure 4.26 Interplay between SC35p and RNA-Pol-II-Ser2 in the Jurkat T cell model. Jurkat T cells 

stimulated as described in the Methods (NS = no stimulation, ST = stimulation, SW = stimulus 

withdrawal, RST = re-stimulation) were fixed and probed with a primary mouse antibody to a phospho-

epitope of human SC35 and primary rabbit antibody to RNA-Pol-II-Ser-2 followed by visualisation with 

a secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and secondary 

antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal laser 

scanning microscopy was used to measure expression of SC35p and RNA-Pol-II-Ser-2. Representative 

images for each stimulation point are shown with a 10 μm scale bar. Channels were overlaid to 

examine co-localisation of the antibody targets. PCC and mean fluorescent intensity line scans were 

calculated with Fiji-ImageJ as described in the Methods. Data represent the mean ±SEM, n = 20 for 

each dataset, with significant differences between datasets indicated. Red = SC35; green = RNA-Pol-

II-Ser2; yellow = visual overlap between the fluorescence signals. 
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4.14 SC35p is Induced in Ex Vivo-derived Effectors Compared to Naïve T cells in Response to Viral 

Infection  

Next, SC35p dynamics in naïve and effector T cells were investigated using an established virus 

infection model in which naive (CD44loCD62Lhi) OT-1 TCR transgenic CD8+ T cells specific for the 

ovalbumin peptide (OVA257-264) were adoptively transferred into congenic C57BL/6J (B6) hosts 

followed by intranasal (i.n.) infection with the A/HKx31-OVA virus (Jenkins et al. 2006). IF analysis 

(Section 2.7) of sort-purified (>99% purity) naive (day 0) and effector (day 10) T cells was performed. 

Consistent with the activated Jurkat T cells (Figure 4.23), SC35p was markedly increased in virus-

specific effector T cells compared to naïve T cells (Figure 4.27). Overall, our findings suggest that SC35p 

is induced in a stimulus-dependent manner in virus-specific T cells. 
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Figure 4.27. Expression of phosphorylated SC35 in T cells and primary mouse OT-1 T cells. Naive OT-

1 CD8+CD44lo/intermediate T cells or influenza-specific effector OT-1 CD8+ T cells were fixed and probed 

with a mouse antibody to a phospho-epitope of SC35 followed by visualisation with a secondary goat 

antibody to mouse immunoglobulins conjugated to Alexa Fluor 568. Confocal laser scanning 

microscopy was used to measure SC35 expression as detailed in the Methods. Representative images 

for each treatment are shown, with a 5μm scale bar. Total nuclear fluorescence intensity (NFI) was 

measured with Fiji-ImageJ. Data represent the mean ±SEM, n = 20 for each dataset, with significant 

differences between datasets indicated. 
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4.14.1 SC35p Spatially Overlaps with Active Histone Marks in Effector T Cells in Response to Viral 

Infection 

Highly compacted chromatin structures enriched in nucleosomes are transcriptionally silent. 

Chromatin accessibility is pivotal in regulating gene expression and can be orchestrated via a number 

of mechanisms including the addition of PTMs to histone proteins (Kouzarides 2007; Li et al. 2007; 

Strahl & Allis 2000). To determine if SC35p localises to transcriptionally active genes during T cell 

differentiation in response to infection, naïve (day 0) and effector (day 10) OT-1 CTLs were double-

stained with SC35p and histone H3K27ac (Figure 4.28A), H3K4me3 (Figure 4.28B), or RNA polymerase 

II serine2 phosphorylation (see Section 2.7) (Figure 4.28C), which are associated with transcriptionally 

active or poised genes (Bernstein et al. 2006; Creyghton et al. 2010). SC35p strongly colocalised with 

all three active marks after differentiation into effector CTLs: PCC 0.65 ± 0.01 H3k27ac (A); PCC 0.62 ± 

0.01 H3k4me3 (B); PCC 0.64 ± 0.03 RNA polymerase II serine2 (C). In summary, these findings suggest 

that SC35p co-exists within key regulatory regions strongly linked to active enhancers (H3K27ac) and 

gene promoter regions (H3K4me3) in the context of virus-specific CTL differentiation. 

 

4.15 PKC-θ Regulates SC35p in Activated T Cells 

Several protein kinases capable of phosphorylating SR proteins have been described (Colwill et al 

1996; Qian et al. 2011; Cataldi et al. 2009; Zara et al. 2009). However, the specific SC35-regulating 

kinases in T cells have yet to be identified. Given that PKC-θ is a critical regulator of gene expression 

in human T cells (Isakov & Altman 2002; Hayashi & Altman 2007), we speculated that PKC-θ might also 

regulate SC35 expression in Jurkat T cells. Double staining and confocal microscopy revealed strong 

co-localisation of PKC-θ and SC35p in influenza-specific OT-1 CD8+ effector T cells (Figure 4.29; PCC 

0.64 ± 0.013). In contrast, no co-localisation was detected in naïve OT-1 T cells (Figure 4.29, PC29C 

0.06 ± 0.07).  
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Figure 4.28. 
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Figure 4.28. Expression of phosphorylated SC35 in T cells and in primary mouse OT-1 T cells. Naive 

OT-1 CD8+CD44lo/intermediate T-cells or influenza-specific effector OT-1 CD8+ T cells were fixed and probed 

with a primary mouse antibody to a phospho-epitope of human SC35 and primary rabbit antibody to 

H3K27ac (A), H3k4me3 (B), or RNA-Pol-II ser-2 phosphorylation (C) followed by visualisation with a 

secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and secondary 

antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal laser 

scanning microscopy was used to measure expression of SC35 and H3K27ac, H3k4me3, or RNA-Pol-II 

ser-2 as described in the Methods. Representative images for each treatment are shown with a 5 μm 

scale bar. Channels were overlaid to examine co-localisation of the antibody targets. PCC and mean 

fluorescent intensity line scans were calculated with Fiji-ImageJ as described in the Methods. Data 

represent the mean ±SEM, n = 20 for each dataset with significant differences between datasets 

indicated. Red = SC35p; green = H3K27ac, H3k4me3, or RNA-Pol-II-Ser2; yellow = visual overlap 

between the fluorescence signals. 
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Figure 4.29. Interplay between PKC-θ and SC35 phosphorylation. (A) Naive OT-1 CD8+CD44lo/intermediate 

T cells or influenza-specific effector OT-1 CD8+ T cells were fixed and probed with a primary mouse 

antibody to a phospho-epitope of SC35 and primary rabbit antibody to PKC-θ followed by visualisation 

with a secondary goat antibody to mouse immunoglobulins conjugated to Alexa Fluor 568 and 

secondary antibodies to rabbit immunoglobulins conjugated to Alexa Fluor 488, respectively. Confocal 

laser scanning microscopy was used to measure expression of SC35 and PKC-θ. Representative images 

for each stimulation point are shown with a 5 μm scale bar. Channels were overlaid to examine co-

localisation of the antibody targets. PCC and mean fluorescent intensity line scans were calculated 

with Fiji-ImageJ as described in the Methods. Data represent the mean ±SEM, n = 20 for each dataset, 

with significant differences between datasets indicated. Red = SC35; green = PKC-θ; yellow = visual 

overlap between the fluorescence signals 
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4.16 Abrogation of PKC-θ Inhibits SC35p in Activated T Cells 

As we have established that PKC-θ and SC35 colocalise in virus-specific effector T cells, we next 

speculated that abrogation of PKC-θ expression or enzymatic activity would abrogate SC35p. 

Therefore, we investigated the impact of PKC-θ knockdown on SC35p by immunoblotting (as per 

Section 2.4) with anti-SC35p in either mock or PKC-θ siRNA1 (Life Technologies) and siRNA2 (Santa 

Cruz)-treated nuclear extracts (see Sections 2.12 and 2.9) of primary human bulk CD4+ T cells. Both 

siRNA pools substantially inhibited SC35 phosphorylation relative to mock treatment (Figure 4.30A).  

Next, the impact of PKC-θ catalytic activity on SC35p was assessed. PKC-θ catalytic activity is necessary 

for chromatin association and inducible gene expression (Sutcliffe et al., 2011). To assess the impact 

of PKC-θ catalytic activity, we used the ATP-competitive PKC-θ inhibitor rottlerin which has been 

shown in several previous studies to inhibit the catalytic activity of PKC-θ (Villalba et al., 2001; Villalba 

et al., 1999 (see Section 2.11) and has also previously been shown to inhibit PKC-θ activity in human T 

cells (Springael et al., 2007, Sutcliffe et al., 2011) although rotterlin can also have off-target effects like 

many inhibitors PKC-θ is the one the most important kinases in T-cells and is predomintly expressed 

by lymphocytes which suggests that the main effect of rotterlin’s inhibitory action in T-cells is likely 

due to inhibition of PKC-θ catalytic activity, futhtermore immunoblotting for SC35p in rottlerin or 

vehicle pre-treated NS and ST Jurkat T cell nuclear extracts displayed a significant reduction in SC35p 

phosphorylation compared to the mock-treated cells (Figure 4.30B).  

In summary, these data collectively suggest a critical a role for PKC-θ kinase activity in the active 

phosphorylation of SC35 in T cells. 
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Figure 4.30. PKC-θ inhibition abrogates SC35 expression. (A) Cell lysates of primary human CD4+ cells 

were untreated (mock) or treated with PKC-θ siRNA1 (Life Technologies) or siRNA2 (Santa Cruz). Effect 

on SC35 was analysed by immunoblotting with a mouse primary antibody to a phospho-epitope of 

SC35, measuring band intensity with Fiji-ImageJ for each sample. A representative image of SC35 

labelling for three separate experiments (n = 3) is displayed (labelled SC35), with the mean intensity 

plotted and significant differences displayed for each treatment along with a representative loading 

control (LC) as described in methods. The effect of rottlerin treatment (B), a PKC-θ-specific kinase 

inhibitor, on SC35 phosphorylation was also examined by immunoblotting as described above. A 

representative loading control (LC) is shown along with a representative SC35p-probed blot for three 

separate experiments (n = 3). The mean intensity is plotted with significant differences displayed for 

each treatment. 
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4.17 Nuclear PKC-θ and SC35p Co-exist in Jurkat T Cells 

Next, we speculated that the nuclear role of PKC-θ would be critical in regulating the nuclear splicing 

factor SC35p. Therefore, to elucidate the effect of the nuclear role and to distinguish the cytoplasmic 

and nuclear roles of PKC-θ in SC35p expression, we employed the previously validated PKC-θ plasmid 

mutant constructs from Chapter 3, HA-tagged wildtype PKC-θ or a HA-tagged PKC-θ with a mutated 

NLS, which were transfected into Jurkat T cells using the NEON transfection system as described in 

Section 2.10. Consistent with our previous observations, PKC-θ NLS was significantly cytoplasm 

restricted compared to PKC-θ WT in the Jurkat and HUT T cell lines (Figure 4.31A-C). Next, to 

determine the effect of nuclear PKC-θ regulation on SC35 phosphorylation in Jurkat T cells, the 

subcellular distribution of SC35p was analysed in Jurkat T cells transfected with VO (mock) control and 

PKC-θ plasmid constructs and then stimulated 48 hours after transfection in the Jurkat stimulation 

model. Total nuclear SC35p was measured via immunofluorescence (as per Section 2.7). The analysis 

of the protein expression as quantified by IF indicated a significant increase in SC35p in all PKC-θ WT-

treated cells (Figure 4.32B) overexpressing PKC-θ compared to mock constructs (Figure 4.32A), 

suggesting that PKC-θ plays a role in speckle formation. In contrast, transfection with the PKC-θ NLS 

mutant diminished SC35p in the Jurkat T cells (Figure 4.32C), as indicated by the nuclear fluorescence 

data (Figure 4.32D). 
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Figure 4.31. PKC-θ localisation in transfected T cell lines. The full-length PKC-θ wild-type gene 

sequence (HAPKC-θ-WT) and the NLS mutation (HAPKC-θ-NLS) were cloned into the pTracer-CMV vector 

in frame with a C-terminal HA tag. Transfected Hut-78 T cells (A) and Jurkat T cells (B) were fixed and 

probed with a rabbit antibody to the HA-tag followed by visualisation with a secondary goat antibody 

to rabbit immunoglobulins conjugated to Alexa Fluor 568. Confocal laser scanning microscopy was 

also used to assess PKC-θ localisation as described in the Methods. Representative images for each 

construct are shown. Fn/c values for each construct are shown with significant differences between 

datasets indicated. Data represent the mean ±SEM, n = 20 for each dataset. (C) Jurkat T cells were 

transfected, stimulated, and nuclear extracts created to examine nuclear localisation of the PKC-θ 

wild-type and PKC-θ-NLS mutant. A representative immunoblot image of nuclear extracts showing 

HAPKC-θ localisation in the nucleus is shown.  
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Figure 4.32. PKC-θ localisation in T cells and effect on SC35p. Jurkat T cells were transfected as 

described in the Methods and subsequently stimulated (NS = non-stimulated, ST = stimulated, RST = 

restimulated). Cells were fixed and probed with a mouse antibody to a phospho-epitope of human 

SC35 with secondary antibodies to mouse immunoglobulins conjugated to Alexa Fluor 568. Confocal 

laser scanning microscopy was used to study SC35p expression in HA-positive cells. Representative 

images for each construct are shown with a 10 μm scale bar: (A) vector only (VO), (B) HAPKC-θ WT, and 

(C) HAPKC-θ NLS. Total nuclear fluorescence values for each construct are shown with significant 

differences between datasets indicated (D). Data represent the mean ±SEM, n = 20 for each dataset. 
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4.17.1 Nuclear PKC-θ and SC35p Co-exist in the Chromatin Template 

Given the demonstrated close association of PKC-θ nuclear activity and SC35, we next determined 

whether nuclear PKC-θ and SC35 co-exist in the nucleus in the context of the chromatin template. We 

performed PKC-θ half-way ChIP (see Section 2.17) on Jurkat T cell nuclear extracts and then probed 

via immunoblotting with an antibody to SC35p (see Section 2.4). Endogenous PKC-θ and SC35p were 

associated in Jurkat T cells, particularly in 2°-stimulated cells (Figure 4.33). Interestingly, co-existence 

of both proteins was maintained in SW cells following stimulus withdrawal (Figure 4.33), but this 

association increased following secondary stimulation (Figure 4.33). In summary, these data indicate 

that PKC-θ and SC35p co-exist in the proximity of chromatin as a protein complex. 

 

4.18 PKC-θ Directly Phosphorylates SC35 at Regulatory Domains 

Based on the close co-localisation of SC35 and nuclear PKC-θ, it was hypothesised that PKC-θ would 

phosphorylate SC35 in the nucleus. Therefore, to probe this question and determine whether PKC-θ 

directly phosphorylates SC35 residues, a protein microarray was employed (see Section 2.16 for the 

detailed protocol). A library containing a comprehensive collection of human SC35-derived sequences 

was used to create a series of 51 overlapping peptides chemo-selectively bound to a microarray 

membrane. Then, an in vitro kinase assay was performed in which SC35 peptide constructs were 

incubated with active PKC-θ in the presence of radiolabelled γ33P-ATP in an array-based format. 

Figure 4.34 depicts the normalised signal mean for all overlapping SC35 peptides along with the cut-

off for peptides positive for phosphorylation. 
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Figure 4.33. PKC-θ half-way CHIP pulls down SC35. Nuclear extracts were made from Jurkat T cells 

stimulated as previously described (NS = no stimulation, ST = stimulation, SW = stimulus withdrawal, 

RST = re-stimulation) and subjected to half-way CHIP using PKC-θ pull down or a no antibody control. 

Samples were probed with a primary mouse antibody to a phospho-epitope of human SC35 as 

described in the Methods; representative bands are shown. SC35 band intensity was plotted using Fiji-

ImageJ software minus background for n = 3 with mean ±SEM. 
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Figure 4.34. Identification of phosphorylated residues on the SC35 splicing protein.  (A) Mean 

peptide signal and all SC35 peptide constructs used to examine SC35 for phosphorylation by PKC-θ. 

The red bar indicates the cut-off for positive signal for phosphorylation. The distribution curve for 

SC35 peptide phosphorylation is also displayed: the y-axis is the kernel density estimate of the 

normalised phosphorylation signal intensities on the x-axis, with anything equal to or greater than the 

red bar (2 x SD above the mean) considered a positive phosphorylation event.  
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Of the 51 peptide constructs tested, 14 were positive for phosphorylation events (Figure 4.35). SC35 

contains two long stretches of RS repeats and an RRM domain (14AA to 90AA) (Cazalla et al. 2002). 

Sequence analysis of these 14 peptides showed that all but two of the positive peptides localised to 

the long tract dipeptide RS domains (Figure 4.35C). In contrast, peptides 5 and 9 localised to the RRM 

domain at the N-terminal. The peptide with the strongest phosphorylation signal (peptide 1) was 

located in the RS domain (171AA to 186AA; Figure 4.35A). The RS domain mediates protein-protein 

interactions such as subcellular localization (Kavanagh et al. 2005), nuclear export and retention 

signals (Cazalla et al. 2002), and functions as a splicing activator (Graveley & Maniatis 1998). We also 

identified two PKC-θ-phosphorylated peptides that lie in the RRM domain. The RRM domain 

recognizes RNA recognition sequencing and has been shown to mediate subcellular localization 

(Kavanagh et al. 2005) and alternative splicing specificity (Chandler et al. 1997; Cáceres et al. 1997). 

The relationship between phosphorylated peptides and recently identified PKC-θ motifs was also 

examined (Figure 4.35B) (Hutti et al. 2004). The strongest peptide signals (peptides 1, 2, and 3) 

contained seven PKC-θ phosphorylation motifs. Furthermore, the other 11 phosphorylation-positive 

peptides also contained regions that correlated with putative PKC-θ phosphorylation motifs.  

In summary, these phosphorylation data clearly demonstrate that nuclear PKC-θ kinase catalytic 

activity is directly capable of phosphorylating SC35 at both RMM and RS regulatory domains within 

the nuclear compartment of T cells. 
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Figure 4.35 
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Figure 4.35. Protein sequence of SC35 phosphorylated by PKC-θ. (A) The amino acid sequence of 

SC35 indicating the location of the top nine peptides in descending order and their location; the other 

five peptides correspond to overlaps with the first nine peptide locations. Green highlight denotes the 

RRM domain, the yellow highlight denotes RS dipeptide repeats. Peptides are numbered in order of 

mean signal intensity: red bar is the highest signal, blue bars are the other positive SC35 peptides, and 

possible serine or threonine phosphorylation residues are indicated by red or blue diamonds. (B) The 

top three peptide sequences and their overlap with the SC35 amino acid sequence. Hutti et al. (2004) 

reported a serine/threonine-specific motif for PKC-θ-mediated phosphorylation; using this 

information, the section of SC35 that scored the top three hits for peptide phosphorylation signals 

was analysed for these motifs. Seven separate phosphorylation motifs were identified. (C) Depicts in 

a table all positive SC35 peptides, the means phosphorylation intensity signal and the protein domain 

the peptide maps too. 
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4.19 Summary 

This chapter established that nuclear PKC-θ and its catalytic activity is indispensable in the regulation 

of the phosphorylation of histone marks H2Bs32 and H2Bs36 in T-cells and mesenchymal breast cancer 

cell lines. Future experiments should examine the interplay between PKC-θ and histone 

phosphorylation in other cancer cell lines such as ovarian and melanoma cancer cell lines. PKC-θ is 

also critical for the regulation of nuclear p65 and the phosphorylation of p65 in the nucleus. This 

chapter has also established by employing an antibodiy specific for phospoh-epitopes of SC35p in 

multiple precise assays (Saeidi et al., 2018; Majeski et al., 2018) and recombinant SC35 peptide micro-

arrays that PKC-θ is a regulator of alternative splicing controlling both expression of, and the 

phosphorylation of the splicing regulator SC35 in T-Cells. Future studies could also examine in vitro 

studies with recombinant SC35 to probe the precise residues phosphorylated more closely. This is 

beyond the scope of the PhD and is a potential future experiment 
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Chapter 5: Signatures of the signalling kinase PKC-θ and epigenetic enzyme LSD1 in cancer 

5.1 Introduction 

In this chapter we examine two key nuclear epigenetic enzymes, PKC-θ and LSD1, previously shown 

by the Rao laboratory and others to have essential roles in T cell function and be dysregulated in breast 

cancer (Sutcliffe et al., 2011). PKC-θ (Aguilo et al., 2009; Belguise et al., 2012; Belguise et al., 2007; Sun 

et al., 2013) and LSD1 (Serce et al., 2012; Lim at al., 2010; Pollock et al., 2012; Rivero et al., 2015) 

dysregulation are implicated in tumour progression and metastasis and have been linked to 

metastatic, mesenchymal cancers. LSD1 expression increases as breast cancers progress from ductal 

carcinoma in situ (DCIS) to invasive ductal carcinoma (Serce et al., 2012), and abrogation of LSD1 

reduces both the proliferative and metastatic potential of breast cancer cells in vitro. In particular, 

LSD1 plays a regulatory role in epithelial-to-mesenchymal transition (EMT), mediating global EMT-

related epigenetic reprogramming in a variety of cell types and cancers to promote migration and 

proliferation in breast, lung, and liver cancers (Zhao et al., 2013; Hayami et al., 2011; Lv et al., 2012).  

Previous chapters detailed a chromatin-associated role for PKC-θ in EMT and cancer stem cell (CSC) 

formation, two critical processes underpinning cancer metastasis. PKC-θ activates a transcriptional 

program that drives mesenchymal differentiation and CSC formation (see Chapter 3; Figure 3.8, Figure 

3.14, and Figure 3.15). These data determined that PKC-θ is essential for EMT and CSC formation in 

breast cancer, with PKC-θ localising to the nucleus and chromatin of breast cancer cells to act as a 

critical molecular switch for inducible genes unique to mesenchymal cells and with elevated 

expression in CSCs. It has previously been reported that LSD1 phosphorylation can be mediated by 

PKC-α to regulate its transcriptional activity and ensure proper circadian gene expression (Nam et al., 

2014). Therefore, we hypothesised that PKC-θ may form a complex with LSD1 within the nuclei of 
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cancer cells and regulate LSD1 phosphorylation. We therefore sought to understand what role if any 

PKC-θ plays in regulating LSD1 during carcinogenesis in breast cancer and melanoma. 

