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Abstract 

E2F1 is a master transcription factor that plays a pivotal role in regulating cell cycle 

progression and proliferation, as well as mediating other cell fates including apoptosis 

and the inflammatory response. These diverse biological outcomes of E2F1 activity are 

determined in part by post-translational modifications, including arginine methylation 

mediated by protein arginine methyltransferases (PRMT) 1 and 5, and citrullination 

mediated by peptidyl arginine deiminase (PAD) 4. The activity of PRMT5 and PRMT1 

are antagonistic to one another; the former symmetrically methylates R111/R113 of E2F1 

and favours proliferation, whilst the latter promotes E2F1-dependent apoptosis via 

asymmetric methylation at R109. On the other hand, PAD4 channels E2F1 into a pro-

inflammatory pathway by citrullinating its target arginine residues, which also include 

R109. Recently, PRMT5-driven methylation events at R111/R113 and recruitment of the 

reader protein p100/TSN were found to permit E2F1 to regulate many genes at the level 

of alternative splicing. However, despite mounting evidence suggesting that many RNA-

binding proteins are substrates for citrullination, the link between PADs and RNA 

processing remains unclear. In this study, by performing RNA sequencing, we 

demonstrated that E2F1 knockdown and PAD4 inhibition exhibit significant global 

impacts on the human cancer transcriptome at the level of alternative RNA splicing. 

Moreover, we uncovered that this regulation involves the citrullination of E2F1, which 

enhances its interaction with p100/TSN and the splicing factor SRSF3. Using RNA 

immunoprecipitation methods, we additionally elucidated that PAD4 plays an essential 

role in regulating the RNA binding affinity of SRSF3 in an E2F1-dependent manner, 

which underpins the molecular mechanism by which PAD4 and E2F1 together regulate 

alternative splicing. In summary, we discover a new function of PAD4 as a splicing 

regulator in cancer cells and propose a mechanism by which this alternative splicing is 

mediated by the novel interplay between E2F1 and SRSF3. 

(296 words)  
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1.1 Hallmarks of Cancer 

Cancer is one of the most devastating diseases in the world. According to the World 

Health Organization, it constitutes the second leading cause of death worldwide, 

accounting for almost 10 million deaths, or nearly one in six deaths, in 2020 alone (Ferlay 

et al., 2020). The burden of cancer incidence and mortality has grown in recent years, not 

only reflecting the ageing and growth of the population but also being affected by some 

socio-economic factors (Sung et al., 2021). This is exemplified by a recent outbreak of 

the coronavirus disease 2019 (COVID-19), which adversely impacted the diagnosis and 

treatment of cancer worldwide (Siegel et al., 2023). 

Cancer is a broad term and collectively refers to a large number of diseases that are often 

characterised as, but are not limited to, uncontrolled cell growth and invasion of healthy 

cells in the body. The key features or hallmarks found in cancer were originally 

summarised in a seminal paper by Hanahan and Weinberg (Hanahan & Weinberg, 2000). 

They initially described six hallmarks constituting the complexities of neoplastic disease: 

self-sufficiency in growth signals, insensitivity to anti-growth signals, evasion of 

apoptosis, tissue invasion and metastasis, limitless replicative potential and sustained 

angiogenesis (Hanahan & Weinberg, 2000), and later added another four properties: 

avoiding immune destruction, deregulating cellular energetics, tumour promoting 

inflammation, and genome instability and mutation (Hanahan & Weinberg, 2011). The 

authors consider the latter two characteristics (inflammation and genome instability) as 

‘enabling characteristics’, to distinguish the molecular and cellular mechanisms through 

which cancer cells acquire the other hallmark capabilities. Most recently, four new 

enabling characteristics were added by Hanahan, reflecting the expanded understanding 

of human cancer in the last decade; unlocking phenotypic plasticity, non-mutational 
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epigenetic reprogramming, polymorphic microbiomes, and senescent cells (Hanahan, 

2022). Here, each of these eight hallmarks and six enabling characteristics of cancer will 

be briefly reviewed, to conceptually understand the complex biology of cancer (Figure 

1-1). 

Self-Sufficiency in Growth Signals 

For normal cells to re-enter the cell cycle from a quiescent state, mitogenic growth signals 

must be received. Cancer cells instead become independent of these signals and acquire 

a chronic proliferative state via various mechanisms. For example, cancer cells may 

produce the growth signalling molecules to stimulate themselves in an autocrine manner, 

or stimulate nearby normal cells to secrete the growth factors in a paracrine fashion. 

Additionally, deregulated expression or mutation of signalling components, such as the 

growth factor receptors on the cell surface or downstream proteins involved in 

intracellular signalling (e.g. B-Raf is mutated in up to 40% of human melanomas (Davies 

& Samuels, 2010)), could further enforce the mitogenic independence of cancer cells. 

Conversely, defects in the pathways antagonising growth signals also attribute to the 

proliferative state of the cells. (Hanahan & Weinberg, 2000, 2011)  

Insensitivity to Anti-Growth Signals 

As well as inducing and maintaining pro-growth signals for positive regulation, cancer 

cells have to overcome pathways and factors negatively regulating cell proliferation. 

Indeed, tumour suppressor genes involved in such inhibitory mechanisms are often 

mutated in tumour cells. The p53 protein and the retinoblastoma protein (pRB) are 

amongst the most commonly mutated or deactivated tumour suppressors (Rivlin et al., 

2011; Vélez-Cruz & Johnson, 2017). In addition, cancer cells are also known to evade 
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‘contact inhibition’, which is usually observed in a dense population of normal cells 

where cell-to-cell contact negatively impacts further cell growth. (Hanahan & Weinberg, 

2000, 2011) 

Evasion of Apoptosis 

Continuous exposure to pro-growth and stress stimuli found in the tumour environment 

usually activates apoptotic pathways in cells, and cancer cells need to evade these 

physiological defence mechanisms to progress to tumorigenesis. In most cases, tumour 

cells up-regulate the expression of anti-apoptotic factors (e.g. BCL-2, BCL-xL, BCL-w, 

and Mcl-1) and down-regulate pro-apoptotic factors (e.g. Bax, Bak, and Bim) (Adams & 

Cory, 2007; Labi et al., 2006). (Hanahan & Weinberg, 2000, 2011) 

Tissue Invasion and Metastasis 

Tumour cells often invade the nearby environment and eventually migrate from the 

primary tumour to another distant location to form a new, or secondary tumour. The latter 

process is referred to as metastasis and is often regarded as the most deadly aspect of 

cancer (Fares et al., 2020). The epithelial-to-mesenchymal transition (EMT), a 

physiological process involved in development and wound healing (Yilmaz & Christofori, 

2009), is exploited by cancer cells; cellular adhesion-related proteins like E-cadherin are 

deactivated, whilst the enhanced expression of N-cadherin instead promotes cell 

migration, allowing the cancer cells to escape from their local environment (Curto et al., 

2007). (Hanahan & Weinberg, 2000, 2011) 

Limitless Replicative Potential 

Normal cells can undertake only a limited number of cell divisions due to telomere 

shortening at the end of each round of DNA replication (Shammas, 2011). Cancer cells 
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overcome this restriction and can divide indefinitely by sustaining the length of 

chromosomal telomeres (Blasco, 2005; Shay & Wright, 2000). This is usually mediated 

by the expression of an enzyme called telomerase, which is usually inactivated in 

differentiated cells under physiological conditions. (Hanahan & Weinberg, 2000, 2011) 

Sustained Angiogenesis 

In solid tumours with a growing mass, enhanced levels of neovascularisation are required 

to supply the cells in the centre of the tumour with sufficient amounts of nutrients and 

oxygen, as well as provide the capability to remove metabolic wastes and carbon dioxide. 

Cancer cells, therefore, release some pro-angiogenic factors including vascular 

endothelial growth factor, whilst suppressing the expression of anti-angiogenic factors 

such as thrombospondin 1 (Kazerounian et al., 2008), to help with the chronic growth and 

sprouting of vasculature which is otherwise in a quiescent state. (Hanahan & Weinberg, 

2000, 2011) 

Deregulating Cellular Energetics 

Deregulation in energy metabolism is another key hallmark in cancer, given the increased 

demand for ‘fuel’ from the rapidly growing and dividing tumour cells. Unlike normal 

cells which partly utilise the citric acid cycle in aerobic conditions, the metabolism of 

cancer cells is reprogrammed to hugely depend on glycolysis (Schiliro & Firestein, 2021), 

a process that is less efficient in ATP production but requires much less oxygen. Increased 

dependency on glycolysis results in the channelling of glycolytic intermediates into 

cellular biosynthetic pathways, which further promotes cell proliferation and growth by 

supporting the biosynthesis of nucleosides and amino acids, and thus of macromolecules 

and organelles. (Hanahan & Weinberg, 2000, 2011) 
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Avoiding Immune Destruction 

Normally, components of the immune system, including CD8+ cytotoxic T lymphocytes 

and natural killer cells, target abnormal or damaged cells and destroy them before they 

can develop into cancer (R. Kim et al., 2007; Teng et al., 2008). Tumour cells need to 

evade this targeted destruction, and they do this by up-regulating the expression of the 

immune checkpoint inhibitor PDL1 to become less immunogenic against T cells (C. Sun 

et al., 2018), or they may directly secrete small inhibitory molecules against the immune 

response, such as TGF-β. (Hanahan & Weinberg, 2000, 2011) 

Tumour Promoting Inflammation 

In addition to avoiding immune destruction, cancer cells can also hijack the immune 

system to instead promote their growth and survival. This pro-tumour inflammatory 

response typically involves the secretion of bioactive signalling molecules to the nearby 

environment affecting other hallmark-facilitating pathways; such as growth or survival 

factors to promote proliferation or inhibit apoptosis, pro-angiogenic factors to enhance 

angiogenesis, and extracellular matrix modifying factors to alter the EMT profile. 

(Hanahan & Weinberg, 2000, 2011) 

Genome Instability and Mutation 

As described above, the acquisition of cancer hallmarks often involves mutation or 

deactivation in the genome. Successive genomic alterations do not usually occur in 

normal cells thanks to surveillance mechanisms including DNA damage repair, DNA 

polymerase proofreading and proapoptotic signals (Jackson & Bartek, 2009; Kastan, 

2008; Sigal & Rotter, 2000). Defects in these defence systems would therefore lead to 
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substantial genomic instability with high mutation rates (Hanahan & Weinberg, 2000, 

2011).  

Unlocking Phenotypic Plasticity 

During organogenesis, a series of developmental and differentiation steps occur in cells 

which permit them to form functional and organised tissues. In the course of this process, 

many precursor cells become terminally differentiated, whereby they become fully 

committed to their cell fates in their respective tissues and permanently lose the capability 

of cell division (Yuan et al., 2019). In tumours, however, cells can undergo molecular and 

phenotypic changes to unlock this restriction and gain proliferative potential as well as 

broader phenotypic plasticity beyond the spectrum defined by the tissue of origin. There 

exist several ways to escape from the state of terminal differentiation. Dedifferentiation 

refers to the process whereby a mature cell returns to a progenitor-like state (Barker et al., 

2009; Perekatt et al., 2018; Shih et al., 2001). Blocked differentiation, on the other hand, 

occurs when progenitor cells are prevented from advancing further into a non-

proliferative state during differentiation and instead retain their proliferative ability(de 

Thé, 2018; He et al., 1999; Warrell Jr et al., 1993); Finally, transdifferentiation describes 

the phenomenon whereby a progenitor cell that has already committed to one 

differentiation path switches into a different developmental lineage (Yuan et al., 2019). 

(Hanahan, 2022)  

Non-mutational Epigenetic Reprogramming 

In addition to the mutations across the human genome, epigenetically regulated changes 

in gene expression can also contribute to the acquisition of cellular functional capabilities 

during tumour progression. Potentially induced by microenvironmental factors such as 
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hypoxia, reprogramming in the cancer cell epigenetic profile may result in intra-tumoral 

heterogeneity and deregulation of accessory and stromal cells (Hanahan, 2022). 

Polymorphic Microbiomes 

In recent years, a growing body of evidence suggests that microbiota residing in various 

tissues have a profound influence on a multitude of biological and cellular events in both 

physiological and pathological conditions (Thomas et al., 2017). Cancer is no exception, 

and a close association between the microbiological profile and cancer phenotype has 

been reported (Dzutsev et al., 2017; Helmink et al., 2019). Although there remain a lot of 

unanswered questions, microbiomes seem to play both a pro- and anti-tumour role by 

modulating tumour cell activity. For example, the gut microbiome was shown to have a 

substantial impact on the pathogenesis of colon cancer, whereby bacterial-derived toxic 

molecules induce the DNA damage response, or disruption of damage checkpoint factors, 

leading to genome instability in colon epithelial cells (Okumura et al., 2021; 

Pleguezuelos-Manzano et al., 2020; Sears & Garrett, 2014). Bacteria can also produce 

factors that influence the adaptive and innate immune systems, which would result in an 

activated immune response with increased expression of various chemokines and 

cytokines. (Hanahan, 2022) 

Senescent Cells 

Cell senescence is the irreversible and stable process of cells becoming unable to 

proliferate despite optimal growth conditions. This is long regarded as part of a 

surveillance mechanism against tumour initiation and progression, where stress stimuli 

induce cells with existing DNA damage to undergo senescence, before they have a chance 

to develop into neoplasia (Birch & Gil, 2020; Gorgoulis et al., 2019; S. Lee & Schmitt, 
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2019). An accumulating body of evidence indicates, however, that senescent cells can 

also promote cancer development and malignancy progression in some specific cases 

(Kowald et al., 2020; S. Lee & Schmitt, 2019; B. Wang et al., 2020). The major 

mechanism of this tumour-promoting effect is referred to as the senescence-associated 

secretory phenotype (SASP) where; in a paracrine manner, senescent cells can provide 

factors related to proliferative signalling, avoidance of apoptosis, induction of 

angiogenesis, stimulation of invasion and metastasis, and suppression of tumour 

immunity (B. Wang et al., 2020). (Hanahan, 2022) 
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Figure 1-1 Hallmarks of Cancer 

The illustration outlines eight hallmark capabilities and six enabling characteristics which together 
conceptualise the complexity of cancer phenotypes and genotypes. Adapted from Hanahan, 
2022; Hanahan & Weinberg, 2000, 2011. 

  

Tumour-

Promoting 

Inflammation
Genome 

Instability

& Mutations

Non-mutational 

Epigenetic 

Reprogramming

Unlocking 

Phenotypic 

Plasticity

Polymorphic 

Microbiome

Senescent 

cells

Self-Sufficiency 

in Growth 

Signal

Insensitivity to 

Anti-Growth 

Signals

Evasion of 

Apoptosis

Tissue 

Invasion

& Metastasis

Limitless 

Replicative 

Potential

Sustained 

Angiogenesis

Deregulating 

Cellular 

Energetics

Avoiding 

Immune 

Destruction

Hallmarks 

of cancer



Chapter 1 

Introduction 

 

26 

 

1.2 Biological Functions of E2F1 

1.2.1 Properties of the E2F family 

The E2F family of transcription factors consists of eight members. They are known to 

regulate the expression of diverse sets of genes and play pivotal roles in a range of 

biological processes, including cell growth and cell cycle progression, apoptosis, 

differentiation, DNA damage repair, metabolism and angiogenesis (Biswas & Johnson, 

2012; Blanchet et al., 2011; DeGregori & Johnson, 2006; Ren et al., 2002; Weijts et al., 

2012). In general, the E2F proteins can be divided into two subfamilies according to their 

transcription regulation functions: activators (E2F1-3a/b) and repressors (E2F4-8) 

(Roworth et al., 2015). The former group of E2F members, when over-expressed, can 

potently promote transcription, and their localisation to the promoter regions of E2F-

target genes usually coincides with transcriptional activation in the G1/S phase of the cell 

cycle (Iaquinta & Lees, 2007). On the other hand, binding of the latter E2F family 

members to their target genes was correlated with transcriptional repression during the 

G0/G1 phase, and over-expression did not result in transcriptional activation (Iaquinta & 

Lees, 2007).  

There are multiple evolutionarily conserved domains possessed by the E2F family of 

proteins (Figure 1-2). The highest level of homology is found in the winged-helix DNA 

binding domain (DBD); E2F1-6 have a single DBD, whilst E2F7 and E2F8 contain two 

distinct DBDs, which is the reason why these two family members are regarded as 

‘atypical’ (DeGregori & Johnson, 2006; Morgunova et al., 2015). E2Fs, as transcription 

factors, can bind to specific DNA motifs in the proximal promoter regions of their target 

genes via the DBD. The consensus E2F-binding motif of TTTSSCGC (S is either G or 
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C) was identified in vitro by the CASTing experiment which involves repetitive immuno-

precipitation and PCR (Tao et al., 1997). However, with recent technological innovations 

in genome-wide profiling, including ChIP-seq, it has become apparent that this motif is 

not as strict in vivo as previously demonstrated in vitro (Bieda et al., 2006; Cao et al., 

2011; X. Xu et al., 2007).  

In addition to the DBD, E2F1-6 contain a dimerization partner (DP) binding domain, 

which consists of a leucine zipper (LZ) and a marked box (MB) domain and is located 

downstream of the DBD (Figure 1-2). The DP domain allows E2F1-6 to form a 

heterodimeric complex with one of three DP proteins (DP1, DP2/3, or DP4), generating 

a functional transcription factor complex capable of efficiently associating with the 

promoters of target genes (L. R. Bandara et al., 1993; DeGregori & Johnson, 2006; Milton 

et al., 2006; Ormondroyd et al., 1995; Y. Zhang & Chellappan, 1995). DP1 and DP2/3 

are both known as transcriptional activators, whereby their dimerization with an E2F 

family member usually results in increased gene expression (L. Bandara et al., 1994; de 

la Luna et al., 1996; Girling et al., 1993; Ormondroyd et al., 1995). DP4 reportedly has a 

distinct function to suppress transcription by the E2F/DP complex (Ingram et al., 2011). 

The functional differences of DP isozymes in this complex are not fully understood. For 

example, with E2F1 it was initially observed that switching between DP1 and DP2 as a 

dimeric partner had little effect on the DNA-binding site specificity of the E2F1/DP 

complex (Tao et al., 1997). However, a more recent study has revealed that depletion of 

DP1 inhibited the E2F1-dependent activation of the pro-growth gene CDC6, and 

prevented cell cycle progression, whilst the expression of the pro-apoptotic ARF gene 

and apoptotic profile of cells was not affected (Komori et al., 2018). This indicates a 

potential role of DP proteins in channelling E2F1 into different signalling pathways. 
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The activity of the E2F1-5/DP heterodimeric complex is regulated by the pocket proteins 

(also called “retinoblastoma family proteins”) including pRB, p107 and p130. The 

binding site for the pocket proteins can be found within the C-terminal transactivation 

domain of E2F1-5 (Figure 1-2), meaning that pocket protein binding to E2Fs can suppress 

their transcriptional activities by physically blocking key residues in this domain 

(Iaquinta & Lees, 2007; D. Xie et al., 2021). Moreover, pRB and other pocket proteins 

are known to facilitate the recruitment of co-repressor complexes to the E2F-target 

promoter region (Iaquinta & Lees, 2007; D. Xie et al., 2021). The components of this 

inhibitory complex are typically chromatin modifiers and remodelling proteins, such as 

BRM/BRG1, histone deacetylases (HDACs), RBP1, DNMT1, CtIP, CtBP, HPC2, 

mSin3B, SUV39H, and PRMT5 (DeGregori & Johnson, 2006). Furthermore, several 

studies support the view that the pocket proteins selectively bind to different E2F 

members; the activating E2Fs (E2F1-3) are exclusively associated with pRB whilst the 

others (E2F4 and E2F5) can also interact with p107 and p130 in vitro (Liban et al., 2016, 

2017), although in vivo this observation has been questioned (Toki et al., 2014). pRB is 

known as a master regulator of the cell cycle and is an archetypal tumour suppressor, 

which is reported to be mutated or functionally inactivated in most types of cancer (Vélez-

Cruz & Johnson, 2017).  
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Figure 1-2 Properties of the E2F Family of Transcription Factor. 

The schematic diagram illustrating the structures of the eight members of the E2F transcription 
factor family. DBD: DNA binding domain, LZ: Leucine zipper, MB: Marked box, RB: pRB binding 
site, CycA: Cyclin A binding site. 
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1.2.2 E2F1 and cell cycle control 

E2F1 is the first discovered member of the E2F family of transcription factors, when it 

was cloned as a result of screening for pRB binding partner proteins (Helin et al., 1992; 

Kaelin et al., 1992; Shan et al., 1992). The biological function of E2F1 has been most 

characterised in the cell cycle regulation (Figure 1-3), especially at the restriction point 

(R-point) during the G1 phase. After this checkpoint, the cell becomes fully committed 

to the cell cycle and no longer requires growth factors or mitogens to complete the 

remaining cell cycle stages (Roworth et al., 2015). In the G1 phase, mitogenic signalling 

stimulates the PI3K and/or MAPK pathways, leading to the activation of MYC (J. Zhu et 

al., 2008). This transcription factor then promotes the expression of various cell cycle-

related genes including E2F1-3, cyclin D and E, CDK4, and CDC25 (Mateyak et al., 

1999; Santoni-Rugiu et al., 2000). Subsequently, cyclin D-CDK4/6 and cyclin E-CDK2 

phosphorylate pRB at multiple threonine and serine residues in a sequential manner 

(Malumbres & Barbacid, 2001; Rubin, 2013). This phosphorylation is the key mechanism 

causing pRB to be released from the E2F/DP heterodimer and permits activation of E2F1. 

Phosphorylation of pRB at T356/373 and S788/795 reportedly decreases its binding to 

E2F1 by 10-fold (Burke et al., 2014). Activated E2F1 then promotes the expression of its 

target genes to progress the cell cycle. Up-regulated genes include E2F1 itself, E2F2-3, 

cyclin E, and MYC (Araki et al., 2003). This positive feedback loop is thus believed to 

play an important role in accumulating active E2F1 at late G1 and marking an irreversible 

commitment to cell division (Roworth et al., 2015).  

When cells enter S phase, the activity of E2F1 needs to be switched off to retain the 

directionality of the cell cycle and ensure a single replication of DNA per cycle. This is 

mediated by a negative feedback loop coordinated by the delayed expression of a subset 



Chapter 1 

Introduction 

 

31 

 

of E2F1 target genes (Roworth et al., 2015). Briefly, E2F1 up-regulates the expression of 

cyclin A at the beginning of S phase, which allows the cyclin A/CDK2 complex to bind 

to E2F1/DP1 and phosphorylate DP1. This phosphorylation event significantly reduces 

the DNA binding affinity of DP1, resulting in the dissociation of the E2F1/DP1 from its 

target promoter and subsequent transcriptional suppression (Schulze et al., 1995; M. Xu 

et al., 1994; H. S. Zhang et al., 2000). Cyclin A/CDK2 can further enforce the negative 

feedback loop by promoting the degradation of its inhibitor p27 (Bertoli et al., 2013). In 

addition, E2F1 up-regulates the expression of the SCF regulatory subunit SKP2, which 

in turn regulates the activity of ubiquitin ligase and subsequent degradation of E2F1 itself 

(Schulze et al., 1995; M. Xu et al., 1994; H. S. Zhang et al., 2000). Furthermore, the 

expression of repressor E2F family members E2F7 and E2F8 is up-regulated during S 

phase and further contributes to the suppression of E2F-target genes (Logan et al., 2005).  

The expression of genes involved in this negative feedback loop is carefully controlled in 

a timely manner. For example, the expression of cyclin E peaks at late G1/S, whilst cyclin 

A expression begins during S phase and peaks at G2 (Roworth et al., 2015). Our 

understanding of the underlying mechanism in this ‘delayed’ gene expression is still 

limited, but it was suggested that genes with delayed expression, such as cyclin A, contain 

atypical E2F1 binding sites in their promoter region, which makes them less sensitive to 

gene activation by E2F1 (Schulze et al., 1995; M. Xu et al., 1994). In addition, pRB 

facilitates the recruitment of a distinct set of repressor proteins for the ‘delayed’ genes; a 

pRB-SWI/SNF repressor complex at the promoter of these genes is more stable and less 

responsive to pRB phosphorylation status in comparison to an HDAC-pRB-hSWI/SNF 

complex at the promoter of genes peaking at late G1/S (H. S. Zhang et al., 2000). After 

entering S phase, BRG1, a component of the SWI/SNF complex, is phosphorylated which 
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finally causes release of the complex from the promoter, resulting in the delayed 

expression of genes like cyclin E (H. S. Zhang et al., 2000).  
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Figure 1-3 Cell Cycle and E2F1. 

Diagram shows the role that E2F1 plays during the cell cycle progression from G1 to S phase. 
(A) In the early G1 phase, the pRB firmly binds to E2F1/DP and recruits the suppressor complex 
containing histone modifier or chromatin remodelling factors (e.g. SWI/SNF and HDACs) to inhibit 
the expression of pro-growth genes. (B) Upon the mitogenic stimuli, CDK4/6-cyclin D 
phosphorylates pRB and dissociates several pRB-binding factors, resulting in the relieved 
suppression for the genes such as cyclin E. (C) Cyclin E in turn binds to CDK2 to phosphorylate 
pRB further, leading to the release of E2F1/DP. More genes are expressed to drive the cell cycle 
and pass through the restriction point into the S phase. (D) In S phase, E2F1 is no longer required 
and becomes degraded, usually via the phosphorylation by CDK2-Cyclin A and subsequent 
ubiquitination-dependent pathway.  
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1.2.3 E2F1 and apoptosis 

In addition to its crucial role in cell cycle regulation, E2F1 has also been implicated as a 

critical component regulating cell death by apoptosis. Prolonged or over-expression of 

E2F1 reportedly induces G1 checkpoint activation and apoptosis in response to various 

cellular stress and DNA damage, both in vitro and in mouse models (Holmberg et al., 

1998; Pierce, Fisher, et al., 1998; Pierce, Gimenez-Conti, et al., 1998; Pierce et al., 1999; 

X. Q. Qin et al., 1994; Shan & Lee, 1994). In most cases, such E2F1-mediated apoptosis 

can be linked to the activation of p53 in response to DNA damage. For example, several 

studies have demonstrated that the transcriptional activation of the p14ARF gene is 

regulated by E2F1 (Bates et al., 1998; Robertson & Jones, 1998). The p14ARF protein is a 

known co-activator of p53 and can inhibit the Mdm2-dependent degradation of p53. E2F1 

is also thought to contribute to the accumulation of p53 by regulating the phosphorylation-

mediated stabilisation of this protein through the ATM/Nbs1/Chk2 pathway (Powers et 

al., 2004; Rogoff et al., 2004). In addition, another study identified several co-factor genes 

of p53 including ASPP1, ASPP2, JMY, and TP53INP1 which were E2F1-targets, and 

whose expression was directly governed by the transcriptional activity of E2F1 (Hershko 

et al., 2005). Moreover, the weight of evidence suggests that E2F1 can also promote 

apoptosis in a p53-independent fashion. Here, E2F1 regulates the expression of its target 

genes, such as p73, APAF1, Caspases, and BH3-only, that subsequently activate the pro-

apoptotic pathways without help from p53 activity (Furukawa et al., 2002; Hershko & 

Ginsberg, 2004; Irwin et al., 2000; Moroni et al., 2001; Nahle et al., 2002; Stiewe & 

Pützer, 2000).  
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1.2.4 Post-translational modifications of E2F1 

The seemingly opposing roles that E2F1 undertakes to regulate cell proliferation and 

apoptosis were discussed above. In addition, cumulative evidence also points to the 

relevance of E2F1 activity in an even wider spectrum of biological processes, such as 

differentiation, DNA damage repair, inflammation, and metabolism (Biswas & Johnson, 

2012; Blanchet et al., 2011; Ghari et al., 2016; Ren et al., 2002). Given such intricate 

nature and significance of E2F1 biology, it would be of immense importance to 

understand the regulatory mechanisms of switching E2F1 activity into diverse cellular 

functions. Post-translational modifications (PTMs) are central to the epigenetic regulation 

of proteins and affect many aspects of target protein biology from subcellular localization 

to protein-protein interactions, sequence-specific DNA binding, protein stability, and 

transcriptional regulatory activity (G. Duan & Walther, 2015; Ramazi & Zahiri, 2021). 

As a result, PTMs are integral to various cellular processes as well as a number of 

pathogenic conditions. Transcription factors are widely regulated by a range of PTMs, 

and E2F1 is no exception; overwhelming evidence supports the idea that various PTMs 

act as functional switches of E2F1 activity (Figure 1-4) (Carr et al., 2015; Roworth et al., 

2015). Some of these E2F1 modifications and their biological outcomes are discussed 

below. 

Phosphorylation 

Phosphorylation of E2F1 has been most studied in the context of the DNA damage 

response, where E2F1 rapidly becomes phosphorylated after DNA damage detection by 

multiple sensor kinases (Carr et al., 2015; Roworth et al., 2015). Two distinct serine (S) 

residues were identified as target sites for phosphorylation after DNA damage; S31 is 

targeted by the DNA damage sensing kinases ATM/ATR, and S364 is targeted by the 
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tumour suppressor kinase CHK2 (Stevens et al., 2003; B. Wang et al., 2004). The former 

mark can reportedly be recognised by the 14-3-3τ protein, which stabilises E2F1 by 

inhibiting its ubiquitination (B. Wang et al., 2004). The modification mediated by CHK2 

was shown to positively regulate the stability of the E2F1/pRB complex by increasing the 

binding affinity of E2F1 to pRB (Carnevale et al., 2012). Interestingly, this E2F1/pRB 

complex, which usually suppresses E2F transcriptional activity, seems to act to promote 

the expression of pro-apoptotic genes including p73 and NOXA in the context of a DNA 

damage response (Carnevale et al., 2012). Later, it was revealed that caspase-dependent 

cleavage of pRB underpins the key mechanism, where the association between E2F1 and 

the remaining p68 fragment of pRB remains intact and together activates the expression 

of these genes (Bertin-Ciftci et al., 2013). This exemplifies that PTMs can act as an 

additional layer of regulation to control E2F1 biology, as well as highlighting the context-

dependent outcomes of the E2F1-pRB interaction.  

In addition to the DNA damage response, there is a growing body of research suggesting 

that phosphorylation of E2F1 may play a role in apoptotic pathways in cancer cells too. 

Another target residue of E2F1 for phosphorylation, S375, was discovered in colorectal 

cancer cells (Morris et al., 2008; Zhao et al., 2013). This CDK8-dependent modification 

can directly modulate the transcriptional activity of E2F1, resulting in the inhibition of 

E2F1-induced apoptosis (Zhao et al., 2013). Furthermore, a recent study has proposed 

that the inhibition of CDK8 was shown to sensitise colorectal cancer cells to radiotherapy 

in an E2F1-dependent manner (B. Chen et al., 2020), highlighting the potential 

significance of E2F1 phosphorylation in cancer therapy.  
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Acetylation 

In addition to phosphorylation, DNA damage can induce another PTM of E2F1, 

acetylation, at several lysine residues (K117, K120, and K125). This is mediated by 

multiple acetyl-transferases including p300/CBP, PCAF, and Tip60 (Budhavarapu et al., 

2012; Galbiati et al., 2005; Nagy & Tora, 2007; Taubert et al., 2004). These target lysine 

residues of E2F1 are in close proximity to its DBD and thus the acetylation of E2F1 can 

reportedly modulate its binding affinity to the promoter of target genes including the pro-

apoptotic p73 gene, highlighting the crosstalk between phosphorylation and acetylation 

in E2F1-mediated apoptosis (Roworth et al., 2015). A recent study further revealed that 

acetylated E2F1, in association with p300/CBP via the bromodomain, can be directly 

recruited to the site of DNA double-strand breaks, where p300/CBP catalyses the 

acetylation of various lysine residues of histone H3, potentially extending the regulatory 

environment under E2F1 control to chromatin remodelling (Manickavinayaham et al., 

2019). 