Given the importance of PKC-θ (i) in mediating nuclear access of other proteins via phosphorylation, 

and (ii) as a chromatin-anchored complex, we sought to establish if PKC-θ phosphorylates LSD1 and 

which other transcription factors involved in EMT may be regulated by PKC-θ. We particularly focused 

on Forkhead transcription factors, since many Forkhead family members have confirmed roles in 

development and tissue-specific gene expression as well as cancer progression (Yamashita et al., 2017; 

Katoh et al., 2013; Benayoun et al., 2011). One notable example is FOXQ1, which participates in cell 

type-dependent mesenchymal transformation in colorectal and breast cancers to enhance 

tumorigenicity, anti-apoptotic behaviour, and tumour growth (Li et al., 2016b; Zhang et al., 2011; Qiao 

et al., 2011). 

The interplay between the epigenetic enzyme LSD1 and the nuclear signalling kinase PKC-θ may also 

be important in the context of the tumour microenvironment (TME). As well as providing a supporting 

physical milieu for cancer cells, the TME is an important component of epigenetic regulation in a 

variety of cancers. The TME contains cells of mesenchymal and haematopoietic origin as well as non-

cellular components including various immune cells, cancer cells, and cancer-associated cells 

(Pattabiraman and Weinberg 2014; Casey et al., 2015; Sounni and Noel., 2013). Cells of mesenchymal 

origin in the TME include fibroblasts, myofibroblasts, mesenchymal stem cells, adipocytes, and 

endothelial cells, while cells of haematopoietic origin include lymphoid cells (T cells, B cells, and 

natural killer cells) and myeloid cells (macrophages, neutrophils, and myeloid-derived suppressor 

cells), of which fibroblasts are most populous (Pattabiraman and Weinberg 2014; Casey et al., 2015; 

Sounni and Noel., 2013). The non-cellular component is the extracellular matrix (ECM) formed by the 

basement membrane and interstitial matrix (consisting of collagens, proteoglycans, and 

glycoproteins). Experimental modelling has shown that epigenetic cross-talk between cells in the TME 
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drives the efficiency of cancer formation, the rate of cancer growth, the extent of invasion, the ability 

of cancers to metastasise, and their response to treatments (Elenbaas and Weinberg, 2001). Indeed, 

signalling kinases and epigenetic enzymes have been shown to enhance tumorgenicity in the TME, 

with members of the PKC family enhancing the survival of highly metastatic cancer cells and conferring 

resistance to apoptosis and chemoresistance (Hong et al., 2012). A fibroblast subpopulation known as 

cancer-associated fibroblasts (CAFs) is thought to be of critical importance in cancer initiation, 

progression, survival, metastasis, and invasion via the secretion of various growth factors, cytokines, 

and chemokines and the degradation of ECM proteins. However, the epigenetic programmers that 

drive normal fibroblasts towards a CAF signature are poorly characterised (McCuaig et al., 2017). 

 

5.1.1 Chapter objectives 

Given PKC-θ’s and LSD1’s critical role in enhancing tumorigenesis and metastasis, it is important to 

understand their interplay with the TME and whether, given that LSD1 is phosphorylated by other 

PKCs, PKC-θ also mediates LSD1 phosphorylation. Therefore, this chapter examines the nuclear 

interplay between PKC-θ, LSD1, transcription factors associated with mesenchymal signatures 

(specifically FOXQ1), and other nuclear proteins implicated in cancer progression in human cancer cell 

lines, xenograft mouse models, and human-derived CTCs from metastatic breast cancers and stage IV 

metastatic melanomas. 
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5.1.2 Chapter 5 Specific Aims 

1) To characterise the interplay between PKC-θ and EMT mediators in the nuclei of cancer cell 

lines, mouse xenografts, and chemo-resistant models. 

2) To characterise the interplay between LSD1 and EMT mediators in the nuclei of cancer cell 

lines, mouse xenografts, and chemo-resistant models. 

3) To characterise the interaction and phosphorylation of the epigenetic EMT enzyme LSD1 by 

PKC-θ.  

4) To optimise and develop a method for isolating CTCs from liquid biopsies. 

5) To screen CTCs isolated from patients for PKC-θ, LSD1, and co-expression of defined markers 

of mesenchymal, resistant signatures (ABCB5, CSV, FOXQ1, ALDH1A). 

6) To characterise the interaction and phosphorylation of the EMT transcription factor FOXQ1 

by PKC-θ.  

  

5.2 Nuclear PKC-θ and LSD1 Co-localise in Mesenchymal Breast Cancer Cells 

Multiple published studies and the novel data presented in previous chapters implicate both PKC-θ 

and LSD1 as EMT mediators (Aguilo, et al., 2009; Belguise et al., 2012; Belguise., et al., 2007; Sun et 
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al., 2013; Serce et al., 2012; Lim at al., 2010; Pollock et al., 2012; Rivero et al., 2015; Chapter 3, Figure 

3.7, Figure 3.8, Figure 3.14, and Figure 3.15). Therefore, it is important to understand if LSD1 and PKC-

θ are co-expressed and co-localise in cancer cells. If so, this would suggest that they co-operate and 

may be part of a protein nuclear complex on the chromatin template.  

To start to probe this question, immunofluorescent (IF) microscopy was used to quantify the total 

nuclear protein expression of PKC-θ and LSD1 (see Section 2.7 for full protocol) by measuring the total 

nuclear fluorescence intensity (TNFI) and to calculate the Pearson’s co-localisation coefficient (PCC) 

scores, the latter being a measure of co-localisation. These two proteins were first examined in human 

breast cancer cell lines. Data in Chapter 3 (Figure 3.7, Figure 3.8; Figure 3.14, and Figure 3.15) showed 

that PMA, a known PKC pathway activator (Hwang et al., 2010, Moolten et al., 1981), induces 100% 

EMT and a population of 6-10% live cells expressing the CD44hi/CD24lo surface marker profile in MCF-

7 cells. Therefore, to examine the interplay between LSD1 and PKC-θ in this process, non-stimulated 

(NS) MCF-7 cells were seeded on tissue culture plates overnight prior to stimulation with 0.65 ng/ml 

PMA for 60 h and image acquisition by IF microscopy as described in Section 2.7 (Figure 3.1A). MCF-

7-NS cells were used as control and were fixed as described in Section 2.7.1. Furthermore, the 

metastatic MDA-MB-231 breast cancer cell line (which primarily expresses CSC-like signatures 

(Fillmore and Kuperwasser et al., 2008) was also used and seeded onto tissue culture plates overnight 

before being fixed as described Section 2.7.1. Cells were probed with mouse antibodies to LSD1 and 

rabbit antibodies to PKC-θ and subsequently visualised by scanning confocal laser microscopy as 

described in Section 2.7.3 (Figure 5.1). 

LSD1 and PKC-θ expression was characterised using plot profiles, which plot and quantify LSD1 and 

PKC-θ protein expression by measuring the degree of immunofluorescence detected along a line 

drawn through the nuclei in MCF-7, mesenchymal (stimulated as previously described) MCF-7 cells, 



 

198 | P a g e  
  

floating MCF-7 cells (MCF7-FLT; noted to no longer be adherent but still viable/proliferative), and the 

mesenchymal breast cancer cell line MDA-MB-231 as described in Section 2.7.5 (Figure 5.1). 

The mesenchymal-like MCF-7s (stimulated and floating) both expressed significantly more PKC-θ and 

LSD1 than epithelial MCF-7s (NS) (p < 0.0001). MCF7-FLT also had high expression of LSD1 and PKC-

θ, with significantly higher expression than either unstimulated or stimulated MCF-7 cells (p < 0.0001; 

Figure 5.1). 

The MDA-MB-231 mesenchymal breast cancer cell line showed the highest total nuclear protein 

expression as quantified by the TNFI for both LSD1 and PKC-θ (Figure 5.1). Expression was significantly 

higher than all types of MCF-7 cells (p < 0.0001 for non-stimulated and stimulated MCF-7s and p = 

0.0028 for floating MCF-7s for both LSD1 and PKC-θ). 

The plot profile analysis determined that there was little to no co-localisation of PKC-θ and LSD1 within 

the nuclei of unstimulated MCF-7s (PCC = 0.005), whereas both stimulated and floating MCF-7s had 

significantly higher PCCs (0.28 and 0.35, respectively; p < 0.0001). Co-localisation was significantly 

greater in floating MCF-7s than stimulated MCF-7s (p = 0.0032) and unstimulated MCF-7s (p < 0.0001) 

(Figure 5.1). MDA-MB-231 cells had high PCCs for LSD1 and PKC-θ that were significantly higher than 

all MCF-7 groups (p < 0.0001 in all cases; Figure 5.1). 

In summary, nuclear expression of PKC-θ and LSD1 was significantly higher in the more mesenchymal, 

stem-like breast cancer cells (such as the MDA-MB-231 cells). Furthermore, the degree of co-

localisation was also significantly higher in more mesenchymal, stem-like breast cancer cells. High 

expression of PKC-θ and LSD1 and co-localisation of these two potentially oncogenic epigenetic 

enzymes appear to be associated with more stem-like, mesenchymal cancer cells. 
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Figure 5.1 
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Figure 5.1. Nuclear PKC-θ is a novel regulator of LSD1 in cancer cells. Immunofluorescence 

microscopy was performed on the indicated cells fixed and probed with anti-LSD1, anti-PKC-θ, and 

DAPI. Representative images for each dataset are shown. Graph depicts the PCC for LSD1 and PKC-θ 

(n = 30 individual cells): -1 = perfect dis-localisation; 0 = no co-localisation; +1 = perfect co-localisation. 

The plot profile feature of ImageJ was used to plot the fluorescence signal intensity along a single line 

spanning the nucleus (n = 5 lines per nucleus, 5 individual cells). The average fluorescence signal 

intensity for the indicated pair of antibodies was plotted for each point on the line ±SE. Colours from 

representative images correspond to plot profiles. 
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5.3 LSD1 Phosphorylation Mediated by PKC-θ 

In Section 5.2, we demonstrated that LSD1 and PKC-θ are co-expressed and co-localise in 

mesenchymal, stem-like breast cancer cell lines. Therefore, PKC-θ may well regulate LSD1 by 

phosphorylation. To examine the putative phosphorylation of the LSD1 protein by PKC-θ, a protein 

microarray was employed (see Section 2.16 for a detailed protocol). Briefly, a library containing a 

comprehensive collection of 201 unmodified LSD1 peptides was designed from the consensus protein 

sequence of LSD1 (derived from www.uniprot.org, protein code O60341), and peptides were chemo-

selectively bound onto a membrane in microarray format as for the histone peptides in Chapter 4 

(Figure 4.9). Peptides were incubated with PKC-θ kinase solution in the presence of γ-33P-ATP prior 

to high-resolution phosphorimaging as described in Section 2.16. Signal specificity for PKC-

θ phosphorylation was confirmed via incubation with the PKC-θ catalytic inhibitor C27 as described in 

Section 4.5.  

Multiple positive phosphorylation signals were identified and used to identify the specific motifs 

phosphorylated by PKC-θ within LSD1. The mean peptide signals of all LSD1 peptide constructs used 

to examine LSD1 for phosphorylation by PKC-θ are shown in Figure 5.2A. The red bar indicates the 

cut-off for a positive signal for phosphorylation, and the distribution curve for LSD1 peptide 

phosphorylation is also displayed: the y-axis shows the kernel density estimate of the normalised 

phosphorylation signal intensities on the x-axis, with anything equal to or greater than the red bar (2 

x SD above the mean) considered a positive phosphorylation event. The table in Figure 5.2B displays 

the top ten peptides numbered in descending order of phosphorylation signal intensity; their locations 

are indicated by sand coloured bars; and the key denotes the identity of each coloured domain. Of 

201 overlapping peptide constructs, 15 were positive for phosphorylation events, with the top 10 

shown in Figure 5.2B. Sequence analysis of these 15 peptides showed that three peptides including 

the top two hits localised to the nuclear localisation signal (NLS) region and a fourth  
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Figure 5.2 
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Figure 5.2. Mean peptide phosphorylation signal of LSD1 phosphorylation by PKC-θ. (A) Mean 

peptide signal and all LSD1 peptide constructs used to examine LSD1 for phosphorylation by PKC-θ. 

The red bar indicates the cut-off for positive signal for phosphorylation. The distribution curve for 

LSD1 peptide phosphorylation is also displayed: the y-axis is the kernel density estimate of the 

normalised phosphorylation signal intensities on the x-axis, with anything equal to or greater than the 

red bar (2 x SD above the mean) considered a positive phosphorylation event. (B) The top ten LSD1 

peptides positive for phosphorylation along with the sequence and mean signal intensity. 
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peptide localised to directly adjacent to the NLS motif (highlighted in grey; Figure 5.3A). The peptide 

with the strongest phosphorylation signal (peptide 1) focused on serine 111 (Figure 5.3A) near the 

NLS domain. Since this phosphorylation site is directly adjacent to the NLS, it is likely that serine 111 

is accessible and amenable to phosphorylation, as functional NLS domains are externalised and allow 

interaction with nuclear import receptors. The second highest peptide signal also mapped to the NLS 

region, and the next four peptides consisting of the next two highest (3rd and 4th highest) peptides 

(Figure 5.3A) mapped to the demethylase activity domain. This latter modification may play a role in 

substrate specificity, either altering demethylase domain activity or altering the three-dimensional 

structure of LSD1 as reported for other alternative splicing forms of LSD1 such as in neuronal LSD1-8a 

(Toffolo et al., 2014). The final peptides positive for phosphorylation localised to two separate areas 

within the SWIRM domain, a domain involved in forming and regulating protein-protein interactions 

in chromatin remodelling complexes and, in the case of LSD1, responsible for regulating interactions 

with histone tails and acting as anchor sites for the LSD1:histone tail complex (Tochio et al., 2006). In 

this case, phosphorylation may regulate the binding activity and specificity of the SWIRM domain of 

LSD1 (Figure 5.3A).  

A serine/threonine-specific motif for PKC-θ-mediated phosphorylation has been identified (Hutti et 

al., 2004), so we also examined the relationship between phosphorylated peptides in the NLS region 

of LSD1 and the identified PKC-θ motifs (Figure 5.3B). The strongest peptide signals (peptides 1 and 2) 

contained three PKC-θ consensus phosphorylation motifs (Figure 5.3B), and three other PKC-θ 

consensus phosphorylation motifs were also identified in the other peptides positive for 

phosphorylation. Overall, these data suggest that nuclear PKC-θ directly phosphorylates LSD1 at 

multiple regions including the NLS region, most likely at serine 111 based on the motif analysis for 

PKC-θ phosphorylation (Figure 5.3B). A model of the full length LSD1 protein was generated using 

Phyre244, which highlighted the accessibility of serine 111 and the close proximity of the highly 

positively charged NLS domain (Figure 5.4). 
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Figure 5.3. 
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Figure 5.3. Protein sequence of LSD1 phosphorylated by PKC-θ. (A) The amino acid sequence of LSD1 

indicating the location of the top ten peptides in descending order and their location; the other five 

peptides correspond to overlaps with the first nine peptide locations. The top two peptides localise 

on the NLS of LSD1. Grey amino acids = NLS region; blue box = serine-111; green bars = location of 

peptides numbered in order of mean signal intensity (B) Hutti et al. (2004) reported a 

serine/threonine-specific motif for PKC- θ-mediated phosphorylation; using this information, the 

section of LSD1 that scored the top ten hits for peptide phosphorylation signals was analysed for these 

motifs. Five separate phosphorylation motifs were identified.  
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Figure 5.4. LSD1 structure and residues phosphorylated by PKC-θ. (A) Model of LSD1 generated using 

Phyre2, highlighting the close proximity of the serine-111 phosphorylation site to the positively 

charged NLS domain (inner box). LSD1 structure is based on PDB code 2V1D, and cartoons were 

created in Pymol. 
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In summary, PKC-θ phosphorylates LSD1 at serine 111, which is highly likely to regulate LSD1’s nuclear 

localisation. PKC-θ also phosphorylates two other important domains, the demethylase activity 

domain and the SWIRM domain, which may suggest that PKC-θ-mediated phosphorylation regulates 

LSD1’s interaction with histone tails and protein:protein interactions as well as demethylase activity 

and substrate specificity.. 

 

5.3.1 PKC-θ Inhibitors C27 and BIM Abrogate LSD1-s111p Expression 

In Section 5.3, we demonstrated that PKC-θ directly phosphorylates LSD1. To further prove that LSD1 

serine 111 is phosphorylated by PKC-θ, we next used an antibody specific for LSD1 serine 111 

phosphorylation (LSD1-s111p) and probed for its expression in our inducible MCF-7 EMT model (as 

described in Section 2.2.2.4) and in mesenchymal, CSC-like, MDA-MB-231 cells either treated with a 

vehicle control or treated with PKC-θ-specific catalytic inhibitors (1 μM BIM and 1 μM C27; see Section 

2.11). All inhibitors were pre-incubated for 24 hours before stimulating cells for EMT as described 

previously. After treatment and stimulation, cells were fixed, processed, and visualised by IF 

microscopy as described in Section 2.7. Quantification and analysis of the IF images revealed that 

LSD1-s111p was entirely nuclear and that LSD1-s111p protein expression within the nucleus (as 

quantified by the TNFI) significantly increased in stimulated mesenchymal MCF-7s and MDA-MB-231 

cells relative to epithelial MCF-7 cells (p < 0.0001; Figure 5.5). Treatment with either C27 (a PKC-θ-

specific catalytic inhibitor) abrogated LSD1-s111p expression in both unstimulated and stimulated 

MCF-7 cells and MDA-MB-231 cells (p < 0.0001). BIM significantly reduced expression of LSD1-s111p 

in all cell types except unstimulated MCF-7 cells (p < 0.0001).  
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5.3.2 Summary 

In summary, these data including the LSD1 micro-array peptide data and the PKC-θ inhibitor 

experiments employing an LSD1 antibody specific for phosphorylation at serine position 111 strongly 

indicate that PKC-θ catalytic activity is critical for LSD1 phosphorylation at serine 111 and that this is 

important for nuclear localisation. While it is beyond the scope of this Thesis additional follow up 

experiments could further characterise additional potential phosphorylation sites within LSD1 by 

employing in vitro studies with recombinant LSD1, these studies could provide valuable data. 
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Figure 5.5 
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Figure 5.5. Nuclear intensity of phospho-s111p-LSD1 in breast cancer cell lines treated with a control 

or the PKC-θ kinase inhibitors C27/BIM. Confocal laser scanning microscopy was performed on either 

MDA-MB-231 cells or MCF-7 cells treated with vehicle alone or PMA for 60 h. MCF-7 and MDA-MB-

231 cells were also treated with the PKC-θ kinase inhibitors C27/BIM or a control. Cells were fixed and 

probed with a primary rabbit antibody to LSD1 phospho-s111p followed by the corresponding 

secondary antibody conjugated to Alexa Fluor 568. TNFI values for MCF-7/MCF-7-ST cells and MDA-

MB-231 cells were calculated. Data shown represent the mean ±SE with n > 20 cells. Representative 

images are shown with 10µm scale bars in orange. 
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5.4 Expression of LSD1 and PKC-θ in Matched Parental and Docetaxel-resistant Breast Cancer Cell 

Lines 

Therefore, LSD1 and PKC-θ are upregulated in mesenchymal cells and during EMT, and PKC-θ 

phosphorylates LSD1 and mediates its nuclear expression (see Sections 5.2 to 5.4). We next 

hypothesised that this complex would exist in therapy-resistant cancer models such as docetaxel-

resistant breast cancer cell lines, speculating that if these enzymes were overexpressed they may play 

a role in chemoresistant cancer. We therefore examined the expression of LSD1, PKC-θ, and the cancer 

cell stem-like marker aldehyde dehydrogenase 1 family member A1 (ALDH1A), the latter being a 

marker of CSCs in breast cancer and melanoma and implicated in chemoresistance (Ma et al., 2017; 

Luo et al., 2012). Expression of these markers was examined in MCF-7, T47D, and MDA-MB-231 breast 

cancer cells resistant to docetaxel developed by stepwise exposure to the drug (as described in 

Spicakova et al., 2010). Experiments were performed with and without the P-gp inhibitor PSC-833 

(PSC), the latter hypothesised to increase sensitivity to taxanes and abrogate resistance, albeit without 

success in the clinical setting. In the following description, the parental cell line is designated with a 

capital P, whereas TXT50 refers to the taxane-resistant cell lines. Finally, TXTP50 were cells treated 

with PSC-833 (Figure 5.6). 

IF microscopy analysis revealed that resistant cells were enriched for ALDH1A1 protein expression, 

with MCF-7-TXT50 having a PCC of <0.0001, MDA-MB-231-TXT50 a PCC of 0.0223, and T47D a PCC of 

<0.0001 relative to the parental line. Increased ALHD1A is associated with both poor cancer prognosis 

and a CSC phenotype (Louhichi et al., 2018). PKC-θ and LSD1-s111p were also significantly increased 

in the taxane-resistant cell lines over parental cell lines (p < 0.0001 in all cases; Figure 5.6).  

 



 

213 | P a g e  
  

 

Figure 5.6A 
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Figure 5.6B 
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Figure 5.6C 
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Figure 5.6. Expression of epigenetic enzymes LSD1 and PKC-θ in matched parental and docetaxel-

resistant breast cancer cell lines. Microscopy was performed on matched parental and docetaxel-

resistant MCF-7, T47D, and MDA-MB-231 cells fixed and probed with anti-ALDH1A1, anti-PKC-θ, and 

anti-LSD1-s111p, representative images are shown in (A) with 10µm scale bars in orange. Graphs 

indicate ALDH1A, PKC-θ, and LSD1-s111p TNFI (B) and PKC and LSD1-s111p PCC as well as LSD1 and 

ALDH1A PCC (n = 20 individual cells) (C). −1 = perfect dis-localisation; 0 = no co-localisation; +1 = 

perfect co-localisation. 
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Additionally, co-localisation increased between PKC-θ and LSD1-s111p in resistant MCF-7 cells (p = 

0.0015) and MDA-MB-231 cells (p = 0.0217) but not T47D taxane-resistant cell lines. Interestingly, the 

PCCs of LSD1 and ALDH1 were very high (0.6 to 0.8), but there was no significant change in taxane-

resistant cell lines (Figure 5.6).  

Collectively, these data suggest that the expression of LSD1 and PKC-θ correlate with a chemoresistant 

signature and are enriched in chemotherapy-resistant cells, where it may facilitate therapy escape, 

tumour progression, and recurrence. 

5.5 Expression of LSD1 and PKC-θ in Docetaxel- or Abraxane-treated Xenograft Mouse Models 

LSD1 and PKC-θ are, therefore, co-expressed and co-localise in mesenchymal and therapy-resistant 

breast cancer cells (see Figure 5.6). As LSD1 and PKC-θ are upregulated in resistant cancer cell lines, 

we speculated that this phenomenon would also exist in vivo. We employed a mouse metastatic 

cancer xenograft model, in which MDA-MB-231 mesenchymal breast cancer cells were injected into 

nude female mice treated with either vehicle control or Abraxane (protein-bound paclitaxel) or 

docetaxel (Figure 5.7A) prepared as in Section 2.18. Tumours were measured using callipers, and the 

tumour volumes (mm3) were calculated using the formula (length x width2)/2 as described in Section 

2.18 (Figure 5.7B). Harvested cells from primary tumours were then cytospun onto a coverslip pre-

treated with poly-l-lysine, fixed, then stored in PBS for IF microscopy as described in Section 2.7. 

Treatment with either 60 mg/kg of Abraxane or 10 mg/kg of docetaxel significantly reduced bulk 

tumour volume compared to controls (Figure 5.7B). LSD1, PKC-θ, and associated mesenchymal 

markers were next profiled in surviving cancer cells using high-resolution IF microscopy to examine 

and precisely quantify the protein expression of LSD1 and PKC-θ within nuclei in MDA-MB-231 

xenografts treated as above, employing the TNFI to quantify protein expression as described in Section 

2.7. Cells were probed with primary antibodies to anti-LSD1np and anti-PKC-θ (T53p) with DAPI as 

described in Section 2.7. Representative images for each dataset are shown. Total nuclear protein 
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expression was quantified by analysing the TNFI for each target protein for each cell using ImageJ for 

>20 individual cells (Figure 5.8). 

PKC-θ and LSD1 nuclear expression as quantified by the TNFI was significantly higher in surviving 

Abraxane- and docetaxel-treated cancer cells (p ≤ 0.0001). For docetaxel-treated groups, PKC-θ and 

LSD1np were also significantly increased (p = 0.0107 and p = 0.0028, respectively; Figure 5.8) over that 

of control tumours.  

The molecular phenotypes of these tumours were then analysed by examining the protein expression 

of EMT, stem-like, and resistance markers: SNAIL, EGFR, and phosphorylated LSD1 at s111p quantified 

by each protein’s fluorescence intensity (Figure 5.9). LSD1s111p, EGFR, and SNAIL expression was 

significantly increased in surviving Abraxane-treated cancer cells (p < 0.0001). In docetaxel-treated 

cells, LSD1s111p and EGFR were both increased (p < 0.0001), whereas there was no significant change 

in SNAIL (Figure 5.9). 

In summary, these data clearly demonstrate that mesenchymal, stem-like proteins and markers of 

resistance including EGFR and SNAIL are significantly increased in surviving cancer cells in this cancer 

xenograft mouse model. As predicated, nuclear PKC-θ and LSD1 expression was also significantly 

enriched in these surviving cancer cells so these proteins may be involved in regulating 

chemoresistance and evasion to therapy. 
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Figure 5.7 
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Figure 5.7. Xenograft tumour volumes. Xenograft mouse model. A total of 2 x 105 cells were injected 

into the mammary gland of mice in 50 µl PBS. Treatments were administered to mice 35 days after 

inoculation of 4T1 cells. Treatment groups were: Group A = control; Group B: Abraxane; (60 mg/kg), 

Group C: docetaxel 10 mg/kg. Abraxane and PD1 treatments were given every 5 days. Tumours were 

measured using callipers, and tumour volumes (mm3) were calculated using the formula (length x 

width2)/2. A significant difference in tumour volume was observed between control mice and mice 

treated with either Abraxane or docetaxel. 
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Figure 5.8. Expression of epigenetic enzymes LSD1 and PKC-θ-T538p in a mouse cancer xenograft 

model. Tumour cells isolated from mouse MDA-MB-231 xenografts treated with either Abraxane or 

docetaxel as per the Methods were probed for total LSD1 and PKC-θ phosphorylated at T538p. Cells 

were fixed and immunofluorescence microscopy was performed, probing with primary anti-LSD1np 

and anti-PKC-θ (T53p) antibodies with DAPI. Representative images for each dataset are shown. Plots 

represent the TNFI values for LSD1np and TNFI for PKC-θ-T538p measured using ImageJ minus 

background (n = 20 cells per group). Scale bar is indicated in orange and = 10 µm 
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5.5.1 Expression of CAF Signature Proteins and PKC-θ in Docetaxel- or Abraxane-treated Xenograft 

Mouse Models 

Given the pro-cancer role of cancer-associated fibroblasts (CAFs) (Madar et al., 2013) and the central 

role of PKC-θ in EMT and mesenchymal cancer cells and its higher expression in the mouse metastatic 

cancer xenograft model (Section 5.5 and Figure 5.9), we speculated that PKC-θ may also be connected 

to the CAF signature. IF microscopy was used to examine the profile of PKC-θ and the CAF markers 

FAP and CCL2 as well as quantify the protein expression of these markers in the human metastatic 

cancer xenograft model described in Section 5.5. While FAP is usually described as a soluble or 

membrane-bound protein, high-resolution microscopy suggested nuclear localisation. The nuclear 

expression of FAP was quantified by analysing the TNFI, which revealed significantly increased 

expression in Abraxane- and docetaxel-treated CAFs (CCL2+/FAP+ cells; p < 0.0001). The cytoplasmic 

fraction of FAP was also found to be significantly expressed above control as quantified via the TCFI in 

Abraxane-treated (p < 0.0001) and docetaxel-treated cells (p = 0.0003). Interestingly, the Fn/c of FAP 

(which measures any nuclear expression bias) was significantly increased, thereby denoting nuclear 

bias in Abraxane- (p<0.0001) and docetaxel-treated cells (p<0.0008). FAP and PKC-θ weakly 

colocalised (PCC of 0.2) in control samples, but co-localisation increased significantly in Abraxane- and 

docetaxel-treated samples (PCC of 0.6 and p < 0.0001 for both treatments). There was also a significant 

increase in the cytoplasmic/cell surface protein expression of CCL2 as quantified by the TCFI (p < 

0.0001 for Abraxane, p = 0.0008 for docetaxel), also suggesting that PKC-θ is involved in CAF increases 

in the TME after mono-chemotherapy (Figure 5.10).  As CAFs have been described as “shepherds” that 

protect cancer cells, assisting cancer cells in acquiring a cancer stem-like signature and evading 

therapy (Plaks et al 2015; McCuaig et al., 2017), it was interesting to note that co-expression of nuclear 

PKC-θ was associated with increased expression of CAF markers in a TME exposed to chemotherapy 

and containing resistant cancer cells. Therefore, PKC-θ may also be involved in the expression and 

regulation of the CAF phenotype. 
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Figure 5.9 
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Figure 5.9. Expression of epigenetic enzymes LSD1 and mesenchymal proteins in a mouse cancer 

xenograft model. Tumour cells isolated from mouse MDA-MB-231 xenografts treated with either 

Abraxane or docetaxel as per the Methods were probed for LSD1-s111p, SNAIL, and EGFR. Cells were 

fixed and immunofluorescence microscopy was performed, probing with primary anti-LSD1-s111p, 

anti-SNAIL, and anti-EGFR antibodies with DAPI. Representative images for each dataset are shown. 

Plots represent the TNFI values for SNAIL, EGFR, and LSD1s111p measured using ImageJ minus 

background (n = 20 cells per group). Scale bar is indicated in orange and = 10 µm. 
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Figure 5.10 
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Figure 5.10. The complex of epigenetic enzymes and PKC-θ marks for cancer-associated fibroblasts 

in a cancer xenograft mouse model. Cancer-associated fibroblasts isolated from mouse MDA-MB-231 

xenografts treated with either Abraxane or docetaxel as per the Methods were probed for CCL2, FAP, 

and PKC-θ. Cells were fixed and immunofluorescence microscopy was performed, probing with 

primary anti-CCL2, anti-FAP, and anti-PKC-θ antibodies with DAPI. Representative images for each 

dataset are shown. Plots represent the TNFI and TCFI values for CCL2, FAP, and PKC-θ measured using 

ImageJ minus background (n = 20 cells per group). Scale bar is indicated in orange and = 10 µm. Graph 

depicts the PCC for PKC-θ and FAP (n = 20 pooled). -1 = perfect dis-localisation; 0 = no co-localisation; 

+1 = perfect co-localisation 
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5.5.2 Co-expression of CSV, LSD1s111p, and PKC-θ in Docetaxel- or Abraxane-treated Xenograft 

Mouse Models 

Given this co-expression of PKC-θ and LSD1 in the mouse metastatic cancer xenograft model and 

increased expression in surviving cancer cells after chemotherapy, we speculated that LSD1 and PKC-

θ would be co-expressed at high levels and form a complex in these surviving cancer cells compared 

to control primary tumour cells. To target mesenchymal cancer cells, cell surface vimentin (CSV), a 

mesenchymal cancer cell marker (Mitra et al., 2015), was measured along with the PCC and nuclear 

protein expression of PKC-θ and LSD1s111p as quantified by IF (Figure 5.11). Imaging data revealed 

that surviving cancer cells after treatment with Abraxane or docetaxel showed a significant increase 

in TNFI for LSD1s111p (p < 0.0001 for Abraxane, p = 0.0012 for docetaxel) and PKC-θ (p < 0.0001 for 

Abraxane, p = 0.0023 for docetaxel). Finally, CSV was also significantly increased in both Abraxane- or 

docetaxel-treated cancer cells (p < 0.0001 for both; Figure 5.11).  

The LSD1-PKC-θ complex appears to be correlative with this resistance signature and may have a role 

in regulating this resistance phenotype, since the mesenchymal transcriptional program was 

substantially increased in Abraxane-treated cancer cells (p < 0.0001) and docetaxel-treated cells (p = 

0.0027). These data indicate that both Abraxane and docetaxel can reduce overall tumour bulk but 

increase the metastatic, chemoresistant signature of surviving cells and that Abraxane has a stronger 

effect in inducing this resistant phenotype than docetaxel. LSD1 (LSD1s111p) and PKC-θ are 

upregulated in chemoresistant tumour cells and, moreover, these cells appear to have undergone 

chemotherapy-induced EMT and have upregulated mesenchymal and stem-like resistance markers. 
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Figure 5.11 
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Figure 5.11. The complex of epigenetic enzymes PKC-θ and LSD1 in a xenograft model. Tumour cells 

isolated from MDA-MB-231 xenografts were probed for CSV and PKC-θ. Cells were fixed and 

immunofluorescence microscopy was performed, probing with primary anti-CSV and anti-PKC-θ 

(T53p) antibodies with DAPI. Representative images for each dataset are shown. Plots represent the 

TCFI values for CSV and TNFI for PKC-θ measured using ImageJ minus background (n = 20 cells per 

group). Graph depicts the PCC for PKC-θ and LSDp (LSD1 phosphorylated at serine 111) (n = 20 pooled). 

-1 = perfect dis-localisation; 0 = no co-localisation; +1 = perfect co-localisation. 
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5.5.3 Co-expression of CSV, ALDH1A, and LSD1s111p in Metastatic Cancer Cells from Abraxane-

treated Xenograft Mouse Models 

The expression of PKC-θ, LSD1, and CSV was confirmed in the primary tumours in the xenograft model 

(Figure 5.11), so we next speculated that LSD1s111p would also be expressed in cancer cells within 

metastatic lesions due to its connection to pro-metastatic EMT and mesenchymal cells. To examine 

this hypothesis, we examined protein expression in metastatic lesions in our xenograft model. This 

was undertaken by cutting three µm-thick FFPE tissue sections of metastatic lesions in the lung, liver, 

or kidney, which were then processed for 3D high-resolution microscopy using the automated BondRx 

staining platform and the manufacturer’s FFPE tissue protocol. FFPE tissues were fixed and probed 

with primary antibodies targeting LSD1, ALDH1A and CSV (Figure 5.12). Target protein expression was 

quantified by analysing the TNFI or TCFI. 

Despite Abraxane reducing primary tumour bulk, metastases persisted in the lung, liver, and kidney 

tissues of treated mice. CSV expression was increased in tumour cells infiltrating the lung (p < 0.0001), 

liver (p = 0.0015), and kidneys (p = 0.0019) over that of control samples. LSD1p expression was also 

significantly increased in the lung (p < 0.0001), liver (p = 0.0385), and kidney (p < 0.0001). Finally, 

ALDH1 was significantly increased in infiltrating tumour cells in the lung (p = 0.0009) and liver and 

kidneys (p < 0.0001; Figure 5.12). 

In summary, LSD1s111p is significantly expressed in metastatic lesions in the lung, kidney, and liver 

and metastatic lesions were aggravated by chemotherapy as seen by higher co-expression (with 

LSD1s111p) of ALDH1A and CSV. Future work using Opal-Kit technology on FFPE sections would 

overcome the limit of only 3 antibodies on a FFPE section using the Opal kits for complex multiplexing 

to investigate the co-localisation of PKC-θ and LSD1 in the context of CSC markers and mesenchymal 

markers such as CSV and ALDH1A. 
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Figure 5.12 
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Figure 5.12. Co-expression of CSV, LSD1s111p, and ALDH1A in metastatic cancer cells in different 

organs. (A) FFPE sections from the organs (lungs, livers, and kidneys) of mice belonging to each 

treatment group (Group A = control, Group B: Abraxane (30 mg/kg)) were processed for 3D high-

resolution microscopy using the BondRX system. FFPE tissues were fixed, and immunofluorescence 

microscopy was performed probing with rabbit anti-LSD1-s111p, mouse anti-CSV, and goat anti-

ALDH1A primary antibodies and visualised with donkey anti-rabbit Alexa Fluor 488, anti-mouse Alexa 

Fluor 568, and anti-goat Alexa Fluor 633 secondary antibodies. Coverslips were mounted on glass 

microscope slides with ProLong Diamond Antifade reagent (Life Technologies). Protein targets were 

localised by confocal laser scanning microscopy. The final image was obtained by averaging four 

sequential images of the same section. Digital images were analysed using ImageJ software (ImageJ, 

NIH, Bethesda, MD, USA) to determine either the TNFI, TCFI, or TFI. n = 40 cells were counted. (B) 

Graphs for both organs are presented and represent the TNFI values for LSD1 and ALDH1A and TCFI 

for CSV measured using ImageJ to select the nucleus minus background. Representative images for 

the lung, kidney, and liver datasets are shown. 

 

 

 

 

 

 

 



 

233 | P a g e  
  

5.6 LSD1 and PKC-θ Expression in Human-derived Circulating Tumour Cells (CTCs) 

We characterised the co-expression of LSD1 and PKC-θ in a variety of cancer cell lines and mouse 

xenograft tumour models (Figures 5.1, 5.6 and 5.8 to 5.12). 

As described in Section 1.8, CTCs detected in liquid biopsies (blood samples) are an important resource 

for understanding disease burden, metastatic potential, stem-like signatures (CTSCs, CTCs with a 

cancer stem cell (CSC) signature), and therapeutic resistance using a routine, simple, and relatively 

non-invasive method. Therefore, we speculated that expression profiles of the epi-enzymes LSD1 and 

PKC-θ (which we term “onco-epi-enzymes”) would be enriched in human-derived CTCs.  

To assess this, CTCs/CTSCs must be isolated from patient liquid biopsies (that is, their blood samples). 

Three optimisation steps were carried out to optimise this process: 1) co-culture of MDA-MB-231 

breast cancer cells with Jurkat T cells to ensure that the antibody panels selected for IF analysis could 

precisely discern cancer cells from other cell types such as T cells; 2) selection of the best type of 

phlebotomy tube (different tubes have different coatings to preserve or prevent coagulation of the 

blood prior to subsequent analyses) using healthy blood samples spiked with MDA-MB-231 cells; and 

3) test the optimised process on real patient blood samples from metastatic cancer patients. 

 

5.6.1 Workflow for Isolation of CTCs from Patient Liquid Biopsies 

A protocol for isolating CTCs to allow the characterisation of protein markers of interest was first 

needed. To this end, a method to isolate cancer cells from the blood of metastatic cancer patients was 

developed. The hypothesis was that metastatic cancer patients would have a high CTC load due to the 

presence of metastatic disease.  
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5.6.2 Optimisation of Detection of CTCs in Co-cultured Samples 

The isolation of CTCs first requires the optimisation of detection of CTCs in a background of 

contaminating cells. To achieve this, co-cultures of MDA-MB-231 cells (a metastatic breast cancer cell 

line) and Jurkat T cells were pooled to test the efficiency of immunofluorescence in distinguishing 

cancer cells from T cells. Cells were mixed at a ratio of 1:100 MDA-MB-231s:T cells. MDA-MB-231 cells 

were cultured until 80% confluent (as per Section 2.2), and Jurkat T cells were cultured to a density of 

5 x 105 cells/ml (as per Section 2.2). MDA-MB-231 cells were then trypsinised, washed with PBS, and 

mixed with Jurkat T cells at a 1:100 ratio. The mixed culture sample was then fixed with 3.7% 

formaldehyde and cytospun onto 15 x 15 mm poly-l-lysine coated coverslips with a Shandon cyto-

centrifuge using a gentle cytospin program optimised based on intact cell morphology (several speed 

settings were performed on a pure culture of MDA-MB-231 cells to ensure settings selected did not 

damage cells; 300 rpm for 5 minutes was selected as optimal). The mixed, fixed cells were then 

permeabilised with 2% Triton-X-100 and probed with mouse cytokeratins (specifically 7,8,18,19), 

which were chosen as they have been shown to be expressed by a variety of CTCs in metastatic cancers 

(Barak et al., 2004; Riethdorf et al., 2007; Yu et al., 2011b). Rabbit CD45 antibodies were chosen as a 

well-known lymphocyte marker. These antibodies were visualised with anti-mouse secondary 

antibodies conjugated to Alexa Fluor 488 and anti-rabbit secondary antibodies conjugated to Alexa 

Fluor 568 carried out as per Section 2.7. Labelling with CD45 labelled T cells strongly with some 

(normal, non-interfering) background signal. However, cytokeratin was specific for MDA-MB-231s 

alone and did not label T cells (Figure 5.13).  

In summary, IF microscopy with antibodies targeting cytokeratin and CD45 could clearly distinguish 

between MDA-MB-231 cancer cells and Jurkat T cells without significant background. 
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Figure 5.13. Optimisation of antibody screening for cancer cells in mixed cultures. Microscopy was 

performed on MDA-MB-231 and Jurkat T cell mixed cultures to examine for specific antibody staining. 

Cells were fixed, permeabilised, and labelled with anti-cytokeratin and anti-CD45 antibodies and 

visualised with anti-mouse secondary antibodies conjugated to Alexa Fluor 488 and anti-rabbit 

secondary antibodies conjugated to Alexa Fluor 568. 
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5.6.3 Optimisation of the Isolation protocol of CTCs from Healthy Spiked Liquid Biopsies  

Having optimised the immunofluorescent detection assay in vitro, we next optimised the protocol for 

blood samples in preparation for processing actual, precious blood samples from donors. Initially, to 

avoid using cancer patient samples, liquid biopsies were collected from healthy donors without cancer 

or metastatic disease. 40 ml of blood was isolated by venesection from consenting donors and spiked 

with MDA-MB-231 cells for optimisation of IF detection of cancer cells.  

To optimise blood collection, several different types of collection tube were tested to determine which 

tube provided the highest-quality isolated CTCs without contaminating material such as platelets, red 

blood cells, and immune cells. Samples were also stored for multiple time points to optimise sample 

collection time and storage conditions before isolation/enrichment of CTCs.  

The following tubes were tested: EDTA blood collection tubes (standard blood collection tubes 

containing the strong anti-coagulant ethylenediaminetetraacetic acid (EDTA)); CF blood collection 

tubes (cell-free DNA collection tubes prevent blood coagulation and cell lysis and preserve nucleated 

cells to enable efficient analysis of cell-free DNA (cfDNA)); and CS blood collection tubes (CellSave 

Preservative Tubes designed for the collection and stabilisation of CTCs from whole blood for the 

CellSearch CTC platform). 100 MDA-MB-231 cancer cells were added to every 10 ml healthy blood 

followed by pre-enrichment of the spiked MDA-MB-231s (or “CTCs”) by employing the RosetteSep™ 

Human CD45 Depletion kit (15162, Stemcell Technologies) to remove CD45+ cells. It was also 

determined during optimisation experiments that centrifuging without a break allowed the removal 

of platelets that would otherwise contaminate the samples. The CD45 depletion kit removed CD45+ 

cells and blood cells (by cross-bonding with CD45+ cells) by density gradient centrifugation with 

SepMate™-15 (IVD) density gradient tubes (85420, Stemcell Technologies) and Lymphoprep™ density 

gradient medium (07861, Stemcell Technologies). To ensure no contaminating red blood cells, 

samples were also treated with red blood cell lysis buffer (Cat# 11814389001). 
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Isolated cells were then fixed with 3.7% formaldehyde and cytospun onto 15 x 15 mm poly-l-lysine 

coated coverslips with a Shandon cyto-centrifuge using a gentle cytospin program as described in 

Section 5.5.2. Spiked or un-spiked fixed cells were then permeabilised with 2% Triton-X-100 and 

screened with two panels of antibodies targeting mesenchymal-like CTCs/CTSCs in the blood. Two 

panels were used: Panel 1: cytokeratin (mouse host), PD-L1 (rabbit host), and SNAIL (goat host). As 

described previously, cytokeratins can be used to detect CTCs in liquid biopsies. PD-L1 is a check-point 

protein expressed by cancers and CTCs to inactive or “check” the anti-cancer activity and kill immune 

cells such as T cells, so is an important biomarker (Mazel et al., 2015). SNAIL was selected as a well-

characterised marker for mesenchymal CTCs (Li et al., 2013). The second panel (panel 2) consisted of: 

cell surface vimentin (CSV; mouse host), EGFR (rabbit host), and FOXQ1 (goat host). As described 

above, CSV is a marker of mesenchymal, aggressive and metastatic CTCs/CTSCs (Mitra et al., 2015). 

EGFR is a classic marker for breast cancer and is also highly expressed in other metastatic cancers 

(Zhang et al., 2013a). Finally, FOXQ1 is a transcription factor that regulates the EMT program in a 

variety of cancers, with high levels linked to aggressive, metastatic, and mesenchymal cancers (Kaneda 

et al., 2010; Zhang et al., 2011). 

Antibody-labelled proteins were then visualised with secondary antibodies targeting mouse 

immunogens (conjugated to Alex Fluor 568), rabbit immunogens (conjugated to Alex Fluor 488), and 

goat immunogens (conjugated to Alex Fluor 633) as described in Section 2.7. IF microscopy was 

performed with labelled samples and a Leica DMI8 microscope as described in Section 2.7 (Figures 

5.14 to 5.19).  
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Figure 5.14. Optimisation of isolation of cancer cells in spiked healthy donor blood taken in EDTA 

tubes. Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor 

liquid biopsies. Cells were fixed and probed with primary “panel 1” biomarkers designed to isolate 

CTC/CSCs from liquid biopsies and consisting of primary mouse antibodies to vimentin, primary rabbit 

antibodies to PDL1, and primary goat antibodies to SNAIL followed by the corresponding secondary 

antibodies against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens conjugated 

to Alexa Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488.  
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Figure 5.15. Optimisation of isolation of cancer cells in spiked healthy donor blood taken in CF tubes. 

Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor liquid 

biopsies. Cells were fixed and probed with primary “panel 1” biomarkers designed to isolate CTC/CSCs 

from liquid biopsies and consisting of primary mouse antibodies to vimentin, primary rabbit antibodies 

to PDL1, and primary goat antibodies to SNAIL followed by the corresponding secondary antibodies 

against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens conjugated to Alexa 

Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488.  
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Figure 5.16. Optimisation of isolation of cancer cells in spiked healthy donor blood taken in CS tubes. 

Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor liquid 

biopsies. Cells were fixed and probed with primary “panel 1” biomarkers designed to isolate CTC/CSCs 

from liquid biopsies and consisting of primary mouse antibodies to vimentin, primary rabbit antibodies 

to PDL1, and primary goat antibodies to SNAIL followed by the corresponding secondary antibodies 

against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens conjugated to Alexa 

Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488 
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Figure 5.17 Optimization of isolation of cancer cells in spiked healthy donor blood taken in EDTA 

tubes. Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor 

liquid biopsies. Cells were fixed and probed with primary “panel 2” biomarkers designed to isolate 

CTC/CSCs from liquid biopsies. The panel consists of primary mouse antibodies to cytokeratin, primary 

rabbit antibodies to EGFR, and primary goat antibodies to FOXQ1 followed by the corresponding 

secondary antibody against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens 

conjugated to Alexa Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488. 
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Figure 5.18. Optimisation of isolation of cancer cells in spiked healthy donor blood taken in CS tubes. 

Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor liquid 

biopsies. Cells were fixed and probed with primary “panel 2” biomarkers designed to isolate CTC/CSCs 

from liquid biopsies. The panel consists of primary mouse antibodies to cytokeratin, primary rabbit 

antibodies to EGFR, and primary goat antibodies to FOXQ1 followed by the corresponding secondary 

antibody against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens conjugated to 

Alexa Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488. 
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Figure 5.19. Optimisation of isolation of cancer cells in spiked healthy donor blood taken in CF tubes. 

Confocal laser scanning microscopy was performed on MDA-MB-231-spiked healthy donor liquid 

biopsies. Cells were fixed and probed with primary “panel 2” biomarkers designed to isolate CTC/CSCs 

from liquid biopsies. The panel consists of primary mouse antibodies to cytokeratin, primary rabbit 

antibodies to EGFR, and primary goat antibodies to FOXQ1 followed by the corresponding secondary 

antibody against mouse immunogens conjugated to Alexa Fluor 568, goat immunogens conjugated to 

Alexa Fluor 633, and rabbit immunogens conjugated to Alexa Fluor 488. 
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Background signal posed a significant issue with CS and CF tubes and to a lesser extent EDTA tubes. 

The assay detected spiked MDA-MB-231 cells clearly in EDTA and to a lesser extent CS tubes, but no 

clear isolated cells were detectable in CF Tubes using panel 1. Using panel 2, MDA-MB-231 cells could 

be detected in all tubes; however, significant background was still present for CS and CF tubes, 

obscuring isolated cells. Based on these data, successful isolation and imaging of CTCs from blood 

must abide by the following criteria: positive for DAPI (stains nucleus/DNA-positive is a cell), positive 

for each of the three biomarkers/antibodies used, and signal above 600 fluorescent units (Figure 5.20). 

In summary, EDTA collection tubes (which use EDTA to stop coagulation and preserve the blood 

samples) were the best collection tube to use for CTC isolation. EDTA collection tubes were matched 

with the CTC/CTSC isolation protocol using the RosetteSep™ Human CD45 Depletion kit to remove 

CD45+ cells and red blood cells. Density gradient centrifugation with SepMate™-15 (IVD) density 

gradient tubes and Lymphoprep™ density gradient medium were used to isolate CTCs and remove 

platelets via density separation with no break in centrifuging. Both Panel 1 and Panel 2 antibodies 

could be used to label MDA-MB-231 cells spiked into healthy blood in EDTA tubes specifically and with 

good resolution for detection.  
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Figure 5.20. 
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Figure 5.20. Optimisation of isolation of cancer cells in spiked healthy donor collection blood tubes. 

Data shown represent the mean ±SE for at least 10-20 individual cells for each CTC antibody panel and 

collection tube used for isolation for the imaging microscopy from Figures 5.14 to 5.19. A TFI reading 

of 500 or above was considered positive for detection of the biomarker based on background levels 

in healthy patient samples. 
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5.6.4 Pilot Isolation and Immunofluorescent (IF) labelling of CTCs from Metastatic Cancer Patient 

Liquid Biopsies 

The next step was to test the optimised protocol described in Section 5.6.3 in liquid biopsies from 

actual metastatic cancer patients to confirm the accuracy and clinical applicability of the optimised 

protocol. The collection procedure for all patient samples was as follows: liquid biopsies were 

collected approximately every month from metastatic breast cancer patients or every three months 

from melanoma patients for 12 to 24 months (Figure 5.21A). An initial screen of six metastatic breast 

cancer patient liquid biopsies was performed on whole blood collected in EDTA tubes followed by CTC 

isolation as above. Cells were processed for IF microscopy as described above and in Section 2.7. This 

initial screen was to test that our isolation techniques would indeed isolate CTCs following the 

workflow depicted in Figure 5.21B in real-world clinical samples. 

To confirm the presence of CTCs, we also employed the DEPArrayTM platform, which uses IF 

microscopy to identify cells enriched from liquid biopsies using antibodies against vimentin and 

cytokeratin as well as CD45 as a negative selector. In DEPArrayTM, CD45-, vimentin+, and cytokeratin+ 

cells are considered CTCs. Cells are selected and captured for downstream applications using the 

DEPArrayTM software and, through exquisite control of the cells within the cartridge used to image and 

isolate these cells, the DEPArray™ cartridge leverages DEPArray™ technology to control the 

manipulation and collection of cells. The single-use, microfluidic cartridge contains an array of 

individually controllable electrodes, each with embedded sensors. This circuitry enables the creation 

of dielectrophoretic (DEP) cages around cells. After imaging, individual cells of interest are gently 

moved into the holding chamber for isolation and recovery. These cells can either be isolated as fixed 

cells (for intracellular staining) or live viable cells, as the isolation method is gentle enough to preserve 

cell viability (Figure 5.22A). Isolated cells (as per the manufacturer’s protocol and described in Section 

2.19.3) from the six metastatic breast cancer patients were also analysed using panels 1 and 2 
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described above (Figure 5.22B). High-resolution imaging on a Leica DMI8 immunofluorescent 

microscope identified cells positive with both panels 1 and panels 2. 

In summary, this protocol successfully isolated CTCs from human liquid biopsies from metastatic 

cancer patients which were of sufficient quality to allow high-resolution imaging and precise, 

discriminatory quantification of protein expression to investigate their contribution to the resistant 

phenotypes and metastatic disease.  
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Figure 5.21. Workflow for collection and isolation of CTCs from patient liquid biopsies. Depicted 

above in (A) is the collection schedule for liquid biopsies from either stage IV metastatic breast cancer 

patients or metastatic melanoma patients undergoing immunotherapy. (B) Depicts out-line of the 

workflow to process liquid biopsies for high resolution immunofluorescent imaging and DepArray 

screening. 

 

 

 



 

250 | P a g e  
  

 

Figure 5.22. 
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Figure 5.22. Isolation of CTCs from metastatic breast cancer liquid biopsies. (A) Whole blood was 

collected in EDTA tubes for CTC identification and enumeration. Human CD45 Depletion Antibody 

Cocktail was used to remove CD45+ lymphocytes followed by pellet removal and red blood cell lysis. 

Peripheral blood mononuclear cells (PBMCs) were isolated and fixed. CD45-depleted PBMCs were 

then stained with CD45-APC and pan-cytokeratin (CK)-FITC antibodies prior to analysis on the 

DEPArray for CTC isolation and enumeration. (B) Confocal laser scanning microscopy was performed 

on CTCs isolated from six breast cancer patient liquid biopsies as in A. Cells were fixed and probed 

with primary mouse antibodies to vimentin or cytokeratin, primary rabbit antibodies to EGFR or PDL1, 

and primary goat antibodies to SNAI1 or FOXQ1, followed by the corresponding secondary antibody 

against either mouse immunogens conjugated to Alexa Fluor 568, rabbit immunogens conjugated to 

Alexa Fluor 488, or goat immunogens conjugated to Alexa Fluor 633. Presented are representative 

images of CTCs isolated from patient liquid biopsies demonstrating the technique used to isolate, 

label, and analyse CTCs. The markers detected included SNAIL and FOXQ1, which are both 

transcription factors implicated in aggressive cancer with a mesenchymal state, and vimentin and 

cytokeratin, both markers of CTCs. 
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5.6.5 Isolation of CTCs Isolated from Metastatic Breast Cancer (MBC) Patient Liquid Biopsies 

As the pilot study successfully isolated and labelled CTCs using panels for mesenchymal, stem-like 

markers, we further developed the technique by employing CTC markers in combination with 

antibodies targeting our novel, onco-epi-enzymes of interest, PKC-θ and LSD1. As described in Section 

2.19, both the CD45-negative RosetteSep™ Human CD45 Depletion kit and the DEP-Array isolated 

CTCs from MBC patient liquid biopsies through double expression of cytokeratin (CK) and vimentin 

(VIM) and absence of CD45 expression. Figure 5.23A displays an example isolation plot and 

representative image from the DEPArray for the isolation of CTCs from 15 metastatic breast cancer 

patients, while Figure 5.23B shows an example of the numbers of CTCs isolated from 40 ml donor 

blood from two samples six weeks apart from the same patient. Healthy donor liquid biopsies were 

also used to test for background isolation. Figure 5.23C displays an example image of just the stained 

nuclei of isolated cells from either an example MBC patient for sample 1 or 2 or from healthy donors. 

Note that cells were only isolated from the metastatic patients and not healthy donors, indicating that 

the protocol is specific for isolating CD45-negative CTCs from blood. CD45-/VIM+/CK+ CTC cell counts 

were determined in two samples collected six weeks apart (sample 1 and sample 2, respectively; n = 

15). All CTCs collected from 15 MBC patients at each time point were pooled and compared to normal 

donors with IF microscopy performed on fixed cells as described in the methods. Representative 

images also show DAPI staining in CTCs collected from healthy donors (n=5). 

In summary, CTCs were successfully isolated using the optimised isolation protocol for CTCs and the 

DEP-Array in 15 different patient samples. There was also no isolation of background or contaminating 

cells in healthy donor samples.  
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Figure 5.23. Isolation of CTCs from metastatic cancer patient liquid biopsies. (A) CTCs were isolated 

from MBC patient liquid biopsies through double expression of cytokeratin (CK) and vimentin (VIM) 

and absence of CD45 expression on the DEPArray platform. Representative image from DEPArray and 

workflow shown. (B) CD45-/VIM+/CK+ CTC cell counts were determined in two samples collected six 

weeks apart (sample 1 and sample 2, respectively; n = 10). All CTCs collected from 10 MBC patients at 

each time point were pooled then compared to normal donors and immunofluorescence microscopy 

was performed on fixed cells. (C) Representative images showing DAPI staining in CTCs collected from 

healthy donors (n = 5 healthy donors). 
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5.6.6 Expression of LSD1 in CTCs Isolated from MBC Patient Liquid Biopsies 

As isolation of CTCs was confirmed (Figure 5.22), the next step was to analyse the protein signature 

of these CTCs using IF microscopy. CSV was selected as a marker as it is selective for aggressive, 

mesenchymal CTCs. SNAIL was selected as it is an EMT marker upregulated in mesenchymal CTCs. 

Both of these markers stained CTCs as described in the pilot isolations (Section 5.6.5). These two 

markers were combined with LSD1, since LSD1 is implicated in aggressive cancer and overexpression 

is linked to progression cancer (Lim et al., 2010, Serce et al., 2012). 

Isolated CTCs (Figure 5.23) were subjected to high-resolution IF microscopy as described in Section 

2.7. CTCs were probed with antibodies targeting CSV, LSD1s111p, and SNAIL as described in Section 

2.7. Representative images of the isolated CTCs from this pool of patients are depicted in Figure 5.24A. 

CTCs isolated from MBC liquid biopsies were stratified and divided into three phenotypes based on 

the nuclear expression of LSD1-s111p as quantified by the TNFI: phenotype 1: high nuclear expression 

of LSD1-s111p (TNFI >1100); phenotype 2: moderate nuclear expression of LSD1-s111p (TNFI 500 to 

1100); and phenotype 3: low nuclear expression of LSD1-s111p (TNFI <500).  

Next, LSD1-s111p and SNAIL or CSV co-expression were examined and quantified by IF microscopy. 

Cells expressing high SD1-s111p levels (phenotype 1) also expressed high levels of SNAIL and CSV, 

whilst phenotypes 2 and 3 expressed moderate to low levels of the EMT markers SNAIL and CSV, 

respectively (Figure 5-24A). 

Therefore, LSD1-s111p levels are proportional to the mesenchymal status of CTCs (Figure 5-24A). 

Interestingly, when the proportion of the phenotypes within the samples was examined, phenotype 1 

cells comprised the bulk of MBC CTCs (76%), while 14% were phenotype 2 and 10% were phenotype 

3 (Figure 5.24B).  
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Figure 5.24. Nuclear LSD1 in MBC is associated with a mesenchymal phenotype. (A) CTCs were 

enriched from ten MBC liquid biopsies using the RosetteSep™ Human CD45 depletion Kit (Stemcell 

Technologies) to isolate/remove CD45+ cells and red blood cells by gradient centrifugation with 

SepMate™-50 (IVD) density gradient tubes (Stemcell Technologies) and Lymphoprep™ density 

gradient medium (Stemcell Technologies). To examine expression profiles of LSD1-s111p TNFI (rabbit), 

CSV TCFI (mouse), and Snail TNFI (goat) in CTCs, MBC patient samples were permeabilised by 

incubating with 2% Triton X-100 for 20 min and probed with rabbit anti-LSD1p, mouse anti-CSV, and 

goat anti-ABCB5 and visualised with donkey anti-rabbit Alexa Fluor 488, anti-mouse Alexa Fluor 568, 

and anti-goat Alexa Fluor 633 secondary antibodies. Cover slips were mounted on glass microscope 

slides with ProLong Diamond Antifade reagent (Life Technologies). Protein targets were localised by 

confocal laser scanning microscopy as in Figure 5.12A. (B) Depicts the % population of three CTC 

phenotypes based on LSD1 expression from A. Phenotype 1 = high expression of LSD1-s111p (TNFI 

>1100); Phenotype 2 = moderate expression of LSD1-s111p (TNFI 500 to 1100); Phenotype 3 = low 

expression (TNFI <500).  
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In summary, this confirms that CTCs from metastatic breast cancer patients can be isolated and 

labelled with antibodies against CSV and SNAIL and that the more mesenchymal the CTCs, that is the 

more CSV and SNAIL expressed, the more LSD1 is also expressed. This suggests that, as LSD1 is an 

epigenetic regulator implicated in cancer progression, it may also regulate and induce aggressive, 

mesenchymal signatures in CTCs in liquid biopsies from metastatic breast cancer patients. 

Additionally, the majority of cells isolated from these metastatic patients expressed high levels of 

LSD1. 

 

5.6.7 Expression of LSD1 in CTCs is Associated with a Stem-like Resistance Signature 

Having confirmed the mesenchymal signature of the isolated CTCs, the stem-like signature of these 

CTCs was next assayed. CTCs were profiled with antibodies specific for the stem-like (CSC) and 

therapy-resistant signature markers ALDH1A (Martinez-Cruzado et al., 2016; Cruz Paula., 2014) and 

ABCB5 (Frank et al., 2005; Reid et al., 2013), which are both implicated in resistance and stem-like 

features alongside LSD1 expression. CTCs were again split into three phenotypes and protein 

expression quantified by IF microscopy.  

Phenotype 1 comprised 71% of the CTCs and co-expressed high levels of LSD1 (TNFI >1500) and the 

stem-like markers ALDH1A and ABCB5. Phenotype 2 (19%) and phenotype 3 (10%) CTCs expressed 

moderate (TNFI 600–1500) and low (TNFI <600) levels of LSD1, which correlated with ALDH1A and 

ABCB5 expression (Figure 5.25A, 5.25B). 

Interestingly, given that nuclear ALDH1 is associated with poor prognosis in a variety of cancers, LSD1 

strongly colocalised with ALDH1A within the nucleus with a PCC score ranging from moderate to very 

high (PCC 0.5 to 0.8 for each sample time point; Figure 5.25C). 
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Figure 5.25. Nuclear LSD1 in MBC is associated with a resistant, stem-like, mesenchymal phenotype. 

(A) LSD1, ALDH1A, and ABCB5 TNFI (for n = 10 pooled MBC CTCs isolated as per 5.24A.(B) % population 

of three CTC phenotypes based on LSD1 expression from A. (C) Graph depicts the PCC for LSD1 and 

ALDH1A (n = 10 pooled). -1 = perfect dis-localisation; 0 = no co-localisation; +1 = perfect co-

localisation. 
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In summary, these data clearly link high expression of LSD1 in CTCs with high expression of markers 

associated with a cancer-stem like and chemo-resistant signature (ABCB5 and ALHD1A). Interestingly, 

LSD1 and ALHD1A displayed strong co-localisation within isolated cell nuclei. 

 

5.6.8 Co-expression of LSD1 and PKC-θ in CTCs from MBC Patients 

Next, the LSD1-PKC-θ complex, which was also implicated in resistance in surviving cells in the mouse 

MDA-MB-231 xenograft model and taxane-resistant cell lines, was probed by IFA. Therefore, 

LSD1s111p (LSD1p), PKC-θ, and the mesenchymal CTC marker CSV were examined in CTCs derived 

from the same set of liquid biopsies shown in Figures 5.24 and 5.25. LSD1 and PKC-θ were profiled 

together as previously demonstrated in Sections 5.2, 5.3, and 5.4. PKC-θ can co-localise with and 

phosphorylate LSD1. Therefore, given both of these epigenetic enzymes’ roles in regulating 

tumorigenesis, we sought to establish their interactions within CTCs from metastatic cancer patients. 

As before, CTCs were categorised into three phenotypes based on PKC-θ nuclear expression quantified 

by IF microscopy: high nuclear protein expression phenotype (TNFI > 2100); moderate nuclear protein 

expression phenotype (TNFI 1100 – 2100); and low nuclear protein expression phenotype (TNFI < 

1100).  

PKC-θ expression was assessed along with expression of LSD1s111p and CSV as quantified by IF 

microscopy and the degree of co-localisation (PCC). As shown above, PKC-θ and LSD1 strongly co-

localised in the more mesenchymal, aggressive cancer cells. Likewise, CTCs with higher expression of 

LSD1 and CSV (and therefore a more mesenchymal and aggressive phenotype) also displayed very high 

PCCs in phenotype 1 (0.817), strong to moderate PCCs in phenotype 2 (0.49), and low PCCs in 

phenotype 3 (0.22). The co-localisation of LSD1 and PKC-θ could also be an indicator of mesenchymal, 

aggressive CTCs (Figure 5.26).  
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Interestingly, in these liquid biopsies from stage IV MBC patients (Figure 5.26), the population of CTCs 

was biased towards phenotype 1 (47%), with 33% for phenotype 2 and 20% for phenotype 3 (Figure 

5.27). There appears to be a higher proportion of mesenchymal, resistant, aggressive CTCs with high 

expression of the two epigenetic enzymes PKC-θ and LSD1 implicated in mesenchymal, resistant 

cancer in these MBC liquid biopsies from stage IV breast cancer patients.  

In summary, these data demonstrate that PKC-θ and LSD1 are closely expressed in CTCs isolated from 

metastatic stage IV breast cancer patient liquid biopsies. Additionally, LSD1 and PKC-θ co-localise, and 

high expression of these two enzymes is linked to high expression of the mesenchymal CTC marker 

CSV. Taken together, LSD1 and PKC-θ are associated with more metastatic, mesenchymal CTCs, and 

the majority of isolated CTCs from metastatic patients belong to phenotype 1, which expresses high 

levels of this markers. 

5.6.9 LSD1 and PKC-θ Expression Can Track Increased Disease Burden in MBC 

Next, we speculated that if CTCs can be isolated then it may be possible to examine dynamic LSD1 and 

PKC-θ expression to track or predict increases in disease burden in MBC patients. A single stage IV 

metastatic breast cancer patient (ER/PR+, HER2-) was tracked over 19 weeks. Samples were taken at 

weeks 1, 4, 7, 13, and 19.  

IF microscopy was performed on CTCs derived from liquid biopsies from this patient as described 

above and in the methods. Antibodies to PKC-θ, LSD1p, and CSV were used to profile the CTCs in each 

sample at each time point. IF microscopy was employed to quantify the protein expression by 

analysing the TNFIs of PKC-θ and LSD1p and the TCFI of CSV, with immunofluorescence directly 

proportional to protein expression. The protein expression of these biomarkers was tracked over time.  

 



 

260 | P a g e  
  

 

Figure 5.26 Co-expression of PKC-θ and LSD1p in MBC samples derived from patient liquid biopsies. 

(A) CTCs isolated from 15 MBC patients (as per Figure 5.24A) were screened for CSV, LSD1p, and PKC-

θ. Pooled samples were screened with primary antibodies targeting CSV, LSD1p, and PKC-θ, and 

representative images are shown with scale bar = 10 µm. (B) Based on PKC-θ expression, cells were 

split into three phenotypes. Graph depicts LSD1 TNFI, CSV TCFI, and PKC-θ TNFI and the PCC for LSD1 

and PKC-θ (n = 10 pooled). -1 = perfect dis-localisation; 0 = no co-localisation; +1 = perfect co-

localisation. 
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Figure 5.27. Co-expression of PKC-θ and LSD1p in MBC samples derived from patient liquid biopsies. 

Shows the % population of three CTC phenotypes based on PKC-θ expression and the Fn/c of PKC-θ in 

each of the three phenotypes shown in Figure 5.26. 
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DEPArray was used to capture CTCs and enumerate the CTC count per 7.5 ml blood as previously 

described. Standard of care monitoring (CT scans (according to RECIST 1.1 criteria), blood work, clinical 

symptoms, and clinical judgement; data not available for inclusion in this thesis) indicated that 

progression of metastatic disease and increasing disease burden were accompanied by an increase in 

CTC count in this patient.  