SUMOylation 

A previous study established that E2F1 has a unique role in metabolic regulation, where 

the E2F1-pRB complex was identified as a transcriptional repressor for various genes 

involved in oxidative metabolism (Blanchet et al., 2011). More recently, it was claimed 

that E2F1 can respond to oxidative stress by promoting cell cycle arrest at the G1/S phase 

checkpoint, and this response was attributed to the direct SUMOylation of lysine 266 in 

E2F1 (Graves et al., 2020). Such modification is mediated by an enzyme called SUMO2, 

and in unperturbed cells, this reaction is inhibited by the deSUMOylating enzyme SENP3. 

Increased levels of oxidative stress can release E2F1 from SENP3, leading to the 

accumulation of SUMOylated E2F1 with a unique profile of transcriptional activity, 
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specifically promoting the expression of the cell cycle inhibitors CDKN1A/B (Graves et 

al., 2020). In addition, another study demonstrated that E2F1 can also be SUMOylated 

by the SUMO E1 enzyme, which enhances the E2F1 binding affinity to the EZH2 

promoter and promotes increased expression of the gene (Du et al., 2020). It is intriguing 

that the same PTM (namely SUMOylation) on the same target protein (namely E2F1), 

when mediated by different enzymes, can result in completely distinct biological 

outcomes, though the interplay between these two SUMOylating enzymes still needs to 

be investigated.  

Ubiquitination 

After the G1 to S phase transition, the activity of E2F1 needs to be switched off as part of 

a pivotal mechanism to ensure the directionality and commitment to the cell cycle. This 

is mainly regulated by the expression of the ubiquitin ligase subunit SKP2, whose 

expression peaks during S phase. SKP2 contributes to the ubiquitination of E2F1 as a 

component of the SCFskp2 (Skp2 (S phase kinase binding protein 2)-CDC53 (Cullin)-F-

box) E3 ligase complex, and E2F1 ubiquitination subsequently results in proteasome-

mediated degradation of the protein (Marti et al., 1999). The temporal expression of SKP2 

is known to be regulated by the repressor E2F family members E2F7 and E2F8, which 

suppress SKP2 gene expression prior to cells entering S phase (Roworth et al., 2015). 

Ubiquitination of E2F1 is also involved in the DNA damage response and apoptosis. One 

study demonstrated that the E3-ubiquitin ligase cIAP mediates the K63-poly-

ubiquitination of E2F1 at lysine residues K161 and K164 under conditions of DNA 

damage (Glorian et al., 2017). In contrast to the SKP2-mediated reaction, this K63-linked 

ubiquitination facilitates the stabilisation and transcriptional activation of E2F1, and site-

specific mutagenesis of the K161/164 sites caused enhanced expression of genes 



Chapter 1 

Introduction 

 

39 

 

including CCNE, TP73 and APAF1 (Glorian et al., 2017). Interestingly, inhibition or 

silencing of the methyltransferase PRMT1 was shown to reduce this cIAP-mediated 

ubiquitination, indicating a potential interplay between different modifications during the 

DNA damage response.  

Methylation 

Protein methylation is one of the most common PTMs in the human proteome, with both 

lysine and arginine methylation of E2F1 previously reported. For lysine methylation, the 

K185 residue of E2F1 was shown to be the primary target of the methyltransferase 

SET9/SETD7, which is counteracted by the activity of lysine-specific demethylase 1 

(LSD1) (Kontaki & Talianidis, 2010; Q. Xie et al., 2011). Here, the SET9-dependent 

lysine methylation of E2F1 was demonstrated to suppress the phosphorylation and 

acetylation events on E2F1 in response to DNA damage in p53-/- H1299 lung carcinoma 

cell line (Kontaki & Talianidis, 2010). Instead, SET9 over-expression was found to 

increase the ubiquitination of E2F1, which inhibits the accumulation of E2F1 through the 

ubiquitin proteasome pathway. As a result, E2F1 transactivation activity on its pro-

apoptotic target genes like p73 is significantly reduced, leading to the suppression of 

E2F1-dependent apoptosis (Kontaki & Talianidis, 2010). Paradoxically, another study 

later claimed that, in response to genotoxic agents, SET9-dependent lysine methylation 

at the same K185 residue was linked to an increased level of apoptosis (Q. Xie et al., 

2011). Here, the authors demonstrated that K185 methylation can stabilise E2F1 protein 

levels in WT and p53-/- U2OS cells lines, resulting in the enhanced expression of E2F1-

target genes including p73 and Bim, and promoting apoptosis (Q. Xie et al., 2011). These 

seemingly conflicting results probably arose from the difference in cell types, p53 state, 

and DNA damage reagents, but still constitute the object of future studies.  
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E2F1 is also methylated at arginine residues (R109, R111, and R113) via the activity of 

two protein arginine methyltransferases (PRMTs); PRMT1 targets R109 for asymmetric 

di-methylation, whilst PRMT5 symmetrically di-methylates R111 and R113 (Cho et al., 

2012; Zheng et al., 2013). Of particular importance is that these two modifications result 

in the engagement of E2F1 into distinct biological pathways with opposing outcomes. 

The asymmetric methylation at R109 mediated by PRMT1 was found to increase in 

response to DNA damage. This not only increases E2F1 levels by stabilising the protein, 

but also results in the enhanced expression of downstream pro-apoptotic E2F1-target 

genes including p73 and APAF1 (Zheng et al., 2013). In accordance with these findings, 

DNA damage-induced growth inhibition was not observed in the cells treated with 

PRMT1 siRNA or expressing the PRMT1-driven methylation defective mutant of E2F1 

(R109K: R109 was replaced by lysine) (Zheng et al., 2013). In contrast, PRMT5-

dependent symmetric dimethylation of E2F1 arginine residues R111 and R113 are 

reported to favour cell proliferation and increase the turnover of this transcription factor 

(Cho et al., 2012; Zheng et al., 2013). Cells depleted of PRMT5 or expressing the 

PRMT5-driven methylation defective mutant of E2F1 (R111/R113K: R111/R113 were 

replaced by lysine) were shown to have reduced cell growth and increased sensitivity to 

DNA damage agents, suggesting PRMT5-mediated methylation may ensure cell cycle 

commitment through regulating the activity of E2F1 (Zheng et al., 2013). Interestingly, 

PRMT5- and PRMT1-mediated methylation events occur in close proximity and were 

demonstrated to be mutually exclusive, whereby methylation at one site seems to inhibit 

the binding of the other PRMT to E2F1 (Cho et al., 2012; Zheng et al., 2013). In addition, 

in cells undergoing an unperturbed cell cycle, cyclin A was found to directly interact with 

E2F1, resulting in the inhibition of PRMT1 binding and augmenting PRMT5-regulated 
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methylation at R111/R113 (Cho et al., 2012; Zheng et al., 2013). E2F1 activity in its 

downstream biological processes of proliferation or apoptosis is therefore regulated by 

the precise balance of activity between PRMT5 and PRMT1.  

Whilst no reader proteins for the PRMT1-mediated E2F1 methylation mark have been 

identified to date, the transcriptional co-activator protein, p100/Tudor staphylococcal 

nuclease (TSN), was identified to specifically recognise symmetrically di-methylated 

arginine residues of E2F1 targeted by PRMT5 (Zheng et al., 2013). p100/TSN is an 

evolutionarily conserved protein which is characterised by an N-terminal tandem repeat 

of four staphylococcal nuclease (SN)-like domains (SN domains) and a C-terminal fusion 

of a Tudor domain with a partial SN domain (Gutierrez-Beltran et al., 2016; Su et al., 

2015). Whilst initially discovered as a transcriptional co-activator, the role of p100/TSN 

has been expanded into other aspects of gene expression regulation, including RNA 

splicing, interference, stability, and editing, as well as in the regulation of protein and 

lipid homeostasis (Ochoa et al., 2018). In the context of E2F1 biology, p100/TSN was 

originally shown to co-localise with symmetrically methylated E2F1 in a PRMT5-

dependent manner, where this protein acts as a transcriptional co-factor to activate the 

expression of proliferation-related E2F1-target genes (Zheng et al., 2013). However, the 

pro-growth effect of PRMT5-mediated methylation of E2F1 is not limited solely to cell 

proliferation. Indeed, PRMT5-dependent methylation of E2F1 was later shown to extend 

the gene regulatory activity of the protein to RNA processing, and this role was also 

dependent on p100/TSN (Roworth et al., 2019). Here, the p100/TSN protein facilitates 

the recruitment of a large body of RNA and components of the splicing machinery to 

E2F1, and thereby allows E2F1 to regulate the expression of a subset of its target genes 

at the level of alternative splicing (Roworth et al., 2019). In addition, another study 
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demonstrated that PRMT5 can upregulate the transcription of genes related to cell 

migration and invasion in an E2F1-dependent manner in cancer cells (Barczak et al., 

2020). More recently, the E2F1-PRMT5 axis was also established to regulate the 

expression of numerous long non-coding (lnc) RNA species in cancer cells, some of 

which encode for MHC class I associated peptides and can be presented to the immune 

system (Barczak et al., 2023). These studies emphasise the significance of arginine 

methylation in substantially expanding the genomic landscape under E2F1 control.  

Citrullination 

Not only can arginine residues in proteins be modified by methylation, but they can also 

undergo citrullination, another form of PTM which involves a direct conversion from 

arginine to citrulline (Harada et al., 2023). E2F1 is one of many target proteins that 

undergo this modification, as evidenced by Ghari et al.; PAD4  directly interacts with 

E2F1 and mediates citrullination of this transcription factor both in vitro and in cells 

(Ghari et al., 2016). Predominant sites of E2F1 citrullination were identified by mass 

spectrometry as arginine R109 and R127, whilst data from the use of site-specific mutants 

indicated R111 and R113 could also be involved (Ghari et al., 2016). Given the 

connection of citrullination and PAD4 with various settings of inflammation (Ciesielski 

et al., 2022), it was unsurprising that this modification was implicated to drive E2F1 

activity towards an inflammatory pathway in cells (Ghari et al., 2016). Citrullinated E2F1 

was demonstrated to bind to the promoters of pro-inflammatory genes like TNFα and IL-

1β and promote their expression (Ghari et al., 2016). The authors also suggested that this 

citrullination mark had an important role in regulating acetylation at neighbouring lysine 

residues, and the combination of these two marks facilitated the recruitment of the 

inflammatory-related bromodomain protein BRD4 to E2F1 (Ghari et al., 2016). Given 
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this interplay between citrullination and acetylation, as well as the fact that PAD4 shares 

the same target arginine residue (R109) with PRMT1, citrullination may act to 

interconnect between multiple PTMs and regulate biological outcomes together in an 

orchestrated manner. 
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Figure 1-4 Post-Translational Modifications of E2F1. 

Diagram of E2F1 showing its post-translational modifications. P: phosphorylation, Ac: acetylation, 
Me: methylation, Cit: citrullination, Ub: ubiquitination, SUMO: SUMOylation. Factors delivering 
PTMs shown in the dark-grey boxes, with assigned biological outcomes. DBD: DNA binding 
domain, LZ: Leucine zipper, MB: Marked box, RB: pRB binding site, cA: Cyclin A binding site, 
TAD: Transactivation domain. S: serine, K: lysine, R: arginine.  
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1.3 Biological Functions of PAD4 

1.3.1 Peptidyl arginine deiminases (PADs) 

In contemporary research, citrullination has gained significant attention as a crucial post-

translational modification among over 200 modifications of proteins (G. Duan & Walther, 

2015). This modification is believed to play a critical role in numerous cellular processes 

including immunity, development, and homeostasis (Christophorou, 2022). Moreover, 

there is mounting evidence indicating its association with several diseases, such as cancer 

and neurodegenerative diseases (Christophorou, 2022; Harada et al., 2023; Yuzhalin, 

2019). What makes citrullination unique is that, unlike other PTMs which add a small 

chemical moiety such as acetyl or methyl group, this modification instead involves the 

direct structural conversion of a peptidyl arginine residue into citrulline (Figure 1-5). 

During the process of citrullination, a guanidinium group of the arginine residue is 

hydrolysed, resulting in the production of urea as well as the loss of positive charge and 

two potential hydrogen bond donors (Slade et al., 2014). This may lead to a multitude of 

biological consequences, where citrullination has been reported to influence the target 

protein’s activity, structure, stability, localisation, and interaction with other protein(s) 

and nucleic acids (Christophorou, 2022). 

Protein citrullination is catalysed by a family of enzymes called peptidyl arginine 

deiminases (PADs or PADIs). In the human genome, there are five members of the PAD 

family identified, including PAD1, PAD2, PAD3, PAD4, and PAD6, and these genes are 

clustered at the chromosomal position around 1p36.13 (Vossenaar et al., 2003). Despite 

the high degree of structural homology observed in the catalytic domain of the enzyme 

family, their tissue distributions do not appear to mirror these genomic and structural 
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similarities. Rather, each member exhibits a distinct and unique expression pattern in 

tissues (Table 1-1). The activities of PAD1-4 are known to be tightly regulated by calcium, 

with the presence of calcium ions increasing enzymatic activity by >10,000 fold (Arita et 

al., 2004; Slade et al., 2015). PAD6 is the only member without Ca2+ binding sites and its 

amino acid sequence in the active site is also not conserved (Raijmakers et al., 2007). As 

a result, the enzymatic activity of PAD6 remains unclear; it was shown to be inactive in 

vitro (Raijmakers et al., 2007), although α-tubulin in oocytes has been identified as a 

potential substrate (Esposito et al., 2007). To date, enzymes acting to remove or return 

peptidyl citrulline to native arginine residue have not been discovered, and therefore 

citrullination is considered an irreversible PTM. 

Table 1-1 Tissue distribution and abnormal cancerous expression of PADs. 

 

Adapted from Yuzhalin et al. 2019 and Harada et al. 2023.  
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Figure 1-5 Citrullination and Arginine Methylation. 

(A) Arginine is converted into citrulline by PADs through deimination / citrullination. The reaction 
results in the release of ammonia in return for H2O consumption. (B) Arginine di-methylation is 
catalysed by PRMTs via a mono-methylated intermediate. The initial mono-methylation is 
catalysed by type I/II/III, and subsequently Type I mediates the symmetric and Type II mediates 
the asymmetric demethylation. Adapted from Harada et al. 2023.  
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1.3.2 Properties of PAD4 

PAD4 is the most studied member of the PAD family. This enzyme is also known as the 

only PAD member with a classical monopartite nuclear localization signal (NLS) (56-

PPAKKKST-63) and is thus considered to be predominantly nuclear localised 

(Nakashima et al., 2002). The structure of PAD4 consists of two main domains: the N-

terminal domain (M1-P300) with two immunoglobulin-like domains, and the C-terminal 

domain (N301-P6663) with the catalytic site (Figure 1-6). As previously mentioned, 

PAD4 is a calcium-dependent enzyme, and five Ca2+-binding sites were identified in a 

crystal-structure study (Arita et al., 2004); two sites are located nearby the active site cleft 

in the C-terminal domain, and the other three in the N-terminal domain. The two Ca2+-

binding sites at the C-terminal domain appear to play a crucial role in the dependency of 

PAD4 activity on calcium. This is because when Ca2+ binds to these sites, it causes a 

change in the enzyme's structural conformation and helps to stabilize its active site. This 

is necessary for the enzyme to recognize its target substrate and carry out its catalytic 

function. (Arita et al., 2004). Almost all of the residues forming these two sites were 

discovered to be conserved amongst PAD1-4, suggesting that the activities of other Ca2+-

dependent PADs may also be regulated by similar mechanisms (Arita et al., 2004). The 

other three sites in the N-terminal domain seem to stabilise the protein structure during 

the folding process and ensure the correct and active conformational change of PAD4 

(Arita et al., 2004; Y.-L. Liu et al., 2017). Interestingly, even though they are positioned 

away from the C-terminal catalytic site of PAD4, a recent site-directed mutagenesis study 

demonstrated that Ca2+ binding to these sites are also critical for PAD4’s enzymatic 

activity by inducing a conformational change of the C-terminal active site (Y.-L. Liu et 

al., 2017). The crystal structure of PAD4 suggests that in the presence of Ca2+, active 
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PAD4 forms a homodimer in a head-to-tail manner, whereby several residues including 

Y435, R441, D465, V469 and W548 were identified as being essential for dimerization 

(Arita et al., 2004; C.-Y. Lee et al., 2017). 

Under physiological conditions, the intracellular concentration of calcium ions is tightly 

maintained at around 100 nM (Clapham, 2007). PAD4 activation in turn requires a much 

higher Ca2+ concentration (103-104 nM) (Arita et al., 2004). Indeed, the role of PAD4 and 

citrullination has been described in multiple biological events in which the Ca2+ 

concentration exceeds typical physiological levels, such as occurs during apoptosis or 

terminal differentiation (Asaga et al., 1998; György et al., 2006). Conversely, even in 

cells like neutrophils, which express abundant levels of PAD4, citrullination of substrates 

cannot be detected until the cells are stimulated with calcium ionophore or inflammatory 

molecules such as TNFα and lipopolysaccharide (LPS) (Neeli et al., 2008). Therefore, 

some consider that PAD4 is catalytically inactive in a normal physiological condition. 

However, multiple reports also identified substrates of PADs under physiological 

conditions; for example, about 10% of histones in HL-60 granulocytes are citrullinated 

by PAD4 (Hagiwara et al., 2002), and another proteomic revealed some PAD4 substrates 

in cells without ectopic PAD4 expression nor Ca2+ ionophore (Tanikawa et al., 2018). 

This indicates that there may be a yet-unknown compensatory mechanism that activates 

PAD4 in a Ca2+-independent manner, or that there could exist intracellular supra-

physiological pockets of high calcium concentration.  

  



Chapter 1 

Introduction 

 

50 

 

 

Figure 1-6 Crystal Structure of PAD4. 

(A) The crystal structure of PAD4 monomer, displaying the C-terminal domain (red) and the two 
immunoglobulin-like subdomains in the N-terminal domain (subdomain 1 in green, 2 in blue). (B) 
The crystal structure of PAD4 dimer in a head-to-tail fashion. Both images taken from the RCSB 
PDB (https://www.rcsb.org/) of PDB ID 1WD8 (Arita et al., 2004). 
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1.3.3 PAD4 in the immune system 

First discovered in myeloid leukaemia HL-60 cells differentiating to granulocytes 

(Nakashima et al., 1999), PAD4 has been most heavily studied in the context of an 

immune response. The expression of PAD4 is widely found in neutrophils and other 

leucocytes, as well as in bone marrow, lymphoid tissues, and blood (Uhlen et al., 2019). 

The physiological roles of PAD4 in these immune cells have only just been delineated in 

the last decade. For example, PAD4 is involved in inflammatory signal transduction via 

modulation of cytokine levels, whereby PAD4-dependent citrullination of nuclear factor-

κB (NFκB) p65 subunit leads to its enhanced interaction with importin α3 and nuclear 

localisation. This results in the transcriptional activation of genes like TNFα and 

interleukin-1β (IL-1β) (B. Sun et al., 2017).  

Furthermore, PAD4 is known to be involved in the formation of neutrophil extracellular 

traps (NETs) in immune cells including neutrophils, monocytes, and macrophages 

(Mutua & Gershwin, 2021; Vorobjeva & Chernyak, 2020). During the process of NET 

formation (often referred to as ‘NETosis’), both the nuclear and cytoplasmic membranes 

of cells become degraded, leading to the extracellular release of citrullinated chromatin 

along with bactericidal and lysosomal proteins such as neutrophil elastase, 

myeloperoxidase, cathelicidin, and cathepsin G (Folco et al., 2018; Papayannopoulos et 

al., 2010; Wong et al., 2018). NETosis is therefore regarded as a unique form of 

programmed cell death as part of an immune response against pathogens such as bacteria 

and viruses (Mutua & Gershwin, 2021; Vorobjeva & Chernyak, 2020). PAD4 is 

considered to be a crucial regulator of NETosis, where histone citrullination (H3, H4 and 

H2A) mediated by PAD4 plays a key role in chromatin decondensation through 

neutralisation of positive charges on arginine residues, which precedes the subsequent 
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release of chromatin into the extracellular environment (Y. Wang et al., 2009). Indeed, 

neutrophils isolated from PAD4 knockout mice were found to be deficient in forming 

NETs (P. Li, Li, et al., 2010), and the chemical inhibition of PAD4 was shown to be 

sufficient to suppress NETosis in both mouse and human cells (Lewis et al., 2015). 

Despite considerable progress in unravelling the molecular mechanisms of PAD4’s 

involvement in NET formation, many questions remain unanswered, particularly with 

regard to its emerging role in various diseases, including cancer (Mutua & Gershwin, 

2021; Vorobjeva & Chernyak, 2020). This is a highly active area of research, and in the 

forthcoming section, we will examine recent findings on the relevance of NETosis to 

carcinogenesis. 

In addition to its physiological roles in the immune system, deregulated activity and 

abnormal expression of PAD4 have been documented in a multitude of autoimmune or 

inflammatory diseases, including rheumatoid arthritis (RA), systemic lupus 

erythematosus, Alzheimer’s diseases, and cancers (Valesini et al., 2016). Notably, the 

inappropriate activity of PAD4 has been extensively studied in RA. This autoimmune 

disease is characterised by chronic inflammation at the synovial joints and infiltration of 

blood-derived cells, typically macrophages. Abnormal levels of citrullinated proteins are 

also often detected in the synovial fluid of RA patients (Kurowska et al., 2017; Pruijn et 

al., 2010). The presence of these modified proteins is believed to lead to the production 

of anti-citrulline peptide antibodies (ACPA), which are a major hallmark of RA found in 

around 70 % of patients and have been used for diagnostic purposes for many years 

(Kurowska et al., 2017). The presence of ACPA is often linked to disease progression and 

joint damage in human patients, though the underlying mechanisms of how ACPA 

contribute to the development of RA are not fully understood (Kurowska et al., 2017). It 
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was suggested by multiple in vitro studies that ACPA are involved in multiple 

inflammatory responses including TNF-α production, NET induction, and promoting 

osteoclastogenesis, but this work has yet to be confirmed in vivo (Kurowska et al., 2017). 

1.3.4 PAD4 in cancer 

In recent years, multiple lines of evidence have illustrated a deep, intricate association 

between PAD4-dependent citrullination and cancer progression. Abnormal expression of 

PAD4 has been found in numerous cancer types relative to their respective normal tissue 

counterparts (Table 1-1) (X. Chang et al., 2009; X. Chang & Han, 2006). In contrast, 

benign tumours and non-tumour inflamed tissues were not shown to express high levels 

of PAD4, supporting a potential role for this PAD enzyme in cancer progression (X. 

Chang et al., 2009; X. Chang & Han, 2006). In addition, PAD4 expression was identified 

in the blood of cancer patients (X. Chang et al., 2009). Deregulated expression and 

activity of this PAD member have been linked to various cellular processes in tumours, 

such as cell signalling, transcription, NETosis, and Epithelial-to-Mesenchymal transition 

(EMT) (Ghari et al., 2016; P. Li et al., 2008; Stadler et al., 2013; Tanikawa et al., 2012; 

L. Yang et al., 2020; Yao et al., 2008; Yuzhalin et al., 2018; X. Zhang et al., 2011), which 

will be reviewed respectively.  

PAD4 and gene regulation in cancer 

A multitude of research suggests that PAD4 regulates gene expression, particularly at the 

level of transcription, in various cancer cells (Ghari et al., 2016; P. Li et al., 2008; Stadler 

et al., 2013; Tanikawa et al., 2012; L. Yang et al., 2020; Yao et al., 2008; Yuzhalin et al., 

2018; X. Zhang et al., 2011). Typically, this is mediated by the citrullination of histones; 

several arginine residues of histone H3 and H4 have been described as targets of PAD4 



Chapter 1 

Introduction 

 

54 

 

(P. Li et al., 2008; P. Li, Wang, et al., 2010; G.-Y. Liu et al., 2006; Tanikawa et al., 2012; 

Yao et al., 2008). In addition, several transcription factors and co-factors are known to be 

substrates of PAD4, such as ING4, p300, E2F1, and ELK-1 (Ghari et al., 2016; Q. Guo 

& Fast, 2011; Y.-H. Lee et al., 2005; X. Zhang et al., 2011). 

A pivotal and multifaceted role of PAD4-mediated signal transduction is exemplified 

with the interplay between PAD4 and p53. PAD4 is known to act as a suppressor of p53-

target genes; In a p53-dependent manner, PAD4 is localised to the promoters of p53-

target genes, such as OKL38, p21, CIP1 and WAF1, and catalyses histone citrullination 

which results in down-regulation of these target genes (P. Li et al., 2008; Yao et al., 2008). 

In addition, PAD4 can directly citrullinate a protein called inhibitor of growth protein 4 

(ING4) and inhibit its interaction with p53 (Q. Guo & Fast, 2011). ING4 is known to 

enhance p53 transcriptional activity, in part by promoting acetylation of p53 through the 

acetyltransferase p300-dependent pathway (Shiseki et al., 2003). Citrullinated ING4, 

which dissociates from p53, can longer recruit p300 to p53. This leads to the suppression 

of p53-target genes including p21 (P. Li, Wang, et al., 2010). Together, these findings 

suggest that PAD4 regulates the transcription activity of p53 through the citrullination of 

both histone and non-histone proteins. 

In a follow-up study, the recruitment of PAD4 to p53 target gene promoters was found to 

be significantly reduced in response to UV-induced DNA damage, resulting in the 

transactivation of p53-target genes including p21, GADD45, and PUMA (P. Li, Wang, et 

al., 2010). This study also identified HDAC2 as a co-suppressor of PAD4 and 

demonstrated that PAD4 inhibitor Cl-amidine treatment and/or HDAC inhibitor treatment 

could suppress cancer cell growth (P. Li, Wang, et al., 2010). Consistent with this finding, 
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over-expression of PAD4 was demonstrated to induce apoptosis through p21-dependent 

cell cycle arrest and via the Bax-dependent pathway in human leukaemia HL-60 cells and 

acute T leukaemia Jurkat cells (G.-Y. Liu et al., 2006). These results together suggest that 

PAD4 has an important regulatory role in p53-dependent apoptosis, by either providing 

a repressive histone modification mark at p53-target genes or targeting the non-histone 

substrates involved in the regulation of p53 activity. However, a seemingly contradictory 

result was provided by Tanikawa et al., who demonstrated that increased levels of histone 

H4 citrullination were apparent after DNA damage, and PAD4-/- mice exhibited resistance 

to radiation-induced apoptosis in the thymus (Tanikawa et al., 2012). This discrepancy 

may result from the fact that Adriamycin (ADR) or γ-rays were used to induce DNA 

damage in this report, rather than using UV like in the study by Li et al. (P. Li, Wang, et 

al., 2010; Tanikawa et al., 2012). 

The role of PAD4 as a transcriptional co-activator has also been reported (Ghari et al., 

2016; X. Zhang et al., 2011). For example, one study demonstrated that the transcription 

factor ELK-1 is a direct substrate of PAD4 in breast cancer cells (X. Zhang et al., 2011). 

PAD4-dependent citrullination facilitates the subsequent phosphorylation of ELK-1 by 

the kinase ERK2, in response to Epidermal Growth Factor (EGF) stimulation. This causes 

ELK-1 to form a complex with the histone acetyltransferase p300 (X. Zhang et al., 2011). 

This protein complex subsequently acetylates histones at the promoter region of target 

genes, including the known proto-oncogene c-FOS, resulting in transactivation (X. Zhang 

et al., 2011).  

In addition, PAD4 also acts as a transcriptional co-activator to E2F1, as we described 

earlier in this introduction (Ghari et al., 2016). E2F1 is citrullinated by PAD4 at arginine 
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residues R109 and R127, which promotes the subsequent interaction of BRD4 with 

acetylated E2F1. The E2F1/BRD4 complex can then be recruited to the promoters of pro-

inflammatory genes such as TNFα and IL-1β, and promote their expression as part of an 

inflammatory response (Ghari et al., 2016). 

The critical roles of PAD4 in gene regulation in different cancer-related pathways have 

been emphasized in the preceding paragraphs. Nevertheless, many questions remain 

unresolved concerning the precise mechanisms by which PAD4 affects cancer 

progression, and whether it is feasible to target this pathway in cancer therapy. For 

example, it would be of interest to characterise the context-dependent molecular 

mechanisms that underlie the seemingly opposing roles of PAD4 in the apoptotic pathway 

induced by diverse types of DNA damage. 

PAD4 and NETosis in cancer 

The vital role that PAD4 plays during NETosis was described in an earlier section. There 

is growing evidence to suggest that this immune response to pathogens is also involved 

in various pathological conditions, including cancer. Notably, NETs have been implicated 

in promoting metastasis and proliferation in several types of tumours (Houghton et al., 

2010; Martins-Cardoso et al., 2020; Masucci et al., 2020; Wolach et al., 2018). For 

example, it was recently demonstrated that abnormal levels of NETs were discovered in 

the liver metastases of breast cancer patients (L. Yang et al., 2020). This study showed 

that NETs can act as a chemotactic signal to enhance cancer metastases; mechanistically, 

DNA contained in NETs was detected by the transmembrane protein CCDC25, leading 

to the activation of the ILK-β-parvin pathway and thus enhanced cell motility (L. Yang 

et al., 2020). 
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PAD4 and epithelial-to-mesenchymal transition in cancer 

Epithelial-to-Mesenchymal Transition (EMT) is a process through which epithelial cells 

with cell polarity and adhesion lose such characteristics and instead gain a mesenchymal 

phenotype, such as migratory capacity, invasiveness, elevated resistance to apoptosis, and 

greatly increased production of extracellular matrix (ECM) components (Brabletz et al., 

2018). EMT appears to be of importance in many biological processes and several 

pathological conditions, and most notably plays a critical role in cancer metastasis 

(Brabletz et al., 2018).  

Several studies proposed that PAD4 might be involved in EMT signal transduction in 

cancer cells. For example, Stadler et al. revealed that depletion of PAD4 in breast cancer 

cells leads to enhanced cell motility and invasiveness, with increased levels of vimentin 

(a mesenchymal marker) and decreased levels of E-cadherin and β-catenin (epithelial 

markers) (Stadler et al., 2013). Mechanistically, PAD4 was shown to directly citrullinate 

glycogen synthase kinase-3β (GSK3β) and positively influence its nuclear localisation, 

leading to the transactivation of multiple genes. Conversely, silencing of PAD4 instead 

translocated GSK3β out of the nucleus and induced TGF-β signalling and subsequent 

epithelial-to-mesenchymal transition (Stadler et al., 2013). Consistent with this finding, 

another study established that over-expression of PAD4 in lung cancer cells can suppress 

EMT by negatively regulating the expression of ELK-1 (Q. Duan et al., 2016).  

However, more recently, it was demonstrated that PAD4, through citrullination of the 

extracellular matrix (ECM), has a key role to play in promoting cell adhesion and 

inhibiting motility in colorectal cancer cells (Yuzhalin et al., 2018). Interestingly, in 

contrast to previous findings (Q. Duan et al., 2016; Stadler et al., 2013), this study 
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indicated that the inhibition of PAD4 with BB-Cl-amidine treatment was sufficient to 

disrupt liver metastatic growth and alter the EMT profile with concomitantly decreased 

expression of mesenchymal markers (Yuzhalin et al., 2018). This result suggests that 

PAD4 activity regulates the ECM in cancer cells both intra- and extracellularly, as well 

as indicating the potential of PAD4 as a therapeutic target in liver metastases, though the 

functional discrepancy between the EMT-promoting and suppressing roles of PAD4 

requires further investigation.  

PAD4 and pluripotency 

Citrullination is often linked to chromatin decondensation, as this modification results in 

the removal of positive charges from the arginine residues of histone. Given that an open 

chromatin structure is required in pluripotent cells to maintain unrestricted developmental 

potential, the roles of PAD4 in pluripotency have been investigated. Indeed, the enhanced 

expression of this PAD member was discovered in embryonic stem (ES) cells and induced 

pluripotent stem (iPS) cells (Christophorou et al., 2014). This increased levels of 

expression and activity (histone H3 citrullination) of PAD4 was closely correlated with 

the up-regulated expression of pluripotency factors such as Nanog (Christophorou et al., 

2014). Interestingly, the authors used SILAC labelling to show that histone H1 is a 

substrate of PAD4 in ES cells and its citrullination significantly reduced its binding 

affinity to nucleosomes, leading to global chromatin decondensation (Christophorou et 

al., 2014). 

1.3.5 Citrullination and arginine methylation 

Post-translational modifications rarely work alone, but often functionally interact with 

each other in different combinations to delicately regulate biological outcomes. 
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Citrullination is no exception, and a multitude of studies have demonstrated the crosstalk 

between citrullination and other protein modifications, such as methylation, acetylation, 

and phosphorylation, on numerous substrate proteins, both histone and non-histones. The 

most established and obvious crosstalk is found between citrullination and arginine 

methylation, as both PTMs can theoretically target the same arginine residue of peptides 

and proteins (Fuhrmann & Thompson, 2016). 

During the process of arginine methylation, the guanidino group of a peptidyl arginine 

residue is subject to the sequential addition of methyl groups; first to generate mono-

methylated (Rme1) and then di-methylated arginine (Rme2), and the latter can be sub-

categorised into symmetric (Rme2s) and asymmetric (Rme2a) methylation depending on 

the location of the second methyl group (Figure 1-5) (Blanc & Richard, 2017; Q. Wu et 

al., 2021). Arginine methylation is catalysed by a family of enzymes called the protein 

arginine methyltransferases (PRMTs). There exist nine members of PRMTs, and they are 

often classified into three sub-groups depending on their catalytic ability to mediate 

Rme2a (Type I: PRMT1/2/3/4/6/8), Rme2s (Type II: PRMT5/9), or only Rme1 (Type III: 

PRMT7) (Blanc & Richard, 2017; Q. Wu et al., 2021). Citrullination mediated by PADs 

involves the deimination or the hydrolysis of the guanidino group of an arginine residue 

to convert it to citrulline (Figure 1-5). This should effectively block the recognition and 

addition of a methyl group to the respective arginine residue by PRMTs (Cuthbert et al., 

2004; Hagiwara et al., 2005). There is some controversy over whether or not PADs can 

catalyse the conversion of methylated arginine to citrulline. According to some early 

reports, increased levels of histone citrullination in HL-60 cells were correlated with a 

decrease in arginine methylation levels (Cuthbert et al., 2004; Hagiwara et al., 2005; Y. 

Wang et al., 2004). However, other in vitro studies demonstrated that arginine residues 
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with meR1, meR2s, or meR2a modifications are completely blocked for conversion to 

citrulline, or are converted at rates several thousand-fold slower as compared to the native 

peptidyl arginine (Hidaka et al., 2005; Kearney et al., 2005; Raijmakers et al., 2007). It is 

therefore most likely that arginine methylation antagonises citrullination. Some examples 

of citrullination-methylation crosstalk, and the biological outcomes linked to this 

interplay are summarised in Table 1-2. 

 

Table 1-2 Examples of Citrullination-Methylation Crosstalk. 

 

Adapted from Harada et al. 2023. 
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1.3.6 PAD inhibitors in pre-clinical studies 

As reviewed above, the regulation of PAD4 has been closely linked to multiple cellular 

processes contributing to the occurrence and progression of cancer. Not surprisingly, 

there exists considerable interest in targeting PAD4 for therapeutic intervention, and a 

significant effort has been devoted to the development of potent PAD4-specific inhibitors 

over the last decade. Indeed, some inhibitors have already shown promising anti-tumour 

effects in several pre-clinical models (Deng et al., 2022; Kholia et al., 2015; Kosgodage 

et al., 2018; McElwee et al., 2012; H. Qin et al., 2017; Y. Wang et al., 2012; Wei et al., 

2021). Here, a few examples of pan-PAD and PAD4-specific inhibitors and their potential 

value in cancer treatment will be discussed (Figure 1-7).  

Derived from benzoyl-arginine compounds, the irreversible pan-PAD inhibitor Cl-

amidine and its modified version BB-Cl-amidine are perhaps the most frequently used 

compounds to study PAD function both in vitro and in vivo, and are therefore often used 

as a benchmark to assess other compounds’ efficacy (Kawalkowska et al., 2016; Ledet et 

al., 2018; Mondal & Thompson, 2019). These compounds have been shown to inhibit 

histone citrullination and NET formation (Biron et al., 2017), and also significantly 

reduced the severity of various murine models of inflammatory diseases including 

collagen-induced arthritis (CIA), colitis, and lupus (Chumanevich et al., 2011; Knight et 

al., 2015; Willis et al., 2011), as well as in several types of cancer (breast, prostate, and 

glioblastoma) (Kholia et al., 2015; Kosgodage et al., 2018; McElwee et al., 2012; H. Qin 

et al., 2017; Y. Wang et al., 2012). 

GSK484 and GSK199 are the most efficient reversible PAD4-specific small molecule 

inhibitors. Both compounds have been extensively used ex vivo and in vivo to investigate 
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PAD4 biology in physiological and pathological conditions and were shown to block 

histone citrullination as well as disrupt NETosis in both mouse and human cells (Lewis 

et al., 2015; Mondal & Thompson, 2019). A recent study has indicated that triple-negative 

breast cancer cells of a mouse xenograft model became sensitised against radiotherapy 

after GSK484 treatment (Wei et al., 2021). More recently, Wang et al. reported that 

GSK484 can sensitise HCT116 cells to irradiation and reduce migration and invasion (B. 

Wang et al., 2023). In addition, another PAD4-specific inhibitor JBI-589 was recently 

demonstrated to inhibit primary tumour growth in mouse models by negatively regulating 

the expression of chemokine receptor CXCR2, which reduced the accumulation of 

neutrophils in the tumour microenvironment (Deng et al., 2022). 

Despite these promising anti-tumour activities in pre-clinical disease models, no pan-

PAD or PAD4-specific inhibitors have been clinically approved to date. Successful use 

of these inhibitors may still require further understanding of PAD biology which often 

involves context- or tissue-dependent activities. Mechanism-led approaches towards the 

development of more potent, clinically safe compounds should contribute to their 

therapeutic use in various cancer types. 
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Figure 1-7 Examples of PAD4 inhibitors. 

Four examples of irreversible and reversible PAD / PAD4 inhibitors with IC50 values and kinetic 
profiles. Kinact is the rate of enzyme inactivation and KI is the inhibition constant (concentration 
at 50% Kinact), where the ratio (kinact/KI) is often used to analyse the time-dependent IC50 
values (Fuhrmann et al., 2015). Kis is the dissociation constant for the enzyme-inhibitor complex.  

Irreversible Inhibitors

Cl-Amidine

IC50 = 0.005 mM

kinact/KI (M− min− )

PAD1: 37,000

PAD2: 1,200

PAD3: 2,000

PAD4: 13,000

BB-Cl-Amidine

IC50 = 0.008 mM

kinact/KI (M−  min− )

PAD1: 16,000

PAD2: 5,000

PAD3: 6,000

PAD4: 14,000

GSK484

IC50 PAD4 (mM)

0 mM Ca2+ = 5 * 10-5

0.2 mM Ca2+ = 8 * 10-5

2 mM Ca2+ = 2.5 * 10-4

Kis (mM)

PAD1: 0.108

PAD2: 0.107

PAD3: 2.09

PAD4: 0.0068

GSK199

IC50 PAD4 (mM)

0 mM Ca2+ = 2 * 10-4

0.2 mM Ca2+ = 2.5 * 10-4

2 mM Ca2+ = 1 * 10-3

Kis (mM)

PAD1: 0.57

PAD2: 1.58

PAD3: 0.925

PAD4: 0.016

Reversible Inhibitors
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1.4 Alternative Splicing 

The genetic information is stored within DNA and passed down through successive 

generations. In the lifecycle of a cell, this DNA data is accessed in the form of RNA. 

DNA, due to its strong chemical stability, functions as an ideal repository for genetic 

information. On the other hand, RNA, being chemically more reactive and less stable, 

does not typically serve as a storage medium for genetic information, but instead acts as 

an intermediary between DNA and proteins. However, the notion of RNA as a direct copy 

of genetic information is oversimplified, as the RNA transcripts derived from DNA 

frequently undergo processing. 

The first evidence of messenger RNA (mRNA) splicing was discovered in the 1970s, 

whereby some parts of viral sequences were removed from pre-mRNA and the remaining 

segments were joined together (Berget et al., 1977; Chow et al., 1977). Later, almost all 

mammalian transcripts mediated by RNA polymerase II (RNAP II) were revealed to 

undergo this process; during which all the introns, non-coding regions of a transcribed 

pre-RNA, will be removed and the remaining coding regions called exons are adjoined 

together to produce a mature mRNA (Kelemen et al., 2013).  

Additionally, there is evidence that, in more than 90 % of human genes, different sets of 

exons and introns can be removed or included to produce more than one transcript from 

a single gene (E. T. Wang et al., 2008). This mechanism is referred to as alternative 

splicing, and is typically categorised into several basic types including exon skipping, 

alternative 5’-splice site, alternative 3’-splice site, mutually exclusive exons, and intron 

retention (Figure 1-8). Alternative splicing can greatly enhance the complexity of 

transcriptome and diversity of proteome from a limited number of genes, and thus 
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modulate various aspects of the resulting RNA transcripts, including stability, translation 

efficiency, and even functions of coded proteins through the inclusion or exclusion of key 

domains (Kelemen et al., 2013; Marasco & Kornblihtt, 2022; Stamm et al., 2012). 

Unsurprisingly, aberrant splicing activity is considered as an emerging hallmark of 

numerous diseases including cancer; whereby alternative splicing is found to play key 

roles in a variety of important biological processes such as cellular homeostasis, 

development, differentiation, and stress response, and (Kalsotra & Cooper, 2011; 

Kelemen et al., 2013; Marasco & Kornblihtt, 2022; Stamm et al., 2012). In addition, 

alternative splicing may greatly increase the phenotypic diversity extremely rapidly, 

which could allow cancer cells to service in a hostile microenvironment, metastasise to 

remote locations, and acquire resistance mechanisms against conventional drugs 

(Biamonti et al., 2020). Hence, it is of paramount importance to elucidate the molecular 

mechanisms and functionalities of alternative splicing within the context of cancer; such 

understanding holds the potential to enhance both the diagnosis and treatment of this 

disease. 
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Figure 1-8 Different Types of Alternative Splicing. 

Diagram showing the exon-intron structures explaining different types of alternative splicing 
events. (A) Exon skipping, (B) intron retention, (C)              ’              (D)              ’        
site, and mutually exclusive exons. Blue boxes represent constitutive exons, whereas orange or 
yellow boxes represent alternatively spliced exons/introns.  
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1.4.1 Basic mechanism of RNA splicing 

Pre-mRNA splicing is mediated by a macromolecular ribonucleoprotein (RNP) complex 

termed the spliceosome (Will & Lührmann, 2011). Most splicing events are catalysed by 

the major U2-dependent spliceosome, which is conserved amongst eukaryotes, whilst in 

rare cases, another minor or U12-dependent spliceosome may act to process removal of 

specific classes of introns (Stamm et al., 2012). The major spliceosome consists of several 

snRNPs (U1, U2, U4/U6 and U5) and other non-snRNA splicing factors. The snRNPs are 

the main components of this protein machinery and are typically composed of an snRNA 

molecule, seven Sm proteins (B/B’, D1, D2, D3, E, F, and G), and a few particle-specific 

factors (Will & Lührmann, 2011). Both RNA and protein units of the snRNPs are known 

to have essential roles in multiple facets of the splicing cycle, such as splice-site 

recognition, the assembly and activation of the spliceosome machinery, and the catalysis 

of splicing itself (Stamm et al., 2012). In addition, there are some fundamental motifs in 

the pre-mRNA sequences that are required for mRNA splicing, such as 5’ and 3’ splice 

sites, a branch point, and a polypyrimidine tract.  

The molecular mechanism of mRNA splicing is underpinned by the sequential assembly 

and dynamic arrangement of the spliceosome complex (Figure 1-9) (Gehring & Roignant, 

2021; Stamm et al., 2012). This process is initiated by the binding of the U1 snRNP to 

the 5’ splice site (SS), resulting in the formation of the E (early) complex. The branch 

point (located downstream of the 5’ SS) and the 3’ SS is then recognised by the U2 snRNP 

and U2 auxiliary factor (U2AF) heterodimer, and subsequently form a stable association 

in an ATP-dependent manner (Gehring & Roignant, 2021; Stamm et al., 2012). This is 

now referred to as complex A. Next, U4/U5/U6 snRNPs are recruited to the target pre-

mRNA in the form of a tri-snRNP complex, marking complex B. The complex B of the 
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spliceosome undergoes a major conformation and compositional rearrangement, leading 

to the release of U1 and U4 snRNPs, U6 replacing the former at the 5’ SS, and yielding 

the active complex Bact
 (Gehring & Roignant, 2021; Stamm et al., 2012). After further 

remodelling catalysed by the RNA helicase Prp2 in an ATP-dependent fashion, this 

complex is transitioned to another one called B*. The B* complex performs the first step 

of splicing; the hydroxyl (OH) of the adenosine at the branch point attacks the 5’ SS to 

break the phosphodiester bond and form a ‘lariat’-like intermediate of the intron-3’ exon 

and the free 5’ exon (Gehring & Roignant, 2021; Stamm et al., 2012). Another set of 

rearrangements then occurs aided by Prp16. This involves a conformational change of the 

U2 snRNP and repositioning of the RNA intermediate within the spliceosome catalytic 

centre, resulting in the formation of the C complex. This complex finally completes the 

second step of RNA splicing; the OH group of the free 5’ exon attacks the 3’ SS to break 

the phosphodiester bond and form another phosphodiester bond between 5’ SS and 3’ SS. 

As a result, the two exons are successfully adjoined and the lariat intron is released with 

the attached U2, U5 and U6 snRNPs that are recycled in the next round of splicing 

(Gehring & Roignant, 2021; Stamm et al., 2012). 

The molecular mechanism of mRNA splicing is virtually independent of the process of 

transcription. However, evidence suggests that the majority of pre-mRNA splicing events 

in humans occur co-transcriptionally (Sousa-Luís & Carmo-Fonseca, 2022). This means 

that the target splice sites are defined and spliced while the rest of the RNA transcript is 

still being transcribed by RNA polymerase II. Recent advances in sequencing 

instrumentation have contributed to the growth of this field. For example, Sousa-Luis et 

al. has recently developed a technique called POINT (polymerase intact nascent 

transcript) to specifically analyse the nascent RNA transcripts, whereby splice site 
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recognition and splicing can happen very shortly after the respective sequences of the 

RNA were transcribed (Sousa-Luís et al., 2021). In addition, another study using a 

technique called CoLa-seq (co-transcriptional sequencing) developed by Zeng et al. 

indicated that the majority of intron splicing can be completed prior to the adjacent 

downstream exon being transcribed (Zeng et al., 2022). These recent studies collectively 

highlight that co-transcriptional splicing is a common event in human cells and is 

organised in a very rapid fashion. 

Given that co-transcriptional splicing is a common event in human cells, there is growing 

interest in the crosstalk between splicing and transcription as another layer of gene 

regulation. During co-transcriptional splicing, not all of the SSs and splicing regulatory 

elements (SREs) are available and therefore the efficiency of splicing is expected to be 

largely influenced by other transcriptional factors or chromatin structures. For example, 

several studies have suggested that the speed of transcription is a major regulatory factor 

for splice site selection (de la Mata et al., 2003; Hollander et al., 2016; Kessler et al., 

1993; S. W. Kim et al., 2017). In addition, the splicing machinery was shown to interact 

directly with the C-terminal domain (CTD) of RNAP II, which acts to assist the 

recruitment of some splicing machinery components (de la Mata & Kornblihtt, 2006). 

Additionally, it has been recently revealed that splicing is hugely impacted by the co-

transcriptional chemical modification of pre-mRNA; for example, the splicing regulator 

hnRNP G (/RBMX) specifically binds to N6-methyladenosine (m6A) marks on the RNA 

as well as the RNAP II CTD and regulates splicing events in proximity to the modification 

(K. I. Zhou et al., 2019). Finally, some transcription factors, such as nuclear receptors, T-

Box proteins, and E2F1, have been reported to play a direct role in splicing regulation 

(Rambout et al., 2018; Roworth et al., 2019). 
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Figure 1-9 Mechanism of Pre-mRNA Splicing. 

Diagram showing the mechanism of mRNA splicing by the sequential assembly and 
conformational rearrangement of the spliceosome complex (Stamm et al., 2012). SS: Splice site. 
BP: Branch point.  
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1.4.2 Alternative splice site selection  

As highlighted above, the correct definition of exons and introns by the 5’ and 3’ SS are 

essential for mRNA splicing. In mammals, the consensus sequences for the 5’ and 3’ SS 

are known as YAG/GURAGU and NYAG/G respectively (Y = pyrimidine, R = A or G, 

/ = splice site) (H. Sun & Chasin, 2000; M. Q. Zhang, 1998). However, the majority of 

splice sites in the human genome do not match these consensus sequences perfectly, and 

many potential splice sites with similar sequences are not used and form so-called 

‘pseudoexons’ (H. Sun & Chasin, 2000; X. H.-F. Zhang et al., 2003, 2005). Indeed, the 

recognition of splice sites is known to be influenced by a multitude of factors in addition 

to the splice site consensus sequences; such as exon size, spatial proximity between 5’ 

and 3’ SS, RNA secondary structure and auxiliary splicing regulatory elements (SRE) 

(Stamm et al., 2012). Alternatively spliced exons are often defined by weaker splice sites, 

which deviate in sequence from the consensus. Therefore, the recognition of alternative 

SS is largely regulated by cis-acting determinants, especially SREs (Chasin, 2007). These 

motif sequences can be either exonic or intronic and act as splicing enhancers or silencers 

(ESE/S, ISE/S), which work together with numerous RNA-binding proteins (RBPs) that 

directly recognise the SREs. The RBPs, often described as trans-acting splicing 

regulators, can be broadly categorised into two groups: one containing arginine-serine-

rich (RS) domains and RNA recognition motifs (RRMs), and another without RS domains. 

The major family of the former group is the Serine-Arginine-rich proteins (SR proteins) 

(Graveley, 2000; Zhong et al., 2009), whilst the heterogeneous nuclear ribonucleoprotein 

particles (hnRNPs) and other RBPs (e.g. NOVA and FOX) are included in the latter 

(Dreyfuss et al., 1993; Geuens et al., 2016).  
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The SR protein family is characterised by the possession of one or two RNA-recognition 

motif(s) (RRMs) in their N-terminus, and the Arginine-Serine-rich (RS) domain in their 

C-terminus (Shepard & Hertel, 2009; Stamm et al., 2012). As a general principle, SR 

proteins recognise RNA at the RRM, and usually bind splicing enhancer elements 

(Shepard & Hertel, 2009). Conversely, the RS domain plays a role as a splicing activator 

domain, typically by modulating the protein-protein or protein-RNA interactions 

(Shepard & Hertel, 2009). There are 12 members of SR proteins identified in the human 

genome, termed SR splicing factor (SRSF) 1-12 respectively. The roles that SRSFs play 

in both constitutive and alternative splicing have been reported, as well as their function 

in other types of RNA processing, such as transcriptional, co-transcriptional, and post-

transcriptional regulation pathways (Jeong, 2017; Shepard & Hertel, 2009). Reflecting 

their involvement in various biological processes, deregulated activity and abnormal 

expression of the SR proteins have been described in numerous diseases, including cancer 

(Kalsotra & Cooper, 2011; Kelemen et al., 2013; Marasco & Kornblihtt, 2022; Shepard 

& Hertel, 2009; Z. Zhou et al., 2020). 

The heterogeneous nuclear ribonucleoproteins (hnRNP) family of proteins contains one 

or two RNA-binding domains (RBDs): the RNA recognition motif (RRM), the quasi-

RRM, a glycine-rich domain constituting an RGG box and a KH domain (Geuens et al., 

2016). Instead of the RS domain in SR proteins, the hnRNPs have some auxiliary domains, 

including proline-, glycine- or acid-rich domains, which typically act to alter protein-

protein interactions. The activity of most hnRNPs, including the most studied member 

hnRNP A1, is often associated with, but not limited to, inhibition of splicing events 

(Stamm et al., 2012). The expression level of hnRNPs is known to be altered in various 
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types of cancer as well as neurodegenerative diseases including amyotrophic lateral 

sclerosis (ALS), and Alzheimer’s disease (Geuens et al., 2016). 

The SR proteins and hnRNPs are involved in multiple steps of splice site recognition and 

the splicing cycle, resulting in the regulation of alternative splicing in a positive or 

negative fashion. Typically, the SR protein family members were reported to promote the 

formation of the E complex by assisting the recruitment of U1 snRNP to the 5’ SS or 

U2AF to the branch point of the target pre-mRNA, as well as activating the subsequent 

recruitment of U4/U5/U6 to mark complex B in the later step (Roscigno & Garcia-Blanco, 

1995; Staknis & Reed, 1994; J. Y. Wu & Maniatis, 1993). The underlying molecular 

mechanisms of SRSF activity to promote such recruitment of the spliceosome 

components remain to be elucidated. Several studies reported the direct interaction 

between SR proteins and U2AF35, U1-70K, and U4/5/6 tri-snRNPs, alongside the 

recognition of regulatory elements of pre-mRNA sequences at the RRMs (Roscigno & 

Garcia-Blanco, 1995; Staknis & Reed, 1994; J. Y. Wu & Maniatis, 1993). On the other 

hand, the inhibitory hnRNPs can antagonise the activity of SR proteins during the 

formation of the E complex (Cáceres et al., 1994). The underpinning mechanism here 

seems much simpler; for example, hnRNP I (also known as PTB) can inhibit the 

recruitment of U2AF65 by competitively binding to the polypyrimidine tract (Lin & Patton, 

1995; Singh et al., 1995). However, it is noteworthy that this splicing regulatory model is 

overly simplified, as both activator roles for hnRNPs and suppressor roles for SR protein 

have been documented (Buratti et al., 2007; Charlet-B et al., 2002; Förch et al., 2002; 

Gromak et al., 2003; Kanopka et al., 1996; Shin & Manley, 2002). 
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1.4.3 Alternative splicing in cancer 

In the past decade, alternative splicing has been closely linked to tumour occurrence and 

progression, and thus splicing perturbations have been increasingly substantiated as 

another potential hallmark of cancer (Bonnal et al., 2020; Ladomery, 2013; Y. Zhang et 

al., 2021). In most cases, somatic mutations in the cancer genome lead to the disruption 

of splice sites and other cis-acting regulatory elements, or directly alter the expression or 

function of spliceosome components and splicing regulators (Bonnal et al., 2020; 

Ladomery, 2013; Y. Zhang et al., 2021).  

Aberrant alternative splicing has been reported to contribute to the regulation of numerous 

events during cancer progression, such as proliferation, apoptosis, metastasis, and 

angiogenesis (Brown et al., 2011; David et al., 2010; Kuan et al., 2000; Wagner et al., 

2019). For example, it has been demonstrated that the well-known oncoprotein c-MYC 

can up-regulate the expression of some hnRNPs including polypyrimidine tract-binding 

protein (PTB), hnRNP A1, and hnRNP A2 (David et al., 2010). Over-expression of such 

splicing regulators results in the preferential expression of PKM2, the embryonic isoform 

of pyruvate kinase (PKM), which is commonly re-expressed in many types of cancer and 

promotes tumour growth and proliferation by allowing cancer cells to undergo aerobic 

glycolysis (Christofk et al., 2008; David et al., 2010). In addition, some key regulators of 

apoptotic pathways are also influenced by alternative splicing. The most-studied example 

is B-cell lymphoma (BCL-x), which has two isoforms as a result of differential 5’ splice 

site selection in exon 2. The long isoform (BCL-xL) and short isoform (BCL-xS) are 

known to exhibit antagonistic biological outcomes, whereby BCL-xL can inhibit 

apoptosis, whilst BCL-xS has a pro-apoptotic activity (Kuan et al., 2000). 
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SRSF3, a member of the auxiliary splicing regulator SR protein family, represents another 

example of a splicing factor that plays a critical role in tumour-related pathways (Z. Zhou 

et al., 2020). The fundamental activities of this smallest SR protein member have been 

described not only in RNA splicing but also in other facets of RNA biology such as the 

regulation of RNA export, translation and polyadenylation (Bedard et al., 2007; Lou et 

al., 1998; Müller-McNicoll et al., 2016). In reflection of this cellular multi-functionality, 

the aberrant expression of SRSF3 has been reported in many types of cancer, such as 

colorectal, gastric, breast cancers, and skin cancers (Dewaele et al., 2016; Ke et al., 2018; 

J.-L. Wang et al., 2020; S. Zhu et al., 2016). Indeed, there exists a frequent correlation 

between SRSF3 over-expression and poor prognosis in patients, with an increasing body 

of evidence suggesting its relevance to numerous cellular events related to cancer 

progression (Dewaele et al., 2016; Ke et al., 2018; J.-L. Wang et al., 2020; S. Zhu et al., 

2016). The potential oncogenic role of SRSF3 has been well documented in several 

studies in colorectal cancer cells, whereby SRSF3 regulates alternative splicing of genes 

including ArhGAP30, Caspase-2, PKM, and B7-H3 (Jang et al., 2014; J.-L. Wang et al., 

2020; Z. Wang et al., 2012; C. Zhang et al., 2021). By favouring specific isoforms (i.e. 

S-ArhGAP30, Casp-2S, PKM2, and exon 4 retention of B7-H3), SRSF3 can act to 

suppress apoptosis (ArhGAP30 and Caspase-2); promote invasion (ArhGAP30), aerobic 

glycolysis and autophagy (PKM); and assist immune evasion (B7-H3), all which together 

contribute to the growth and proliferation of cancer cells (Jang et al., 2014; J.-L. Wang et 

al., 2020; Z. Wang et al., 2012; C. Zhang et al., 2021). Interestingly, over-expression of 

SRSF3 was found to induce autoregulation in cancer cells; SRSF3 can induce the 

inclusion of its own alternative exon 4 with an early stop codon, facilitating nonsense-

mediated decay (J. Guo et al., 2015). This auto-splicing regulation is considered as part 
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of the regulation of cellular homeostasis, but given the oncogenic role of SRSF3, it may 

also act as a defensive mechanism against SRSF3-dependent tumorigenesis. Indeed, two 

hnRNP proteins, PTBP1 and PTBP2, can inhibit this AS event of SRSF3 and facilitate 

the expression of this SR protein at full length, indicating a mechanism which can be 

exploited by cancer cells (J. Guo et al., 2015).  

With such deep relevance to cancer-related biological events, SRSF3 is emerging as an 

attractive potential therapeutic target. For example, a recent study provided evidence that 

indicated colorectal cancer cells treated with the SRSF3-specific small molecule inhibitor 

SFI003 had a significant suppression in their pro-growth and metastatic profiles (Y. 

Zhang et al., 2022). The molecular functions of this splicing factor in the context of cancer 

biology still require extensive analysis. Nonetheless, further understanding of the 

regulatory mechanisms of the SRSF3-mediated signalling pathways may contribute to the 

establishment of novel drug candidates and therapeutic strategies for the treatment of 

cancer. 

1.4.4 Splicing, citrullination, and arginine methylation 

With recent developments in techniques and analytical approaches to mass spectrometry, 

our understanding of post-translational modifications (PTMs) and their substrates has 

been greatly expanded. Notably, it is becoming evident that alternative splicing is 

significantly regulated by the PTMs on splicing factors, especially via citrullination and 

methylation at RG/RGG motifs. This sequence element is prevalent in RNA-binding 

proteins (RBPs) and is thought to play a key role in mediating protein-protein or protein-

RNA interactions (Rajyaguru & Parker, 2012; Thandapani et al., 2013). Citrullination and 

methylation at the RGG motif are expected to modulate such interactions; by removing 
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the positive charges from arginine residues, or by steric hindrance and increased 

hydrophobicity, respectively (Christophorou, 2022; Pahlich et al., 2006).  

A collection of recent large-scale proteomics studies has successfully profiled a large 

number of RGG-containing RBPs as being targets for both citrullination and arginine 

methylation (C. Chen et al., 2011; Fong et al., 2019; C.-Y. Lee et al., 2018; Lewallen et 

al., 2015; W.-J. Li et al., 2021; Lim, Lee, et al., 2020; Lim, Park, et al., 2020; Musiani et 

al., 2019; Radzisheuskaya et al., 2019; Tanikawa et al., 2018). Furthermore, direct 

crosstalk between the two modifications on target arginine residues has been identified 

for several splicing factors. For example, Splicing factor proline- and glutamine-rich 

(SFPQ; also known as PTB-associated splicing factor PSF) has been demonstrated as a 

target of PAD4 for citrullination and PRMT1 for asymmetric methylation within its N-

terminal domain which contains three RGG repeats (Snijders et al., 2015). These 

modifications seem to antagonise each other and exhibit opposite molecular outcomes; 

arginine methylation of SFPQ leads to an increased association with mRNA, whilst 

citrullination results in mRNA dissociation (Snijders et al., 2015). Another example can 

be found in the study by Guo et al. The authors demonstrated that the human ribosomal 

protein S2 (RPS2) was citrullinated by PAD4 at the N-terminal arginine and glycine-rich 

repeat domain (Q. Guo et al., 2011), and the same region of this RGG-containing RBP 

was previously established as a target site of PRMT3 (Bachand & Silver, 2004; Swiercz 

et al., 2005, 2007). In summary, the interplay between PADs and PRMTs on target 

substrates is not an uncommon phenomenon for RNA-binding splicing factors, although 

to date, no one has provided direct evidence of mRNA splicing events being regulated by 

citrullination.  
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1.5 Research Objectives 

Given that many RNA-binding factors have been discovered to be direct substrates of 

both PADs and PRMTs, it is conceivable that PAD4-dependent citrullination, and its 

crosstalk with arginine methylation, may play a profound role in the regulation of RNA 

processing. However, to date, there is little evidence demonstrating the genome-wide 

influence of citrullination beyond the level of transcription. 

E2F1 is a known substrate for PAD4-driven citrullination, where this modification, 

together with PRMT-mediated arginine methylation, plays a crucial role in directing 

distinct biological outcomes by modulating the activity of this transcription factor (Cho 

et al., 2012; Ghari et al., 2016; Zheng et al., 2013). Previous work in our lab has revealed 

that citrullination of E2F1 can activate this transcription factor on pro-inflammatory 

genes, by assisting its protein-protein interaction with BRD4 (Ghari et al., 2016). 

Interestingly, one of the PAD4-targeted arginine residues of E2F1 (R109) is demonstrably 

a target of PRMT1 for arginine methylation (Zheng et al., 2013). This asymmetric 

arginine methylation event, which drives E2F1 activity towards the pro-apoptotic 

pathway, is not only expected to inhibit citrullination at the same residue, but will also 

antagonise arginine methylation at the neighbouring R111 and R113 residues of E2F1 by 

PRMT5 (Cho et al., 2012; Zheng et al., 2013). These symmetric methylation marks can 

instead channel E2F1 to drive the expression of genes involved in proliferation (Cho et 

al., 2012; Zheng et al., 2013). Additionally, it has been recently uncovered that the 

PRMT5-dependent modification can expand the activity of E2F1 beyond its conventional 

role as a transcription factor, transforming it into a regulator of alternative RNA splicing 

for its target genes. (Roworth et al., 2019). This is mediated by the multifunctional protein 

p100/TSN, which specifically recognises the arginine methylation marks at R111 and 
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R113 and allows E2F1 to interact with the splicing machinery (Roworth et al., 2019). 

Given the potential functional crosstalk between PAD4 and PRMTs over E2F1 activity, 

we reasoned that investigating the genome-wide impact of PAD4-mediated E2F1 

citrullination would provide evidence for citrullination-regulated RNA processing events 

in cancer cells.  

In this study, by performing an RNA sequencing experiment, we have demonstrated that 

the chemical inhibition of PAD4 and knockout of E2F1 can result in significant global 

impacts on the human cancer transcriptome at the level of alternative RNA splicing. 