Figure 5.28A shows representative images of CTCs isolated at each time point from this MBC patient 

and labelled with primary antibodies targeting LSD1p, PKC-θ, and CSV. Intriguingly, high-resolution IF 

microscopy showed that there was a significant and sharp increase in the expression of LSD1s111p at 

week 4 (as quantified by measuring a TNFI of 3287; p < 0.0001), together with a sharp increase in the 

nuclear protein expression of PKC-θ (TNFI 3389) at week 7 (p < 0.0001) and a sharp increase in CSV 

expression in the cytoplasm/at the cell surface at week 7  (TCFI 2293; p <0 .0001) that preceded the 

substantial increase in CTC count. The points of significant increase in LSD1p, PKC-θ, and CSV are 

indicated by black arrows in Figure 5.28B.  

In summary, these data suggest that increases in PKC-θ and LSD1p precede increases in disease 

burden, markers for aggressive CTCs (CSV), and CTC numbers in the blood. Therefore, these markers 

may have clinical utility as a useful early prognostic tool for increased disease burden and perhaps 

even a negative predictive tool for the failure of therapy (Figure 5.28).  
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Figure 5.28 
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Figure 5.28. Liquid biopsy tracking of disease burden in MBC patient samples through analysis of 

epigenetic biomarker expression of LSD1 and PKC-θ. (A) CTCs isolated from MBC patient samples 

taken at 1, 4, 7, 13, and 19 weeks were screened for CSV, LSD1p, and PKC-θ. Pooled samples were 

screened with primary antibodies targeting CSV, LSD1p, and PKC-θ, and representative images are 

shown with scale bar = 10 µm. (B) Graph depicts PKC-θ, LSD1-s111p TNFI, CSV TCFI, and CD45-

/VIM+/CK+ CTC cell count in five samples collected at the indicated time points. Representative images 

are shown for each time point (n = 1 patient). 
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5.7 Liquid Biopsies to Isolate and Stratify CTCs from Metastatic Melanoma Patient Liquid Biopsies 

As we were able to isolate CTCs from metastatic breast cancer patients (Section 5.6), we speculated 

that the process would be the same – and successful - for any metastatic cancer. Therefore, CTCs 

derived from 20 metastatic melanoma patients were profiled for biomarker protein expression. 

Samples were taken every three months due to disease burden (Figure 5.29A). Patients were further 

classified based on their RECIST 1.1 measurements (Eisenhauer, et al., 2009) as determined from CT 

scans of the tumours. Cancer status was clarified as follows: an increase in target disease lesions by 

20% in sum and/or a 5 mm absolute increase was considered progressive disease (PD); complete 

response (CR) was defined as the disappearance of all target lesions, and any pathological lymph nodes 

(whether target or non-target) must have reduced in the short axis to <10 mm; partial response (PR) 

was defined as at least a 30% decrease in the sum of diameters of target lesions, taking as reference 

the baseline sum diameters; and stable disease (SD) was considered to be the case when there was 

neither sufficient shrinkage to qualify for PR nor a sufficient increase to qualify for PD, taking as 

reference the smallest sum of diameters. Example CT scans of CR or PD patients are depicted in Figure 

5.29B and Figure 5.29C, respectively. The change over time of either a PD or CR patient of the tumour 

change to % baseline size is depicted in a spider graph in Figure 5.29D. This shows how tumour lesions 

and disease burden increase over time in PD and decrease over time in CR. 

CTCs were screened with a panel of antibodies targeting mesenchymal, resistant, stem-like like CTCs: 

CSV, a marker for aggressive, mesenchymal CTCs (Mitra et al., 2015), ABCB5 as a marker of stem-like, 

therapy-resistant CTCs (Frank et al., 2005; Reid et al., 2013; Rapanott et al., 2017), and PKC-θ. The 

samples were analysed using high-resolution IF microscopy employing the TNFI and TCFI 

immunofluorescent values to directly quantify the protein expression and the Fn/c values to quantify 

the degree of nuclear bias for PKC, TCFI for CSV, and TFI for ABCB5 using Image-J-Fiji. Then, samples 

were split into different cohorts based on RECIST 1.1 criteria and the IF intensities, which are directly 

proportional to protein expression, compared between each group with significant differences 
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measured using the Mann-Whitney test. Figure 5.30A displays representative images of each 

melanoma patient cohort showing DAPI, CSV, PKC-θ, and ABCB5 staining. Figure 5.30B depicts the 

graphs of the immunofluorescence intensities as measured with Image-J-Fiji, allowing the precise and 

elegant quantification of protein expression. As disease burden increased from CR to PD, the total 

nuclear PKC-θ intensity increased dramatically and significantly, with PD having the highest PKC-θ 

nuclear protein expression (quantified by a TNFI of 3500; p = 0.0001 relative to CR, PR, and SD) and 

the CR cohort the lowest expression of nuclear PKC-θ (quantified by a TNFI of 1800, significantly lower 

than the other cohorts; p = 0.0043 relative to PR and <0.0001 for SD and PD). Interestingly, cytoplasmic 

expression of PKC-θ decreased in the samples with the highest disease burden (PD cohort), as 

quantified by  a TCFI of 1004, significantly lower than either CR, PR, or SD (p ≤ 0.0001). CR had the 

highest cytoplasmic protein expression of PKC-θ as quantified by a TCFI of 1432 on average and 

significantly higher than SD or PD (p ≤ 0.0001) and PR (p = 0.0043). In keeping with this, the Fn/c, which 

measures the degree of nuclear bias, was also significantly higher in PD patient samples (Fn/c 3.03), 

indicating a strong nuclear bias for PKC-θ (p < 0.0001 relative to CR, PR, and SD). Similarly, the Fn/c 

decreased as the disease burden lessened in the SD (Fn/c 2.27), PR (Fn/c 1.8), and CR (Fn/c 1.22) 

groups, the latter still indicating a slight nuclear bias (Figure 30B).  

Similarly, the protein expression of CSV as quantified by TCFI was significantly higher as the disease 

burden increased, with very low protein expression (TCFI of <311) in the CR cohort to a significantly 

higher protein expression of CSV (TCFI of 1787; p ≤ 0.0001) in the PD cohort with the highest disease 

burden. ABCB5 also significantly increased in patients with greater disease burden and coincided with 

an increase in PKC-θ nuclear protein expression; ABCB5 showed the lowest expression in CR cohorts, 

progressively increasing in expression with PD ABCB5 expression significantly higher than all other 

cohorts (p=0.0001; Figure 5.30B; as quantified by total IF values of 928 in CR, 1058 in PR, 2194 in SD, 

and 3688 in PD). 
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Figure 5.29 
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Figure 5.29. Liquid biopsies and disease burden in melanoma patient samples. (A) Melanoma 

patients liquid biopsies (n = 20) were taken from consented patients every three months for 24 months 

after a baseline bleed. Patients were further classified based on objective response to immunotherapy 

treatment (either mono or dual therapy using pembrolizumab, nivolumab, and/or ipilimumab) into 

complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). (B) CT 

scan showing (red circle) the tumour lesion shrinking/vanishing after immunotherapy, i.e., a complete 

responder. (C) CT scan showing adrenal tumour lesions which, after an initial response to 

immunotherapy, showed some shrinkage before becoming resistant and starting to increase in size 

again following the initial response. This indicates a progressive disease patient. (D) Indicates RECIST 

1.1 lesion measurement % changes relative to baseline for a CR and PD patient.  
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Figure 5.30. PKC-θ expression correlates with increased disease burden in melanoma patient 

samples. (A) CTCs isolated from bloods from either a resistant cohort or a responder cohort defined 

as per RECIST 1.1 criteria were screened with a panel for a mesenchymal, resistant signature consisting 

of CSV, PKC-θ, and ABCB5. Cells were fixed and immunofluorescence microscopy was performed 

probing with anti-CSV, anti-PKC-θ (T53p), and anti-ABCB5 primary antibodies with DAPI. 

Representative images for each dataset are shown. (B) Plots represent the TCFI values for CSV, TNFI, 

TCFI, and Fn/c for PKC-θ, and TFI for ABCB5 measured using ImageJ minus background (n = 5 patients 

per group). 
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In summary, this panel of markers (ABCB5, CSV, PKC-θ) successfully stratified stage IV metastatic 

melanoma patients into groups that might respond to immunotherapy or be resistant to 

immunotherapy; indeed, the panel could also differentiate patients into partial responses or stable 

disease with non-progressive or improved disease. Strikingly, PKC-θ predicted these responses 

without the need for the other two markers, suggesting that this onco-epi-enzyme plays a significant 

role in refractory, resistant disease and may be an important biomarker to stratify patients for 

therapeutic intervention. 

 

5.7.1 PKC-θ Expression is Predictive of Response to Dual Immunotherapy and Prognostic for 

Increased Disease Burden in Melanoma 

Based on our previous success tracking disease burden in a metastatic breast cancer patient (Section 

5.6.9), a melanoma patient with refractory, primary-resistant disease to mono-immunotherapy and 

classified as PD by RECIST 1.1 was profiled with our CTC isolation and detection protocol. Four samples 

were taken at more frequent intervals to try to track the patient in “real time” (every month). The first 

sample was taken just before the patient’s therapy was changed from mono-immunotherapy 

(pembrolizumab, an anti-PD1 therapeutic antibody) to dual drug immunotherapy (combination of 

nivolumab (anti-PD1 therapeutic antibody) with ipilimumab (anti-CTL4 therapeutic antibody) (Figure 

5.31). 
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Figure 5.31. PKC-θ expression predicts response to immunotherapy in a metastatic melanoma 

patient tracked over time. (A) CTCs isolated from this patient (Patient D) were tracked over multiple 

time points. The results predicted this patient’s transition from a resistant cohort to a responder 

cohort in line with our signature panels. Immunofluorescence microscopy was performed on these 

cells fixed and probed with primary anti-CSV, anti-PKC-θ (T53p), and anti-ABCB5 with DAPI. 

Representative images for each dataset are shown. Plots represent the TCFI values for CSV, TNFI for 

PKC-θ, and TFI for ABCB5 measured using ImageJ to select the nucleus minus background. (B) CT scan 

of this patient at baseline, prior to, and after immunotherapy. (C) Graph tracking the RECIST 1.1 

measurement for Patient D over four time points 12 weeks apart starting from baseline and showing 

the change in lesion sizes for this patient as indicated in the CT scan. 
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Analysis of sample 1 indicated that the patient had significant disease burden and high nuclear 

expression of PKC-θ (TNFI of over 4000). The Fn/c was also high for PKC-θ (Fn/c of 2.5), indicating a 

strong nuclear bias for PKC-θ; this sample also had high expression of cytoplasmic CSV (TCFI 3471) and 

ABCB5 (TFI 2347). These data suggest that the patient had not responded to pembrolizumab 

monotherapy and that their disease burden remained significant. 

After sample 1, this patient started dual-immunotherapy, accompanied by a significant reduction in 

nuclear protein expression (with an overall p ≤ 0.0001) of PKC-θ (quantified by a decreased TNFI 3234 

and a reduced nuclear bias as indicated by an Fn/c of 1.6), along with a reduction in cytoplasmic CSV 

(TCFI 2717) and overexpression of ABCB5 (TFI 1792). 

Samples 2 and 3 also demonstrated significant (p ≤ 0.0001) decreases in expression of these markers, 

with PKC-θ displaying decreased nuclear expression (TNFI 2016) in sample 3 and in sample 4 (TNFI 

1809). The Fn/c (the nuclear bias) for PKC-θ dropped to 1.1 in sample 3 and 0.8 in sample 4. Significant 

decreases (p ≤ 0.0001) were also seen for cytoplasmic expression of CSV in sample 3 (TCFI 1492) and 

sample 4 (TCFI 885.7). Finally, the overall protein expression of ABCB5 also fell significantly (p ≤ 0.0001) 

in sample 3 (TFI of 1430) and sample 4 (TFI of 527). 

The profiles of these markers would suggest that the patient was improving (Figure 5.31). Of note 

though, the tumour shrinkage on CT was only observed several weeks after these blood-based 

measurements (Figure 5.31B and Figure 5.31C), at which time this patient was re-classified as PR. 

These data strongly indicate that reducing expression of our signature panel predicts positive 

responses to therapy or resistance many weeks before any difference is detectable by RECIST 1.1 

measurements on imaging and is prognostic for disease burden. If confirmed, these biomarkers could 

act to guide early intervention or a change in therapy.  
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Next, the cytoplasmic expression of CSV (TCFI for CSV), nuclear expression of PKC-θ (TNFI for PKC-θ), 

and overall expression of ABCB5 (TFI for ABCB) were examined in four patients undergoing dual 

immunotherapy over time. CSV, PKC-θ, and ABCB5 protein expression all decreased (as quantified by 

immunofluorescence intensities) over time in the patient classified as responsive to dual 

immunotherapy, but expression of these biomarkers increased in the three patients that became 

resistant and were classified as PD (Figure 5.32). 

In summary, these data clearly indicate the prognostic and potentially predictive power of analysing 

onco-epi-enzymes expressed within CTCs derived from liquid biopsies from metastatic cancer 

patients. In particular, the data on PKC-θ indicate that this epigenetic enzyme plays a critical role in 

refractory melanoma and may serve as a prognostic or even predicative indicator. This might also 

suggest potential a therapeutic opportunity in targeting PKC-θ. 

 

 

 

 

 

 

 

 



 

274 | P a g e  
  

 

Figure 5.32. PKC-θ expression predicts response to immunotherapy in a metastatic melanoma 

patient tracked over time. CTCs isolated from a cohort of resistant patient samples undergoing dual 

immunotherapy. Three PD non-responders were compared to a primary resistant patient who 

responded to therapy and were screened with the same antibody panel to characterise expression of 

our novel signature containing the onco-kinase PKC-θ and to determine any link with PD 

responsiveness to dual immunotherapy. 
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5.7.2 PKC-θ Expression and Co-expression of Mesenchymal, Stem-like Markers CSV and ABCB5 in 

Baseline Tissue Biopsies from Metastatic Melanoma Patients 

Having confirmed the expression of PKC-θ and associated mesenchymal, stem-like markers in blood-

derived CTCs, we speculated that analysis of these markers in baseline and metastatic tissue biopsies 

may be prognostic and/or predictive in response to therapy. Therefore, our resistant, refractory 

disease signature was examined in baseline diagnostic tissue samples taken from melanoma patients, 

the goal being to understand whether there were any prognostic expression differences. Three µm-

thick FFPE tissue sections were processed as per the methods. Briefly, staining was carried out using 

the BondRx automated staining and tissue platform using the ER2 antigen retrieval method and the 

Opal four-colour staining kit for automated processing and staining of samples. 3D tissue imaging was 

performed using the Leica DMI8 high-resolution fluorescence microscope and fluorescence intensities 

measured using Imagej-Fiji to allow direct and precise quantification of target protein expression 

(Figure 5.33).    

There were differences in protein expression between response groups as determined by the IF 

intensities of the target proteins (TNFI of PKC-188.5, TCFI of CSV, and the TFI of ABCB5). The PD cohort 

displayed significantly higher levels of nuclear expression of PKC-θ (TNFI 2517), whereas SD patients 

had a lower nuclear expression of PKC-θ (TNFI of 1696; PD vs. SD p = 0.0085) and CR had the lowest 

nuclear expression of the cohorts as quantified via immunofluorescence (TNFI of 769.2; PD vs. CR p ≤ 

0.0001; Figure 5.33).  

CSV and ABCB5 expression also increased, with low cytoplasmic protein expression of CSV (TCFI 596) 

in CR, which increased significantly in SD (p = 0.0056; TCFI of 864.4) and showed the highest expression 

(1021 TCFI) in PD (p = 0.0090 vs. SD and p < 0.0001 vs. CR). ABCB5 showed a similar but more significant 

change, with ABCB5 increasing from very low protein expression as quantified by a TFI of 188.5 in CR 

to a much higher expression of ABCB5 (1628 TFI) in SD patients (p = 0.0001) and the highest protein 
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expression of ABCB (TFI 2947) in PD patient cohort samples (p = 0.0001 vs. SD and p < 0.0001 vs. CR) 

(Figure 5.33). 

In summary, higher expression of CSV, PKC-θ, and ABCB5 was found in patients that subsequently 

progressed, with the highest expressers eventually classified as progressive disease and resistant to 

therapy. These data suggest that these tissue biomarkers may be associated with disease burden and 

may be prognostic.  
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Figure 5.33. PKC-θ expression and resistance markers can predict future responses to 

immunotherapy in metastatic melanoma patients. (A) FFPE sections from melanoma patient baseline 

biopsies for either complete response (CR), stable disease (SD), or progressive disease (PD) were 

processed for 3D high-resolution microscopy using the BondRX platform. FFPE tissues were fixed and 

Immunofluorescence microscopy was performed, probing with anti-CSV, anti-PKC-θ (T53p), and anti-

ABCB5 primary antibodies with DAPI. Representative images for each dataset are shown. Plots 

represent the TCFI values for CSV, TNFI for PKC-θ, and TFI for ABCB5 measured using ImageJ minus 

background (n = 40 cells per patient sample). 
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5.7.3 PKC-θ and LSD1 Co-expression in Melanoma Patient-derived CTCs 

Above, LSD1 was characterised as upregulated in metastatic breast cancer CTCs and in mouse 

xenografts, co-localising with PKC-θ in these models. Next the co-expression and co-localisation of 

LSD1 and PKC-θ was characterised in melanoma CTCs, as we hypothesised that this complex may also 

be important in the tumorigenic signature of melanoma-derived CTCs. CTCs derived from metastatic 

melanoma patient liquid biopsies as above were processed for IF microscopy as described in Section 

2.7. Samples were probed with a panel of antibodies targeting PKC-θ, LSD1, and CSV to mark 

mesenchymal CTCs and analysed by high-resolution IF microscopy.  

Samples were split into their different cohorts based on RECIST 1.1 criteria and IF intensities compared 

between each group. Representative images for each cohort and graphs for PKC-θ TNFI, LSD1 TNFI, 

CSV TCFI, and the PKC-θ/LSD1 PCC scores with significant differences indicated are shown in Figure 

5.34. Both LSD1 and PKC-θ displayed significant increases in nuclear protein expression (as quantified 

by the IF intensities) as disease burden increased, with the highest protein expression found in the PD 

(progressive disease, resistant) cohort; TNFIs of 1261 for LSD1 and 953 for PKC-θ in the CR cohort, with 

increases in nuclear protein expression as indicated by significant intensity increases to 3403 for PKC-

θ  and 3395 for LSD1 (p < 0.0001) (Figure 5.34) in the PD cohort. CSV was similar, with significantly 

higher protein expression in the PD cohort (TCFI 3053, p < 0.0001 compared to CR, p = 0.0220 

compared to SD, and p = 0.0005 compared to PR).  

In summary, as demonstrated in mesenchymal cell lines, PKC-θ and LSD1 had strong nuclear co-

localisation. Interestingly, PKC-θ and LSD1 had a moderate PCC in CR patients (0.4), which increased 

dramatically to a very high PCC (0.8) in PD patients (p < 0.0001). This demonstrates that both PKC-θ 

and LSD1 expression and interaction in the nucleus may contribute to increased disease burden in 

melanoma and MBC patients and that these markers be useful as prognostic and predictive 

biomarkers in patients on immunotherapy (Figure 5.34). 
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Figure 5.34. PKC-θ and LSD1 expression/complex correlate with increased disease burden in 

metastatic melanoma patient samples. CTCs isolated from blood samples from either a resistant 

cohort or a responder cohort defined as per RECIST 1.1 criteria were screened with a panel marking a 

mesenchymal, resistant signature consisting of PKC-θ, LSD1, and CSV. Cells were fixed and 

immunofluorescence microscopy was performed probing with anti-CSV, anti- PKC-θ, and anti-LSD1 

primary antibodies with DAPI. Representative images for each dataset are shown. Plots represent the 

TCFI values for CSV and TNFI for PKC-θ and LSD1 measured using ImageJ minus background (n = 5 

patients per a group). The PCC was determined for LSD1 and PKC-θ. PCC indicates the strength of 

relationship between the two fluorochrome signals for at least 20 individual cells ±SE.  
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5.8 PKC-θ Localises with the Mesenchymal-related Transcription Factor FOXQ1 in Metastatic Cancer 

PKC-θ has a clear role as a master epigenetic regulator of cancer progression, metastatic disease, and 

resistance to therapies. Therefore, in this context, we speculated that PKC-θ would have additional 

roles in regulating other mediators of metastatic mesenchymal cancer, such as the FOX transcription 

factors. FOX transcription factors such as FOXQ1 are implicated in mesenchymal transformation in 

breast cancer (Qiao et al., 2011; Zhang et al., 2011). 

Initially, the epithelial breast cancer cell line MCF-7, its mesenchymal-stimulated variant MCF7-ST, and 

the metastatic, mesenchymal breast cancer cell line MDA-MB-231 were probed for co-expression of 

PKC-θ and FOXQ1, primarily focusing on nuclear expression (Figure 5.35).  

Cells were grown as described in Section 2.2 and processed for IF microscopy as described in Section 

2.7. Samples were screened with a panel of antibodies targeting PKC-θ and FOXQ1. Samples were 

analysed by high-resolution IF microscopy and the TNFI for FOXQ1 and PKC-θ determined and used to 

quantify nuclear protein expression. The PCCs were calculated as described in Section 2.7.5 to 

determine the degree of co-localisation. 

PKC-θ, as expected, increased in the mesenchymal state, with the highest protein expression seen in 

MDA-MB-231 cells (TNFI 184), significantly higher than the other two cell types (p ≤ 0.0001). Co-

expression of FOXQ1 followed a similar pattern, with the highest expression in MDA-MB-231 cells 

(TNFI 2323; p < 0.0001). Strikingly, the PCC (co-localisation) of FOXQ1 and PKC-θ was only 0.15 in the 

MCF-7-NS and did not increase significantly in the mesenchymal MCF-7s, where the PCC was 0.19. 

However, the PCC in MDA-MB-231s did increase dramatically and significantly to 0.6 (p < 0.0001) 

(Figure 3.35). In summary, PKC-θ increases in the mesenchymal signature of cancers and forms a 

complex with FOXQ1 in the context of metastatic, mesenchymal breast cancer cell lines.  
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Figure 5.35. 
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Figure 5.35. Expression of PKC-θ and FOXQ1 in breast cancer cell lines. Immunofluorescence 

microscopy was performed on the breast cancer cell lines MCF-7 (epithelial or mesenchymal) and 

MDA-MB-231 fixed and probed with anti-FOXQ1, anti-PKC-θ, and DAPI. Representative images for 

each dataset are shown. Graph depicts the PCC for FOXQ1 and PKC-θ (n = 20 individual cells). -1 = 

perfect dis-localisation; 0 = no co-localisation; +1 = perfect co-localisation.  
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5.8.1 PKC-θ Co-expresses with FOXQ1 in MBC Patient-derived CTCs 

Having confirmed that PKC-θ and FOXQ1 are co-expressed and co-localise in breast cancer cell lines, 

we speculated that this PKC-θ:FOXQ1 complex would also exist in patient CTCs derived from liquid 

biopsies. CTCs were isolated and prepared for IF microscopy as previously described (see Section 2.19) 

from both ER/PR+/HER2- metastatic breast cancer and triple-negative breast cancer liquid biopsies and 

screened with a panel of antibodies targeting CSV, PKC-θ, and FOXQ1. Samples were analysed by high-

resolution IF microscopy and analysed as above. 