Furthermore, by examining the splicing events validated by RT-qPCR, we have 

highlighted the mechanism by which this alternative splicing is regulated by the 

E2F1/PAD4 axis. This regulation involves the citrullination of E2F1, which may enhance 

its interaction with p100/TSN and the SR family splicing regulator SRSF3. Using RNA 

immunoprecipitation methods, we additionally uncovered that PAD4 plays a critical role 

to regulate the RNA binding affinity of SRSF3 in an E2F1-dependent manner. This may 

potentially underpin the molecular mechanism by which PAD4 and E2F1 together 

influence alternative splicing, by directing SRSF3 into distinct binding sites on target 

RNA and thus modulating its activity. In summary, we demonstrated a novel function of 

PAD4 to regulate alternative splicing in cancer cells, and propose a mechanism by which 

this alternative splicing is mediated by the interplay between E2F1 and SRSF3.  
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2.1 Cell Lines, Culture, and Compound Treatment 

All cell lines used in this study were maintained at 37 °C and 5 % CO2 in a humidified 

incubator. HCT116 p53+/+ and p53-/- cell lines were maintained in Dulbecco’s modified 

Eagle medium (DMEM) (Sigma), supplemented with 10 % (v/v) foetal calf serum (FCS) 

(PAN biotech) and 1 % (v/v) Penicillin-Streptomycin (Pen-Strep) (Gibco). Tet-On 

inducible U2OS cells were maintained in DMEM medium supplemented with 10 % (v/v) 

tetracycline-free FCS, 1 % (v/v) Pen-Strep, 100 µg/ml Geneticin (G418) (Santa Cruz 

Biotechnology), and 150 µg/ml hygromycin B (TOKU-E). Suspension HL60 cells were 

maintained in RPMI-1640 medium (Sigma) supplemented with 10 % (v/v) FCS and 1 % 

(v/v) Pen-Strep. Adherent cells were usually passaged every 3-4 days at a confluency of 

70-90 % by washing with sterile PBS buffer and then digesting with Trypsin (Lonza). 

HCT116 p53+/+ and p53-/- CRISPR/Cas9 E2F1 knockout (E2F1cr) cells were generated 

from cell lines (ATCC) by a previous member in our lab as previously outlined (Ran et 

al., 2013). E2F1 CRISPR single guide RNA sequence used is 5’-GCATTCTTCTTCTG

GCTGGG-3’. 

For PAD4 inhibition, cells were treated with 10 µM GSK484 (Sigma) for 72 hours unless 

otherwise stated. GSK484 is dissolved in Dimethyl sulfoxide (DMSO) (Sigma), and thus 

control groups were treated with equal volumes of DMSO alone. For the Tet-on cell 

system, cells were treated with 1 μg/ml doxycycline for 24 hours to induce expression of 

Tet-responsive PAD4. All drugs were directly added to the culture medium. To modulate 

intracellular calcium ion concentration, cells were treated with 5 µM calcium ionophore 

(A23187) (Sigma-Aldrich) for 30 minutes shortly before harvesting for immunoblotting. 

  



Chapter 2 

Materials and Methods 

82 

 

2.2 Antibodies 

The list of primary and secondary antibodies used in this study were shown below in 

Table 2-1. 

Table 2-1 List of antibodies used in this study. 
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2.3 DNA Plasmid Transformation and Isolation 

Approximately 100 ng of plasmid DNA was mixed with 25 µl of BL21(DE3)pLysS 

Competent Cells (Agilent Technologies) and incubated on ice for 20-30 minutes. The 

mixture was then heat-shocked by being placed in a 42 °C water bath for 45 seconds, 

followed by a 2-minute incubation on ice. 225 µl LB (Sigma) media without antibiotics 

was added to the competent cell/DNA mixture, and they were incubated at 37 °C for an 

hour to allow the bacterial cells to metabolically recover and produce the antibiotic 

resistance proteins encoded in the plasmid backbone. The transformation mixture was 

spread onto a 100 mm LB agar (Sigma) plate containing the appropriate antibiotics (100 

µg/ml ampicillin for the plasmids used in this study) and incubated at 37 °C overnight. 

The plasmid DNA was purified using Maxiprep kits (Invitrogen) according to the 

manufacturer’s instructions. 

2.4 DNA Plasmid Transfection 

GeneJuice® Transfection Reagent (Merck) and plasmid DNA of interest (1-2 µg per 100 

mm dish and 2-4 µg per 150 mm dish) were separately mixed with reduced serum medium 

Opti-MEM® (Gibco) and incubated for 5 minutes at room temperature (RT). 3 µl of 

GeneJuice was used per 1 µg plasmid DNA. The transfection reagent/medium mixture 

was then added to the plasmid/medium mixture, mixed well, and incubated at RT for 15 

minutes. The final mixture was then added dropwise to the cells, which were typically 

transfected at 30-50 % confluency and right after seeded to a new dish. The cells were 

harvested 36-72 hours after transfection. The DNA plasmids used in this study was 

summarised in Table 2-2. 
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Table 2-2 List of plasmids used in this study. 

 

2.5 Small Interfering RNA (siRNA) Transfection 

Oligofectamine™ Transfection Reagent (Invitrogen) and siRNA (1-2 µg per 100 mm dish 

and 2-4 µg per 150 mm dish) were separately mixed with reduced serum Opti-MEM 

medium and incubated at RT for 5 minutes. The mixture was then added to the 

plasmid/medium mixture, mixed well, and incubated at RT for 15 minutes. The final 

mixture was then added dropwise to the cells, which were typically transfected at 30-

50 % confluency and right after seeded to a new dish. The cells were harvested 36-72 

hours after transfection. The siRNA sequences used in this study were summarised in 

Table 2-3. 

Table 2-3 List of siRNAs used in this study. 
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2.6 RNA Isolation 

1 ml TRIzol™ reagent (Invitrogen) was added to 30-50 mg of cells, mixed well until 

homogenised, and incubated for 5 minutes at RT to permit a complete dissociation of 

nucleoprotein complex. 200 µl of chloroform per 1 ml TRIzol was then added for the 

lysate, and vigorously hand-shaken for 15 seconds. After a 2-minute incubation, the 

mixture was centrifuged at 13,000 rpm for 15 minutes. The top aqueous phase was then 

transferred to a new tube (typically 50-60 % of the volume of TRIzol added) and mixed 

with 500 µl 2-Propanol per 1 ml TRIzol used for lysis. For isolation of RNA with small 

quantities (e.g. RNA immunoprecipitation), 3-5 µl of GlycoBlue™ co-precipitant 

(Invitrogen) was added to increase the visibility of the RNA pellets in the following steps. 

The mixture was then incubated, either at RT for 10 minutes (when the amount of RNA 

was expected to be large enough), or at -20 °C overnight (for small quantities of RNA 

isolated). The precipitating solution was then centrifuged at 13,000 rpm at 4 °C for 15 

minutes, resulting in an RNA pellet visible at the bottom of tube. The supernatant was 

discarded with a pipette, and the pellet was washed with 1 ml of 70 % ethanol per 1 ml 

TRIzol used in lysis. After a centrifugation at 7,500 rpm at 4 °C for 15 minutes, the 

supernatant was removed with a pipette and the pellet was air-dried for 5-10 minutes. For 

RNA sequencing and RT-qPCR, the RNA pellet was resuspended in 20-50 µl of RNase-

free water by pipetting up and down, and concentration was determined using Nano-drop. 

For RNA immunoprecipitation, the pellet was resuspended in 11 µl RNase free water and 

directly used for reverse transcription. 
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2.7 RNA Sequencing (RNA-seq)  

Wildtype E2F1 (WT-E2F1) and CRISPR-knockout E2F1 (E2F1cr) HCT116 cells treated 

with 10 µM PAD4 inhibitor GSK484 (Sigma-Aldrich) or DMSO for 72 hours, and total 

RNA was isolated using TRIzol as described in section 2.6. RNA-seq was performed by 

BGI Genomics (https://www.bgi.com) (Figure 2-1). RNA samples (biological triplets 

from each of four experimental conditions) were quality-controlled using Agilent 2100 

Bioanalyzer (Agilent RNA 6000 Nano Kit) for RNA concentration, RNA integrity 

number (RIN) value, 28S/18S and the fragment length distribution. mRNA was enriched 

and purified from total RNA samples using Oligo dT selection, and then fragmented for 

first-strand / second-strand cDNA synthesis. This results in generating partially double-

stranded DNA with single-stranded ends. Partial single strands on the 5’ end of DNA 

fragments were end-repaired by polymerase, and those at the 3’ end were removed by 

exonuclease and added with a single adenine. Processed samples were then ligated with 

the sequencing adapters and amplified in polymerase chain reaction (PCR) with Agilent 

2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System. Finally, RNA-seq was 

performed using Illumina HiSeq Platform, resulting in 5.12 Gb reads generated per 

sample. 

  

https://www.bgi.com/
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Figure 2-1 RNA-seq pipeline. 

Diagram showing the experimental pipeline of RNA sequencing performed by BGI Genomics. 
mRNA fragments were enriched by oligo d(T) selection, and reverse transcribed to 
complementary DNA (cDNA). Double-stranded cDNA was then end-repaired and tailed by 
adenine, followed by ligation of bubble-shaped adaptors. PCR is then carried out to amplify these 
adaptor-ligated cDNA. Amplified double-stranded cDNA was heat-shocked to be dissociated to 
single-stranded, and then formed into ss circular DNA. The DNA nanoball was then formed from 
sscDNA and sequenced with the Illumina HiSeq platform.  
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2.8 RNA-seq Data Analysis 

FASTQ files were generated from biological triplets of WT-E2F1 and E2F1cr HCT116 

cells treated with either GSK484 or DMSO (control). The raw data was processed using 

TrimGalore (ver.0.4.3) to remove adaptors and low-quality base readings. The trimmed 

reads were then aligned to the human genome build hg19 with STAR aligner (ver.2.7) 

with two mismatched allowed. For all the analyses, three treatment conditions (WT-

GSK484, E2F1cr-DMSO, and E2F1cr-GSK484) were analysed with respect to the 

control condition (WT-DMSO) unless otherwise stated. The quality of the sequence data 

was analysed by visualising read assignment and distance matrix heatmap (Figure 3-4) 

using the DESeq2 R Bioconductor package (ver.1.25.17).  

Differential gene expression analysis based on the negative binomial distribution was 

carried out using the DESeq2 R Bioconductor package (ver.1.25.17) with the aligned 

reads. Statistical significance was assessed by calculating the adjusted P-value using the 

Benjamini-Hochberg procedure, in order to reduce the false discovery rate (FDR). The 

genes were considered to be differentially expressed when their adjusted P-value was less 

than 0.01, and further filtered for two-fold change in the absolute expression level. 

Alternative splicing analysis was performed with rMATS software (ver.4.0.1) (https://rna

seq-mats.sourceforge.net/). For each splicing event, Δψ (delta PSI) was calculated to 

show a difference in percent spliced in between conditions (drug-treated group against a 

control group). The raw data was filtered for the FDR to be less than 0.01.  

For the lists of genes identified through DESeq and rMATS analyses, the parametric Gene 

Set Enrichment Analysis (pGSEA) was carried out with the R PGSEA package (ver.1.58) 

for the GO vocabulary from the Molecular Signatures Database (ver.6.2) of the Broad 

Institute, as previously described (Barczak et al., 2020). A linear model was applied to 

https://rnaseq-mats.sourceforge.net/
https://rnaseq-mats.sourceforge.net/
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employ the limma package (v.3.44.0) followed by empirical Bayesian analysis to 

determine concepts associated with significant differences between treated and untreated 

samples. Differences were considered significant if the adjusted p-value, calculated using 

the Benjamini-Hochberg method, to minimize the false discovery rate, was < 0.005.  

For ENCODE ChIP-seq data analysis, ChIP-seq data for E2F1 tracks from the ENCODE 

project (http://genome.ucsc.edu/ENCODE/) was analysed for the ‘Txn factor ChIP track’, 

‘ENCODE 3 TFBS Track’, ‘Uniform TFBS track’ and ‘SYDH TFBS track’ to display 

E2F1 ChIP-seq peaks or signals as appropriate.  

2.9 Reverse Transcription and cDNA Synthesis 

1 µg RNA was added to a nuclease-free microcentrifuge tube with 1 µl of appropriate 

primers (oligo(dT)20 (Invitrogen) for mRNA and random hexamer primers (Invitrogen) 

for RNA immunoprecipitation), 1 µl of 10 mM dNTP mix (10 mM each of dATP, dGTP, 

dCTP and dTTP), and nuclease-free water to make the total volume to 13 µl. The mixture 

was incubated at 65 °C for 5 minutes and then cooled down on ice for at least 1 minute. 

The contents of tubes were collected by brief centrifuge, and then mixed with 4 µl 5X 

First-Strand buffer (Invitrogen), 1 µl 0.1M DTT (Invitrogen), 1 µl RNaseOUT™ RNase 

inhibitor (Invitrogen), and 1 µl SuperScript™ III Reverse Transcriptase (Invitrogen). 

Temperature cycling was then carried out as per the manufacturer’s instruction for 

Moloney murine leukaemia virus reverse transcriptase (MMLV-RT). The synthesised 

cDNA was diluted in nuclease-free water and used for quantitative PCR. 

2.10 Quantitative PCR and Data Analysis 

RNA was isolated as described in sections 2.6 and 2.16, and cDNA was prepared as 

described in section 2.9. Alternatively, chromatin was isolated in ChIP as described in 

http://genome.ucsc.edu/ENCODE/
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section 2.15. Technical triplets (unless otherwise stated) from each biological repeat were 

used in quantitative reverse-transcription PCR (RT-qPCR) or quantitative PCR (qPCR) 

with the Brilliant III Ultra-Fast SYBR® Green QPCR Master Mix (Agilent) and 

appropriate primer pairs on the AriaMX real-time qPCR system (Agilent) as per the 

manufacturer’s instructions. 

qPCR data analysis was carried out using the ΔΔCt method where raw Ct (cycle threshold) 

values from the experiment were normalised against Ct values for housekeeping genes 

(typically GAPDH, for RT-qPCR) or IgG (for ChIP and RIP), followed by another 

normalisation against input (for ChIP and RIP) or control sample (for RT-qPCR). 

Subsequently, ΔΔCt values were converted and presented as average (mean) fold 

enrichment from three biological repeats (technical triplets within each repeat). Error bars 

indicate standard errors (SE). The formula for the calculation of Fold Enrichment were 

described below. 

RT-qPCR primers used in this study were listed in Table 2-4. These primers, as well as 

ChIP primers (Table 2-5) and RIP primers (Table 2-6) were all designed using the Primer-

BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) to avoid GC-rich regions 

and potential secondary structures (Ye et al., 2012). Primers were designed so that PCR 

products will have a size around 100 nt and melting temperature at around 60 °C. 

  

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Equation: Calculation of Fold Enrichment for RT-qPCR 

ΔCt = Ct(Gene of Interest) - Ct(Housekeeping gene e.g. GAPDH) 

ΔΔCt = ΔCt(Treated sample ) - ΔCt(Control sample) 

Fold Enrichment = 2-ΔΔCt 

 

Table 2-4 List of RT-qPCR primers used in this study. 
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2.11 MTT Assay 

5 mg/ml MTT solution was prepared in PBS buffer, filter-sterilised, and stored at -20 °C. 

10 µl MTT solution was added to cells in each well of a 96-well plate and incubated at 

37 °C for 10 minutes. After incubation, cells were treated with 110 µl MTT solvent (20 % 

(v/v) sodium dodecyl sulphate (SDS), 50 % (v/v) dimethylformamide) for 15 minutes at 

RT, and the absorbance was measured at OD = 590 nm using the Sunrise™ plate reader 

(Tecan).  

2.12 Bradford Assay 

A calibration curve was constructed by dispensing various concentrations (0-10 µg) of 

Bovine Serum Albumin (BSA) (Sigma) in Bradford reagent (Sigma) and measuring 

absorbance at OD = 595 nm with the Sunrise plate reader. Relative reading was plotted 

against the concentration of standard and was used as a reference for subsequent protein 

concentration measurements.  

2.13 Immunoblotting 

For adherent HCT116 cells, the media was removed, and cells were washed with PBS 

buffer once. Cells were then treated with trypsin at 37 °C for 5-10 minutes and collected. 

The cell pellet was washed once with PBS and lysed in TNN buffer (50 mM Tris-HCl 

(pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 % (v/v) IGEPAL® CA-630 (Sigma-Aldrich), 

supplemented with 1 mM NaF, 1 mM Na3VO4, 0.1% Proteinase inhibitor cocktail [1 M 

PMSF, 1 μg/ml leupeptin, 1 μg/ml aprotinin, 1 μg/ml pepstatin A], 0.05% AEBSF) on ice 

for 30 minutes. The lysate was then centrifuged at 13,000 rpm for 15 minutes at 4 °C to 

remove the cell debris. The supernatant containing intercellular materials was transferred 

to a fresh tube. The protein concentration was then determined by Bradford assay (Sigma). 
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The appropriate volume was mixed with sodium dodecyl sulphate (SDS) loading buffer 

(62.5 mM Tris-HCl (pH 6.8), 2 % (v/v) SDS, 8% glycerol, 0.1% bromophenol blue, 

300mM β-mercaptoethanol) so that equal amounts of proteins (typically 30-100 ug) were 

loaded for each experiment. The mixture was boiled at 95 °C for 5 minutes to denature 

proteins. 

Samples were loaded to SDS-polyacrylamide gel and proteins were separated by size with 

electrophoresis (SDS-PAGE). Gels consist of acrylamide (Serva) of different percentages 

(8-14 %), 375 mM Tris-HCl (pH 8.8), 0.1 % (v/v) SDS, 0.15 % (v/v) ammonium 

persulphate (APS) (Sigma), 0.0 7% (v/v) tetramethyl ethylenediamine (TEMED) (Sigma), 

and top stacking gel of 5 % (v/v) acrylamide,125 mM Tris-HCl (pH 6.8), 0.1 % (v/v) SDS, 

0.15 % (v/v) APS, 0.28 % (v/v) TEMED. The protein ladder (Thermo Scientific) was 

loaded alongside the samples to estimate the molecular weight of proteins and monitor 

the progress of SDS-PAGE. Separated proteins in the gel were then transferred onto 

PVDF membrane (Merck), which was activated by being soaked in 100 % methanol for 

a few seconds, using Mini Trans-Blot® Cell (Bio-Rad) at 300 mA for 1 hour or at 150 

mA overnight. Membranes were stained with Ponceau S to make sure the successful 

transfer of protein, and then blocked in 5 % (v/v) skimmed milk in PBS-Tween 0.3 % 

(PBST) for 1 hour at RT to prevent further non-specific protein binding.  

Blocked membranes were incubated with primary antibody diluted in a blocking solution 

at 4 °C overnight and washed three times with PBST (intervals of 10 minutes). 

Membranes were then incubated with appropriate secondary antibody diluted in a 

blocking solution for 1 hour at RT, followed by another set of PBST washing three times 

(10-minute intervals). Membranes were incubated with enhanced chemiluminescence 

(ECL) substrate (2.5 mM luminol, 396 μM coumaric acid, 100 mM Tris-HCl (pH 8.0), 
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0.02 % (v/v) hydrogen peroxide) (Bio-Rad) for 2-3 minutes, and the signals were exposed 

to Fuji Medical X-ray films (Fujifilm) and developed and visualised with the CP1000 

automatic developer (AGFA). For quantification of protein expression, the band intensity 

was measured using ImageJ software (Schneider et al., 2012). 

2.14 Co-Immunoprecipitation (IP) 

Cells were harvested and lysed as described in section 2.13. 5-10 % of cell lysate was 

kept for a loading input. Standardised samples were incubated with primary antibody (1-

3 µg per 1 ml sample) or appropriate control IgG antibody at 4 °C overnight on a tube 

rotator, followed by incubation with 50 µl TrueBlot beads (Rockland) at 4 °C for 2 hours. 

Beads bound with proteins were then washed three times with lysis buffer, and 

resuspended and boiled in 50-100 µl SDS loading buffer at 95 °C for 5 minutes to 

denature and dissociate proteins from beads. Proteins in the SDS loading buffer, together 

with the input samples collected earlier, were analysed by immunoblotting as described 

in section 2.13.  

2.15 Chromatin Immunoprecipitation (ChIP) 

Cells were harvested as previously described. The cell pellet was then suspended in 3 ml 

of PBS and incubated with 200 µl of ethylene glycol bis-succinimidyl succinate (EGS) 

(Thermo Scientific) (10 mg/ml in DMSO) for 30 minutes at RT to crosslink proteins. The 

mixture was then mixed with 90 µl of formaldehyde (Sigma) for further cross-linking. 

After a 15-minute incubation, the reaction was stopped by adding 1.1 ml of 0.5 M glycine 

and being incubated for another 5 minutes at RT. Crosslinked cells were washed with 

cold PBS twice, and resuspended in 1 ml Lysis Buffer I (10 mM Tris (pH 8.0), 200 mM 

NaCl, 1 mM EDTA, 0.5 mM EGTA, and 0.1 % (v/v) proteinase inhibitor cocktail). 
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Following a 10-minute incubation at RT, the cells were again collected by centrifugation 

and resuspended in 2 ml of Lysis Buffer II (10 mM Tris (pH 8.0), 200 mM NaCl, 1 mM 

EDTA, 0.5 mM EGTA, 0.5 % (v/v) sodium lauroyl sarcosinate, 0.1 % (v/v) sodium 

deoxycholate, and 0.1 % (v/v) proteinase inhibitor cocktail). The lysate was then 

sonicated using Bioruptor Pico sonication device (Diagenode) for 14 cycles of 10 seconds 

on / 10 seconds off at 4 °C. The sonicated sample was then mixed with 110 µl of 10 % 

IGEPAL® CA-630 and centrifuged at 13,000 rpm for 15 minutes at 4 °C to remove debris. 

The supernatant was collected and pre-cleared at 4 °C for 1-2 hours with appropriate IgG 

and A/G beads (pre-blocked with 1 mg/ml BSA and 400 μg/ml salmon sperm DNA). 

The protein concentration of the pre-cleared sample was determined by Nanodrop and 5-

10 % of the sample was collected for input. The normalised amounts (typically 1-2 mg 

and made up to 1 ml with lysis buffer) were incubated with 3 µg antibody or control IgG 

overnight at 4 °C, followed by another 2-hour incubation with pre-blocked A/G beads at 

4 °C. Proteins-bound beads were washed with low-salt buffer (20 mM Tris (pH 8.0), 150 

mM NaCl, 2 mM EDTA, 1 % (v/v) Triton, 0.1 % (v/v) SDS, and 0.1 % (v/v) protease 

inhibitor cocktail) twice, LiCl buffer (10 mM Tris (pH 8.0), 250 mM LiCl, 1 mM EDTA, 

2 % (v/v) IGEPAL® CA-630, 2 % (v/v) sodium deoxycholate, and 0.1 % (v/v) protease 

inhibitor cocktail) four times, and TE buffer (10 mM Tris (pH 8.0), 1mM EDTA, and 

0.1 % (v/v) protease inhibitor cocktail) twice. Protein-DNA complexes were eluted from 

beads by being incubated in 500 µl Elution Buffer (1 % SDS, 0.1 M sodium bicarbonate) 

at 65 °C for 30 minutes. The elute was collected and added with 20 µl 5M NaCl, 10 µl 

0.5 M EDTA, 20 µl 1M Tris (pH 6.5), and 1 µl RNase A before incubated at 55 °C for 3 

hours. The sample was then reverse-crosslinked at 65 °C overnight, followed by another 

3-hour incubation at 55 °C with 10 µl of 10 mg/ml proteinase K to digest proteins. DNA 
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from the sample was then purified using QIAquick PCR Purification Kit (Qiagen) as per 

the manufacturer’s protocol. ChIP primers used in this study are listed in Table 2-5. 

Table 2-5 List of ChIP primers used in this study. 

 

2.16 RNA Immunoprecipitation (RIP) 

Cells were harvested as previously described and lysed in NETN Buffer (25 mM Tris (pH 

8.0), 150 mM NaCl, 5 mM EDTA, 0.5 % (v/v) NP-40, supplemented with 0.1 % (v/v) 

RNaseOUT). The lysates were either kept on ice for 30-60 minutes for immediate 

immunoprecipitation or frozen at -80 °C until ready to process further. The lysate was 

sonicated as described in section 2.15, and centrifuged at 13,000 rpm for 15 minutes to 

remove cell debris. 5-10 % of the sample was kept separately for input. The standardised 

amounts of sample (made up to 1 ml) were incubated with 5 µg antibody of interest or 

appropriate control IgG at 4 °C overnight on a rotator, followed by incubation with 25 µl 

Pierce™ Protein A/G Magnetic Beads (Thermo Scientific) at 4 °C for 2-3 hours on a 

rotator. Protein-bound beads were washed with NETN Buffer four times. A small fraction 

(typically 5-10 %) of beads was taken from each sample and proteins were eluted in the 

SDS loading buffer to confirm a successful immunoprecipitation of target protein(s). The 

remaining beads and input solution were directly added by 1 ml TRIzol, and RNA was 

extracted as described in section 2.6. Purified RNA was reverse-transcribed to cDNA as 

                        5  3                         5  3            
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described in section 2.9, and analysed in qPCR as described in section 2.10. RIP primers 

used in this study are listed in Table 2-6.  

Table 2-6 List of RIP primers used in this study. 

 

2.17 Flow Cytometry 

FACS cell cycle analysis was performed using propidium iodide (PI) (Abcam) as per the 

manufacturer’s protocol. Cells were harvested as previously described and washed twice 

with cold PBS Buffer. The cell pellet was then re-suspended in 3 µl 70 % ethanol (in PBS 

Buffer), mixed well, and fixed overnight at -20 °C. The mixture of 450 µl of 1 mg/ml PI 

and 50 µl RNase A in 10 ml PBS was prepared, and cells were treated with 350 µl of this 

PI mixture for 45 minutes at RT. The stained samples were run and analysed using BD 

Accuri™ C6 Plus Flow Cytometer (BD Biosciences).  

2.18 Immunoprecipitation-Mass Spectrometry 

HCT116 p53-/- cells were treated with DMSO or GSK484 (10 µM, 72 hours) and 

HCT116 p53-/- E2F1cr cells were treated with DMSO. The lysates from 20 x 150 mm 

dishes for each condition were prepared in TNN buffer and pre-cleared for 1 hour with 

pre-blocked A/G beads and 3ug mouse IgG. The extracts were then immunoprecipitated 

twice to ensure E2F1 pull-down; 1st IP with 5 µg anti-E2F1 antibody (KH-95) and 100 µl 
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protein A/G beads, and flowthrough then immunoprecipitated a second time with a 

further 5 µg anti-E2F1 antibody and 100ul protein A/G beads. Beads bound with proteins 

were then washed four times with the TNN lysis buffer, and eluted in 100 µl SDS buffer 

(4% SDS with DTT and Tris (pH 6.8)) at 95 °C for 10 minutes to denature and dissociate 

proteins from beads. Elutes were combined and concentrated to up to 30 µl volume in a 

speed-vac for use on S-Trap columns following the manufacturer’s instructions.  

Tryptic peptides were analysed by liquid chromatography tandem mass spectrometry 

(LC-MS/MS) using the Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer 

(Thermo Fisher) connected to Ultimate 3000 UHPLC system (Thermo Fisher). Briefly, 

the samples were loaded and separated on a trap column (PepMapC18 (Thermo Fisher); 

300µm x 5mm, 5µm particle size) using a gradient from 2 to 35% (v/v) solvent B in 5 % 

DMSO in 60 mins. The spectra were acquired with cycle times of 1 second. The MS1 

spectra were acquired using the Orbitrap at 120K resolution, with a scan time from 400 

to 1500 m/z, an automatic gain control (AGC) target value of 4e5, and using s-lens RF30. 

The MS2 spectra were acquired using the Orbitrap at 30k resolution, quadrupole isolation 

of 1.6, AGC target value of 5e4, maximum injection time of 54 ms.  

The data was searched and labelled using the PEAKS-X (Bioinformatics Solutions Inc.) 

to infer peptide and protein IDs, and the label-free quantitation (LFQ) analysis was 

performed using the Progenesis QI software (Nonlinear Dynamics). After the 

normalisation process against all proteins with an identity, protein enrichment in the 

treatment condition (WT cells treated with GSK484) was analysed with reference to the 

background condition (E2F1cr cells) as well as the control condition (WT cells treated 

with DMSO), by relative abundances (log2). Those from which more than a single peptide 

was enriched, with two-sample Student’s T-test (combined with Permutation FDR) p 
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values < 0.05 (-log p > 1.301), were filtered. Subsequently, Gene Ontology (GO) analyses 

were performed for these enriched proteins using the ShinyGO bioinformatic tool 

(http://bioinformatics.sdstate.edu/go/) (S. X. Ge et al., 2020) for GO molecular function 

terms and KEGG pathway terms. 

2.19 Statistical Analysis 

Statistical analyses were performed using a two-tailed, unpaired Student’s t-test with 

Excel software (Microsoft) and GraphPad Prism 9 (GraphPad Software). Sample size of 

≥ 3 was tried to be obtained where possible, unless otherwise stated. Data were displayed 

as means with standard deviations (SD) unless otherwise stated. P-values < 0.05 were 

considered significant and are labelled by *p < 0.05, **p < 0.01, ***p < 0.001, and ****p 

≤ 0.0001.  

http://bioinformatics.sdstate.edu/go/
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3.1 Introduction 

Previous work in our research group has established that the multifaceted activity of E2F1 

is largely regulated by its post-translational modifications (PTMs) including arginine 

methylation and citrullination (Cho et al., 2012; Ghari et al., 2016; Zheng et al., 2013). 

Arginine methylation is mediated by a family of proteins called protein arginine 

methyltransferases (PRMTs), and E2F1 is a known substrate of two PRMT members; 

PRMT1 asymmetrically di-methylates E2F1 at the arginine residue R109, whilst PRMT5 

symmetrically di-methylates R111 and R113 (Cho et al., 2012; Zheng et al., 2013). These 

two types of methylation events catalysed by distinct PRMTs were discovered to be 

mutually exclusive and result in antagonistic outcomes. On the one hand, PRMT1-

dependent methylation blocks methylation by PRMT5 and channels E2F1 into the 

apoptotic pathway. On the other hand, PRMT5-driven methylation can promote cell 

growth and proliferation while antagonising PRMT1-mediated methylation (Cho et al., 

2012; Zheng et al., 2013).  

In addition to methylation, another work from our research group has elucidated that 

E2F1 is also targeted for citrullination (Ghari et al., 2016). This modification is catalysed 

by another family of proteins termed peptidyl arginine deiminases (PADs), and the 

described study revealed that several arginine residues of E2F1, including R109 targeted 

by PRMT1, can also be citrullinated by PAD4 in vivo and in cells (Ghari et al., 2016). 

This citrullination appears to play a critical role in enhancing the chromatin association 

of E2F1, especially to the promoters of pro-inflammatory cytokine genes. The authors 

demonstrated that this localisation was mediated by bromodomain-containing protein 4 

(BRD4), which primarily recognises the acetylated lysine residues of E2F1. Citrullination 

of E2F1 can assist acetylation to augment this protein-protein interaction, leading to the 
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transactivation of inflammatory genes (Ghari et al., 2016). This study uncovered a novel 

function of the E2F1/PAD4 axis in inflammatory pathways as well as indicated a potential 

interplay between PAD4 and PRMT1 sharing the same target arginine residue. However, 

the effect of PAD4-mediated citrullination was only examined within the context of the 

conventional E2F1 activity in a transcription-based mechanism.  