Interestingly, this cohort of ER/PR+/HER2- patient samples had a lower disease burden (based on 

RECIST 1.1 criteria, blood work, and clinical symptoms/judgement; data not available for inclusion in 

this thesis), which was indicated by the significantly lower PKC-θ and FOXQ1 nuclear protein 

expression as indicated by the immunofluorescent intensities (TNFIs) and the lower (but still positive) 

PCC score of 0.2 for PKC-θ and FOXQ1 (p ≤ 0.0001). Interestingly, the TNBC patient had a higher disease 

burden and more aggressive cancer and had high nuclear protein expression of PKC-θ and FOXQ1 as 

well as very high PCCs (0.8; p ≤ 0.0001) for FOXQ1 and PKC-θ. CSV was also higher in the TNBC patient 

samples over that of the ER/PR+/HER2- samples (p ≤ 0.0001) (Figure 5.36) as quantified by 

immunofluorescence intensity. 

These data indicate that high levels of co-expression of PKC-θ and FOXQ1 and strong nuclear co-

localisation may be linked with metastatic cancer with a high disease burden and cancer progression 

with a poor prognosis. 
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Figure 5.36. 
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Figure 5.36. Expression of PKC-θ and FOXQ1 in human breast cancer CTCs isolated from either TNBC 

or ER+/PR+/HER2- patient liquid biopsies. CTCs isolated from metastatic breast cancer bloods from 

either an ER/PR+/HER2- or a TNBC cohort were screened with a panel for a mesenchymal, resistant 

signature consisting of CSV, PKC-θ, and FOXQ1. Cells were fixed and immunofluorescence microscopy 

was performed probing with primary antibodies to anti-CSV, anti-PKC-θ (T53p) and anti-FOXQ1 with 

DAPI. Representative images for each dataset are shown with a 10µm scale bar in orange. 
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5.9 PKC-θ Mediates FOXQ1 Phosphorylation 

Based on the close association between PKC-θ and FOXQ1 within the nuclei of both mesenchymal 

breast cancer cell lines and metastatic breast cancer patient-derived CTCs (Section 5.8), we speculated 

that PKC-θ would mediate FOXQ1 phosphorylation. To test this hypothesis, a microarray was 

employed to probe for FOXQ1 phosphorylation by PKC-θ as described in detail in Section 2.16 and in 

a manner identical to Figure 4.9. Briefly, FOXQ1 peptides were synthesised, peptide microarrays 

prepared, and phosphorylation experiments carried as described previously and in Section 2.16. 125 

FOXQ1 peptide sequences were synthesised and immobilised on the array, and analysis revealed that 

18 sequences yielded significant signals (2 SDs above the mean) for phosphorylation from the protein 

scan of FOXQ1. Based on the structure and sequence of FOXQ1, these 18 peptide sequences positive 

for phosphorylation overlapped into three functional and separate areas within the amino acid 

sequence of FOXQ1. The highest number of peptides and mean signal intensity from nine instances 

for each peptide was for the transactivation domain of FOXQ1, closely followed by the NLS, and finally 

the winged helix-like DNA-binding domain (Figure 5.37A). This strongly suggests that PKC-θ-mediated 

phosphorylation of FOXQ1 controls the nuclear localisation of FOXQ1. PKC-θ-mediated 

phosphorylation of FOXQ1 may also regulate FOXQ1’s binding targets through phosphorylation of the 

DNA-binding domain and the transcription factor scaffold (transactivation domain), which function as 

binding sites for other proteins such as transcriptional regulators. Based on a study by Hutti et al. 

(2004), the five identified PKC-θ phosphorylation motifs existed within the peptides positive for 

phosphorylation (Figure 5.37B). 
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Figure 5.37 
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Figure 5.37. Microarray analysis of FOXQ1 peptide phosphorylation by PKC-θ. (A)The amino acid 

sequence of FOXQ1 indicating the top four locations for peptide phosphorylation by PKC-θ. The top 

peptide sequences and their overlap with the FOXQ1 amino acid sequence are indicated as well as the 

mean signal intensity, which had to be 2 SD above the mean to be considered a positive 

phosphorylation event. (B) As described by Hutti, et al., 2004, the PKC-θ phosphorylation motifs 

identified within the 4 regions with a positive phosphorylation signal are indicated herein. 
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In summary, these cell line data, patient-derived CTC data, and the peptide microarray 

phosphorylation analysis of FOXQ1 strongly indicate that FOXQ1 nuclear localisation and expression, 

DNA binding, and protein interactions may be regulated by PKC-θ phosphorylation, which forms a 

nuclear complex with PKC-θ in mesenchymal, metastatic cancer cells within the nucleus and the 

cytoplasm. This may contribute to metastatic potential and therapeutic resistance as well as a stem-

like signature. 

 

5.10 Chapter 5 Overall Summary 

This chapter demonstrated through protein expression analysis of cell lines, mouse xenograft models, 

and patient-derived CTCs/CTSCs obtained using an optimised method for liquid biopsies and patient-

derived tissue biopsies, that epigenetic enzymes and nuclear signalling kinases including PKC-θ and 

LSD1 are implicated in cancer progression, metastasis, and their ability to evade therapy and express 

stem-like signatures. These epigenetic enzymes and nuclear signalling kinases (LSD1 and PKC-θ) may 

regulate the transcriptional programs that control the expression of mesenchymal stem-like 

signatures. It was also demonstrated that LSD1 and FOXQ1 are regulated by PKC-θ. Both of these 

enzymes, which we term onco-epi-enzymes, were also upregulated in aggressive, mesenchymal stem-

like cancers and refractory cancers. Precisely quantifying and illuminating the molecular mechanisms 

behind these onco-epi-enzymes may yield vital data on mechanisms of cancer progression and 

therapeutic evasion. Therefore, the onco-epi-enzymes LSD1 and PKC-θ may have potential as 

prognostic and predictive biomarkers and drug targets to assist in patient stratification and 

therapeutic intervention.  
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Chapter 6: Discussion 

6.1 Summary 

PKC-θ is indispensable in a variety of cytoplasmic signalling pathways and orchestrating the immune 

response. The Rao laboratory previously demonstrated that PKC-θ has a novel, nuclear role (Sutcliffe 

et al., 2011). The exact mechanisms by which PKC-θ orchestrates its nuclear localisation and 

transcriptional regulation are poorly described. This thesis builds on this previous work and knowledge 

gap to elucidate the different mechanisms employed by PKC-θ to localise to the nucleus in two main 

models, Jurkat T cells and the inducible MCF-7 breast cancer cell line. In doing so, we reveal a 

multilayered nuclear role for PKC-θ in regulating transcription factors, chromatin remodelling, and 

alternative splicing. Using these models, we demonstrate that PKC-θ plays critical roles in both the 

immune setting and in cancer biology. We also show that PKC-θ specifically phosphorylates LSD1, an 

epigenetic enzyme implicated in breast cancer progression, to control its nuclear entry, substrate 

specificity, and regulation of the FOXQ1 transcription factor implicated in EMT in cancer. Finally, and 

providing a clinical perspective and application of these basic findings, we examined PKC-θ and LSD1 

profiles in patient-derived circulating tumour cells (CTCs) from liquid biopsies after extensive protocol 

optimisation. We successfully profiled signatures in CTCs for PKC-θ, LSD1, and biomarkers of resistant, 

stem-like cancers in progressive, metastatic breast cancer and stage IV melanoma patients. 

 

6.2 Global Nuclear Dynamics of PKC-θ  

A number of kinases historically considered to act in the cytoplasm have now been described as having 

nuclear roles, including MAPK kinases such as ERK and p38α (White at el., 2007; Caunt et al., 2012; 

Chuderland et al., 2008). Indeed, as part of the NF-κB pathway, IκB kinase (IKK) and IKK-related kinases 

(IKKε and TBK1), key regulators of inflammatory cytokines, adhesion molecules, growth factors, and 
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anti-apoptotic survival proteins, have also been shown to have nuclear roles and are linked to 

tumorigenesis and malignant cell transformation (Goktuna et al., 2018).  

In order to characterise the global nuclear expression of PKC-θ, we examined the inducible epithelial 

MCF-7 breast cancer cell line model and Jurkat T cells. Unstimulated Jurkat T cells had only very low 

nuclear PKC-θ expression (Section 3.2); however, stimulated Jurkat T cells expressed significantly more 

PKC-θ and, following re-stimulation of the resting, previously stimulated T cells, nuclear expression of 

PKC-θ further increased (Section 3.2). By comparison, epithelial MCF-7 breast cancer cells with a 

relatively “benign” cancer cell signature and phenotype similarly showed very low expression of 

nuclear PKC-θ (Section 3.5). However, when MCF-7 cells were induced with PMA/TGF-β to develop a 

more aggressive, stem-like mesenchymal phenotype, nuclear expression of PKC-θ significantly 

increased (Section 3.5). Of note, three other basal-like, mesenchymal breast cancer cell lines (MDA-

MB-231, BT549, and Hs578t) showed significant and high expression of nuclear PKC-θ and virtually no 

cytoplasmic PKC-θ expression (Section 3.5). These data suggest that PKC-θ is highly expressed in the 

nuclei of active, stimulated Jurkat T cells and the more aggressive, mesenchymal breast cancer cells; 

essentially, the more transcriptionally active the cell is, the more nuclear PKC-θ is expressed. However, 

while nuclear PKC-θ showed significant catalytic activity, this kinase activity did not change 

significantly on stimulation in Jurkat T cells (Section 3.4).  

 

It would be reasonable to expect that nuclear PKC-θ is present in other cancers, although this would 

be required as a next step screening multiple cancer cell lines to understand the PKC-θ expression 

signature in their nuclei. Several cancer types have already been described as having either significant 

PKC-θ expression or PKC pathway activation; for instance, PKC-θ is strongly expressed in 

gastrointestinal stromal tumours (Duensing et al., 2004), and PKC family isoforms are shown to be 

expressed in bladder cancer (Chen et al., 2016) and are strongly implicated in glioblastoma (Carmo et 

al., 2013). In the context of triple-negative breast cancers (TNBCs), PKC-θ has been linked to survival, 
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metastasis, resistance to apoptotic signals, and perhaps resistance to anoikis (Byerly et al., 2016). 

Future work would address the importance of PKC-θ, by understanding its mechanism of regulation, 

in different cancers and their molecular subtypes. 

 

6.3 PKC-θ nuclear Localisation is dependent on the canonical NLS and SPT motifs 

The mechanisms underpinning PKC-θ‘s dual role in the cytoplasm and nucleus have hitherto been 

unknown. In this thesis, we examined the mechanisms employed by PKC-θ to translocate to the 

nucleus in three different cell types (COS-7s, Jurkat T cells, and MCF-7s) by using plasmids 

overexpressing nuclear and cytoplasmic restrictive PKC-θ constructs. Two nuclear localisation motifs 

were identified in PKC-θ and were used to create the plasmid models: a canonical bi-partite NLS 

located at position 644-656 (sequence RKEIDPPFRPKVK), and an alternative NLS SPT motif located at 

position 241-243 (Section 3.6). This study determined that both the canonical NLS and SPT motif were 

active within COS-7 cells (which express no nuclear PKC-θ) and within unstimulated Jurkat T cells 

(which only express low levels of nuclear PKC-θ). By contrast, the SPT motif was non-functional within 

unstimulated MCF-7 breast cancer cells, with the canonical NLS being the only observable functional 

nuclear localisation motif in these cells (Section 3.6 to 3.9; Figure 6.1). This type of SPT NLS motif was 

first described for the ERK kinase ERK2, which harboured an SPS motif in which phosphorylation 

induced nuclear translocation (Chuderland et al., 2008). Interestingly, the same authors identified 

similar motifs in SMAD3, a TGF-β-regulated transcription factor, and in the dual-specificity 

tyrosine/threonine protein kinase MEK1, which harboured a similar TPT motif. Phosphorylation of 

these motifs induced nuclear translocation (Chuderland et al., 2008).  
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Figure 6.1. Cell specificity of PKC-θ NLS and SPT motifs. (A) Depicts the overall structure of PKC-

θ (cartoon model developed from PKC-θ uniprot sequence Q04759 and using the SWISS-MODEL 3D 

protein model engine, with SPT and canonical NLS motifs indicated (Bienert et al., 2017). (B) 

Demonstrates the cell-specific localisation of SPT-like nuclear localisation motifs in Jurkat T cells and 

not MCF-7s or the cross-cell type function of the canonical NLS in Jurkat T cells or MCF-7s. 
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ERK2 is a member of the serine/threonine MAPKs, which include three separate families (ERK1/2, Jun 

N-terminal protein kinase (JNK), and p38) involved in a diverse range of biological functions including 

proliferation, differentiation, and survival (Roux and Blenis, 2004; Roux and Topisirovic, 2018; 

Cargnello & Roux, 2011). While a canonical bipartite NLS has been identified in some members of this 

family (Roux and Blenis, 2004; Plotnikov et al., 2011), we speculate that this SPT/TPT motif is likely to 

be present within the MAPKs as an alternative nuclear localisation mechanism given the prominent 

nuclear function of many members of this MAPK family (Plotnikov et al., 2011). Taking the current 

data into account, the SPT motif may be a general NLS motif present in many different proteins that 

functions in concert with the canonical NLS to allow the precise control of PKC-θ nuclear localisation 

in different cell types.  

We next examined how essential nuclear PKC-θ was for transcription, especially whether it was 

required for inducible gene transcription during biologically important phenotypic changes. Using the 

same plasmid constructs described above in MCF-7 breast cancer cells, PKC-θ localisation had a 

significant effect on the expression of both inducible cancer stem cell (CSC)-associated genes and the 

CSC-like subpopulation, demonstrating that PKC-θ is indispensable for the expression of inducible 

genes in this breast cancer cell line (Section 3.9.1). This also suggests that the different PKC-θ nuclear 

localisation motifs can be differentially regulated in different cell types (such as Jurkat T cells and MCF-

7 cells) and may be regulated through a cohort of distinct, cell type-specific signals. Indeed, 

determining which signalling cascade and kinase mediates SPT motif phosphorylation may help to 

explain the underlying mechanistic differences in PKC-θ localisation in different cell lines and the 

specific inducible genes targeted by PKC-θ in each cell line. 

Next, we examined to see if other PKC isoforms also have the canonical NLS and SPT motif present.  

Of the eleven PKC isoforms so far identified, this study identified a canonical NLS in all isoforms and a 

SPT/SPS/TPT-like motif in nine isoforms including PKC-θ, PKC-δ, PKC-ε, PKC-η, PKC-α, PKC-βII (both 

versions), PKC-βI, and PKC-γ (Section 3.1, Figure 3.1 and 3.2). This is in alignment with other studies 
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describing nuclear roles for different PKC isoforms: nuclear PKC-α has been linked to transcriptional 

control of TR alpha genes in cardiomyocytes and implicated in the progression of bladder cancer 

(Kenessey et al., 2006; Zheng et al., 2017), and PKC-δ’s canonical NLS is required for nuclear import 

and induction of mitochondria-mediated apoptosis (DeVries et al., 2002). PKC-βI and PKC-βII have 

critical roles in the nuclei of malignant pleural mesothelioma (MPM) cells as part of the 

VEGFR/PKC/AKT signalling axis and is indispensable for the survival of MPM (Loganathan et al., 2011). 

PKC-ε also has an identified nuclear role and activated PKC-ε is a critical regulator of lipid-induced 

insulin resistance via inhibition of HMGA1 (Dasgupta et al., 2011). PKC-η has been linked to drug 

resistance and regulation of apoptosis, and its nuclear role may be implicated in responses to cell 

stress and damage in cancer cells (Karp et al., 2012). So far, no concrete nuclear role has been 

described for PKC-γ. For the two isoforms without an SPT-like motif and containing a canonical NLS 

motif, PKC-ζ nuclear translocation has been identified as critical in chemoresistance and apoptotic 

resistance in tumour cells (Rimessi et al., 2012), and in PKC-ι/z it has been implicated as indispensable 

for lung tumorigenesis as part of a novel nuclear transcriptional axis (PKC-ι-ECT2-Rac1) (Justilien et al., 

2017).  

Therefore, nearly all of the PKC isoforms have a described nuclear role either in normal cell biology or, 

for a significant proportion of PKCs, in abnormal cells such as cancer cells in a variety of pathways. The 

implication is that the presence of different canonical NLS sequences and the presence or absence of 

an SPT-like motif may contribute to cell-specific responses to stimuli and differentially direct the PKC 

to specific chromatin regulatory targets. 

In summary, a novel SPT motif was established in the PKC family that can be phosphorylated to 

translocate PKC-θ into the nucleus as an alternative to the canonical NLS. Interestingly, this SPT motif 

and the canonical NLS motifs have also been identified in novel and conventional PKC isoforms. It will 

therefore be important to ascertain which nuclear localisation motifs are indispensable and functional 

in all PKC family members depending on the cell type, activating signal, and cellular differentiation 
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state. Indeed, whether there is a common set of signals or whether each PKC isoform is regulated by 

distinct nuclear localisation signals and motifs needs to be established. As has been described for PKC-

θ in nuclear localisation and chromatin tethering in Jurkat T cells or MCF-7 cancer cells, it is likely that 

a differential and specific set of signals unique to specific cell types or different lineages of the same 

cell type direct PKC-θ nuclear localisation via specific NLS motifs to specific genes. 

 

6.4 Targets of PKC-θ Phosphorylation Motifs 

The data presented in this thesis suggest that PKC-θ appears to act as a “master” regulator with 

multilayered nuclear roles, able to regulate diverse transcriptional networks without binding to DNA 

directly as it lacks a direct DNA-binding motif. PKC-θ’s actions in: (i) regulating transcription factor 

phosphorylation (such as p65 and FOXQ1); (ii) histone remodelling via phosphorylation and in 

particular H2BS32 phosphorylation; (iii) alternative splicing regulation through SC35 phosphorylation; 

and (iv) regulation of the nuclear localisation of the epigenetic enzyme LSD1 via phosphorylation, 

clearly demonstrate a central role for PKC-θ in the complex regulation of the epigenomic 

transcriptional machinery.  

However, one interesting aspect to consider is the identification of a series of specific motifs in the 

recognition sequences of phosphorylation targets of PKC-θ that are conserved between different 

proteins regulated by PKC-θ(Hutti et al. 2004). Specifically, the sites employed to recognise 

phosphorylation in FOXQ1, H2BS32, and SC35 overlapped and had a significant number of motifs in 

common. SC35 had a unique phosphorylation motif (XXXXXSVXXX) compared H2BS32 and FOXQ1, 

whereas FOXQ1 and H2BS32 overlapped with a similar set of PKC-θ phosphorylation motifs present in 

the sequences identified as positive for PKC-θ-mediated phosphorylation (Sections 4.5.1, 4.15, and 

5.8). A series of motifs for PKC-θ phosphorylation based on Hutti et al. were also found in LSD1 (Section 

5.3), the most common being shared motifs involving an arginine at positions 2-4 upstream or 
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downstream from the phosphorylated serine and present in all four PKC-θ-phosphorylated proteins 

(p65, FOXQ1, H2B, and LSD1). This indicates that there are some specific motifs such as for SC35 that 

may play a role in phosphorylation target specificity; however, the majority of these PKC-θ 

phosphorylation motifs appear to be conserved between diverse protein phosphorylation targets. 

Therefore, what are the motifs for other PKC-θ nuclear substrates and do they all share common 

motifs? These specific targets of PKC-θ-mediated phosphorylation will be covered in the following 

sections. 

 

6.4.1 PKC-θ-targeted transcription Factors 

As highlighted above, PKC-θ regulates a diverse and multilayered transcriptional network without 

binding to DNA. This is not without precedent, as the same phenomenon has been described for a 

variety of other nuclear kinases. For instance, Hog1, a nuclear kinase in lower eukaryotes, has a direct 

nuclear role by tethering to the chromatin of osmostress-responsive promoters via targeting by the 

Hot1 transcription factor (Alepuz et al., 2003). The tethering of Hog1 is indispensable for the 

recruitment of RNA Pol II and the transcriptional machinery to active transcription sites in response to 

stress. The mammalian homolog of Hog1, p38, also regulates transcriptional initiation in response to 

stress and DNA damage in a similar manner, demonstrating an evolutionarily conserved mechanism 

(Alepuz et al., 2003; Gong et al., 2010). Other kinases with a demonstrated nuclear role include 

components of the IKK complex; for example, IKKα, in addition to its cytoplasmic role, can also 

function in the nucleus to stimulate expression of NF-κB-responsive genes by recruitment to their 

promoter regions after stimulation with TNF-α (Anest et al., 2003; Verma et al., 2004). As part of this 

role, IKKα also regulates the phosphorylation and subsequent acetylation of specific residues in 

histone H3 (Yamamoto et al., 2003). This demonstrates that IKKα has a multilayered role in the 

transcriptional regulation of NF-κB-responsive genes.  



 

299 | P a g e  
  

 

The well described ERK2 has an SPS motif (SPT-like) that controls its nuclear translocation (Chuderland 

et al., 2008), and its nuclear role is critical for the regulation of growth factors and oncogene-

dependent cellular processes including proliferation, differentiation, oncogenic transformation, and a 

whole range of diverse cellular processes. Indeed, half of the identified ERK2 targets are nuclear 

proteins (Wortzel and Seger, 2011; Yoon and Seger, 2006; Brunet et al., 1999). Interestingly, the 

specific set of nuclear localisation signals received by ERK2 may be involved in directing its specific 

targets and regulatory functions (Wortzel and Seger, 2011), again suggesting that ERK2 is a nuclear 

kinase with a multilayered regulatory role. 

In the context of PKC-θ’s regulatory targets, the data in this thesis showed that p65 (a member of the 

NF-κB family of transcription factors) nuclear expression had very similar dynamics to that of PKC-θ in 

the Jurkat T cell transcriptional memory model (Section 3.3). An increase in p65 was also observed in 

the inducible MCF-7 breast cancer cell model upon stimulation. Extensive analysis by both 

immunoblotting of nuclear extracts and high-resolution microscopy of the nuclear localisation of p65 

and p65 phosphorylated at serine 468 and 536 showed that both nuclear localisation of PKC-θ and its 

catalytic activity are indispensable for regulating p65’s phosphorylation and access to the nuclear 

compartment in both cell types (Sections 4.2-4.4). Interestingly, previous work by the Rao laboratory 

has shown that PKC-θ tethers to the chromatin template via distinct members of the NF-κB 

transcription factor family, the exact member depending on the specific gene (Sutcliffe et al., 2012). 

This NF-κB-dependent mechanism for the tethering of the active transcription complex consists of but 

is not limited to the NF-κB member, PKC-θ, Pol II, and LSD1 on coding genes (Sutcliffe et al., 2012). 

Taken together with the findings in this thesis, this means that PKC-θ may regulate the nuclear access 

of its own chromatin-tethering regulator, which may elicit different modules of tethering complexes 

in differing cell types. For NF-κB (Dr Fan Wu, Rao laboratory, PhD Thesis), in the context of 

mesenchymal cancer pathways, PKC-θ and NF-κB co-operate as an indispensable switch to 
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orchestrate EMT and is essential for the transcription of signature mesenchymal genes. Previous work 

by other groups (Yamamoto et al., 2013; Iliopoulos et al., 2009), however, linked NF-κB participation 

to breast CSC formation. The p50 and p65 NF-κB family members were critical for this role, whereas 

cRel had no role despite it being reported to be critical for distinct inducible immune responsive genes 

(Rao et al., 2003). In the context of the epigenome, PKC-θ complexes with a p50-p65 dimer on the 

chromatin template of CD44 and IL6, anchoring the active PKC-θ transcription complex to chromatin 

on these inducible genes critical for the mesenchymal state (Zafar et al., 2014). 

However, while NF-κB has roles both in immune regulation and cancer, data from this thesis has also 

revealed that PKC-θ targets transcription factors specifically associated with mesenchymal signatures 

in the context of metastatic cancers. In Section 5.8, we examined PKC-θ’s “master switch” role in the 

context of mesenchymal, metastatic cancer. We found that a feature linked to the induction of EMT 

was the ability of PKC-θ to form nuclear complexes with FOXQ1, with the strongest co-localisation and 

expression seen in the more basal-like, metastatic, and mesenchymal breast cancer cell lines (Section 

5.8). This co-localisation was significantly higher than other FOX family members in screened breast 

cancer cell lines (data not shown). To reiterate, FOXQ1 is a transcription factor that is tightly associated 

with the induction of metastasis and mesenchymal transformation in breast cancers (Qiao et al., 2011; 

Zhang et al., 2011). High-resolution immunofluorescent analysis of protein expression in isolated 

circulating tumour cells (CTCs) from metastatic breast cancer patient liquid biopsies also revealed that 

this complex exists in human-derived cancer samples as well as cell lines (Section 5.8.1), with PKC-θ 

and FOXQ1 significantly co-localising in these CTC samples. 

Based on this, we hypothesised that, similar to the role of PKC-θ in directing nuclear localisation and 

mediating p65 phosphorylation, PKC-θ would also mediate phosphorylation of FOXQ1. High-

throughput protein microarray analysis in this thesis (Section 5.9) demonstrated that four domains in 

FOXQ1 are positive for phosphorylation: the transactivation domain responsible for regulation of 

transcriptional activity and protein:protein interactions, the NLS, and the winged helix-like DNA-
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binding domain. FOXQ1 is also implicated as a critical mediator of resistance and metastasis in breast 

cancer and other types of cancer including gastric cancers, melanomas, and pancreatic cancers (Zhang 

et al., 2016; Xia et al., 2014; Bagati et al., 2017; Chong et al., 2017). This suggests that PKC-θ regulates 

both its own nuclear localisation in mesenchymal, metastatic breast cancers and regulates FOXQ1’s 

epigenomic targets for potential inhibition or expression. In a prior study by the Rao laboratory, 

FOXQ1 was identified as indispensable for the induction of EMT and the transcriptional activation of 

a suite of CSC-associated genes (Hardy et al., 2016). This study also revealed that, after PKC-θ pathway 

activation, there was increased DNA accessibility and these regions were also enriched with chromatin 

enhancer marks. Additionally, regions were enriched for FOX, AP-1, TEAD, and TFAP2 motifs, and those 

containing FOX motifs were associated with CSC-associated gene upregulation. Silencing of FOX family 

members FOXQ1 or FOXN2 repressed CSC gene signatures and EMT (Figure 6.2) (Hardy et al., 2016).  

Taken in context with the data presented in this thesis, PKC-θ clearly has the potential to orchestrate 

the control of a diverse set of transcription factors, regulate specific targets for transcriptional 

activation or repression, and control localisation. This also appears to happen in a cell- and activation 

signal-specific manner (Figure 6.3). Future steps might involve a thorough investigation of other 

Transcription factor targets phosphorylated by PKC-θ. 
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Figure 6.2 
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Figure 6.2. Putative FOX targets in cancer stem cell (CSC) gene expression (Figure taken from Hardy 

et al., 2016). (A-D) Expression of genes with increased expression in CSCs compared to non-CSCs that 

have regions with increased accessibility upon stimulation and that contain FOX-binding motifs. Genes 

are grouped A-D by how H3K27ac differs in stimulated (ST) and MDA-MB-231 cells. Regions could 

contain any of three core primary FOX motif variants. Microarray expression values are scaled (z-

score). (E) The level of inhibition of expression by FOXN2 and FOXQ1 siRNAs for putative targets in 

MCF-7 cells stimulated (ST) with PMA. PCR expression normalised to PPIA and expressed as percent 

inhibition of the control siRNA ST value, n=3 PCR replicates, error bars are SEM. (Figure taken from 

Hardy et al., 2016). 
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Figure 6.3. Differential gene regulation by PKC−θ. Depicted are the differential gene targeting and 

nuclear localisation of PKC−θ via phosphorylation of transcription factors p65 or FOXQ1 in the context 

of stimulated MCF-7s or stimulated Jurkat T cells. PKC-θ activates CSC-related genes in stimulated 

MCF-7s, whereas PKC-θ activates immune-responsive genes in stimulated Jurkat T cells 
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6.4.2 PKC-θ-mediated phosphorylation of histones in chromatin remodelling 

As discussed above, PKC-θ clearly has a specific and direct association with the chromatin template 

even without the presence of a direct DNA-binding motif (Sutcliffe et al., 2011). We predicted that 

PKC-θ may also have a regulatory role in remodelling chromatin through histone phosphorylation; 

indeed, several other PKCs have been shown to mediate histone post-translational modifications 

(PTMs) by phosphorylation. For example, PKC-β1 associates with chromatin and phosphorylates 

threonine 6 on histone H3, which in turn regulates the demethylation action of the histone 

demethylase LSD1. Conversely, MSK1 and AMPK (both serine/threonine kinases) mediate 

phosphorylation of histone H3 at serine 38 and histone H2B at serine 36, respectively (Banerjee & 

Chakravarti., 2011; Bungard et al., 2010; Lau et al., 2011), thereby regulating transcription (activation 

and silencing) as well as regulating histone PTMs. H3 phosphorylation at serine 10 has also been 

implicated in oral squamous cell carcinoma progression and lymph node metastasis (Campos-

Fernández et al., 2018), whereas phosphorylation of histone H3 at tyrosine 41 and threonine 45 are 

directly linked to the nucleosome DNA entry-exit region, increasing access to DNA-binding complexes 

and enhancing accessibility (Brehove et al., 2015). 

In the context of PKC-θ, we sought to examine whether PKC-θ orchestrates histone phosphorylation. 

To achieve this, we used the elegant and high-throughput solution of histone peptide microarrays 

covering all histones and histone PTMs. Interestingly, histone peptides positive for phosphorylation 

by PKC-θ were found in almost all the histone proteins examined with the exception of histone H3 

(Section 4.5). Overall, H2B had the highest signal intensity and highest density of positive signals (see 

below). However, histone proteins H1, H2A, and H4 all shared varying levels of peptides positive for 

PKC-θ phosphorylation. Histone H2A had multiple peptides positive for phosphorylation and almost 

universally required the presence of pre-existing PTMs for successful phosphorylation. The strongest 

signals mapped to the classic N-terminal tail. Histone tail PTMs have been the subject of intense study 

for the past 15-20 years; histone tails can act as signalling rafts that allow the regulation of 
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downstream chromatin remodelling and chromatin transcriptional events through the recruitment of 

reader and effector proteins (Musselman et al., 2012). For histones H1 and H4, the strongest peptide 

signals mapped near to or in the globular domains. The effect of PTMs was histone specific, in the case 

of H1 having a low number of positive peptides with virtually no PTMs with a positive signal to H4. By 

contrast, while PTMs did little to increase the positive signal for PKC-θ-mediated phosphorylation, 

there was only one unmodified peptide that had a positive signal. This strongly suggests that while H1 

PTMs are dispensable for PKC-θ-mediated phosphorylation they are likely to be highly important for 

H4 site-specific phosphorylation mediated by PKC-θ. Of interest, the highest signal peptides mapped 

to regions within the globular domain in the case of H1 and to the DNA-binding and globular regions 

of H4 (Section 4.5). 

Globular regions and their associated PTMs have not been as well characterised as histone tail PTMs.  

However, a recent set of studies have illuminated a new set of PTMs located within the globular 

domains of histones, often on the lateral surfaces of the histone complexes (Jin et al., 2013). These 

globular domains are in close proximity to the DNA molecule, and histone PTMs targeted to this type 

of domain can have significant regulatory effects on chromatin modelling function, with the specific 

location of these PTMs regulating their effect on either nucleosome structure or stability (Jin et al., 

2013; Cosgrove., 2007). The lateral region of the globular cluster located beneath the DNA consists of 

many residues that may be subject to PTMs and that can regulate the nature and strength of 

histone:DNA interactions. These can in turn remodel chromatin, unwind DNA, and destabilise 

nucleosomes, allowing globular PTMs to regulate and modulate processes including transcription 

(Cosgrove et al., 2004; Hansen., 2002). 

This indicates that PKC-θ-mediated phosphorylation of the globular domains of these histones might 

also induce chromatin remodelling and transcriptional regulation. In the case of histone H4, our 

microarray analysis determined that peptide 52-71 (Section 4.5) with the highest phosphorylation 

signal, was next to a section of the globular domain in H4 already reported in several studies to be 
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involved in nucleosome and chromatin assembly and active gene transcription by phosphorylation of 

H4S47 by PAK2 (Kang et al 2011; Zhang et al., 2013b). This example highlights the potential role of 

PKC-θ-mediated phosphorylation in histone globular domains. 

Data generated from the peptide microarray indicated that H2B has the greatest density and intensity 

of PKC-θ-mediated phosphorylation signals (Section 4.5.1). Detailed analysis of the H2B peptides 

positive for phosphorylation by PKC-θ revealed that signals clustered in two main peptide groups, 

mapping to either amino acids 10 to 30 at the N-terminal (H2B peptide H2B:11) or mapping to amino 

acids 21 to 40, which intriguingly covers a region known as the H2B repression domain (HBR). PTMs 

of the various residues surrounding the serines and threonines within these peptides were also 

positive for a variety of PTMs that enhanced the phosphorylation signal, including malonylation for 

H2B:22. Conversely, H2B:11 malonylation often led to signal loss. Taken as a unit, the specific residue 

and PTM employed can clearly have either a beneficial or inhibitory effect on peptide phosphorylation. 

Of particular interest was the existence of H2B serine 32, 36, and 38 within peptide H2B:22 within the 

HBR region. The HBR domain has been linked to both transcriptional repression and activation, the 

result heavily dictated by the specific PTM and residue targeted. This HBR domain is also highly 

conserved in yeast and human sequences (Parra et al., 2006). However, which specific residues does 

PKC-θ target in this area? Interestingly, we found in an almost identical peptide (H2B:21) that there 

was significant abrogation of the phosphorylation signal, will below background (Section 4.5.1). The 

only change within this peptide was the absence of serine at the 32 position. Interestingly, analysis of 

an H2B:22 peptide with the serine pre-phosphorylated also dramatically reduced phosphorylation. 

This strongly suggests that H2B serine 32 phosphorylation blocks that of serine 36 and serine 38.  

To further confirm that H2B serine 32 is a PKC-θ phosphorylation target, extensive immunofluorescent 

protein expression analysis of PKC-θ and H2Bs32 was performed in Jurkat T cells (Section 4.6) and with 

immunoblot assays of phosphorylated synthetic histones (Section 4.7). Inhibition of PKC-θ kinase 

activity (Section 4.7.1) and siRNA abrogation of PKC-θ (Section 4.8) revealed that PKC-θ strongly co-
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localises with H2Bs32 in the Jurkat T cell transcriptional memory model and mediates phosphorylation 

of both serine 32 and 36 within H2B. Indeed, both nuclear localisation and kinase activity were 

required for PKC-θ‘s activity as revealed by abrogation of nuclear PKC-θ. Analysis of PKC-θ expression 

in cancer cell lines by high-resolution immunofluorescence also revealed that PKC-θ likely regulates 

H2Bs32 phosphorylation and is tightly associated with a mesenchymal, metastatic signature (Section 

4.8.1). 

In the context of T cells, it is therefore reasonable to speculate that PKC-θ regulates gene expression 

by altering chromatin accessibility through H2B serine 32 phosphorylation, a notion supported by 

earlier studies linking serine 32, 36, and 38 phosphorylation with mitogenic regulation and 

transcription (Bungard et al., 2010; Lau et al., 2011). H2B serine 32 is likely to be a major target through 

chromatin regulation based on its location in the N-terminal tail, where phosphorylation by PKC-θ 

would potentially induce H2BS32 to interact strongly with DNA (Tachiwana et al., 2010) and enable 

the maintenance of permissive chromatin. However, overexpression and dysregulation of H2BS32 has 

also been linked to malignant transformation and has been found to be highly upregulated in skin 

cancer as a novel mitogen-responsive phosphorylation site (Lau et al., 2011). Given that the data 

presented here and other studies have shown that PKC-θ is also upregulated in an extensive list of 

cancers, PKC-θ and H2Bs32 phosphorylation may be a critical pathway in malignant cell transformation 

(Lau et al., 2011; Hofmann, 2004). Furthermore, this complexing between PKC-θ and H2BS32 was also 

evident in Section 4.8, with strong co-localisation of PKC-θ and H2BS32 in several mesenchymal cancer 

cell lines. 

 

6.4.3 PKC-θ Targets Distinct Regions of the Epigenome at the Gene-specific Level 

Consistent with the global data presented in this study for PKC-θ regulating a variety of nuclear 

associated proteins and gene expression including: regulation of CSC-associated genes (Sections 
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3.9.1), Sections 4.2 to 4.18 (nuclear protein phosphorylation: P65, Histones, Splicing Factor SC35), 

epigenetic enzyme LSD1 (Sections 5.2 to 5.3) and transcription factor FOXQ1 (Sections 5.8 to 5.9)    , 

recent work by the Rao laboratory has shown that at the gene-specific level, PKC-θ tethers to the 

epigenetic landscape of a distinct cohort of genes in a cell type signalling-dependent manner (Sutcliffe 

et al., 2011; Sutcliffe at al., 2012; Dr Jasmine Li, PhD Thesis). In this context, PKC-θ anchors to quiescent 

genomic regions and the regulatory domains of the epigenetic template including intronic enhancer 

regions and is distributed across a broad scope of epigenomic regions including 5’ transcribed, 5’ UTR, 

promoter, and various downstream regions, where it co-localises with RNA Pol II. In the case of re-

stimulated Jurkat T cells in the Jurkat T cell transcriptional memory model, PKC-θ also bound to 

H3K4me1- and H3K27ac-enriched regions, which demarcated lineage-specifying enhancers in human 

CD4+ T cell subsets. This previous work demonstrated that PKC-θ exists as a chromatin-tethered 

adapter protein on immune responsive genes and is important for inflammatory responses and 

regulating T cell-relevant genes such as IL2, IFNG, TNF, MAF, IL13R1, and AKT1. Another study by the 

Rao laboratory (Fan Wu, PhD thesis) demonstrated that PKC-θ is tethered to a variety of inducible 

CSC-specific genes in cancer cells including CD44, IL6, PLAUR, and other EMT signature genes (Yu et 

al., 2013; Taube et al., 2010). This study also showed that siRNA knockdown of PKC-θ led to the loss 

of PKC-θ tethering to the promoter for CD44, losing binding of the key active transcription regulator 

RNA Pol II and transcription factor p65. This led to a loss of CD44 transcription. Again, this is not 

without precedent, several studies have shown that kinases have a chromatin tethered role (Pascual-

Ahuir et al., 2006; Pokholok et al., 2006; Proft et al., 2006). The chromatin structure can be considered 

as being able to form a specific platform for signal transduction. As noted above, a well described 

example of this type of kinase nuclear localisation and chromatin binding is the activation of the stress-

induced MAP kinase Hog1, which involves recruitment of this protein to the chromatin of most osmo-

inducible genes in yeast within both the promoter and transcribed regions of osmotic stress response 

genes in response to a specific set of external osmotic environmental stress signals (Pascual-Ahuir et 

al., 2006; Pokholok et al., 2006; Proft et al., 2006). 
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6.4.4 PKC-θ-targeted Alternative Splicing 

The contribution of alternative splicing to T cells is an emerging area of immunological research. The 

interplay between the transcriptional splicing machinery and the chromatin landscape is poorly 

defined, particularly in T cells. Data generated within this thesis demonstrated that the key splicing 

factor SC35 is induced in response to T cell stimulatory signals. Specifically, the phosphorylated form 

of SC35 (SC35p) was enriched following T cell activation in Jurkat T cells, human primary T cells, and 

ex vivo effector virus-specific T cells isolated after influenza A virus infection (Section 4.10 and 4.11). 

Section 4.10.1 and 4.11.1 describes how SC35p colocalises with RNA Pol II in activated T cells and 

spatially overlaps with H3K27ac and H3K4me3, which mark transcriptionally active genes in primary 

and secondary T cell activation. Several PKC family members play a role in mRNA splicing in other cell 

types (Lynch and Weiss, 2000; Revil et al., 2007; Cataldi et al., 2009; Zara et al., 2009). The data 

presented here show that PKC-θ is a key regulator of SC35 in human T cells, and for the first time 

demonstrate that nuclear PKC-θ co-localises with phosphorylated SC35 in T cells and siRNA 

knockdown of PKC-θ also inhibits nuclear SC35p (Section 4.12 and Section 4.13). The increase in SC35 

phosphorylation in PKC-θ WT-transfected T cells suggests that phosphorylation by PKC-θ initiates 

speckle formation and an increase in SC35p signal and concentration (Section 4.14). Interestingly, DAG 

kinase has also been shown to localise to the nucleus (Tabellini et al., 2003), and it would be interesting 

to know whether it is located in a similar active transcription complex as PKC-θ in T cells. In addition, 

phosphatidylinositol phosphate kinases (PIPKs), part of a PKC co-factor pathway, associate with 

nuclear speckles, further suggesting that PKCs and PKC co-factors play a role in splicing (Boronenkov 

et al., 1998).  

Microarray peptide analysis of SC35 proved that PKC-θ directly phosphorylates SC35 at RS and RRM 

domains (Section 4.15). Furthermore, the use of a PKC catalytic inhibitor and siRNA knockdown 

suggested that PKC-θ is critical for SC35 phosphorylation in T cells (Section 4.13). The RS domain 

mediates protein–protein interactions, such as subcellular localisation (Kavanagh et al., 2005) and 
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nuclear export and retention signals (Cazalla et al., 2002) and functions as a splicing activator (Graveley 

et al., 1998). We also identified two PKC-θ-phosphorylated peptides in the RRM domain (Section 4.15). 

The RRM domain recognises RNA recognition sequences and has been shown to mediate subcellular 

localisation (Kavanagh et al., 2005) and alternative splicing specificity (Chandler et al., 1997; Caceres 

et al., 1997). Future studies will be required to address the essential nature of these novel PKC-θ-

targeted phosphorylation sites within key SC35 domains in T cells. It has been reported that Tip60 

acetylation of SC35 at lysine 52 promotes proteasomal degradation of splicing factors and reduces 

SC35 phosphorylation (Edmond et al., 2011). Given that lysine 52 is in proximity to putative PKC-θ 

phosphorylation sites in the RRM domain and the siRNA and rottlerin inhibitor experiments presented 

here implicate PKC-θ kinase activity in SC35 RRM domain phosphorylation, an intriguing possibility 

exists that this phosphorylation by PKC-θ may play a role in preserving the SC35 nuclear speckle from 

degradation in T cells.  

Memory T cells elicit fast and enhanced secondary immune responses upon antigen exposure to 

mount effective adaptive immune responses to infectious diseases and cancers (Wherry et al., 2004; 

Swain et al., 2012; Sharma et al., 2013). Enhanced memory T cell function is underpinned by the rapid 

induction of a distinct cohort of genes in response to antigenic re-challenge (Zimmerman et al., 1999; 

Rogers et al., 2000; Veiga-Fernandes et al., 2000). This transcriptional response is greater and more 

robust in memory than naïve T cells. Furthermore, memory T cells “remember” previous 

transcriptional responses for decades in humans in the absence of antigen (Hammarlund et al., 2003). 

Although the rapid recall responses of memory T cells are well documented, the signalling pathways 

and mechanisms that regulate T cell transcriptional memory are complex and have yet to be fully 

elucidated (Weng et al., 2012; Thaventhiran et al., 2013; Dunn et al., 2015). Data generated within this 

thesis show that SC35p colocalises with RNA Pol II and key histone marks in primary and secondary-

activated T cells (Section 4.11.1). An interesting finding was that SC35p remained closely associated 

with key histone marks in serum withdrawn (SW) Jurkat T cells in spite of the absence of activating 

signals (Section 4.10.1). Furthermore, SC35p and PKC-θ co-existed in close proximity to the chromatin 
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platform following stimulus withdrawal (Section 4.10.1). The maintenance of SC35 in SW Jurkat T cells 

suggests that SC35 exists in a poised or ready state following stimulus withdrawal. This poised state 

may serve as a transcriptional memory signature that marks genes for rapid transcription upon 

secondary activation. We showed that SC35 colocalises with the active histone marks H3K27ac and 

H3K4me3 (Section 4.10.1 and 4.11.1); however, while H3K27ac marks active enhancers, H3K4me3 is 

largely deposited at promoter regions (Creyghton et al., 2010; Guenther et al., 2007). Given that 

H3K4me3 is increased in memory T cells and in effector cells at active gene loci (Araki et al., 2009), the 

role of SC35 at gene enhancers in memory T cells deserves further study. Since SC35 is also implicated 

in chromatin remodelling (Pradeepa et al 2012), proteomic analysis will be required to explore the 

interplay between the enzymes that regulate T cell memory and SC35 in T cells.  