Interestingly, it was recently demonstrated that E2F1 may also undertake a pivotal role in 

gene regulation at the level of RNA processing, beyond its classical function as a 

transcription factor (Roworth et al., 2019). Mechanistically, PRMT5-driven methylation 

event allows E2F1 to interact with the p100/TSN protein, whose activity has been heavily 

implicated in the regulation of mRNA splicing by facilitating the sequential assembly of 

the spliceosome complex (Gutierrez-Beltran et al., 2016; Zheng et al., 2013). Through 

p100/TSN, methylated E2F1 can be associated with some components of the spliceosome 

on the target pre-mRNA, resulting in alternative splicing (AS) perturbations (Roworth et 

al., 2019). Given the potential crosstalk between methylation and citrullination, and the 

relevance of E2F1 and PAD4 in cancer biology (Christophorou, 2022; Fang et al., 2020; 

Roworth et al., 2015; Yuzhalin, 2019), it seemed plausible that PAD4-mediated 

citrullination of E2F1 may have a similar impact on the cancer transcriptome through 

RNA splicing. Therefore, we decided to conduct RNA sequencing to investigate the 

genome-wide influence of PAD4 inhibition and E2F1 knockdown in cancer cells. 
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3.2 Optimising RNA-seq condition 

To begin with, we decided to perform an RNA sequencing (RNA-seq) experiment to 

assess the genome-wide impact of PAD4-mediated citrullination on E2F1 target genes in 

cancer cells. This sequencing technique has been developed as a powerful tool to visualise 

the intricate nature of the cellular transcriptome, including transcriptional and splicing 

diversities, as well as the influence of experimental treatments. With higher degrees of 

experimental resolution and ability to discover novel genomic variants, RNA-seq is 

increasingly becoming the first choice in transcriptomic and splicing analysis over other 

techniques like microarray (Marguerat & Bähler, 2010). We therefore reasoned that the 

RNA-seq experiment should allow us to identify novel genes and pathways regulated by 

the E2F1/PAD4 axis, as well as to examine their impact on the splicing profile of the 

cancer genome. 

It was determined that our RNA-seq was to be performed in the colorectal cancer cell line 

HCT116. This conclusion was based on several advantages as follows; (1) PAD4 has 

been heavily implicated in inflammation, a known important risk factor for the 

development of colon cancer. Indeed, abnormal expression of PAD4 has been reported in 

colorectal cancer cells (X. Chang et al., 2009); (2) A previous study in our research group 

regarding PRMT-mediated E2F1 methylation was performed in HCT116 cells (Roworth 

et al., 2019), and thus using the same cell line may allow us to undertake comparative 

analysis about the citrullination-methylation crosstalk; (3) E2F1 CRISPR/cas9 knockout 

cells of HCT116 cell lines were previously made in our lab (Barczak et al., 2020), which 

could facilitate the study of the impact of E2F1 knockdown on cells in a more convenient 

manner. The expression of E2F1 and PAD4 was confirmed by immunoblotting (Figure 

3-1A).  
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The reversible PAD4-specific inhibitor GSK484 was selected as a tool to modulate the 

intracellular activity of PAD4 in the RNA-seq experiment. This small molecule drug has 

been widely used to investigate the PAD4 activity both in vitro and in vivo (Lewis et al., 

2015; Mondal & Thompson, 2019; Wei et al., 2021). The GSK484 treatment was reported 

to inhibit histone citrullination as well as disrupt NETosis in both mouse and human cells 

(Lewis et al., 2015; Mondal & Thompson, 2019), and increasing evidence indicates its 

potential anti-tumour effect (Wei et al., 2021). Mechanistically, GSK484 binds to an 

inactive, low-calcium form of PAD4 to inhibit its enzymatic activity. The low clearance 

rate, good drug distribution, and long half-life together make GSK484 considered a potent 

drug for in vivo use (Lewis et al., 2015). 

Before proceeding with the RNA-seq experiment, the drug concentration and incubation 

time were carefully titrated and controlled. First, an MTT assay was carried out to 

examine the metabolic activities of cells under the GSK484 treatment. MTT is chemically 

stable as a yellow tetrazolium salt and can be converted to a purple formazan upon 

reduction. Since viable cells contain active NAD(P)H-dependent oxidoreductase, the 

colour change of this formazan is regarded as a measurement for cell proliferation, 

viability, or cytotoxicity. Usually, the colour is measured as a change in absorbance at 

570 nm with a plate reading spectrophotometer, and the darker the purple MTT solution 

is, the more viable, metabolically active cells that are present.  

To begin with, an MTT assay was performed for different numbers of wildtype (WT) 

HCT116 p53+/+ cells. Between 1000 and 16000 cells were seeded in each well of a 96-

well plate and incubated for 72 hours. The result indicated that 3000 cells per well are 

optimum for the cell line, as it did not reach the maximum confluency in the tested 

incubation periods (Figure S-1). Next, another set of MTT assays was carried out in WT 
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and E2F1cr HCT116 cells treated with different concentrations of GSK484 for various 

time periods, with 3000 cells per well seeded at the beginning as determined above. The 

relative percentage of cell viability was calculated against negative control, in which cells 

were not treated with GSK484. The results demonstrated that HCT116 cells were viable 

even at relatively high concentrations of GSK484 up to 10 µM (Figure 3-1B). We did not 

see a major impact of different incubation lengths (from 24 hours to 72 hours) on cell 

viability here. It was decided to incubate cells with GSK484 at 10 µM concentration for 

72 hours in the subsequent experiments, to make sure that sufficient amounts of GSK484 

reach the targets in nucleus and cytoplasm regardless of rounds of cell divisions and 

protein turnovers. A caveat is that we did not examine the potential of side effects caused 

by this relative long incubation time; another experiment using a parallel method (e.g. 

siRNA) to deplete PAD4 activity/expression would have been advantageous.  

Next, to adjust the dose of GSK484, we examined intracellular citrullination levels by 

immunoblotting after treatment with different concentrations of this PAD4 inhibitor. 

There are multiple ways to detect global citrullination levels including anti-peptidyl 

citrulline antibodies and anti-modified citrulline kits. However, these techniques 

reportedly have limitations, and their quality and reproducibility are still questioned. We 

therefore decided to simply use one of the most established antibodies for citrullinated 

protein, ab5103 (Abcam) against histone H3 protein with citrullination at R2/R8/R17, as 

a marker for PAD4 activity in cells. PAD4 is the only nuclear member of the PAD family 

and has been demonstrated to target H3 for citrullination, and indeed many have used this 

as a maker for PAD4 activity (Mastronardi et al., 2006; Rumble et al., 2017). We treated 

HCT116 WT cells with a variety of concentrations of GSK484 for 72 hours and with 5 

µM calcium ionophore (A23187) for 30 minutes shortly before harvesting cells and 
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visualising PAD4-mediated citrullination of H3 by immunoblotting. The results showed 

a reduction in histone H3 citrullination with increased concentrations of GSK484 (Figure 

3-1C), whilst the level of total histone H3 was not hugely impacted. The quantitative 

analysis of this blot demonstrated that the amount of citrullinated H3 was reduced by 5-

fold at 10 µM GSK484 treatment compared to the negative control level. We therefore 

concluded from this result and MTT assay that GSK484 was able to successfully inhibit 

PAD4-mediated citrullination of substrate proteins in cells without significantly altering 

cellular metabolic activities, at the concentration of 10 µM for the incubation period of 

72 hours.  

Finally, to verify the titrated experimental condition of GSK484 treatment with an 

alternative technique, the fluorescence-activated cell sorting (FACS) analysis was 

performed to examine the cell cycle profile of HCT116 cells treated with this PAD4-

specific inhibitor. The FACS cell cycle analysis utilises a DNA dye called propidium 

iodide (PI) to measure the DNA content which is varied throughout different stages of the 

cell cycle. WT and E2F1cr HCT116 cells were fixed with ethanol and their DNA was 

stained with PI followed by flow cytometry analysis. Figure 3-2 illustrated the average 

proportions of cells in each cell cycle stage. The result indicated that both WT and E2F1cr 

cells did not experience significant alteration of cell cycle states with up to 10 µM 

concentration of GSK484 treatment, and sub G1 levels, which indicates the cells 

undergoing apoptosis, remained relatively low throughout different concentrations of 

GSK484 in both cell lines (less than 3 %).  

Overall, MTT assay, immunoblotting, and FACS analysis together indicated that 

GSK484 treatment at 10 µM for 72 hours can successfully inhibit the enzymatic activity 

of PAD4 in HCT116 cells without significantly altering their cellular physiology and 
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viability. We therefore decided to use this GSK484 treatment condition which should 

minimise the influence of deregulated non-specific cellular events on the RNA-seq result. 
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Figure 3-1 Optimisation of RNA-seq experimental condition. 

(A)                                                     β-Actin in HCT116 (p53+/+) WT and 
E2F1cr cells. N = 3. This experiment was performed in collaboration with Amit Shrestha in our 
research group. (B) (i) WT and (ii) E2F1cr HCT116 cells were treated with various concentrations 
of GSK484, and the variability was analysed by MTT assays. Shown in percentage relative to the 
untreated population. N = 3. (± S.D.) (B) WT HCT116 cells were treated with various 
concentrations of GSK484 for 72 hours and 5 µM A23814 (Calcium Ionophore) for 30 minutes 
shortly before harvesting. The lysates were immunoblotted using anti-citrullinated H3, anti-H3 
(total), and anti-β-Actin antibodies. Image J was used to measure the area of the band size at 0 
and 10 µM to estimate the protein amounts. N = 2.  
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Figure 3-2 Cell cycle analysis by flow cytometry to examine the effect of GSK484.  

Flow cytometric analysis using propidium iodide to check the cell cycle states of HCT116 cells 
treated with various concentrations of the PAD4 inhibitor GSK484. (A) Cell cycle distributions for 
(i) WT and (ii) E2F1cr cells. N = 3. (± S.D.) (B) FACS cell cycle profiles for (i) WT and (ii) E2F1cr 
cells. A representative example from N = 3 
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3.3 RNA-seq and Quality Control 

To explore the influence of the E2F1/PAD4 axis on the cancer transcriptome and 

spliceome, an RNA-seq experiment was designed and performed. WT and E2F1cr 

HCT116 p53+/+ cells were treated with 10 µM PAD4-specific inhibitor GSK484 or 

DMSO (negative control) for 72 hours as determined in the aforementioned section. 

Biological triplicates of cells in four experimental conditions (WT-DMSO, WT-GSK484, 

E2F1cr-DMSO, and E2F1cr-GSK484) were prepared, and RNA sample from each was 

purified using TRIzol reagent. The RNA quality was analysed using Nanodrop by 

measuring the absorbances at 230, 260 and 280 nm to calculate 260/280 and 260/230 

ratios. The former ratio was controlled between 1.8 and 2.0 so that the sample is free from 

protein contamination, whereas the latter indicates contamination caused by organic 

compounds or chaotropic agents and was controlled between 2.0 and 2.2 (Figure 3-3A). 

An immunoblot also confirmed the identities of WT and E2F1cr cells and the successful 

inhibition of PAD4 activity via the detection of citrullinated H3 (Figure 3-3B). The RNA-

seq was performed by BGI Genomics as detailed in Figure 2-1. 

With the RNA-seq data returned from the company, we carried out bioinformatics 

analyses in collaboration with Anastasia Samsonova and Alexander Kanapin (Centre for 

Genome Bioinformatics, St. Petersburg State University). The read assignment showed 

that all samples but the third repeat for E2F1cr-DMSO have over 20 million mapped reads, 

indicating a good overall sequencing coverage of the human genome and low 

contamination (Figure 3-4A). In addition, the distance matrix heatmap illustrated that 

each treatment group has good reproducibility over three biological repeats (Figure 3-4B).  
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Figure 3-3 RNA-seq quality control and setup. 

(A) RNA quality was analysed using Nanodrop by measuring the absorbances at 230, 260 and 
280 nm to calculate A260/280 and A260/230 ratios to check the protein and organic/chaotropic 
contaminations, respectively. Roughly, the former was controlled to be between 1.8 and 2.0, and 
the latter between 2.0 and 2.2. (B) Immunoblot to show the successful PAD4 inhibition in WT and 
E2F1cr HCT116 cells treated with 10 µM GSK484 for 72 hours. N = 3. (C) Schematic 
representation of RNA-seq setup for this study. WT and E2F1cr HCT116 cells were treated with 
10 µM GSK484 or DMSO for 72 hours, and the three experimental groups were analysed with 
reference to the control WT-DMSO condition.  
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Figure 3-4 RNA-seq quality control. 

(A) Read assignment by categories for RNA-seq reads aligned to hg19 human genome build. 
Obtained with DESeq 2 package. Blue reads are corresponding to Ensembl genes, and the other 
colours to non-Ensembl (N/E) reads as indicated in the legend. (B) Distance matrix heatmap for 
triple biological replicates of each experimental condition. Obtained with DESeq 2 package.  
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3.4 Bioinformatics Analysis of Differentially Expressed Genes 

First, the RNA-seq data were examined for differentially expressed genes (DEGs) using 

the DESeq2 R Bioconductor package. Here, the data from three ‘treatment conditions’ 

(WT-GSK484, E2F1cr-DMSO, and E2F1cr-GSK484) were processed and analysed with 

reference to the ‘control condition’ (WT-DMSO) unless otherwise stated (Figure 3-3C). 

The genes were considered to be differentially expressed when their significance 

(adjusted P: Padj) value was less than 0.01 and their expression level change was two-fold 

or greater (|log2| ≥ 1.0) (Figure 3-5A). 

Interestingly, the inhibition of PAD4 did not have a significant impact on gene expression 

in HCT116 cells, as no genes in the WT-GSK484 condition made the two-fold change 

cut-off over the control group (WT-DMSO) (Figure 3-5B). Even removing this cut-off, 

only 11 DEGs have statistically significant Padj values (< 0.01) (Table S-1), suggesting 

that PAD4’s role in transcription regulation was limited under this setting in HCT116 

cells. This is somewhat surprising, as PAD4 reportedly plays a role as a transcription co-

factor by mediating citrullination of histones or other transcription factors including E2F1 

in various cancer cell lines (Fang et al., 2020; Q. Guo et al., 2011; Roworth et al., 2015). 

It should be taken into account, however, that most of these experiments have been 

conducted under conditions where PAD4 activity was augmented by over-expression of 

the enzyme or modulation of calcium ion influx. The result described here may instead 

reflect the potential physiological activity of PAD4 under low-to-medium expression, 

which is a relatively less-studied area of PAD biology.  

Besides, most of the DEGs (10 out of 11) in WT-GSK484, which have significant Padj 

values but did not make the 2-fold change cut-off, were identified as potential E2F1-

targets through the analysis of E2F1 chromatin immunoprecipitation sequencing (ChIP-
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seq) data published as part of the ENCODE project (http://genome.ucsc.edu/ENCODE/) 

(Table S-1 and Figure S-2). This indicates that PAD4 may undertake a minor role as a 

transcription co-factor for E2F1-mediated gene regulation. 

In contrast to the WT-GSK484 condition, the E2F1cr-DMSO and E2F1cr-GSK484 

conditions demonstrated large numbers of significant DEGs over the control condition 

(WT-DMSO) (Figure 3-5B). It was fascinating to observe that the majority of these DEGs 

(419 upregulated and 244 downregulated) were shared between both E2F1cr-DMSO and 

E2F1cr-GSK484 conditions. This shared population of DEGs comprises 74.1 % of the 

total DEGs found in E2F1cr-DMSO and 81.0 % in E2F1cr-GSK484. Differential 

expression of these genes should be mainly regulated by E2F1 and not influenced by 

GSK484 treatment significantly. The rest of the DEGs, which were discovered uniquely 

in either E2F1cr-DMSO or E2F1cr-GSK484 group, are likely affected by the E2F1 

knockdown and/or PAD4 inhibition. Since no significant DEGs were found in WT-

GSK484 group, the impact of the PAD4-specific inhibitor treatment on the transcription-

based gene expression seems to be augmented in the absence of E2F1. PAD4 itself did 

not appear in the list of DEGs in this experiment, therefore those ‘unique’ DEGs observed 

were not a result of E2F1-mediated differential expression of PAD4. 

Additionally, we analysed the difference in average fold changes between the ‘shared’ 

and ‘unique’ populations of DEGs (Figure 3-6). Interestingly, the shared populations of 

up-regulated and down-regulated DEGs were shown to have significantly greater (higher 

and lower respectively) average fold change with wider distributions than unique 

populations in both E2F1cr-DMSO and E2F1cr-GSK484 conditions. Overall, the 

findings from these analyses may collectively reflect the importance of E2F1 as a master 

transcription factor; E2F1 has much greater genome-wide influence in terms of both the 

http://genome.ucsc.edu/ENCODE/
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number of its target genes and the magnitude of differential expression, as compared to 

PAD4 whose function was limited to a smaller number of genes and at a smaller scale. 

Next, we analysed up-regulated and down-regulated DEGs separately. Here, it was 

revealed that the total number of up-regulated DEGs was greater than that of down-

regulated DEGs in this RNA-seq (604 genes over 328) (Figure 3-5B). The same trend 

was found in the population shared between E2F1cr-DMSO and E2F1cr-GSK484, where 

419 genes were up-regulated compared to 244 down-regulated genes. On the other hand, 

when looking at DEGs uniquely found in E2F1cr-GSK484, there is not an apparent 

difference like other DEG populations and only slightly more DEGs were found to be 

down-regulated (87 genes) over up-regulated (69 genes) (Figure 3-5B). 

The list of DEGs was also mined to examine whether the affected genes were known to 

be bound by E2F1, using E2F1 ChIP-seq data deposited in the ENCODE project. The 

analysis revealed that only around 45 % of the whole population of DEGs were known 

E2F1-target(/bound) genes (Figure 3-5C and Figure 3-7A). Even for the DEGs shared 

between E2F1cr-DMSO and E2F1cr-GSK484, whose expressions should be primarily 

affected by the loss of E2F1 and not by PAD4 inhibition, the proportions of known E2F1-

targets were only 46.5 % in up-regulated and 34.8 % in down-regulated DEGs. For a more 

detailed analysis, we compared the intensity of differential expression between the known 

E2F1-targets and the other genes (Figure 3-7B and C). In both E2F1cr-DMSO and 

E2F1cr-GSK484 conditions, known E2F1-target up-regulated DEGs were found to have 

smaller average fold changes. There was no significant difference in down-regulated 

DEGs in both conditions.  
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Overall, more than half of the DEGs discovered in the RNA-seq were not identified as 

classical E2F1 target genes through the ChIP-seq analysis. The expression of such genes 

was likely regulated by E2F1 indirectly, for example, the loss of E2F1 may affect the 

expression of other transcription factor(s) which in turn results in these DEGs. However, 

this experiment alone could not eliminate the possibility that these genes were novel 

E2F1-targets, which requires to be confirmed by further characterisation. Nevertheless, 

the present result highlights the genome-wide impact and importance of E2F1-mediated 

transcription regulation, which appears to be extended beyond its target genes. Of great 

interest is that the known E2F1-target DEGs have significantly smaller average fold 

change in expression in up-regulated DEGs but not in down-regulated DEGs (Figure 3-7).  

Finally, we performed Gene Ontology (GO) analysis for DEGs identified in this RNA-

seq experiment to investigate biological processes and pathways affected by E2F1 

knockdown and/or PAD4 inhibition. In total, 42 pathways were enriched with the DEGs 

in two conditions (E2F1cr-DMSO and E2F1cr-GSK484) (Figure 3-8). It is interesting 

that the ‘positive regulation of cell motility/migration/adhesion’ pathways were enriched 

with up-regulated DEGs from E2F1cr-DMSO and E2F1cr-GSK484 conditions, since this 

finding is consistent with our recent finding that the loss of E2F1 resulted in dysregulated 

cell migration, invasion, and cell adhesion (Barczak et al., 2020). In this previous study, 

however, it was highlighted that E2F1-mediated regulation of cancer cell migration and 

invasion was dependent on PRMT5-mediated methylation. On the contrary, the present 

GO analysis showed this pathway was enriched in both E2F1cr-DMSO and E2F1cr-

GSK484, indicating that E2F1 alone can potentially modulate cell motility without help 

from PRMTs. There are also some pathways enriched specifically in each condition. For 

example, genes that were upregulated in E2F1cr-GSK484 condition were enriched for a 
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series of nucleoside/ribonucleoside catabolic processes, suggesting a novel involvement 

of the E2F1/PAD4 axis in cellular metabolic activities. It is important to note that GO 

analysis does not necessarily make a direct conclusion about biological consequences 

from the RNA-seq data, as RNA levels do not always correlate with protein levels. 

However, it is a useful tool to visualise how treatments or conditions influence different 

biological processes and can give a functional overview which helps us to narrow down 

candidates for affected pathways. 
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Figure 3-5 RNA-seq analysis for differentially expressed genes. 

(A) Heatmap to show the intensity of DEGs found in E2F1cr-DMSO and E2F1cr-GSK484, with 
adjusted P value < 0.01 and absolute fold change cut-off of log2 >1. No DEGs were found in WT-
GSK484 passing both of these cut-offs. (B) Venn diagrams showing the crossover of (i) up-
regulated and (ii) down-regulated DEGs found in different treatment conditions with respect to the 
control WT-DMSO condition, with adjusted P value < 0.01 and absolute fold change cut-off of 
log2 >1. (B) Venn diagrams showing the crossover of known E2F1-target (i) up-regulated and (ii) 
down-regulated DEGs with adjusted P value < 0.01 and absolute fold change cut-off of log2 >1.  
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Figure 3-6 Difference between unique and shared DEGs. 

(A) Box plots comparing the log2 fold changes between DEGs discovered uniquely in E2F1cr-
DMSO group and those shared between E2F1cr-DMSO and E2F1cr-GSK484. (B) Box plots 
comparing the log2 fold changes between DEGs discovered uniquely in E2F1cr-GSK484 group 
and those shared between E2F1cr-DMSO and E2F1cr-GSK484. For all plots, a box represents 
the interquartile range with a median value as a vertical line. Whiskers extended from each 
quartile show the minimum and maximum values. (* p < 0.05, **** p < 0.0001). 
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Figure 3-7 Difference between predicted E2F1-targets and other DEGs. 

(A) Venn diagrams showing the proportions of predicted E2F1-target genes in (i) up-regulated 
and (ii) down-regulated DEGs found in E2F1cr-DMSO and E2F1cr-GSK484. (B) Box plots 
comparing the log2 fold changes of DEGs between predicted E2F1-targets and other genes in 
E2F1cr-DMSO and (C) in E2F1cr-GSK484. (ns not significant, p >0.05, **** p < 0.0001). 
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Figure 3-8 Gene Ontology analysis of DEGs. 

Up-regulated and down-regulated DEGs in E2F1cr-DMSO and E2F1cr-GSK484 conditions from 
RNA-seq were analysed using RPGSEA package for Gene Ontology terms. The size of the circles 
represents the number of significant DEGs enriched in each pathway, and the colour of the circle 
indicates the p-value of the enrichment, both as described in the legend. 
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3.5 Bioinformatics Analysis of Alternatively Spliced Genes/Events 

PAD4 mediates the citrullination of E2F1 arginine residues, which were also targeted by 

PRMT1/PRMT5 for methylation (Ghari et al., 2016; Zheng et al., 2013). In a recent study, 

we have established that PRMT5-mediated methylation allows E2F1 to regulate 

alternative splicing (AS) of its target transcripts in combination with p100/TSN protein 

(Roworth et al., 2019). In addition, mounting evidence suggests that a number of RNA-

binding proteins were included among the substrates of PAD2 or PAD4 for citrullination 

in cells (Lewallen et al., 2015; Tanikawa et al., 2018). We therefore questioned whether 

PAD4-mediated citrullination of E2F1 also exhibited any impact on AS and decided to 

mine the present RNA-seq data with replicate MATS (rMATS) software, which allows 

one to analyse differential AS events from RNA-seq data (S. Shen et al., 2014). rMATS 

can discriminate the following five types of splicing events: exon skipping, intron 

retention, mutually exclusive exons, alternative 5’ splice sites, and alternative 3’ splice 

sites (Figure 1-8). For each splicing event, Δψ (delta PSI) was calculated to show a 

difference in splicing activity (percent spliced in) from experimental conditions (WT-

GSK484, E2F1cr-DMSO and E2F1cr-GSK484) against the control condition (WT-

DMSO). The splicing events with FDR less than 0.01 were considered to be statistically 

significant.  

The numbers of significant AS events and genes identified from rMATS analysis were 

displayed in a heatmap and Venn diagrams by different treatment conditions in Figure 

3-9. We observed a major impact of both PAD4 inhibition and E2F1 knockdown at the 

level of AS; in total 898 AS events derived from 721 genes were detected. Of great 

interest was the fact that PAD4 inhibition in WT cells (WT-GSK484) alone has a major 

influence on the splicing of genes. There were 230 genes targeted for AS in WT-GSK484 
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treatment, and 167 of them were unique in this treatment and not detected in E2F1cr-

DMSO and E2F1cr-GSK484. This contrasts with the DEG result where none of the genes 

was significantly differentially expressed in WT-GSK484 condition and suggests that 

PAD4 may regulate gene expression principally at the RNA processing level rather than 

transcription. In addition, when looking at numbers by different treatment conditions 

more globally, it was clear that the vast majority of splicing events were discovered 

uniquely in one of the three treatment conditions and only 131 AS events out of 898 were 

found in overlapping sets between two or more conditions. It is apparent that AS of many 

RNA transcripts was dependent on the E2F1/PAD4 axis, but their interplay appears to be 

intricate and context-dependent. This bioinformatic analysis itself cannot conclude 

whether this splicing regulation was dependent on the citrullination of E2F1 itself, and 

further biochemical experiments were essential to elucidate its mechanistic details. 

Next, alternatively spliced genes were filtered onto E2F1 targets by analysing ENCODE 

E2F1 ChIP-seq data (Figure 3-10A). Interestingly, 78 % of total AS genes from the RNA-

seq were identified as known E2F1-target/bound genes (Figure 3-10B). Even in WT-

GSK484 where the E2F1 level was not modulated, 73 % of spliced genes were still 

identified as known E2F1 targets. Considering only less than half of the DEGs resulting 

from E2F1 knockdown were known E2F1-targets, this percentage is significantly higher 

and may reflect the general importance of E2F1 in the AS regulation at the genome-wide 

scale.  

In addition, we compared the lists of alternatively spliced genes and DEGs from the same 

RNA-seq experiment (Figure 3-11). Interestingly, 97 % of the AS genes did not make the 

P-value and 2-fold change cut-off for differential expression, leaving only 3 % of genes 

that were significantly regulated at both transcription and alternative splicing. A similar 
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phenomenon was observed in our E2F1 arginine methylation study, in which we 

described that genes targeted by E2F1/PRMT5 for AS were often poor targets for 

transcription regulation (Roworth et al., 2019). Together, E2F1 seems to regulate 

completely different subsets of its targets via independent mechanisms; one group of 

genes whose expression is heavily dependent on E2F1 transcriptional activity, and 

another group containing genes that represent poor transcription targets and thus are 

regulated principally through AS.  

Next, to quantitatively analyse the impact of each treatment condition on AS, we 

classified the significant AS events into three sub-groups based on their |ΔΨ| values: 

‘strong’ with |ΔΨ| > 0.5, ‘moderate’ with 0.5 > |ΔΨ| > 0.3, and ‘weak’ with 0.3 > |ΔΨ| > 

0.1. Splicing events with |ΔΨ| < 0.1 were considered ‘insignificant’ and removed for this 

analysis. The numbers and proportions of AS events by these categories were shown in 

the bar charts in Figure 3-12A. When looking at the total numbers of significant splicing 

events (including ‘strong’, ‘moderate’, and ’weak’), the E2F1cr-DMSO condition had the 

highest number and was followed by E2F1cr-GSK484 then WT-GSK484. Interestingly, 

no significant difference was observed between these conditions in terms of the number 

of ‘strong’ events, and this means that WT-GSK484 has the highest proportion of ‘strong’ 

splicing events which is followed by E2F1cr-GSK484 then WT-GSK484. This trend is 

also apparent in the |ΔΨ| distribution graph (Figure 3-12B), where the mean |ΔΨ| value 

for WT-GSK484 was significantly higher than those of E2F1cr-DMSO and E2F1cr-

GSK484. This analysis revealed that PAD4 inhibition had a greater impact on the strength 

of AS, while the loss of E2F1 instead affect larger numbers of targets.  

One of the advantages of rMATS analysis is that this software can discriminate various 

types of splicing events. Figure 3-13A illustrates the proportion of the spliced genes by 
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five different splicing types; skipped exon (SE), retained intron (RI), mutually exclusive 

exons (MXE), alternative 5’ splice sites (A5SS), and alternative 3’ splice sites (A3SS). 

For all three treatments, SE, which is known to be the most common splicing event in 

mammals, composes the majority of AS events. The E2F1cr-DMSO treatment had higher 

percentages of MXE and A3SS than those of the other two groups, while the E2F1cr-

GSK484 treatment had the highest proportion of A5SS among all. The highest number of 

RI was found in WT-GSK484. Figure 3-13B showed the box plots of |ΔΨ| distribution by 

different types of splicing events in each treatment condition and total. It is apparent RI 

events hold the highest mean |ΔΨ| values in all conditions; the highest amongst five 

splicing types in E2F1cr-DMSO and E2F1cr-GSK484, and the second highest in WT-

GSK484 where A5SS recorded the highest. MXE in turn has the lowest |ΔΨ| values in 

WT-GSK484 and E2F1cr-DMSO groups. When all the spliced events in three conditions 

were combined, two splicing event types, RI and MXE, have a significant difference in 

|ΔΨ| compared to the mean of the total (Figure 3-13B (iv)).  

Finally, Gene Ontology (GO) analysis was performed for the alternatively spliced genes 

identified through rMATS analysis to uncover biological pathways potentially impacted 

by splicing regulation mediated through the E2F1/PAD4 axis. The analysis revealed 

several pathways enriched in each treatment group through the GO analysis, as shown in 

Figure 3-14. Since only a small number of genes were spliced in more than one treatment 

condition, there were no pathways over-represented in more than one treatment. 

Interestingly, classic E2F1-regulated pathways such as cell cycle regulation were not 

found to be enriched in this RNA-seq analysis, and enriched pathways for splicing GO 

analysis were quite distinct from GO analysis using the DEGs from the same RNA-seq. 

This again supports the hypothesis that E2F1 regulates two independent groups of genes 
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through transcription and AS respectively. Outcomes of E2F1-mediated transcription 

regulation and splicing regulation seem to be independent of each other and complex, and 

further analysis is needed. There are some important biological pathways enriched with 

spliced genes in each condition. For example, AS genes in WT-GSK484 condition over-

represent pathways like the regulation of the immune system process, metabolism of 

some amino acids, and lysosome transport. As previously mentioned, GO analysis is still 

a loose term and needs to be carefully assessed and validated at biochemical levels. The 

result nonetheless indicates a potential activity of PAD4 in a wide spectrum of biological 

processes in cancer cells through the regulation of AS, whereas future study still needs to 

prove such biological outcome. 
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Figure 3-9 RNA-seq analysis for alternative splicing (AS) of transcripts. 

                             Δψ                                      <                    
treatment conditions with reference to the control WT-DMSO group. Stronger splicing events were 
indicated with darker red colour, and weaker ones were shown with paler pink/white colour. (B) 
Venn diagrams showing significant (FDR < 0.01) (i) AS genes and (ii) AS events grouped by the 
treatment conditions with respect to WT-DMSO. 
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Figure 3-10 E2F1 ChIP-seq analysis for AS genes from RNA-seq. 

(A) Venn diagrams illustrating the overlaps of significant AS (i) E2F1-target genes and (ii) E2F1-
target events grouped by treatment conditions with respect to WT-DMSO. (FDR < 0.01) (B) Venn 
diagrams showing the percentages of E2F1-target genes from which alternative splicing events 
were derived, grouped by three treatment groups with respect to the control WT-DMSO group. 
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Figure 3-11 Comparison between AS genes and DEGs. 

Comparison between alternative spliced genes from rMATS analysis and DEGs from DESeq 
analysis. (A) The proportions of alternatively spliced genes from a total population which also 
appeared as DEGs in RNA-seq. (B) The proportions of alternatively spliced genes from E2F1cr-
DMSO which also appeared as DEGs in RNA-seq. (C) The proportions of alternatively spliced 
genes from E2F1cr-GSK484 which also appeared as DEGs in RNA-seq. 
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Figure 3-12 Quantitative analysis of AS events by treatments. 

(A) The bar graphs showing (i) the numbers and (ii) proportions of significant alternative splicing 
            <       |ΔΨ| >               q                                |ΔΨ|                  
legends). (B) The box plots sh                          |ΔΨ|                              
represents the interquartile range with the median value as a vertical line. Whiskers extended 
from each quartile show the minimum and maximum values.  
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Figure 3-13 Alternative splicing analysis by different splicing types. 

(A) The bar graphs showing the proportions of different types of alternative splicing events 
                                                                             |ΔΨ|                 
five types of splicing events in three treatment groups ((i) WT-GSK484, (ii) E2F1cr-DMSO, and 
(iii) E2F1cr-GSK484) and (iv) total of three. Box represents the interquartile range with a median 
value as a vertical line. Whiskers show the minimum and maximum values. Significance of the 
                            |ΔΨ|    each splicing type and that of the total population (indicated 
as the dot vertical line) was determined by t-test and indicated at the top of respective boxes (* p 
< 0.05, ** p < 0.005).  
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Figure 3-14 Gene Ontology analysis of AS targeted transcripts. 

Genes from which significant alternatively spliced transcripts were derived (FDR < 0.01) were 
analysed with the RPGSEA package for Gene Ontology terms. The size of the circle represents 
the number of significant spliced genes enriched in each pathway, and the colour of the circle 
shows the P-value of the enrichment, both as indicated in the legend. 
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3.6 Chapter Summary 

After carefully controlling the RNA quality of biological triplets (Figure 3-3A), an RNA-

seq experiment was successfully performed in HCT116 WT and E2F1cr cells with the 

PAD4-specific inhibitor GSK484 treatment, and we examined the genome-wide 

influence of the E2F1/PAD4 interplay. The obtained RNA-seq data was first mined for 

differentially expressed genes (DEGs) (Figure 3-5). Interestingly, PAD4 inhibition in WT 

cells did not exhibit a significant impact on gene expression. This contrasts with several 

previous reports indicating that PAD4 can regulate the transcription of various genes 

through the citrullination of histones and some transcription factors/co-factors (Cuthbert 

et al., 2004; Ghari et al., 2016; Y. Wang et al., 2004; X. Zhang et al., 2011). This is 

probably because these studies were mostly performed in conditions with the ectopic or 

over-expression of PAD4 or the treatment of calcium ionophore, and our result here 

suggests that PAD4 without abnormal or over-expression might not be sufficient to exert 

its function as a transcription co-factor. 

On the contrary to WT-GSK484 treatment, there were large numbers of DEGs discovered 

in the E2F1cr-DMSO and E2F1cr-GSK484 conditions (Figure 3-5). The majority of these 

DEGs were shared between both conditions, most likely reflecting the significant role 

that E2F1 plays as a master transcription regulator. It is also noteworthy that some DEGs 

were uniquely found in either E2F1cr-DMSO or E2F1cr-GSK484, and these DEGs 

should be influenced by E2F1 and PAD4 activity. Given that no significant impact at the 

level of differential expression was found in WT-GSK484, and PAD4 was not amongst 

the DEGs, there might exist a yet-unknown mechanism by which E2F1 masks PAD4’s 

activity as a transcriptional co-factor, potentially by modulating the protein-protein or 

epigenetic interactions. 
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It has been established that E2F1 can function as either a transcriptional activator or 

suppressor depending on the cellular contexts (Fang et al., 2020; Roworth et al., 2015). 

Our RNA-seq discovered a larger number of up-regulated DEGs as compared to down-

regulated DEGs (Figure 3-5B), indicating that E2F1’s function as a transcription 

suppressor is more susceptible to genomic knockdown than its activator role. Given that 

E2F family members reportedly have functional redundancy to one another (Fang et al., 

2020; Roworth et al., 2015), this result may suggest that other E2F members may 

represent greater levels of redundancy for the E2F1’s transactivation activity and it might 

be more difficult to compensate its gene suppressing activity. Interestingly, this tread was 

not apparent for DEGs uniquely found in E2F1cr-GSK484, whereby only slightly greater 

number of DEGs were discovered to be down-regulated (87 genes) over up-regulated (69 

genes) (Figure 3-5B). PAD4-mediated transcription regulation has been mainly studied 

through histone citrullination (Cuthbert et al., 2004; Y. Wang et al., 2004), where both 

activating and silencing effects were reported. Since this population of DEGs should be 

influenced by both E2F1 and PAD4, the result may reflect this versatile function of PAD4 

as a transcription regulator.  

More than half of the DEGs found in this RNA-seq did not appear to be direct E2F1-

targets through ENCODE E2F1 ChIP-seq analysis (Figure 3-7). Subsequent analysis has 

revealed that this population of E2F1-regulated genes was affected by the E2F1 loss at an 

even greater magnitude than the classical E2F1-targets (Figure 3-7), highlighting the 

significant impact of the E2F1 knockdown even on the genes whose expression is not 

directly modulated by E2F1. We had previously hypothesized that the activity of E2F1 

as a transcriptional repressor might not be as effectively substituted by other E2Fs as its 

role as an activator. The present finding further supports this hypothesis and potentially 
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provides a mechanistic insight; E2F1, acting as a transcriptional repressor, may regulate 

the expression of a larger number of genes with greater magnitude through indirect 

mechanisms than as an activator. As this regulation is indirect, other E2F members may 

not exhibit a significant degree of functional redundancy. 

Inspired by our previous study regarding E2F1 methylation, as well as the potential 

interplay between methylation and citrullination (Ghari et al., 2016; Roworth et al., 2019), 

the RNA-seq data was also analysed for alternative splicing (AS) of RNA transcripts. We 

uncovered that hundreds of AS events were deregulated by PAD4 inhibition and E2F1 

knockdown (Figure 3-9). Most of them were detected in one of the treatment conditions 

and only a limited number of transcripts were alternatively spliced significantly in two or 

more conditions, indicating an intricate nature of the E2F1/PAD4 in this AS regulation.  

Unlike DEG analysis, this rMATS analysis identified a large number of significant AS 

events in the WT-GSK484 treatment (Figure 3-9). Current understanding of the 

intracellular PAD4 activity in normal physiology remains quite limited, and some may 

even consider this Ca2+-dependent enzyme inactive in such conditions due to the low 

concentrations of Ca2+ ions in normal cells. Having said that, this study instead indicates 

a potential physiological role that PAD4 with low-to-medium expression undertakes in 

principally regulating gene regulation at the level of mRNA splicing rather than in a 

transcription-based mechanism.  

In addition, E2F1 ChIP-seq analysis has elucidated that around 78 % of total AS events 

regulated by PAD4 were identified to be derived from known E2F1-target genes (Figure 

3-10). This proportion is much higher than that of DEGs identified in the RNA-seq 

(Figure 3-7) and thus emphasises the significance of the E2F1 activity in AS regulation. 
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The result also provides an implication that the direct association between E2F1 and the 

chromatin of target genes might be integral to the E2F1-dependent AS perturbations, for 

example via the recruitment of the spliceosome complex or splicing factors, and 

emphasises the need for future investigation. This would be consistent with our previous 

finding that DNA-binding domain was required for E2F1 to interact with components of 

the splicing machinery (Roworth et al., 2019). 

We also examined the impact of each treatment condition by a quantitative analysis, and 

demonstrated that the mean |ΔΨ| value of AS events in the WT-GSK484 condition was 

significantly higher than those of E2F1cr-DMSO and E2F1cr-GSK484 (Figure 3-12). On 

the contrary, the E2F1cr-DMSO condition had the highest total numbers of significant 

splicing events and was followed by E2F1cr-GSK484 then WT-GSK484 (Figure 3-12). 

This analysis revealed that PAD4 inhibition had a greater impact on the strength of AS, 

while the loss of E2F1 instead affect larger numbers of targets. This finding potentially 

reflects the difference in roles for AS regulation between PAD4 and E2F1; PAD4 could 

play a more direct mechanistic role to control AS, and E2F1 may be involved with a more 

indirect process such as target selection and recruitment of other proteins.  

Furthermore, the vast majority of alternatively spliced transcripts were not differentially 

expressed (Figure 3-11). E2F1 is therefore likely to regulate two independent subsets of 

genes via distinct mechanistic pathways; one group is consisting of genes regulated in the 

transcription-based mechanism, and the other group of genes are poor transcription 

targets and primarily regulated at the level of AS.  

Overall, we successfully observed a significant genome-wide influence of PAD4 

inhibition and E2F1 knockdown in cancer cells. Most noteworthy, we have established 
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that the E2F1/PAD4 axis plays an important novel role in regulating AS, and many target 

RNA transcripts were derived from known E2F1-targets. However, the bioinformatic 

analysis alone is insufficient to fully elucidate the mechanistic details of this regulation. 

Further biochemical experiments are required to answer key questions, such as whether 

the regulation is directly dependent on PAD4-mediated citrullination of E2F1, as well as 

which downstream splicing factors are involved. 
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4.1 Introduction 

In Chapter 3, we performed an RNA-seq experiment with the PAD4-specific inhibitor 

GSK484 treatment in WT and E2F1cr HCT116 cells and successfully demonstrated a 

significant genome-wide impact of E2F1 knockout and PAD4 inhibition. A large number 

of genes were differentially expressed in E2F1cr-DMSO and E2F1cr-GSK484 (Figure 

3-5). Interestingly, only less than half of them were predicted E2F1 targets through E2F1 

ChIP-seq analysis, indicating that many genes were indirectly influenced by the E2F1 

activity potentially through the gene regulation of other transcription factors or co-factors 

(Figure 3-7). In addition, the rMATS analysis revealed that the E2F1/PAD4 axis regulated 

the expression of numerous E2F1-target genes through alternative splicing (AS) (Figure 

3-9). Interestingly, most of the genes targeted for splicing were not significantly 

differentially expressed, suggesting E2F1 regulates different subsets of its target genes in 

transcription-based and AS-based mechanisms respectively (Figure 3-11).  

However, it is important to acknowledge that RNA-seq experiments and their subsequent 

analyses may be susceptible to various sources of bias or erroneous signals, potentially 

leading to false positives. For example, RNA fragmentation might produce length biases, 

and the subsequent library amplification step could be affected by a primer bias of random 

hexamers. Some, therefore, argue that it would be crucial to validate RNA-seq results by 

a parallel method, such as Quantitative Reverse Transcription PCR (RT-qPCR). RT-

qPCR is a modified protocol of PCR which allows one to quantitatively measure RNA 

content. The RNA sample is first reverse transcribed into complementary DNA (cDNA) 

by a reverse transcriptase enzyme, and the subsequent qPCR experiment uses this cDNA 

as a template to estimate the amount of the original RNA. Unlike RNA-seq, RT-qPCR is 

only capable of detecting a single gene with known sequences per experiment, and thus 
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is not suitable for a large-scale screening experiment to discover novel target genes. 

Nevertheless, to confirm or measure the expression of a relatively small number of known 

genes, this method becomes the first choice as it would be much more cost-effective and 

less time-consuming. It is worth noting, however, that the need for RNA-seq validation 

remains under debate (Coenye, 2021). Those who disagree with its necessity often claim 

that RT-qPCR results have higher variances, making them difficult to reproduce, while 

the normalization process during RNA-seq is sufficient to remove any potential biases, if 

any.  
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4.2 Primer Design for RT-qPCR Validation. 

Given the splicing perturbations observed in our RNA-seq experiment that are dependent 

on the E2F1/PAD4 axis, our next focus was to investigate the underlying mechanistic 

details. We hence concluded that it would be ideal to validate some of the E2F1/PAD4-

regulated AS events by RT-qPCR, which should permit downstream experiments to 

characterise the interplay between E2F1 and PAD4. A series of RT-qPCR validation 

experiments were therefore performed the AS events identified through the rMATS 

analysis of the RNA-seq dataset. 

Figure 4-1 explains how primers were designed for the AS validation using the Primer-

BLAST tools (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). Two pairs of primers 

were designed for each AS event so that they can separately detect the two variants of an 

RNA transcript resulting from a single AS event (e.g. inclusion or exclusion of an exon 

of interest). Generally, each primer pair is designed to generate a PCR product spanning 

a specific exon-exon or exon-intron junction that is uniquely found in the target RNA 

variant. For example, Figure 4-1A shows the primer design for the exon 2 skipping of the 

SPIN1 gene. Here, the inclusion pair recognises a junction between the exon 1 and 2. On 

the other hand, the exclusion pair’s product would span the junction between exon 1 and 

3, which would only exist in the transcripts undergoing exon 2 skipping. Since these 

junctions are possessed by different splicing transcripts in a mutually exclusive manner, 

the ratio of such inclusion/exclusion variants should correspond to the magnitude of the 

respective splicing event and provide a good statistical measurement. Ideally, these 

inclusion and exclusion pairs share either forward or reverse primers (Figure 4-1B) in 

order to avoid potential unwanted biases resulting from different annealing affinities of 

primers. When this is not possible, different primers were used for inclusion and exclusion 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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pairs (Figure 4-1B), but the PCR product size was controlled to be around 100 nt. Primers 

for a retained intron event were designed in a similar fashion, as shown in Figure 4-1C. 

We selected some AS events from the RNA-seq and designed primers for these events to 

be validated by RT-qPCR by focusing on skipped exons (SE), which consists of the 

majority of the spliced events, and retained introns (RI), which often inserts early stop 

codons thus likely has a greater impact on the resultant protein structure than other splice 

events. Additionally, the subsets of splicing events with higher delta psi values were 

favourably selected for validation as a greater change in exon or intron usage should 

theoretically be easier to detect by RT-qPCR. The list of selected spliced genes is shown 

in Figure 4-2.  
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Figure 4-1 Primer design for RNA-seq validation experiment by RT-qPCR. 

A diagram showing structure and splice variants of AS target genes with an indication of primers 
for their RT-qPCR validation. Shaded boxes represent the translated exons, and unshaded boxes 
illustrate untranslated exons. Primers to detect inclusion of exon/intron were shown in red arrows, 
and those for exclusion in blue ones. Long arrows represent primers that span the indicated exon-
exon or exon-intron junctions. (A) SPIN1 exon 2 skipping, (B) EXOC4 exon 7 skipping, and (C) 
SNAP23 intron 3-4 inclusion. 
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Figure 4-2 Examples of alternatively spliced genes identified in RNA-seq. 

Venn diagram showing the number of significant (FDR < 0.01) AS genes in different treatment 
conditions with reference to the WT-DMSO control, as well as displaying some example genes. 
Genes in the box (RBM25, SPIN1, SNAP23 and EXOC4) were examples for which RT-qPCR 
validation results were shown in Figure 4-3.  
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4.3 RT-qPCR Validation of AS events identified in RNA-seq. 

We performed RT-qPCR experiments to validate AS events identified through the 

rMATS analysis of the RNA-seq data. cDNA templates were freshly prepared from the 

original sequenced RNA samples derived from HCT116 WT and E2F1cr cells treated 

with GSK484 or DMSO. An RT-qPCR experiment using these cDNA samples then 

measured the delta threshold cycle (ΔCT) value for each splice variant over a reference 

gene (GAPDH). The inclusion/exclusion (I/E) ratio for exon or intron of interest was 

calculated in ΔΔCT (difference in ΔCT values between inclusion and exclusion transcript 

variants) as a quantitative measurement of each AS event, and presented in the form of 

fold enrichment as 2-ΔΔCt. Figure 4-3 shows the result of RT-qPCR validation for four 

example genes (EXOC4, RBM25, SPIN1, SNAP23). Even though we were able to see a 

trend of changes in their I/E ratios consistent with what we observed in the RNA-seq, 

large variations between biological repeats and small differences between treatments 

meant that the result did not pass the significance threshold despite multiple rounds of 

repeat experiments.  

As a potential way to improve the RT-qPCR results, we decided to perform the same 

experiment in the background of p53 knockout (HCT116 p53-/- cells). The p53 protein 

is a transcription factor and is most famously known as a tumour suppressor (Zilfou & 

Lowe, 2009). Functionally, p53 suppresses the expression of various genes related to cell 

cycle progression, and in response to DNA damage, can activate apoptotic pathways by 

up-regulating genes including BAX, PUMA and NOXA (Riley et al., 2008). Not 

surprisingly, this tumour suppressor gene is mutated in more than half of human cancers, 

and correspondingly many of the cancer cell lines do not also have active p53 proteins in 

their genomes. HCT116 cell line expresses wildtype p53 protein, but HCT116 p53-/- cell 
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line with p53 knockdown is also known and used as a colorectal cancer model in multiple 

studies including previous work from our research group (Barczak et al., 2020). The 

authors demonstrated the impact of PRMT5-dependent methylation on the E2F1-

regulated transcriptome. Interestingly, this similar RNA-seq in HCT116 p53-/- cells with 

the PRMT inhibitor treatment detected a much larger number of AS events; for example, 

when examining the E2F1cr-DMSO condition with respect to WT-DMSO condition, 

almost three times as many AS events were discovered HCT116 p53-/- cells compared to 

the present RNA-seq in HCT116 p53+/+ cells (Figure S-3). Considering that p53 plays a 

significant role in inducing apoptosis, one can hypothesise that p53-deficient cells might 

be less sensitive to AS disturbance-induced apoptosis, and thus a greater level of splicing 

changes might be observed in HCT116 p53-/- cells. We therefore reasoned to continue 

investigating whether E2F1/PAD4-regulated AS events could be validated by RT-qPCR 

in HCT116 p53-/- cells.  

HCT116 p53-/- WT and E2F1cr cells, which were previously generated in the lab 

(Barczak et al., 2020), were treated with 10 µM GSK484 or DMSO (negative control) for 

72 hours, matching the condition in which the RNA-seq experiment was carried out in 

HCT116 p53+/+ cells. The expression of E2F1 and PAD4 was confirmed by 

immunoblotting (Figure S-4), and the FACS analysis confirmed that the PAD4-specific 

inhibitor at this concentration and incubation time did not significantly affect the cell 

cycle states of HCT116 p53-/- cells (Figure S-5). Biological triplicates of RNA samples 

were purified and reverse-transcribed to cDNA templates, which were then used in RT-

qPCR to validate the AS events from the RNA-seq. This switch of cell line indeed 

improved the results, and we successfully validated several AS events to be regulated by 

the E2F1/PAD4 axis in HCT116 p53-/- cells (Figure 4-4). One of the validated AS events 
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were skipped exon 7 (SE7) of EXOC4. In the RNA-seq, this transcript was discovered to 

be alternatively spliced in all three treatment conditions with positive delta psi (percent 

spliced in) values (Figure 4-4A (ii)), meaning that both PAD4 and E2F1 up-regulate the 

inclusion of this AS-target exon. The RT-qPCR experiment here confirmed that the I/E 

ratio of this exon was significantly increased in all three conditions over the control WT-

DMSO condition in HCT116 p53-/- cells (Figure 4-4A (iii)), therefore validated the 

RNA-seq result in accord. However, this is not the case for all the validated AS genes. 

For example, the exon 2 inclusion of RBM25 was increased significantly only in the WT-

GSK484 treatment in the RNA-seq, but the RT-qPCR result suggested that this was also 

up-regulated in the E2F1cr-DMSO and E2F1-GSK484 treatments (Figure 4-4B). For 

SPIN1, the RNA-seq indicated the psi value for its skipped exon 3 was negative in WT-

GSK484 condition, meaning this treatment condition promoted the exclusion of this exon. 

However, under RT-qPCR the I/E ratio was verified to be increased in all three treatments. 

The trend we found in changes in each AS event was the same between HCT116 p53+/+ 

and p53-/- cell lines, but the latter demonstrated it with greater magnitudes and smaller 

variations (Figure 4-3 and Figure 4-4). Even though we cannot disregard the relevance of 

the p53 protein which should affect cell physiology in many ways, it should be 

emphasised that our current objective is to elucidate the molecular mechanism underlying 

how PAD4 and E2F1 regulate AS, and the purpose of the RT-qPCR validation experiment 

was to find the E2F1/PAD4-regulated AS events which can be manipulated in 

downstream experiments. For this basis, we reasoned to continue using HCT116 p53-/- 

cells where we successfully validated several AS events with good reproducibility. 

For 4 splicing-target genes (EXOC4, RBM25, SPIN1, and SNAP23) with good validation 

results, the total levels of RNA transcripts were measured by RT-qPCR. The Ensembl 
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genome database (CRCh37) was mined to find a constitutive exon shared amongst all 

RNA transcripts from each gene, against which a primer pair for RT-qPCR was designed. 

As illustrated in Figure 4-5, the total expression of these 4 genes was not significantly 

impacted under any of the treatment conditions. This result was consistent with the RNA-

seq analysis of DEGs and also confirmed the AS changes of these transcripts were not an 

indirect result of differential expression.  

We also mined the database of the National Library of Medicine (https://www.ncbi.nl

m.nih.gov/gene) to investigate the known functions and annotations of proteins and splice 

variants derived from the validated genes (EXOC4, RBM25, SPIN1, and SNAP23) 

(Table 4-1). EXOC4 is probably the most characterised gene out of the four and seems to 

be involved in many biological pathways as a component of the Exocyst complex 

(Martin-Urdiroz et al., 2016; Tanaka et al., 2017). RBM25 is an RNA binding protein 

which reportedly has a role in alternative splicing, indicating a potential feedback 

mechanism through splicing of splicer (Carlson et al., 2017; Y. Ge et al., 2019). Even 

though the database did not identify annotations for specific splice variants from each 

gene, the analysis highlighted that all validated genes have some roles in major cellular 

pathways and are reportedly deregulated in multiple diseases including cancers (Table 

4-1). Given such biological and pathological relevance, we decided to continue using 

these four validated genes for subsequent experiments. 

  

https://www.ncbi.nlm.nih.gov/gene
https://www.ncbi.nlm.nih.gov/gene
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Figure 4-3 RT-qPCR validation for AS genes in HCT116 cells. 

Several AS events identified in the RNA-seq were analysed by RT-qPCR using specific primers. 
N = 3 (the same RNA samples sent for the RNA-seq). (A) EXOC4 SE, (B) RBM25 SE, (C) SPIN1 
SE, and (D) SNAP23 RI. (i) gene stricture, (ii) psi values from the RNA-seq, and (iii) the 
inclusion/exclusion ratio (absolute fold enrichment) by RT-qPCR. (± S.D.). 
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Figure 4-4 RT-qPCR validation for AS genes in HCT116 p53-/- cells. 

WT and E2F1cr HCT116 p53-/- cells were treated with 10 µM GSK484 (or DMSO) for 72 hours, 
and RNA was isolated. Several AS events identified in the RNA-seq were analysed by RT-qPCR 
using specific primers. N = 3. (A) EXOC4 SE, (B) RBM25 SE, (C) SPIN1 SE, and (D) SNAP23 
RI. (i) gene stricture, (ii) psi values from the RNA-seq, and (iii) the inclusion/exclusion ratio 
(absolute fold enrichment) by RT-qPCR. (± S.D. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 
0.0001). 
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Figure 4-5 Total expression of AS genes in HCT116 p53-/- cells. 

The RNA samples of HCT116 (p53-/- cells) used in Figure 4-4 were again analysed by RT-qPCR 
using primers specific to each constitutive exon of the(A) EXOC4, (B) RBM25, (C) SPIN1, and 
(D) SNAP23 genes, to measure the total expression (relative to WT-DMSO) of each gene. N = 3. 
(± S.D.) 
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Figure 4-6 The validated AS genes were E2F1 targets. 

Screenshots from UCSC Genome Browser (http://genome.ucsc.edu, GRCh37/h19 assembly) 
(Kent et al., 2002) illustrating the gene structures of (A) EXOC4, (B) RBM25, (C) SPIN1, and (D) 
SNAP23, with indicated E2F1 ChIP-seq peaks (grey boxes) from the data deposited on the 
ENCODE project (http://genome.ucsc.e du/ENCODE/). The indicated binding sites were used to 
design primers for the ChIP experiment (Figure 4-7 and Figure 4-8); shown as arrows below each 
binding sites.  

(A) EXOC4

(B) RBM25

(C) SPIN1

(D) SNAP23

http://genome.ucsc.edu/
http://genome.ucsc.edu/ENCODE/
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Table 4-1 Functions of validated AS genes from the RNA-seq. 

 

For each of the validated AS genes (EXOC4, RBM25, SPIN1, and SNAP23), the known 
physiological and pathological and their splicing events identified in RNA-seq with annotations 
were described. Functional annotations were provided by the RefSeq database from the National 
Centre for Biotechnology Information (NCBI) website (https://www.ncbi.nlm.nih.gov/refseq/) 
  ’              2016).  
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4.4 E2F1 binds to the promoters of its AS target genes. 

All of the four validated AS genes (EXOC4, RBM25, SPIN1, and SNAP23) were 

identified as E2F1-targets through the ENCODE ChIP-seq analysis (Figure 4-6). We 

decided to confirm this by performing E2F1 ChIP experiments in HCT116 p53-/- cells 

using primers targeting the E2F1-binding sites proposed in this ChIP-seq data (Figure 

4-6). First, to examine whether E2F1 binds to the AS target promoters at all, an E2F1 

ChIP experiment was performed in untreated HCT116 p53-/- cells, and the 

immunoprecipitated chromatin was analysed by qPCR for the indicated E2F1-binding 

sites for the AS genes (EXOC4, SPIN1, and SNAP23) and CDC6 (an established E2F1-

target for transcriptional regulation) as a positive control. The result demonstrated the 

association of E2F1 with the EXOC4 and CDC6 promoters, whilst no significant binding 

was observed at the SPIN1 and SNAP23 promoters (Figure 4-7).  

Since the ENCODE project contained a collection of E2F1 ChIP-seq experiments from 

multiple tissue sources, E2F1 may only bind to the SNAP23 and SPIN1 genes in a tissue-

dependent manner and not in HCT116 p53-/- cells. Conversely, given the transcriptional 

activity of E2F1 widely regulated by various mitogenic factors and different types of post-

translational modifications (PTMs) (Dubrez, 2017; Roworth et al., 2015), it would not be 

inconceivable that the E2F1 binding to its spliced targets is also influenced by similar 

stimuli. Citrullination is among the PTMs that affect the interaction between E2F1 and 

chromatin, where citrullinated E2F1 was reportedly localised at the pro-inflammatory 

genes and promoted their expression (Ghari et al., 2016). We thus questioned whether 

PAD4 plays any role in modulating the E2F1-chromatin association at the AS target 

promoters and carried out another round of E2F1 ChIP with different levels of the PAD4 

activity.  
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A group of HCT116 p53-/- cells were transfected with HA-PAD4 plasmids to increase 

the intracellular expression of PAD4 (Figure 4-8B). Another group is treated with 10 µM 

GSK484 for 48 hours after the HA-PAD4 transfection, and these two experimental groups 

were analysed with reference to the control group of untreated cells expressing an empty 

plasmid vector. Cells from each condition were lysed and incubated with either HA, E2F1, 

or IgG antibodies, and the IP-ed chromatin was analysed by qPCR. The result for a 

positive control gene CDC6 showed a good binding of E2F1 to its promoter region in all 

conditions, proving the ChIP experiment successfully pulled down E2F1-associated 

chromatins (Figure 4-8A). We observed the E2F1 enrichment at the EXOC4 promoter as 

well as SNAP23 this time in the untreated cells, but only with a small magnitude. 

Of profound interest was that the E2F1-chromatin interaction was significantly enhanced 

by the ectopic expression of PAD4. This impact was found at the EXOC4, SNAP23, and 

CDC6 promoters, but not at SPIN1. Importantly, we further demonstrated that the 

subsequent GSK484 treatment in PAD4 overexpressing cells can impair this enhanced 

interaction between E2F1 and target promoters, whereby the E2F1 enrichment at the 

EXOC4 and SNAP23 was decreased by almost 3-fold. This result clearly suggests that 

PAD4-driven citrullination is a crucial factor in the regulation of E2F1 association with 

its AS target genes.  

Interestingly, the effect of GSK484 destabilising the E2F1-chromatin interaction was not 

observed for the CDC6 promoter. We thus hypothesised that the citrullination of E2F1 

may have different degrees of impact for its transcription targets from those targeted for 

AS-based regulation. To test this, we checked the binding of E2F1 to the promoters of 

additional transcriptionally regulated targets, including CDC25A and TK. A similar result 

to the CDC6 promoter was found for the TK gene, where the GSK484 treatment did not 
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exhibit an effect to reduce the E2F1 enrichment enhanced by the HA-PAD4 expression 

(Figure 4-9). However, at the CDC25A promoter, E2F1 binding was significantly reduced 

and returned to the control level after PAD4 activity was inhibited (Figure 4-9). This 

result was probably insufficient to draw a conclusion, but it at least indicates the model 

of stronger interactions at the transcription targets and weaker interactions at the AS target 

might be too simplified.  

In addition to E2F1, we also conducted an HA-PAD4 ChIP experiment. Even though 

there was a remarkable influence of dynamic PAD4 activity observed in the E2F1-

chromatin interaction, the present result indicated no significant enrichment of HA-

tagged PAD4 at the target promoters over IgG in any treatment conditions (Figure 4-8).  

Overall, it has been demonstrated that PAD4 plays a pivotal role in modulating the 

interaction of E2F1 with the AS target promoters, which may be a key component of the 

mechanisms underlying the E2F1/PAD4-dependent AS perturbations. However, it is 

noteworthy that no E2F1 binding was observed at the SPIN1 promoter, indicating that 

E2F1 and PAD4 can also regulate splicing of their target genes through other pathways, 

and there should be at least a mechanism independent of the E2F1-chromatin association.  
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Figure 4-7 E2F1 binds to AS target promoters. 

Untreated HCT116 cells were immunoprecipitated using an anti-E2F1 antibody, and analysed by 
qPCR using the specific primers for the E2F1 binding sites indicated in the UCSC Genome 
Browser (Figure 4-6). The results are displayed in the form of relative fold enrichment over IgG 
level. (A) CDC6 (positive control, a known transcriptional E2F1-target), (B) EXOC4, (C) SPIN1, 
and (D) SNAP23. N = 3. (± S.D. T-test was performed to analyse the statistical significance of 
E2F1 enrichment signal over the IgG signal and the result was indicated above the E2F1 bar. * p 
< 0.05, ** p < 0.005) 
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Figure 4-8 E2F1 binding to AS target promoter is modulated by ectopic PAD4. 

HCT116 p53-/- cells were transfected with 3 µg HA-PAD4 and treated with 10 µM GSK484 or 
DMSO. (A) ChIP was performed using HA, E2F1 and IgG antibodies, and analysed by qPCR in 
the form of relative fold enrichment over IgG level, which showed E2F1 binding was modulated 
by PAD4 activities. (i) CDC6 (positive control, a known transcriptional E2F1-target), (ii) EXOC4, 
(iii) SPIN1, and (iv) SNAP23. N = 3. (± S.D. * p < 0.05, ** p < 0.005) (B) Immunoblots showing a 
successful ectopic expression of HA-PAD4. 
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Figure 4-9 E2F1 binding to transcription target promoter is less affected by PAD4. 

The ChIP samples used in Figure 4-8 were again analysed by qPCR in the form of relative fold 
enrichment over IgG level, using primers specific to two additional E2F1 transcriptional targets: 
(A) TK and (B)CDC25A N = 3. (± S.D. * p < 0.05, ** p < 0.005, *** p < 0.0005, **** p < 0.0001) 

  

C
ontr

ol

H
A
-P

A
D
4

H
A
-P

A
D
4 

+ G
S
K
48

4

0

2

4

6

8

F
o

ld
 E

n
ri

c
h

m
e
n

t

✱✱ ✱✱✱ ✱

C
ontr

ol

H
A
-P

A
D
4

H
A
-P

A
D
4 

+ G
S
K
48

4

0

2

4

6

F
o

ld
 E

n
ri

c
h

m
e
n

t

✱✱✱✱ ✱✱✱✱ ✱✱✱

(B) CDC25A(A) TK

E2F1 IgG



Chapter 4 

Validation of RNA-seq Result by RT-qPCR 

 

160 

 

4.5 EXOC4 AS is dependent on citrullination of E2F1. 

The interplay between E2F1 and PAD4 appears to trigger AS perturbation, and its 

underlying mechanism was indicated to partly involve the PAD4-dependent citrullination 

of E2F1 augmenting its chromatin interaction at the promoter of target genes. However, 

the question of whether this splicing regulation is dependent on the citrullination of E2F1 

itself remains unanswered. To specifically address this query, we decided to utilise the 

citrullination-defective mutant of E2F1, which was generated through site-specific 

mutagenesis in a previous work from our research group (Ghari et al., 2016). In the 

described study, PAD4 was discovered to principally target R109 and R127 arginine 

residues, but the data indicated R111 and R113 residues could also be involved. In this 

citrullination-defective mutant, these four arginine (R) residues of E2F1 have been 

replaced by lysine (K) (Figure 4-10A), which should effectively block the PAD4-

catalysed citrullination at these target sites. The resultant mutant (E2F1R4K) was indeed 

shown to be less efficiently citrullinated by PAD4 while retaining a similar activity as a 

transcription factor (Ghari et al., 2016). 