 

6.5 A Model of Multilayered Transcriptional Regulation 

Given the findings presented in this thesis, we can propose a model in which nuclear PKC-θ interacts 

with SC35 in distinct T cell activation states (Figure 6.4). Upon stimulation, nuclear PKC-θ forms an 

active transcription complex with RNA Pol II as previously described (Sutcliffe et al., 2011). At the same 

time, PKC-θ directly phosphorylates SC35 speckles at RS and RRM domains to direct localisation of 

SC35p near active gene expression regions, such as H3K27ac-marked enhancers, and initiates speckle 

formation. Following stimulus removal, the SC35p speckle and PKC-θ complex are maintained in a 

poised or ready state near accessible chromatin. Reactivation signals increase SC35p and further 

induce phosphorylation of SC35p speckles. As this occurs, PKC-θ is also able to modulate chromatin 

remodelling via phosphorylation of histones, particularly H2Bs32, influencing accessibility and access 

to transcriptional initiation for distinct cohorts of genes while potentially simultaneously 

phosphorylating transcription factors (such as p65 and FOXQ1) and directing them to specific 

chromatin gene targets to control transcription initiation.  
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6.6 The PKC-θ and LSD1 Complex in Cancer 

As detailed above, PKC-θ, a serine/threonine kinase, and LSD1, an epigenetic enzyme, are implicated 

in tumorigenesis, metastatic cancer, resistance to therapy, and increased disease burden in a variety 

of cancers including basal-like breast cancers and melanomas (Sections 2.4.1 and 2.4.2). We have 

shown that PKC-θ carries out essential multilayered regulatory functions in cancer cell lines and 

immune cells. We therefore hypothesised that both enzymes could be potential markers for 

metastatic cancers. 

Our data, particularly high-resolution immunofluorescence analysis, revealed that LSD1 and PKC-θ are 

highly expressed and strongly co-localise in epithelial and mesenchymal breast cancer cells and are 

therefore likely regulators of EMT and the mesenchymal state. They are highly likely to form part of 

the chromatin template within the nuclei of mesenchymal MCF-7 or more basal-like MDA-MB-231 

breast cancer cell lines as well as forming a complex and potentially regulating chemoresistance in 

chemoresistant breast cancer cell lines (Sections 5.2 and 5.4). In agreement with this in vitro 

observation, both PKC-θ and LSD1 were upregulated along with biomarkers for mesenchymal cancer 

cells with a stem-like chemoresistance signature in surviving cancer cells in a cancer xenograft model, 

strongly showing the potential for this PKC-θ:LSD1p complex to be involved in epigenetic 

reprogramming of cancer cells to a more stem-like resistance signature (Section 5.5). Given that PKC-

θ can act as a multi-layered regulator and phosphorylate a diverse range of transcription factors, 

histones, and splicing factors, we speculated that PKC-θ would also potentially regulate EMT, 

chemoresistance, and tumorigenesis by phosphorylating LSD1.  
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Figure 6.4 
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Figure 6.4. Nuclear PKC-θ as a multilayered regulator of the transcriptional machinery. Our model 

of the interaction between PKC-θ and the transcriptional machinery in the context of transcriptional 

memory in Jurkat T cells or mesenchymal cancer cells. Blue cylinders represent histones, and the 

coloured ovals represent histone PTMs: red, phosphorylation; grey, H3k27ac; yellow, H3k4me3; 

orange, repressive. Purple cylinders are nucleosomes subject to remodelling via PKC-θ 

phosphorylation. Light grey oval is PKC-θ, orange oval is RNA Pol II, the darker green oval represents 

various transcription factors and SC35p speckles. Upon stimulation, PKC-θ enters the nucleus and 

binds to a chromatin platform incorporating RNA Pol II and phosphorylates various transcription 

factors. At the same time, PKC-θ phosphorylates histones, particularly H2Bs32, remodelling the 

histone complex to be more accessible and phosphorylating SC35. The speckle relocates to the site of 

transcription to potentially form a linked complex between the chromatin platform, the splicing 

speckle, and active histone marks. A similar process occurs in both stimulated MCF-7s and Jurkat T 

cells. In T cells after stimulus withdrawal or cancers after exposure to environmental stressors such as 

chemotherapy, this association between PKC-θ/TFs, histone PTMs, and SC35 speckles is maintained 

and expands even further upon re-stimulation in T cells to effect massive recruitment of 

phosphorylated mediators of transcription. 
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Interestingly cancer associated fibroblasts CAFs have previously been described as “shepherds” that 

induce CSC-, chemoresistant-like signatures in surrounding cancer cells after chemotherapy through 

paracrine signalling (McCuaig et al., 2017). In keeping with PKC-θ having a role in therapeutic 

resistance, upregulated PKC-θ was also associated with induction of a strong CAF signature (Section 

5.5.1). 

In this thesis, we employed an extensive LSD1 peptide microarray analysis of 201 unmodified LSD1 

peptides to reveal that PKC-θ phosphorylates multiple motifs within LSD1 (Section 5.3). LSD1- peptides 

that are positive for phosphorylation mapped to a broad range of domains within the LSD1 structure, 

these areas of phosphorylation are involved in potentially regulating interactions with histone tails 

and protein:protein interactions. The peptides positive for phosphorylation within the SWIRM 

domain, demethylase activity, and, due to the phosphorylation of serine 111 within the NLS, the 

nuclear localisation signal of LSD1. These data were also supported by a series of catalytic inhibition 

assays of PKC-θ that showed abrogation of LSD1s111p expression (Sections 5.3).  

These data clearly indicate that this interaction between PKC-θ and LSD1 can be associated with the 

chromatin template and epigenetic programming, with the potential to induce stemness, metastasis, 

and chemoresistance. Indeed, PKC-θ and LSD1s111p associated with markers of mesenchymal status 

(CSV) (Mitra et al., 2015) in primary tumours and stem-like markers (ALDH1A; Martinez-Cruzado et al., 

2016) in chemoresistant cancer cells in metastatic lesions in the xenograft cancer model (Sections 

5.5.2 and 5.5.3). These stem-like resistant signatures and expression of LSD1 were associated with 

what we would describe as a “dormant” or “slow-cycling” CTC/CSC population, which would not 

necessarily be proliferative but would evade therapy and seed future recurrences and metastases (De 

Francesco et al., 2018). Therefore, the next step was to understand the PKC-θ and LSD1 signature in 

human cancers, which we examined in CTCs derived from breast cancer or melanoma liquid biopsies. 
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6.6.1 What is a liquid biopsy? 

There is an urgent need for new diagnostic tests that are less invasive than diagnostic tissue biopsies 

and that allow the early detection of cancer. Once a tumour mass is large enough to cause symptoms 

or be biopsied, the cancer is often quite advanced and the window of opportunity to cure the patient 

may have passed. While tissue biopsies are the gold standard for cancer biopsy diagnosis and 

evaluation, they are not without significant drawbacks, including that cancers are often heterogenous, 

tissue biopsies can be painful, and, for many tumours, biopsies may be difficult or even impossible to 

acquire. Furthermore, tumours evolve after treatment and tumours at multiple metastatic sites may 

be heterogeneous (Ilie and Hofman, 2016). 

The liquid biopsy, a relatively recent concept, may overcome at least some of these limitations of 

traditional methods. A liquid biopsy is a blood sample taken from a patient and in which material that 

may be shed into the blood from either the primary tumour or metastatic sites is detected. This 

material might include (CTCs), (CSCs), tumour-derived circulating cell-free DNA (cfDNA), and tumour-

derived extracellular vesicles (Bardelli and Pantel., 2017; Siravegna et al., 2017; Alix-Panabieres et al., 

2013). The focus of this thesis was the isolation of CTCs, since part of our aim was acquiring and 

profiling CSCs – which may be part of the CTC population - from liquid biopsies. Although we 

considered the option, the utility of tumour-derived circulating DNA was found to be less than ideal 

in a recent comparison of two commercial liquid biopsy tests for cfDNA from 40 metastatic prostate 

cancer patients. These two tests displayed low congruence and bias in analysed gene alterations 

between the two tests, raising the issue of test accuracy and patients receiving treatments based on 

the test they take rather than the actual genetic profile of their tumour (Torga and Pienta, 2017). 

Furthermore, the exact source of the cfDNA is acknowledged as a serious problem that may lead to 

false negatives/positives, with little done to address it (Bronkhorst et al., 2015; Grace et al., 2016; Ilie 

et al., 2014). Another option, exosomes, are nucleic acid- and protein-rich particles that exist in almost 

all body fluids and that also have the potential for analysis by liquid biopsy since they are involved in 
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promoting tumour metastasis. However, exosome isolation can be technically challenging and 

samples may be impure despite the availability of exosome isolation kits that may address this issue 

(Hoshino et al., 2015; Liga et al., 2015; Melo et al, 2015). 

Isolation of CTCs/CSCs represents an ideal technique for profiling and characterising the tumour 

characteristics and burden in a given patient. It allows the precise isolation of the CTCs/CSCs shed by 

either a primary tumour or secondary metastatic site. The presence of CTCs/CSCs within the blood can 

be diagnostic or indeed prognostic, with a high CTC load potentially representing a higher disease 

burden. Finally, CTCs can be profiled directly for DNA or protein expression (Heitzer et al., 2017; 

Siravegna et al., 2017). 

However, CTC/CSC isolation is not without its issues and challenges, even though the FDA-approved 

CellSearch platform is widely used. This system relies on a single major cell surface differentiation 

marker to isolate CTCs, EpCAM. While clinically-relevant CTCs have been isolated by this system, 

EpCAM is an epithelial marker, and many CTCs/CSCs of clinical relevance may be highly heterogeneous 

and harbour a strong mesenchymal/CSC-like signatures and not express EpCAM, as described 

extensively elsewhere (Masuda et al., 2016; Wang et al., 2017; de Wit et al., 2015; Raimondi et al., 

2015; Martelotto et al., 2014; Gorges et al., 2012; Gires & Stoecklein., 2014; Gabriel et al., 2016). 

Therefore, the specific set of protein biomarkers selected to either profile or isolate CTCs is critical, 

prompting us to explore isolation techniques that did not rely on a single positive selection marker. 

 

6.6.2 Isolation and Profiling of Circulating Tumour Cells 

To isolate CTCs from liquid biopsies, we used a negative selection method to remove all CD45+ 

lymphocytes and enrich for CD45- cells to capture all CTCs regardless of cell surface markers. An 

extensive series of optimisations identified the most efficient blood collection tube and methods to 

remove other contaminants such as platelets; interestingly, a comparison of blood tubes revelated 
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that cell-free DNA collection tubes and the CellSearch CTC collection tube had high background levels 

of debris and poor quality isolation of cancer cells. After optimisation experiments, we selected the 

EDTA tube for our purposes and found it had little to no background with both spiked healthy blood 

samples and our pilot isolation and analysis of captured CTCs from patient samples via high-resolution 

microscopy (Sections 5.6.1-5.6.4).  

Therefore, having proved that this protocol was effective for the isolation and detection of CTCs using 

a variety of biomarkers directed against mesenchymal signatures including expression of immune 

checkpoint proteins such as PD-L1 (Section 5.6.4), we embarked on an extensive high-resolution 

immunofluorescent microscopy analysis of PKC-θ and LSD1 with the mesenchymal marker CSV or the 

stem-like resistance markers ALDH1A or ABCB5. High expression of these markers would essentially 

indicate that the CTCs were more mesenchymal, metastatic, and stem-like, perhaps indicating a higher 

disease burden or more aggressive phenotype (Mitra et al., 2015; Martinez-Cruzado et al., 2016; Cruz 

Paula, 2014; Frank et al., 2005; Reid et al., 2013). 

High resolution immunofluorescent data analysis revealed that the majority of isolated CTCs (71-76%) 

expressed high levels of nuclear LSD1 in stage IV metastatic breast cancer, and this was associated 

with high expression of the mesenchymal transcription factor SNAIL, mesenchymal CTC marker CSV, 

and stem-like resistant markers ALDH1A and ABCB5 (Sections 5.6.6 and 5.6.7). These data also 

indicated a potential use for the nuclear expression of LSD1 as a biomarker for disease burden in 

metastatic cancer patients and as a predictor of recurrence and metastasis. Interestingly, the 

LSD1:PKC-θ complex was also represented in CTCs isolated from stage IV metastatic breast cancer 

patients. Similar to previous studies, high expression of PKC-θ and LSD1 was associated with high 

expression of the mesenchymal CTC marker CSV (Mitra et al., 2015), and the same pattern was also 

seen for FOXQ1 and PKC-θ in stage IV metastatic breast cancer (Sections 5.6.8 and 5.8.1). Taken 

together, these data might form the basis for the development of a diagnostic test. The PKC-θ-LSD1 

(or its phospho form LSD1s111p) nuclear axis may represent a potential biomarker to track disease 
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progress or perhaps be predictive of responses to therapy. We also found that PKC-θ and LSD1 may 

be useful as prognostic markers in late stage IV metastatic breast cancer patients, where high 

expression of these makers predicted disease burden and, unfortunately, death due to a spike in 

expression of nuclear LSD1 and PKC-θ that preceded increased disease severity. 

PKC-θ was also prognostic in melanoma patients, with increasing PKC-θ predictive for failure or 

success of immunotherapy, concordant with high expression of stem-like markers and mesenchymal 

markers ABCB5 and CSV (Section 5.7). PKC-θ may, therefore, be useful in personalised medicine 

approaches to track individual patient responses to immunotherapy and predict positive responses 

before clinical signs of reduced disease burden become evident (Sections 5.7 and 5.7.1). This also 

applied to the PKC-θ-LSD1 complex, with strong co-localisation and high expression seen in melanoma 

patients with clinically worse progressive melanoma resistant to immunotherapy (Section 5.7.3). 

Interestingly, a companion melanoma tissue study indicated a similar pattern for PKC-θ, suggesting 

that the initial likelihood of response to mono-immunotherapy could be inferred from its expression 

levels in baseline tissue at diagnosis. If developed, this tissue-based assay might then be used in 

conjunction with liquid biopsies to inform both baseline treatment and track disease progression in 

response to therapy. 

Therefore, our liquid biopsies enabled a non-invasive and sensitive approach to tracking disease 

burden and monitoring responses to therapies. These data also indicate that “core” regulators of 

resistance exist across multiple cancer types that are part of a central transcriptional program of 

mesenchymal, resistant, stem-like disease as evidenced by the significant co-expression of LSD1 and 

PKC-θ with regulators of resistance and stem-like signatures in both mice and humans. PKC-θ and LSD1 

may be useful as part of a personalised precision medicine diagnostic to ensure that patients receive 

the correct therapy at the correct time. Additionally, these tests may be useful as a screening test for 

the early detection of CTCs before cancers become clinically evident or metastatic lesions develop. 
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This would allow for early intervention, especially important since cancers caught early tend to have 

a better prognosis or even be curable. 

Some examples of using specific biomarkers either singly or as panels to track cancer patient responses 

using CTCs derived from liquid biopsies already exist. These include PD-L1 expression in non-small cell 

lung cancer (Dhar et al., 2017) or CTC analysis as a prognostic assay in breast, lung, colorectal, and 

metastatic prostate cancer (Li et al., 2018; Morrison et al., 2018). A comprehensive analysis of 

melanoma liquid biopsies for patients with cutaneous malignant melanoma revealed other potential 

biomarkers expressed by CTCs such as FABP7, which decreased with disease progression (Goto et al., 

2010), or MART-1, MAGE-A3, GalNac-T, GP100, and tyrosinase by quantitative gene expression 

(Hoshimoto et al., 2012; Scoggins et al., 2006; Fusi et al., 2009; Quaglino et al., 2007). One review of 

melanoma CTC markers (Huang and Hoon, 2016) made the observation that antibody capture of CTCs 

is undesirable, and that quantitative Real Time-PCR may be preferable; however, we avoided the 

issues associated with antibody capture by using the negative selection method (Sections 6.8 and 6.9). 

We also targeted a set of common transcriptional and epigenetic regulators that may be part of a 

conserved mesenchymal, stem-like, metastatic transcriptional program applicable across multiple 

cancer types. 

 

6.6.3 Nuclear Targets for Therapy 

PKC-θ and LSD1 may also be novel therapeutic targets. Most existing PKC-θ and LSD1 therapies have 

focused on inhibiting the catalytic activity of these enzymes. For LSD1, small molecule inhibitors that 

have been developed include ORY-1001 (for leukemia; EudraCT trial ID 2013–002447–29), 

GSK2879552 (acute myeloid leukemia, relapsed/refractory small cell lung carcinoma; ClinicalTrials.gov 

IDs NCT02034123, NCT02177812, NCT01943851, NCT01587703), IMG-7289 (acute myeloid leukemia 

and myelodysplastic syndrome; NCT02842827), and phenelzine (metastatic breast cancer; 
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NCT03505528). For PKCs, a number of inhibitors targeting their catalytic activity have progressed into 

cancer clinical trials, but the results have generally been unimpressive. One such example is 

enzastaurin, which had several challenges: it was an ATP-competitive small molecule inhibitor that 

targeted PKC isoforms non-specifically but, due to issues of both toxicity and low response rate, clinical 

trials were halted (Bourhill et al., 2017). Another well characterised PKC kinase inhibitor is bryostatin-

1, which targets multiple PKC isoforms and has been employed for its anticancer activity in phase I 

and II clinical trials against a wide range of cancers. This drug initially showed promise targeting 

refractory acute leukemia and other haematological malignancies, but multiple phase II clinical trials 

in melanoma were unimpressive (Bourhill et al., 2017; Roberts et al., 2006; Bedikian et al., 2001; Tozer 

et al., 2002; Jayson et al., 1995; Varterasian et al., 2000; Propper et al., 1998). 

We suggest that a more specific and precise inhibitor that targets the nuclear axis of these regulators 

of cancer progression would be more effective. An inhibitor such as a synthetic cell-penetrating 

competitive peptide inhibitor designed to target the nuclear localisation of PKC-θ and LSD1, would 

block the nuclear entry of these enzymes and interrupt this critical nuclear axis mediating 

mesenchymal, resistant transcriptional cancer programs while persevering their catalytic activity, 

thereby hopefully reducing side effects. An example of this type of inhibitor is a nuclear peptide 

inhibitor that targets the nuclear localisation signal of PEPS8 as an anti-cancer drug for acute myeloid 

leukemia (Chen et al., 2018). 

PKC-θ and LSD1 are not the only targets for cancer therapy. If PKC-θ is involved, what role do the other 

PKC isoforms play in this type of mesenchymal, resistant transcriptional program? Do these represent 

additional therapeutic targets together with LSD2 and other lysine demethylases? Based on LSD1 and 

PKC-θ’s expression in melanoma and metastatic breast cancer identified in this Thesis, it would be 

logical to expect that LSD2 and the other PKC isoforms likely have a role in tumorigenesis. 
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6.7 Future Implications  

With respect to nuclear localisation, future work will need to address the specific signals that regulate 

which NLS motifs are employed by PKC-θ for nuclear localisation in different cell types and which 

phosphorylate PKC-θ’s SPT motif and whether this kinase varies between different cell types. Whether 

these NLSs function in the other PKC isoforms remains to be determined, as does the cell types in 

which the different NLSs for these PKC isoforms are active. Future studies are needed to provide in-

depth mechanistic insights into the contribution of PKC-θ phosphorylation of transcription factors, 

histones, and epigenetic enzymes in marking genes for transcriptional activation or repression through 

large-scale screening methods such as peptide microarrays and high-throughput automated 

fluorescent imaging of nuclei. Given that PKC-θ regulates the key splicing factor SC35, future studies 

should aim to address the role of PKC-θ in alternative splicing utilising global, high-throughput 

methods such as RNA sequencing. Unravelling the role of PKC-θ alternative splicing in T cell regulation 

is likely to be useful in translational applications in autoimmune diseases and cancer biology.  

Given that PKC-θ also clearly regulates LSD1 phosphorylation at Serine 111 future work will need to 

confirm the importance of nuclear versus cytoplasmic PKC-θ. Initally the hypothesis would be that 

PKC-θ may form a complex with LSD1 phosphorylated at Serine-111 to transport it into the nucleus. 

However extensive plasmid and mutational studies would be required to address this question 

directly. 

There are also other questions that needs to be addressed: Is this mechanism of kinase signalling to 

chromatin a common theme in cancers? Does PKC-θ have roles beyond breast cancer and melanoma? 

Future studies will need to confirm the existence of the LSD1-PKC-θ transcriptional oncogenic complex 

in other cancers and address if drugs and assays can be developed to target this complex for oncology, 

precision medicine, and diagnostics. Validating the predictive and prognostic value of these CTC 

biomarkers will require large-scale prospective trials to reach the required statistical power and 
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clinical rigour. It would be reasonable to expect that nuclear PKC-θ is represented in other cancers, as 

shown already for several cancers including gastrointestinal stromal tumours, glioblastomas, and 

bladder cancers. Undoubtedly, further screening of multiple cancer types to understand the 

expression signature of PKC-θ in the nuclei of CTCs in particular is required. One upcoming technology 

that could aid in this process is the DSP platform from Nanostring, which allows selection of a region 

of interest in an archival formalin-fixed, paraffin-embedded (FFPE) tissue sample and analysis of 

marker protein expression. Any desired proteins such as markers for CD8, CSV, or of course PKC-θ and 

LSD1 can be quantified using this system. The selected areas of interest are then thoroughly profiled 

with a multivariant proteome assay to detect and quantify the precise amount of protein expression 

of a large cohort of proteins. Employing this morphology- and marker-driven approach allows high-

plex quantitative profiling of up to 800 targets in a single run on a single FFPE sample. This would 

potentially allow unprecedented proteomic analysis of tissue samples from clinical trials. 

 

6.8 Conclusions 

In this thesis, the NLS signal of PKC-θ and its mechanisms of nuclear localisation were confirmed, as 

well as the targets of its nuclear activity and its multilayered regulation of transcriptional programs in 

immune cells, cancers, and cancer-associated cells. This regulation included phosphorylation of 

transcription factors (p65, FOXQ1), chromatin remodelling (phosphorylation of H1, H2A, H4, and the 

most highly phosphorylated histone H2B at serine 32) both at the N-terminal tails and globular 

domains, regulation of splicing factors controlling alternative splicing, and phosphorylation of the 

epigenetic enzyme LSD1 to control both LSD1’s nuclear entry and potential targets for demethylation. 

This clearly demonstrates PKC-θ’s central role as a master switch controlling transcriptional programs. 

A method for isolating high-quality CTCs from liquid biopsies was established, and the profiles of LSD1 

and PKC-θ in metastatic, resistant melanoma and metastatic breast cancer were established, thereby 
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showing that LSD1 and PKC-θ can co-operate in complex to regulate progressive, therapy-resistant 

cancer and that this complex may yield vital, new therapeutic targets for cancer therapy. 
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