Here, HCT116 p53-/- WT cells were transfected with either HA-E2F1WT (wild type), HA-

E2F1R4K, or pcDNA empty plasmid vector (Figure 4-10B(ii)), and then treated with 10 

µM GSK484 or DMSO (negative control). RNA samples were isolated from biological 

triplicates of each treatment condition and cDNA was synthesised. With the cDNA 

templates, an RT-qPCR experiment was performed to examine the ability of the E2F1 

citrullination defective mutant to regulate alternative splicing. Figure 4-10B shows the 

I/E ratio of EXOC4 skipped exon 7 in three different conditions with reference to the 

DMSO-treated group within each treatment. GSK484 treatment was found to promote the 

inclusion of this exon in control and E2F1WT-expressing cells, which was expected and 
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consistent with the RT-qPCR validation result (Figure 4-3). Most strikingly, this effect of 

GSK484 was reduced when cells were transfected with the E2F1R4K mutant. This result 

strongly suggests that the E2F1/PAD4-mediated regulation of AS, at least EXOC4 SE7, 

is directly dependent on the PAD4-mediated citrullination of E2F1, highlighting an initial 

insight into the mechanistic details underlying E2F1/PAD4-regulated AS perturbations. 
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Figure 4-10 Citrullination of E2F1 plays a key role in AS regulation. 

(A) Diagram illustrating the E2F1 protein structure (NP_005216.1) (Dubrez, 2017) and partial 
sequences of wildtype (E2F1WT) and citrullination-defective mutants (E2F1R4K) used in this study. 
PAD4-target arginine residues (shown in red) were replaced by lysine residues (shown in green) 
in E2F1R4K mutant. (B) HCT116 p53-/- cells were transfected with 3 µg HA-E2F1WT or HA-E2F1R4K 
and treated with 10 µM GSK484 or DMSO. Isolated RNA samples were analysed by RT-qPCR, 
shown in the form of the I/E ratio of GSK484-treated cells relative to that of DMSO-treated cells 
within each experimental condition. (± S.D. p >0.05, * p < 0.05, *** p < 0.0005, **** p < 0.0001). 
(ii) Immunoblots displaying the expression of HA-E2F1WT and HA-E2F1R4K. N = 2. 
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4.6 Chapter Summary 

We previously revealed that the PAD4 inhibition and E2F1 knockdown have a significant 

impact on the alternative splicing profile of HCT116 cells (Figure 3-9), and in this chapter, 

we tried to validate this result by RT-qPCR. Since the magnitude of splicing changes 

observed with RT-qPCR in HCT116 cells was not significant enough (Figure 4-3), we 

switched the cell line to HCT116 p53-/- cell lines which were potentially less sensitive to 

an AS disturbance-induced apoptosis as per our previous work (Barczak et al., 2020). We 

successfully validated several AS events so that they were regulated by PAD4 and E2F1 

in HCT116 p53-/- cells (Figure 4-4), in which we observed the same trend of splicing 

changes as in HCT116 p53+/+ but with a greater magnitude. Given that the tumour 

suppressor p53 protein is frequently mutated or inactivated in cancer cells (Hafner et al., 

2019; Olivier et al., 2002), this result may emphasise the relevance of this E2F1/PAD4-

mediated splicing to cancer biology. In addition, it indicates that p53 may directly 

influence the interplay between E2F1 and PAD4. This will be further discussed in Chapter 

8. 

Since all of the four validated AS genes were identified as E2F1-targets through the E2F1 

ChIP-seq analysis (Figure 4-6), we next examined E2F1 binding to the promoter of those 

genes by E2F1 ChIP experiments. Interestingly, the majority of genes demonstrated E2F1 

binding to their promoter regions, though not all did, suggesting the potential influence 

by factors like tissue type, mitogenic signals, and post-translational modifications (Figure 

4-7). Indeed, we subsequently demonstrated that an increased expression of PAD4 can 

enhance such E2F1-chromatin interactions at the target promoter regions. The PAD4-

driven increased binding of E2F1 was suppressed when cells were subsequently treated 

with GSK484 (Figure 4-8), which further supports the view that PAD4-dependent 



Chapter 4 

Validation of RNA-seq Result by RT-qPCR 

 

164 

 

citrullination undertakes a critical role in regulating the DNA binding affinity of E2F1. 

Interestingly, this impact of the GSK484 treatment was more apparent on the AS target 

promoters, and the E2F1 enrichment at its transcription-based targets appears to be 

relatively maintained (Figure 4-8 and Figure 4-9). Even though the view of ‘stronger 

association at the transcription targets and weaker association at the AS targets’ looks a 

bit over-simplified, such difference would be an interesting avenue of future research and 

potentially provide a good mechanistic insight underlying the AS perturbations regulated 

by the E2F1/PAD4 axis. Direct influence of E2F1 citrullination was also examined by 

using the citrullination-defective E2F1 mutant (E2F1R4K). The result using the EXOC4 

SE event as an example demonstrated a direct role that PAD4-mediated citrullination of 

E2F1 undertakes in regulating such AS event, whereby the previously observed effect of 

PAD4 inhibition to increase the inclusion of exon 7 in this gene was effectively abolished 

in the cells expressing the E2F1R4K mutant (Figure 4-10).  

In summary, using validated AS events from the RNA-seq, we have provided some initial 

insight into the mechanism underlying the E2F1/PAD4-driven AS perturbations, whereby 

PAD4 seems to undertake a pivotal role in promoting the E2F1-chromatin association. 

The results also highlighted the intricate nature of the E2F1/PAD4 axis and suggested 

more than a single pathway appears to be influenced by the inhibition of PAD4 and E2F1 

knockdown. It would therefore be of importance to characterise the precise functions of 

both E2F1 and PAD4, as well as identify other potential components taking part in this 

AS regulation. Among the validated genes, the regulation of EXOC4 SE7 represented an 

insubstantial involvement of both E2F1 and PAD4 and exhibited a clear dependence on 

the citrullination of E2F1. These findings suggest that EXOC4 SE7 could be a promising 
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candidate as the alternative splicing event to investigate the molecular mechanism further 

in future experiments.  
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5.1 Introduction 

In Chapter 4, we successfully validated the RNA-seq results by demonstrating some 

alternative splicing (AS) events were regulated by E2F1 and PAD4 using RT-qPCR, 

especially in HCT116 p53-/- cells that displayed the same tread of splicing changes with 

greater magnitudes as compared to p53+/+ cells (Figure 4-3 and Figure 4-4). The 

subsequent ChIP experiment illustrated that E2F1 bound to the promoter regions of some 

of these validated genes, and interestingly this binding was affected by PAD4 activity 

(Figure 4-8). Furthermore, we elucidated that a validated splicing event was directly 

dependent on the citrullination of E2F1 by utilising citrullination-defective mutants of 

E2F1 previously made in the lab (Figure 4-10) (Ghari et al., 2016). Taken together, the 

results shed light on the mechanistic insight of E2F1/PAD4-regulated splicing regulation. 

However, they also highlight the need to examine downstream regulation, especially to 

identify splicing factors which work in tandem with E2F1/PAD4 and have a more direct 

role in the regulation of splicing. 

To further uncover this, we decided to investigate protein-protein interactions between 

E2F1/PAD4 and other splicing-related factors. As a starting point, the association 

between E2F1 and p100/TSN protein was examined, and the influence of PAD4-mediated 

citrullination on the interaction was also assessed. The p100/TSN (also known as SND1) 

protein has a highly conserved structure among eukaryotes, consisting of a tandem repeat 

of four staphylococcal nuclease (SN)-like domains (SN domains) at the N terminus and 

a fusion of a Tudor domain with a partial SN domain at the C terminus (Gutierrez-Beltran 

et al., 2016). This single protein has been implicated in multiple facets of gene expression; 

from transcription to RNA splicing, interference, stability, and editing (Ochoa et al., 

2018). p100/TSN in particular has a pivotal role in the regulation of pre-mRNA splicing, 
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during which this protein directly interacts with the spliceosome components including a 

range of U snRNPs and Sm proteins in order to facilitate the sequential recruitment of 

this protein machinery and form the complex A then B (Gutierrez-Beltran et al., 2016). 

In addition, this splicing regulator also acts as a reader protein for PRMT5-driven 

methylation marks of E2F1 at R111 and R113, which allows E2F1 to associate with the 

splicing machinery and regulate AS (Roworth et al., 2019; Zheng et al., 2013). Given that 

PAD4 and PRMT1 competitively target the R109 residue of E2F1 (Ghari et al., 2016; 

Zheng et al., 2013), and such PRMT1-mediated methylation can impede PRMT5-

dependent methylation at R111 and R113 (Cho et al., 2012; Zheng et al., 2013), it would 

be plausible to hypothesise that PAD4-regulated citrullination may affect the activity of 

PRMT5 over E2F1 and downstream interaction between E2F1 and p100/TSN.  

Furthermore, we were also interested in the Serine/Arginine (SR)-rich splicing factors, 

that are characterised by the possession of a domain rich in arginine and serine residues 

(the RS domain) (Jeong, 2017). This family of proteins has a key role in defining 

alternative splice sites by recognising the cis-acting splicing regulatory elements (SREs) 

of mRNA. This is usually required for the spliceosome to essentially assemble around 

these ‘weak’ alternative splice sites that are less similar to the consensus sequences. 

Emerging research indicates that SR protein members are among the substrates of PAD2 

and PAD4 (Lewallen et al., 2015; Tanikawa et al., 2018), and we reasoned to investigate 

its potential relevance in the E2F1/PAD4 axis.  
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5.2 PAD4 enhances the association between E2F1 and p100/TSN. 

Our previous study established that PRMT5-driven methylation of E2F1 can augment the 

interaction between E2F1 and p100/TSN, which further facilitates the association 

between E2F1 and the splicing machinery at the target mRNA (Figure 5-1A) (Roworth 

et al., 2019). This symmetrical methylation takes place on R111 and R113 arginine 

residues and is known to be antagonised by PRMT1-mediated asymmetrical methylation 

at R109 (Zheng et al., 2013). Given that PAD4-mediated citrullination occurs primarily 

at R109 (Ghari et al., 2016), we reasoned that this citrullination may effectively inhibit 

PRMT1-mediated methylation of E2F1 on the same arginine residue and thus allow 

PRMT5 to predominantly methylate E2F1 on R111 and R113 as well as encourage 

p100/TSN recruitment as a potential regulatory mechanism of AS.  

To test this hypothesis, we carried out the immunoprecipitation of E2F1 in cells to check 

the intracellular interaction between E2F1 and p100/TSN. HCT116 p53-/- cells were 

transfected with HA-PAD4-expressing plasmid or an empty plasmid vector. Both cell 

lines were lysed and immunoprecipitated with an anti-E2F1 antibody (or IgG for a 

negative control). The subsequent immunoblot successfully demonstrated an interaction 

of E2F1 with p100/TSN in cells with ectopically expressed PAD4, whilst this interaction 

was not observed in the control group (Figure 5-1B). The result strongly suggests that the 

increased level of PAD4 expression can enhance the binding of p100/TSN to E2F1, and 

therefore supports the hypothesis that PAD4-mediated citrullination at R109 of E2F1 may 

promote efficient methylation of E2F1 by PRMT5 at R111 and R113. We successfully 

revealed that PAD4 has a significant role in modulating the interaction between E2F1 and 

p100/TSN, and this protein represents a good candidate splicing factor that works 

downstream of the E2F1/PAD4 axis.  



Chapter 5 

PAD4 and E2F1 regulate Alternative Splicing in combination with the Splicing Factor SRSF3 

 

170 

 

 

 

Figure 5-1 PAD4 overexpression enhances the interaction of E2F1 with p100/TSN. 

(A) Schematic representation of how E2F1 activity is modulated by its post-translation 
modification: methylation-citrullination interplay as an example. E2F1 can be methylated at R109 
by PRMT1 and at R111/R113 by PRMT5. The former promotes the E2F1 activity in pro-apoptotic 
pathways, whilst the latter channels into proliferation pathways. The activities of these two PRMTs 
are mutually exclusive. PRMT5-driven methylation marks are known to be read by the p100/TSN 
protein. R109 (and R127) can also be citrullinated by PAD4, which enhances the E2F1-chromatin 
association at the pro-inflammatory promoters. Citrullination can assist acetylation marks to 
recruit BRD4. (Zheng, et al. 2013, Roworth et al. 2019, Ghari et al. 2018). (B) HCT116 p53-/- cells 
were transfected with 2 µg of HA-PAD4, and the lysates were immunoprecipitated using an E2F1 
antibody (or IgG for a negative control). Immunoblots showed a successful ectopic expression of 
PAD4 as well as the interaction of p100/TSN with E2F1 when PAD4 was over-expressed. N = 2. 
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read by the p100/TSN protein. R109 (and R127) can also be citrullinated by PAD4, which

enhances the E2F1-chromatin association at the pro-inflammatory promoters. Citrullination

can assist acetylation marks to recruit BRD4. (Zheng, et al. 2013, Roworth et al. 2019, Ghari

et al. 2018). (B) HCT116 (p53-/-) cells were transfected with 2 µg of HA-PAD4, and the

lysates were immunoprecipitated using an E2F1 antibody (or IgG for a negative control).

Immunoblots showed a successful ectopic expression of PAD4 as well as the interaction of

p100/TSN with E2F1 when PAD4 was over-expressed. N=2.
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5.3 SRSF3 is citrullinated by PAD4 and interacts with E2F1. 

We have identified the p100/TSN protein as a candidate splicing-related factor playing a 

mechanistic role downstream of the E2F1/PAD4 axis. This protein is believed to regulate 

the sequential assembly of the spliceosome complex at the splice sites by directly 

interacting with its components such as U snRNPs and Sm proteins (Gutierrez-Beltran et 

al., 2016; Ochoa et al., 2018). In general, alternative splice sites are defined by relatively 

‘weak’ signals with a low degree of similarity to the consensus sequences. As a result, 

these splice sites are usually not sufficient to facilitate the spliceosome assembly and 

instead require some help from extra auxiliary trans-acting factors that bind to cis-acting 

splicing regulatory elements (SREs) in proximity to these alternative splice sites (Clark 

& Thanaraj, 2002; X. Song et al., 2019). There are two major families of such trans-

acting splicing regulators: Serine- and Arginine-rich proteins (SR proteins) and 

heterogeneous nuclear ribonucleoproteins (hnRNPs). SR proteins in particular caught our 

attention. Their characteristic RS domains, which play a pivotal role in protein-protein or 

protein-RNA interactions, are rich in arginine residues (Shepard & Hertel, 2009). Not 

surprisingly, a growing body of evidence suggested that these arginine residues of SR 

proteins are targets for PRMT-directed methylation and PAD-mediated citrullination 

(Rajyaguru & Parker, 2012; Tanikawa et al., 2018; Thandapani et al., 2013). We therefore 

wondered whether some members of the SR proteins family may work together with 

p100/TSN downstream of the E2F1/PAD4 pathway, and selected SR splicing factor 3 

(SRSF3) as a candidate. This smallest member of SR proteins appears to undertake a 

critical role in regulating AS and is abnormally expressed in various types of tumours. 

Recently, proteomic analysis has revealed this protein is a substrate of PAD2, but the 

biological outcomes of this citrullination are yet to be elucidated (Lewallen et al., 2015; 
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Z. Zhou et al., 2020). To begin with, we tried to confirm whether SRSF3 can also be 

citrullinated by PAD4 in cells. U2OS cells with a Tet-On inducible expression system for 

PAD4, which was previously generated in the lab (Ghari et al., 2016), were utilised to 

augment the intracellular expression of PAD4. By immunoprecipitating endogenous 

SRSF3, we successfully demonstrated that this SR protein was citrullinated in PAD4-

overexpressing cells (Figure 5-2A), which also suggests a functional redundancy between 

PAD2 and PAD4 for this splicing factor. This experiment was performed in collaboration 

with Amit Shrestha in our research group. 

This interplay between SRSF3 and PAD4 stimulated us to further investigate the potential 

role of SRSF3 in E2F1/PAD4-mediated AS regulation. First, we examined whether 

SRSF3 can interact with E2F1, PAD4 or p100/TSN in our experimental setting. HCT116 

cells were transfected with either or both HA-PAD4 and Flag-E2F1 plasmids, and the 

lysates were immunoprecipitated with an anti-SRSF3 antibody. Of great interest is that 

the immunoblot showed a clear interaction of SRSF3 with PAD4, E2F1 and p100/TSN 

when intracellular levels of E2F1 and PAD4 were increased by ectopic protein expression 

(Figure 5-2B). This strongly suggests that SRSF3 can form a complex with PAD4, E2F1, 

and p100/TSN, and made SRSF3 a strong candidate as a splicing factor working 

downstream of the E2F1/PAD4-axis for splicing regulation. Interestingly, a single 

transfection of PAD4 or E2F1 plasmids alone was not sufficient to recapitulate the 

interaction between SRSF3 and p100/TSN. This result emphasised the importance of both 

PAD4 and E2F1 for this interaction, thus further supporting the relevance of SRSF3 in 

the E2F1/PAD4 axis.  

  



Chapter 5 

PAD4 and E2F1 regulate Alternative Splicing in combination with the Splicing Factor SRSF3 

 

173 

 

 

Figure 5-2 SRSF3 is a candidate splicing factor working in the E2F1/PAD4 axis. 

(A) U2OS cell line with Tet-On inducible FLAG-PAD4-pTRE was previously generated in our 
research group (Ghari et al. 2018). PAD4 expression was induced with 1 µg/ml doxycycline 
treatment for 24 hours as shown in (i) immunoblot and (ii) RT-qPCR using primers specific to 
PAD4. The cell lysates were immunoprecipitated using an anti-SRSF3 antibody. (iii) Citrullinated 
peptides were immunoblotted using the anti-citrulline (modified) detection kit. Arrows indicate the 
band for SRSF3 (19 kDa). N = 2. This experiment was performed in collaboration with Amit 
Shrestha in our research group. (B) HCT116 p53-/- cells were transfected with 2 µg HA-PAD4 
and/or 2 µg FLAG-E2F1 and immunoprecipitated using an anti-SRSF3 antibody and 
subsequently immunoblotted. N = 2.  
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5.4 SRSF3 regulates AS targeted by the E2F1/PAD4 axis. 

The interaction between E2F1, PAD4, and SRSF3 sparked our interest in a potential role 

that SRSF3 may play as a splicing regulator downstream of the E2F1/PAD4 axis to exert 

the AS perturbations. To confirm this hypothesis, we decided to deplete the intracellular 

expression of SRSF3 as well as inhibit the PAD4 activity, and examine the impact on the 

AS events validated by RT-qPCR in Chapter 4 (Figure 4-4). WT and E2F1cr HCT116 

p53-/- cells were treated with 2 µg SRSF3-specific siRNA (siSRSF3) or negative control 

GFP-specific siRNA (siGFP), as well as 10 µM GSK484 or DMSO, for 72 hours (Figure 

5-3B). The isolated RNA samples were analysed by RT-qPCR using the primers 

previously used for the validation experiment against genes including EXOC4, RBM25, 

SNAP23 and SPIN1. 

For the EXOC4 gene, single treatments of both GSK484 and siSRSF3 were demonstrated 

to promote the inclusion of exon 7 (Figure 5-3A). This finding for GSK484 was consistent 

with what we discovered in the RNA-seq and RT-qPCR validation (Figure 4-4), 

suggesting the reproducibility of this influence throughout different experiments. 

Interestingly, the co-treatment of GSK484 and siSRSF3 was also showed to increase the 

I/E ratio of this target exon, but not in a synergistic manner; the I/E ratio of cells with the 

combination treatment was not significantly higher than those treated with either GSK484 

or siSRSF3 alone. This non-synergistic combination effect of the PAD4 inhibitor and 

siSRSF3 supports the view that these biochemical interventions may target the same 

molecular pathway, meaning that PAD4 and SRSF3 are likely to work together in the 

same axis in balancing this exon inclusion/exclusion in cells.  

Interestingly, a similar trend was found in HCT116 p53-/- E2F1cr cells for the same AS 

event, EXOC4 SE7; GSK484 and siSRSF3 single treatments respectively increased the 
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I/E ratio of this exon compared to the untreated cells, whereas the combination treatment 

did not exhibit a synergistic effect to further enhance the exon inclusion. This further 

supports the hypothesis that PAD4 and SRSF3 can work together, but also suggests they 

may do so independently of E2F1. This result slightly contradicts previous findings in 

this study; E2F1 was shown to bind to the EXOC4 promoter, and this chromatin 

association was enhanced by the increased level of PAD4 expression (Figure 4-7 and 

Figure 4-8). Furthermore, cells expressing the citrullination-defective E2F1 mutant 

(E2F1R4K) failed to respond to the GSK484 treatment in terms of the I/E ratio of this 

EXOC4 SE7 (Figure 4-10), which therefore appeared to be regulated in the mechanism 

directly involving the citrullination of E2F1. On the other hand, the initial RT-qPCR 

validation analysis indicated a potential synergistic effect of PAD4 inhibition and E2F1 

knockdown, suggesting PAD4 and E2F1 regulate this AS event together but might be 

through an independent mechanism to one another (Figure 4-4). These seemingly 

contradicting discoveries might reflect the multifaceted landscape of the E2F1/PAD4 

interplay in the AS regulation, and probably indicate that more than one biological 

pathway is involved; at least one dependent on E2F1 which could be linked with the 

citrullination of E2F1, and another independent on E2F1 potentially involving the 

citrullination of SRSF3 or other RNA-binding splicing factors.  

On the contrary, the combination treatment of GSK484 and siSRSF3 showed a synergistic 

impact in increasing the I/E ratio of the SPIN1 SE3 significantly greater than those of 

GSK484 and siSRSF3 single treatments (Figure 5-3A). PAD4 and SRSF3 are therefore 

likely to regulate this splicing event by acting in parallel pathways in cells. The results 

for RBM25 SE2 and SNAP23 RI3 exhibited a large degree of variations between 

biological repeats which makes it difficult to draw a conclusion. However, a few trends 
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are indicating a potential mechanistic insight. For example, the I/E ratio of RBM25 SE2 

appears to be only influenced by the GSK484 treatment and not by siSRSF3, suggesting 

that this AS event is regulated by PAD4 but not SRSF3. Future research needs to confirm 

this by improving deviations or using alternative tools to modulate the expression of target 

enzymes.  

In summary, SRSF3 may work downstream of the E2F1/PAD4 axis to induce the AS 

disturbances but only be involved in a subset of the AS target events. Additionally, it was 

indicated that at least two pathways (one E2F1-dependent and one E2F1-independent) 

exist in which PAD4 and SRSF3 together control RNA splicing, highlighting the intricate 

relationship E2F1, PAD4, and SRSF3. The result also emphasises the need for identifying 

other splicing factors involved in this process. 
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Figure 5-3 SRSF3 regulates AS events targeted by the E2F1/PAD4 axis. 

WT and E2F1cr HCT116 p53-/- cells were treated with 2 µg SRSF3 siSRSF3 and/or 10 µM 
GSK484. (A) Isolated RNA samples were analysed by RT-qPCR using primers previously 
designed for the RNA-seq validation (Figure 4-4). (i) EXOC4 SE, (ii) SPIN1 SE, (iii) RBM25 SE, 
and (iv) SNAP23 RI. N = 3. Difference between each treatment group and the control group of 
the respective cell line was calculated by t-test. (± S.D. * p < 0.05, ** p < 0.005, *** p < 0.0005) 
(B) The lysates were also immunoblotted to confirm the silencing of SRSF3. N = 3.  

 

  

(i) EXOC4 (ii) SPIN1

(iii) RBM25 (iv) SNAP23

-- + +

WB: SRSF3

WB: E2F1

WB: Β-Actin

WT E2F1cr

siSRSF3

(A)

(B)

WT E2F1cr

0

1

2

3

4

5

In
c
/E

x
c
 (

a
b

s
o

lu
te

)

✱

✱ ✱ ✱

✱ ✱ ✱

✱

✱ ✱

✱ ✱

WT E2F1cr

0.0

0.2

0.4

0.6

0.8

In
c
/E

x
c
 (

a
b

s
o

lu
te

)

✱

WT E2F1cr

0

10

20

30

40

50

In
c
/E

x
c
 (

a
b

s
o

lu
te

)

WT E2F1cr

0

1

2

3

4

5

In
c
/E

x
c
 (

a
b

s
o

lu
te

)

✱

✱ ✱ ✱ ✱ ✱ ✱

GSK484

siSRSF3

GSK484 + siSRSF3

Control



Chapter 5 

PAD4 and E2F1 regulate Alternative Splicing in combination with the Splicing Factor SRSF3 

 

178 

 

5.5 Chapter Summary 

In this chapter, we investigated the molecular mechanisms underlying the AS regulation 

by the E2F1/PAD4 axis, especially trying to reveal RNA-binding splicing factors working 

downstream of this pathway. To begin with, the interaction between E2F1 and p100/TSN 

was investigated. This multifunctional protein has previously been shown to associate 

with E2F1 in a PRMT5-dependent fashion and allows it to regulate gene expression at 

the level of AS (Roworth et al., 2019). In this study, we demonstrated that the increased 

expression of PAD4 can also augment this interaction of p100/TSN with E2F1 (Figure 

5-1). One of the PAD4-target sites of E2F1 (R109 residue) is also targeted by PRMT1, 

and this PRMT1-dependent methylation is known to repress the PRMT5 activity to 

modify R111 and R113 residues of E2F1 (Ghari et al., 2016; Zheng et al., 2013). The 

described effect of PAD4 augmenting the E2F1-p100/TSN interaction might therefore be 

attributed to the citrullination at R109, which may competitively inhibit methylation mark 

at the same residue and thus relieve the suppression of PRMT5-dependent methylation at 

R111/R113, leading to subsequent recruitment of p100/TSN onto these modified arginine 

residues.  

The p100/TSN protein has been described to facilitate the assembly of the spliceosome 

complex at the splice sites of pre-mRNA (Gutierrez-Beltran et al., 2016). However, the 

alternative splice sites are often composed of ‘weak’ signals with a lower degree of 

similarity to the consensus sequence, making it difficult to be recognised and defined by 

the spliceosome components themselves. This explains why alternative splicing would 

usually require some help from auxiliary splicing factors to efficiently occur. These RNA-

binding proteins assist defining the alternative splice sites and facilitate the assembly of 

the spliceosome complex by recognising adjacent regulatory elements. Given that the 
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E2F1/PAD4 axis has a profound role in the regulation of AS, we reasoned there must 

exist some splicing factors working directly downstream of this pathway. SRSF3 was 

identified as a potential candidate, as this SR protein has been well-characterised in the 

AS regulation both physiologically and pathologically (Z. Zhou et al., 2020) and also is 

known as a substrate of PAD2 (Lewallen et al., 2015). We first demonstrated that SRSF3 

can be citrullinated by PAD4, and subsequently showed the interaction of SRSF3 with 

E2F1, PAD4, and p100/TSN under ectopic expression of PAD4 and E2F1 (Figure 5-2). 

In addition, by RT-qPCR using previously validated AS events (Figure 4-4), we observed 

a significant impact of the SRSF3 siRNA (siSRSF3) treatment to cause AS perturbations 

(Figure 5-3). For the EXOC4 gene, the combination treatment of GSK484 and siSRSF3 

was demonstrated to have no synergistic effect on the I/E ratio of exon 7 compared to 

their single treatments, suggesting PAD4 and SRSF3 working in the same molecular 

pathway to regulate this AS event. On the contrary, a synergistic effect of the co-treatment 

was discovered for genes like SPIN1. This indicates that PAD4 and SRSF3 can also work 

in parallel pathways depending on the target genes.  

Overall, the findings presented in this chapter have elucidated that p100/TSN and SRSF3 

may act as splicing factors or co-factors downstream of the E2F1/PAD4 axis. However, 

a complex and interdependent relationship between E2F1, PAD4, and SRSF3 in splicing 

regulation was also highlighted. Taken together, in addition to studying the protein-

protein interactions, it will be of immense importance to investigate this biological 

interplay at other levels, such as protein-RNA interactions.  
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6.1 Introduction 

In Chapter 5, we examined the molecular mechanism of E2F1/PAD4 interplay in 

alternative splicing (AS) regulation. First, we uncovered that increased PAD4 expression 

augmented the interaction of E2F1 with p100/TSN (Figure 5-1), which plays a role in 

facilitating the spliceosome complex at the splice sites of pre-mRNA. Furthermore, the 

splicing factor SRSF3 was found to be citrullinated by PAD4 and interact with E2F1, 

PAD4, and p100/TSN (Figure 5-2). We further confirmed the involvement of SRSF3 in 

E2F1/PAD4-mediated splicing regulation by siRNA experiments, whereby the silencing 

of SRSF3 was demonstrated to affect a subset of the validated AS events in a similar 

manner as E2F1 knockdown and PAD4 inhibition (Figure 5-3). For AS events like the 

skipping of EXOC4 exon 7, combination treatment with siSRSF3 and PAD4 inhibitor 

exhibited no additional effect as compared to either single treatment, suggesting that these 

two factors may regulate specific splicing events in the same pathway. However, the 

results from other splicing events, such as SPIN1, indicated that PAD4 and SRSF3 could 

also act in parallel pathways and independently of E2F1, highlighting the need for further 

characterisation of this axis. 

To further elucidate the complex nature of AS perturbations regulated by PAD4, E2F1, 

and SRSF3, we have decided to investigate the molecular interactions of this axis at 

another level, RNA-protein interaction. We aimed to confirm the involvement of SRSF3 

in splicing, as well as to uncover further mechanistic details of E2F1/PAD4 crosstalk 

which potentially involves multiple pathways. Here, RNA immunoprecipitation was 

selected as a tool to examine the interaction between E2F1/SRSF3 and mRNA transcripts 

and was performed under different treatment conditions.  
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6.2 RNA Immunoprecipitation 

To examine the RNA-protein interactions in cells, we designed the protocol of RNA 

immunoprecipitation (RIP) as illustrated in Figure 6-1. Before harvesting cells, protein-

RNA complexes may or may not be cross-linked. The technique in which these 

complexes are cross-linked is known as cross-linking immunoprecipitation (CLIP), which 

involves using UV irradiation to generate irreversible covalent bonds between RNA and 

its binding protein (Baldini & Labialle, 2021). CLIP is therefore a useful technique to 

stabilise RNA-protein interactions and may allow more stringent purification of the RNA 

content. However, this might not be suitable for proteins whose association with RNA is 

mediated through another direct binding partner protein in the same protein complex. 

Given no RNA-binding domains were identified throughout its structure, E2F1 is 

believed not to directly interact with RNA (Roworth et al., 2015, 2019). We therefore 

decided to perform RIP in a native condition for E2F1, and CLIP for SRSF3 which is a 

known RNA-binding protein. 

Following the cross-linking, cells were lysed and sonicated to be completely broken open. 

In the native RIP protocol, harvested cells were directly lysed and sonicated without any 

cross-linking. The cell lysates were then immunoprecipitated using an antibody of interest 

(or negative control IgG) and the magnetic beads which demonstrated better RNA yields 

and reduced background signals compared to protein A/G beads in some optimisation 

experiments (data not shown). GlycoBlue was utilised during the isolation of RNA, 

whereby this co-precipitant improves precipitation and visibility of low RNA yields as it 

acts as a carrier. RNA samples were extracted using TRIzol and analysed by RT-qPCR. 

To confirm that this optimised RIP protocol performs as anticipated, a native RIP was 

carried out using an anti-Sm protein antibody as a positive technical control. Sm proteins 
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are best known as components of the spliceosome complex together with U-rich small 

nuclear RNPs (U snRNPs), and their interactions with several U snRNAs have long been 

described (Lerner & Steitz, 1979). In this study, the RNA isolated from an Sm RIP was 

analysed by RT-qPCR using primer sets specific to U1, U4, and U5 snRNAs. As 

illustrated in Figure 6-2A, RIP with this protocol demonstrated that Sm proteins were 

associated with U1, U4, and U5. This is consistent with previous reports (Hafner et al., 

2019; Lerner & Steitz, 1979; Lu et al., 2014), and therefore indicates the present RIP 

protocol can pull down proteins of interest with their associated RNA.  
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Figure 6-1 RNA immunoprecipitation (RIP) protocol. 

Diagram showing the RNA IP experimental setup. In CLIP (Crosslinking RNA IP), cells were 
subject to UV crosslinking prior to harvesting. The lysates were sonicated to break open cells, 
followed by incubation with antibody and magnetic beads for immunoprecipitation. RNA was 
extracted using TRIzol and cDNA was subsequently synthesised for qPCR analysis. 

  

UV crosslinking
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Figure 6.1: RNA immunoprecipitation (RIP) protocol.

Diagram showing the RNA IP experimental setup. In CLIP (Crosslinking RNA IP), cells were

subject to UV crosslinking prior to harvesting. The lysates were sonicated to break open

cells, followed by incubation with antibody and magnetic beads for immunoprecipitation. RNA

was extracted using TRIzol and cDNA was subsequently synthesised for qPCR analysis.
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Figure 6-2 Optimisation of RIP protocol and primer design. 

(A) RNA samples from Sm RIP in HCT116 p53-/- cells was analysed by RT-qPCR using primers 
specific to U snRNAs (U1, U4, and U5). N = 3 (± S.D.). Enrichment of U1, U4 and U5 was 
demonstrated as consistent with the previous literature (Urlaub et al., 2001). (B) Schematic 
representation showing the primer design for E2F1 and SRSF3 RIP to examine its binding to 
EXOC4 RNA transcripts. Primer sets 1-3 were initially designed for E2F1 RIP to target exon 6, 7, 
and 8 respectively, and an additional primer set 4 was designed before performing FLAG-SRSF3 
RIP. Exon 7 was a target for skipping by E2F1/PAD4-dependent mechanism. 
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6.3 E2F1 interacts with RNA targeted by the E2F1/PAD4 axis. 

The result from Sm protein RIP successfully demonstrated that a protein of interest can 

be enriched with its associated RNA using the current protocol in HCT116 p53-/- cells. 

Next, we tried to examine whether E2F1 interacts with the RNA of its splicing target 

genes by performing an E2F1 RIP. EXOC4 skipped exon 7 (SE7) was selected as an 

example of an AS event validated to be regulated by E2F1 and PAD4, and three primer 

sets were designed around exon 7 and the flanking exon as illustrated in Figure 6-2B. 

Firstly, HCT116 p53-/- WT and E2F1cr cells were lysed and sonicated, and each cell line 

was divided into three groups to be incubated with E2F1, IgG, and Sm (control) 

antibodies. We took a small portion of beads from each sample to check the pull-down of 

E2F1 by immunoblotting (Figure 6-3A). RT-qPCR analysis of Sm RIP was also 

performed for U1 snRNA as another control (Figure 6-3B(i)) to confirm the technical 

success of this RIP experiment. The RNA from E2F1 RIP was analysed by RT- qPCR 

using primer sets specific to exon 6, 7, and 8 of the EXOC4 mRNA (primer 1, 2, and 3 

respectively as illustrated in Figure 6-2B) and displayed in the form of fold enrichment 

(Figure 6-3B(ii)-(iv)). For all three primer sets, EXOC4 RNA was shown to be 

significantly enriched in E2F1 pulldown over IgG in WT cells, while no enrichment was 

observed in negative control E2F1cr cells. The result demonstrated that E2F1, or the 

complex associated with E2F1, was bound to alternatively spliced RNA transcripts genes, 

and therefore further supports our hypothesis that E2F1 can directly regulate the 

expression of its target genes through alternative splicing.  

Previously, we demonstrated that E2F1 can also associate with these AS target genes 

including EXOC4 at the protein-DNA level, whereby the increased level of PAD4 

expression was shown to enhance this association of E2F1 with the AS target promoter 
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and the GSK484 treatment impeded such effect (Figure 4-8). In addition, previous work 

from our research group provided evidence that the interaction of E2F1 with RNA might 

be dependent on its DNA binding domain (DBD), as the DBD mutant construct 

(L(leucine)132 and R(arginine)166 residues were replaced by E (glutamic acid) and H 

(histidine) respectively) was unable to show redundancy for the WT protein binding to 

U6 snRNA (Roworth et al., 2019). Together this suggests that E2F1 may interact with AS 

target RNAs while binding to the chromatin, meaning the E2F1/PAD4 regulation of AS 

may likely undertake co-transcriptionally. 
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Figure 6-3 E2F1 interacts with EXOC4 RNA transcripts. 

RNA immunoprecipitation was carried out in untreated HCT116 p53-/- cells using an anti-E2F1 
antibody (and anti-Sm antibody for technical control). (A) An equal volume of beads (10 %) used 
for the RIP from each condition was analysed by immunoprecipitation to confirm the pull-down of 
E2F1. (B) RIP sample was analysed by RT-qPCR using (i) U1 snRNA as a technical control for 
Sm RIP, and (ii)-(iv) EXOC4 primer sets 1-3. N = 3. (± S.D. * p < 0.05, ** p < 0.005, *** p < 0.0005).   
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6.4 SRSF3 interacts with RNA targeted by the E2F1/PAD4 axis. 

An E2F1 RIP experiment underlined an association between E2F1 and its target RNA for 

splicing regulation. Previously, Roworth et al also indicated that the E2F1-RNA 

association is dependent on the binding of p100/TSN protein to PRMT5-driven 

methylation marks of E2F1, whilst no RNA-binding motifs have been identified in E2F1 

(Roworth et al., 2015, 2019). In this study, as well as p100/TSN, SRSF3 was identified 

to be a binding partner of E2F1 with an elevated expression of PAD4 (Figure 5-2B) and 

silencing of this SR protein was demonstrated to affect some AS events in a similar 

manner to the GSK484 treatment and E2F1 knockout (Figure 5-3). We therefore 

hypothesised that SRSF3 acts as an RNA-binding factor in the same protein complex with 

E2F1 to mediate AS, and decided to investigate the direct association of SRSF3 with 

splicing target RNA.  

HCT116 p53-/- WT cells were transfected with FLAG-SRSF3 (or empty plasmid vector 

for a negative control), and CLIP was performed with UV crosslinking using an anti-

FLAG antibody (alongside IgG negative control and anti-Sm technical control). First, we 

confirmed the technical success of the experiment by checking the U1 snRNA enrichment 

with Sm antibodies (Figure 6-4B(i)). In addition, the immunoblotting affirmed that 

FLAG-SRSF3 protein was successfully immunoprecipitated whilst no unspecific binding 

was found with negative control IgG (Figure 6-4A). The RNA content associated with 

FLAG-SRSF3 was analysed by RT-qPCR using primer sets specific to exon 7 of the 

EXOC4 transcript (indicated as primers 3 and 4 in Figure 6-2B). For a potential positive 

control, we used a primer set specific to PKM, to which FLAG-SRSF3 was previously 

demonstrated to bind in the RIP experiment (Kuranaga et al., 2018). The result showed a 

successful enrichment of FLAG-SRSF3 with the EXOC4 RNA as well as the positive 
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control PKM (Figure 6-4(ii)-(iv)), whilst such enrichment was not observed in the cells 

expressing an empty plasmid vector. This suggests that SRSF3 can bind to the target RNA 

transcripts of E2F1/PAD4- mediated AS regulation, and further supports the view that 

this splicing factor acts a direct role in inducing an AS disturbance in this pathway. 

The sequential assembly of the spliceosome complex at the splice site underlies the 

initiation of the pre-mRNA splicing process. Alternative splice sites, which often consist 

of weak signals with a low level of similarity to the consensus sequence, are normally not 

sufficient to facilitate this recruitment of the spliceosome by themselves. The definition 

of such splice sites is therefore largely dependent on the trans-acting auxiliary splicing 

factors, which can recognise the adjacent cis-acting splicing regulatory elements to 

promote or repress the assembly of the spliceosome components. SR proteins including 

SRSF3 constitute one major family of such auxiliary splicing factors and can reportedly 

act as activators or repressors of splicing events, by typically binding to the enhancer 

elements on pre-mRNA. Nonetheless, the molecular mechanisms underlying how SRSF3 

contributes to the spliceosome assembly remain to be elucidated. We therefore decided 

to examine the interaction of SRSF3 with different RNA variants of the target gene 

EXOC4, in the hope of discovering further information about the binding preferences of 

SRSF3 as well as in which stages of the sequential spliceosome assembly this splicing 

factor plays a role.  

Here, ‘inclusion’ and ‘exclusion’ primer pairs targeting the EXOC4 exon 7 from our 

previous RT-qPCR validation (Figure 4-4) were utilised; the inclusion primer pair 

recognises the junction between exons 6 and 7, whilst the PCR product of the exclusion 

pair spans the junction between exons 6 and 8 (Figure 6-5B). The FLAG-SRSF3 CLIP 

samples (Figure 6-4) were analysed by RT-qPCR using these inclusion/exclusion primers 
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for EXOC4 to examine to which junctions SRSF3 binds with greater affinity. Figure 6-5B 

illustrates the % input of EXOC4 RNA signals in the cells expressing FLAG-SRSF3 and 

empty plasmid vector. It was demonstrated that FLAG-SRSF3 was enriched with both 

variants of EXOC4 transcripts over IgG levels, and significantly greater enrichment was 

found for the inclusion form. This difference in enrichment might simply reflect the 

difference in abundance between two RNA variants, but of interest was that SRSF3 seems 

to bind to both variants of EXOC4 RNA. Since the SRSF3 siRNA treatment was shown 

to promote the inclusion of this exon (Figure 5-3), this splicing factor is expected to act 

as an enhancer for the exon 7 skipping of EXOC4. This result probably may indicate that 

the cis-acting regulatory element, most likely enhancer, is located around the 3’ end of 

the exon 6, as this region was contained in both EXOC4 transcript variants.  
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Figure 6-4 FLAG-SRSF3 interacts with EXOC4 RNA transcripts. 

RNA immunoprecipitation was carried out in HCT116 p53-/- cells expressing FLAG-SRSF3 with 
an anti-FLAG antibody. (A) An equal volume of beads (10 %) used for the RIP from each condition 
was analysed by immunoprecipitation to confirm the pull-down of SRSF3. (B) RIP sample was 
analysed by RT-qPCR using primers specific to (i) U1 snRNA as a technical control for Sm RIP, 
(ii) PKM as a positive control for FLAG-SRSF3 RIP, and (iii)-(iv) EXOC4 (primer 2/4 (Figure 6-2)). 
Cells transfected with an empty vector and IgG pull-down served as negative controls. N = 3. (± 
S.D. * p < 0.05, ** p < 0.005, *** p < 0.0005). 
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Figure 6-5 SRSF3 interacts with different variants of EXOC4 RNA transcripts. 

The RNA samples from the previous RIP (Figure 6-5) were analysed by RT-qPCR using the two 
                                   ‘         ’     ‘         ’                                 
primers used for the RNA-seq validation (Figure 4-3)). (i) Diagram illustrates the primer designs 
to detect the SRSF3 binding to the exon 7 inclusion and exclusion RNA species. (ii) RT-qPCR 
analysis showed FLAG-SRSF3 can interact with both EXOC4 variants. N = 3. 
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6.5 SRSF3-RNA interaction and the E2F1/PAD4 axis. 

Having established that SRSF3 is associated with EXOC4 mRNA, we next questioned 

whether E2F1 and PAD4 activities have any influences on this association as a part of 

their alternative splicing regulation mechanism. First, a FLAG-SRSF3 RIP experiment 

was conducted in HCT116 p53-/- WT and E2F1cr cells to examine how the E2F1 status 

changes the interaction of SRSF3 with EXOC4 mRNA. Both cell lines were transfected 

with FLAG-SRSF3 (or empty plasmid vector) and immunoprecipitated using an anti-

FLAG antibody. Associated RNA was then analysed by RT-qPCR. 

The result demonstrated that SRSF3 can bind to exon 7 of the EXOC4 transcript in both 

WT and E2F1cr cell lines (Figure 6-6). The difference between WT and E2F1cr in the 

FLAG-SRSF3 enrichment was quite small, even though the statistical t-test indicated 

there is a slightly greater amount of RNA pulled down in E2F1cr cells compared to WT 

cells. This probably means that the loss of E2F1 may have a limited impact on the SRSF3-

RNA association, which is consistent with our siSRSF3 experiment showing that 

GSK484 and siSRSF3 exhibited a similar influence on the inclusion of EXOC4 exon 7 

regardless of the E2F1 knockdown (Figure 5-3). At the same time, another experiment in 

this study also demonstrated that this AS event is directly dependent on the citrullination 

of E2F1 using the citrullination-defective E2F1 mutant (Figure 4-10).  

Given the seemingly complicated role that E2F1 plays to influence PAD4/SRSF3-

regulated AS events, it would be of foremost importance to carefully examine the effect 

of PAD4 activity on the SRSF3-RNA association with and without E2F1. Another round 

of FLAG-SRSF3 RIP in WT and E2Fcr cells was therefore carried out with either 

enhanced or depleted PAD4 expression. Four experimental conditions were prepared for 

each cell line; (1) Just expression FLAG-SRSF3, (2) Expression FLAG-SRSF3 and HA-



Chapter 6 

Characterisation of the E2F1/PAD4/SRSF3 Interplay in Alternative Splicing Regulation 

195 

 

PAD4, (3) Expressing FLAG-SRSF3 and HA-PAD4 then treated with 10 µM GSK484, 

and (4) negative control just expressing an empty plasmid vector. Cells were lysed and 

immunoprecipitated using an anti-FLAG antibody. The result was analysed by RT-qPCR 

using a primer set specific to EXOC4 exon 7 and presented in the form of % input to 

precisely compare two cell lines.  

The result shows that the EXOC4 mRNA enrichment with FLAG antibody in the three 

treatment conditions (i.e. expressing FLAG-SRSF3) was significantly greater than that in 

the control condition (expressing empty plasmid) in both WT and E2F1cr cells (Figure 

6-7). This suggests that a certain proportion of SRSF3 interacts with this target RNA 

regardless of the activities of PAD4 and E2F1. The result also indicated that increased 

PAD4 activity by HA-PAD4 over-expression did not have a significant impact on the 

SRSF3-RNA association in both cell lines. The increased expression of PAD4 was found 

to have a profound impact on the interaction of SRSF3 with other proteins such as E2F1, 

PAD4, and p100/TSN (Figure 5-2), but its effect on the RNA binding affinity seems to 

be quite minimal.  

Interestingly, despite relatively large error bars, the GSK484 treatment in HA-PAD4 

expressing WT cells was demonstrated to significantly enhance the association between 

SRSF3 and EXOC4 mRNA, but such increase in the association was not found in E2F1cr 

cells (Figure 6-7). This evidence potentially supports the conclusion that the interaction 

of SRSF3 with its target mRNA is regulated by PAD4 in an E2F1-dependent fashion, 

although further experiment will need to improve the error bars or confirm this hypothesis 

in a parallel experiment. Previously, we discovered that SRSF3 interacts with E2F1 and 

p100/TSN when PAD4 is over-expressed (Figure 5-2). In addition, PAD4 appears to play 

a role in regulating the localisation of E2F1 onto the splicing target promoter (Figure 4-8). 
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Taken together, it can be hypothesised that E2F1 may potentially act as a splicing co-

factor by sequestrating SRSF3 away from the alternatively spliced exon 7 of EXOC4 in 

a citrullination-driven mechanism, and under the PAD4 inhibitor treatment, SRSF3 may 

be released from the E2F1/PAD4 complex and can closely associate with the spliced 

target exon. This would slightly conflict with the predicted role of SRSF3 as a splicing 

enhancer for the described skipping exon event, as the siSRSF3 treatment also increased 

the inclusion of exon 7 (Figure 5-3). The model of the molecular interaction and potential 

ways to explain these contradictory findings will be discussed in Chapter 8.  
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Figure 6-6 SRSF3 interacts with EXOC4 mRNA in both WT and E2F1cr cells. 

RNA immunoprecipitation was carried out in HCT116 p53-/- WT and E2F1cr cells expressing 
FLAG-SRSF3 using an anti-FLAG antibody. The isolated RNA samples were analysed by RT-
qPCR using primers specific to EXOC4 exon 7 ((A) primer 2 and (B) primer 4). Cells transfected 
with an empty vector and IgG pull-down served as negative controls. N = 3. (± S.D. * p < 0.05, ** 
p < 0.005, *** p < 0.0005, **** p < 0.0001). 

  

(A)

pcDNA FLAG-SRSF3 pcDNA FLAG-SRSF3

0

5

10

15

%
 i

n
p

u
t

FLAG

IgG

✱

ns

ns

EXOC4 (primer 2)

HCT116 WT HCT116 E2F1cr

(B)

pcDNA FLAG-SRSF3 pcDNA FLAG-SRSF3

0

5

10

15

20

25

%
 i

n
p

u
t

FLAG

IgG

✱✱✱✱

✱

✱✱✱✱

EXOC4 (primer 4)

HCT116 WT HCT116 E2F1cr

FLAG IgG



Chapter 6 

Characterisation of the E2F1/PAD4/SRSF3 Interplay in Alternative Splicing Regulation 

198 

 

 

Figure 6-7 SRSF3-mRNA interaction under modulated activities of E2F1 and PAD4. 

RNA immunoprecipitation was carried out in HCT116 p53-/- WT and E2F1cr cells expressing 
FLAG-SRSF3 with PAD4 ectopic expression and GSK484 treatment, using an anti-FLAG 
antibody. The isolated RNA samples were analysed by RT-qPCR using primers specific to 
EXOC4 exon 7 (primer 4). (A) WT and (B) E2F1cr cells. Cells transfected with an empty vector 
and IgG pull-down served as negative controls. N = 3. (± S.D. * p < 0.05) 
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6.6 Chapter Summary 

Having characterised various protein-protein interactions in and downstream of the 

E2F1/PAD4 axis in splicing regulation, we decided to investigate the protein-RNA 

interaction to further examine the underlying molecular mechanisms involved. We first 

optimised the experimental conditions and protocol of RIP (Figure 6-2), followed by an 

E2F1 RIP successfully demonstrating E2F1 was associated with EXOC4 mRNA which 

was an AS target regulated by E2F1 and PAD4 (Figure 6-3). Since it was previously 

demonstrated that E2F1 bound to the promoter of this gene, this result suggests that the 

AS regulation by the E2F1/PAD4 axis may occur co-transcriptionally.  

Since E2F1 is likely to interact with RNA through another RNA-binding protein, we next 

examined the interaction between target RNA and SRSF3, which was demonstrated to 

interact with E2F1 in a PAD4-dependent fashion in the previous chapter (Figure 5-2). 

Unsurprisingly, a FLAG-SRSF3 RIP experiment showed a clear interaction of SRSF3 

with EXOC4 mRNA (Figure 6-4). Subsequently, we performed another SRSF3 RIP 

under conditions of manipulated PAD4 and E2F1 activities and revealed that the SRSF3-

RNA association can be significantly enhanced in the PAD4 inhibitor GSK484-treated 

cells in an E2F1-dependent manner (Figure 6-7). Together these results provide evidence 

that E2F1 and PAD4 regulate AS of their target genes by modulating the RNA binding 

activity of SRSF3. Since PAD4 over-expression or inhibition did not demonstrate a 

significant impact on the SRSF3-RNA interaction in the absence of E2F1, this suggests 

that PAD4 does not directly affect the association of SRSF3 with RNA, but likely impacts 

splicing by modulating protein-protein interactions between E2F1 and SRSF3.  
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7.1 Introduction 

A series of experiments in Chapters 5 and 6 have provided mechanistic insight into 

E2F1/PAD4-driven splicing regulation in SRSF3-dependent pathways, where PAD4 

appears to have a pivotal role in promoting the interaction between E2F1 and SRSF3, as 

well as potentially involved in regulating the RNA binding affinity of this splicing factor. 

However, our previous siRNA experiments indicated that this involvement of SRSF3 

might be limited only to a subset of their target genes (Figure 5-3). It would therefore be 

important to uncover the precise protein network interacting with the E2F1/PAD4 axis, 

and identify novel splicing-related factors in addition to SRSF3 that are involved in this 

AS regulation.  

Therefore, we decided to perform proteomics involving immunoprecipitation-mass 

spectrometry (IP-MS) for E2F1 from cells treated with the PAD4 inhibitor. WT HCT116 

p53-/- cells were treated with 10 µM GSK484 or DMSO for 72 hours and E2F1cr cells 

were treated with DMSO. The lysates were immunoprecipitated using an anti-E2F1 

antibody (Figure S-6). Biological triplicates of the samples were used to identify proteins 

interacting with E2F1 in treatment and control conditions by liquid chromatography-mass 

spectrometry. Protein enrichment in the treatment condition (WT cells treated with 

GSK484: WT-GSK484) was analysed with reference to the background condition 

(E2F1cr cells treated with DMSO: E2F1cr) as well as the control condition (WT cells 

treated with DMSO: WT-DMSO). This experiment was performed in collaboration with 

Iolanda Vendrell (Target Discovery Institute, University of Oxford) and Simon Carr in 

our research group. 
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7.2 Investigation of E2F1 Interactome by Mass Spectrometry. 

The lists of proteins from which more than a single peptide was enriched with an anti-

E2F1 antibody in the WT-DMSO and WT-GSK484 conditions over the negative control 

E2F1cr condition were shown in Table 7-1. Protein enrichment was filtered for the 

Student’s T-test p values < 0.05 (-log p > 1.301). There are 25 and 29 proteins (including 

E2F1 itself) enriched in the WT-DMSO and WT-GSK484 conditions respectively, and 

only 13 and 16 proteins from respective conditions made an additional 2-fold change cut-

off (Table 7-1). Known binding partners of E2F1 such as pRB (RB1) and DPs (TFDP1/2) 

were enriched in both conditions as expected, which indicates a successful IP of E2F1 

with its associated proteins. In Chapter 5, we observed the binding of SRSF3 and 

p100/TSN to E2F1 when E2F1 and PAD4 were overexpressed (Figure 5-2B), but these 

proteins were not included in either of the lists shown in Table 7-1. This further supports 

the view that the interaction of SRSF3 and p100/TSN with E2F1 may require high 

expression of PAD4 and therefore presumably its elevated enzymatic activity.  

In addition, proteins enriched in the E2F1 interactome in the WT-GSK484 condition over 

the WT-DMSO condition were analysed (Table 7-2). The analysis identified 23 proteins 

(excluding E2F1 itself and known binding partners highlighted in green in Table 7-2) that 

were more enriched, and 25 proteins less enriched, in the E2F1 interactome of WT-

GSK484 compared to the WT-DMSO condition. This suggests that PAD4 activity can 

modulate the interaction of E2F1 with other proteins both in a positive and negative 

fashion. This list of proteins also did not include p100/TSN or SRSF3. It was noticeable 

that not all proteins enriched in WT-GSK484 over WT-DMSO comparison made the 

significance cut-off when each treatment was compared individually against the negative 

control E2F1cr condition (Table 7-1). This is likely due to the fact that GSK484 treatment 
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itself reduced the amount of E2F1 immunoprecipitated in this experiment, as indicated 

by the observed negative fold change value found for E2F1 (-0.931, Table 7-2), probably 

for some technical reasons. 
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Table 7-1 E2F1 interactome: Proteins enriched with E2F1. 

HCT116 p53-/- cells were treated with 10 µM GSK484 or DMSO for 72 hours. WT-DMSO, WT-GSK484, and 
untreated E2F1cr cells were immunoprecipitated using anti-E2F1 antibody and analysed by Liquid-
Chromatography Mass-Spectrometry. Proteins from which more than one peptide was enriched with E2F1 
in (A) the WT-DMSO and (B) WT-GSK484 over the E                            ’   -test p values < 0.05 
(-log p > 1.301, highlighted in yellow) were shown. Known E2F1 binding partners (RB, TFDP1/2, and CDK1) 
are highlighted in green. Log2 fold change of more than 1 is highlighted in red, and proteins over-

representing RNA-binding (GO:0003723) were shown in red in (B).  

Enrichment in WT-DMSO over E2F1cr

Log2 Fold ChangeP value (-log)No. of Unique PeptidesProtein

4.0354.10915E2F1

4.7645.77236RB1

4.9245.6898TFDP1

8.3693.7613TFDP2

0.5820.5943CDK1

3.0361.5943DLAT

2.0391.6802UBE2N

1.4772.0178SSBP1

1.2071.3074GRPEL1

1.2061.6662EIF5A

1.1472.0083CLIC1

1.1011.3692PYCR2

1.0351.90347PLEC

0.9731.6013LCN2

0.9701.4943CAV1

0.8791.7104SLC1A5

0.8461.3395PGAM1

0.8081.4496NOP56

0.7961.4702SRP14

0.7211.6745RSL1D1

0.5691.5073RPS24

0.5301.72310CAD

0.5201.80149HSPA5

0.4491.5073RPS23

0.4102.0415ILF2

Enrichment in WT-484 over E2F1cr
Log2 Fold ChangeP value (-log)No. of Unique PeptidesProtein

3.1043.50515E2F1

3.9864.08236RB1

3.9153.9208TFDP1

7.7533.7003TFDP2

-1.0081.0413CDK1

4.1352.7223DLAT

1.7242.6174PYCR1

1.6751.9733CAV1

1.5881.7672PYCR2

1.5842.0282UQCRFS1P1

1.5442.3328SSBP1

1.2692.0612ETFA

1.2612.5623RRBP1

1.1951.94547PLEC

1.0921.5852SCD

1.0401.9034SLC1A5

0.8212.11410S100A9

0.8101.3378SEC61A1

0.7601.31011HSPB1

0.7411.7726PGAM5

0.6681.57210CAD

0.6551.4242USP5

0.5821.68418AHNAK

0.5711.6604DHCR7

0.5271.44514GARS1

0.5263.0105VDAC2

0.5211.3632ACSL3

0.4301.3919HP1BP3

0.3391.77115ENO1

Log2 > 1P < 0.05 (-log P > 1.301)RNA-bindingKnown E2F1 binding partner

(B)

(A)
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Table 7-2 E2F1 interactome: Proteins enriched in WT-GSK484 over WT-DMSO. 

 

                                         ’                          ntly changed in the WT-
DMSO compared to the WT-                   ’   -test p values < 0.05 (-log p > 1.301, 
highlighted in yellow) were shown. Known E2F1 binding partners (RB, TFDP1/2, and CDK1) are 
highlighted in green. Log2 fold change of more than 1 and less than -1 are highlighted in red and 
blue respectively. Proteins over-representing RNA-binding (GO:0003723) were shown in red. 
Proteins which were also enriched over E2F1cr were shown in italic.  

Log2 Fold ChangeP value (-log)No. of Unique PeptidesProtein

-0.9312.44715E2F1

-0.7771.51136RB1

-1.0081.6168TFDP1

-0.6160.8933TFDP2

-1.5902.4243CDK1

3.9761.7547KRT87P

2.2811.4996IMPDH2

1.6751.3892NDUFA4

1.4922.8642SCD

1.4081.7143DCD

1.2541.5053ARF3

1.2101.4674PYCR1

0.9431.8557CA2

0.8991.6058SFN

0.8441.4299POF1B

0.8241.99017ATP5F1A

0.8211.33723ATP5F1B

0.7901.5475DDX39A

0.7553.0063S100A7A

0.7411.4858SEC61A1

0.5971.6332VAPA

0.5821.6326PGAM5

0.4992.0848PPIB

0.4992.9395VDAC2

0.4751.31018AHNAK

0.4371.97531ALB

0.3861.36015ENO1

0.3581.41315TUFM

-0.3932.0555RSL1D1

-0.4041.44912LRPPRC

-0.4241.7204OAT

-0.4971.3203GLUL

-0.5642.4914TUBB

-0.6231.9596TUBA1C

-0.6731.5395TUBA4A

-0.6902.2062RPS27

-0.7251.6756HMGB1

-0.7261.4036PCNA

-0.7401.7723RPS24

-0.7712.0909IARS1

-0.8401.4663RPS15A

-0.8501.8107TFRC

-0.8951.5715CSE1L

-0.9232.3707S100A7

-1.0051.3023NUP205

-1.1071.5364PNP

-1.2253.06915OGT

-1.3492.60223KIF5B

-1.4002.49120TRAK1

-1.7961.8582CRABP2

-1.9172.1502CTPS1

-2.5731.5782ACTR3

-2.6982.5064RCBTB1

Log2 > 1
P < 0.05 (-log P > 1.301)

RNA-binding
Known E2F1 binding partner

Log2 < -1Enriched over E2F1cr too

Enrichment in WT-GSK484 over WT-DMSO
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7.3 GO Analysis for the E2F1 Interactome with PAD4 Inhibition 

Next, using the ShinyGO bioinformatic tool, the proteins enriched in WT-GSK484 over 

E2F1cr or WT-DMSO were analysed for Gene Ontology (GO) molecular function terms 

and KEGG pathway terms (Figure 7-1). Interestingly, the molecular functional term 

“RNA-binding” (GO:0003723) was over-represented in the WT-GSK484 E2F1 

interactome when compared to WT-DMSO (Figure 7-1B (i)), and 16 potential RNA-

binding proteins (RBPs) were identified (shown in red in Table 7-2). Additionally, some 

of these RBPs were also enriched in WT-GSK484 when compared to E2F1cr (shown in 

red in Table 7-1B and italic in Table 7-2), though the GO term itself was not significant 

in this comparison. This is probably due to the small number of protein inputs in this 

analysis. Out of these 16 potential RBPs, the interaction of E2F1 with 8 of them was 

demonstrated to be enhanced with GSK484 treatment, whereas PAD4 inhibition appears 

to reduce the association of the other 8 RBPs with E2F1. Although the relevance of these 

proteins to E2F1/PAD4-driven AS regulation is currently unknown, the result suggests 

that PAD4 may have a profound effect on regulating the E2F1-RBP interactome. 

To further investigate these possible RNA-binding proteins identified from the GO 

analysis, we mined the RefSeq database at the National Centre for Biotechnology 

Information (NCBI) website (https://www.ncbi.nlm.nih.gov/refseq/) (O’Leary et al., 

2016) for functional annotations (Table 7-3). Despite our expectations, the list of potential 

RBPs did not appear to contain many splicing-related factors. DDX39A is one of the few 

proteins with known functions in RNA processing. The physiological role of this RNA 

helicase has been connected with RNA export, but it is also implicated in pre-mRNA 

splicing (Jarmoskaite & Russell, 2011; Linder & Jankowsky, 2011; M.-J. Luo et al., 2001; 

Nakata et al., 2017; Yamazaki et al., 2010). For example, DDX39A was demonstrated to 

https://www.ncbi.nlm.nih.gov/refseq/
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regulate the AS of the Androgen Receptor (AR) protein to induce the splice variant (AR-

V7) which is often linked to poor cancer prognosis and resistance to androgen deprivation 

therapy (Nakata et al., 2017). Another potential splicing factor in the GSK484-treated 

E2F1 interactome is AHNAK, and this large (700 kDa) scaffolding protein was 

demonstrated to regulate the splicing of its own transcript (de Morrée et al., 2012).  

It is also noteworthy that a few components of the 40S ribosome subunit (RPS27, RPS24, 

and RPS15A) were among the proteins whose interactions were significantly impacted 

by GSK484 treatment. This is also reflected in the KEGG analysis, which identified the 

term ribosome (M189) to be over-represented in the WT-GSK484 over WT-DMSO 

comparison (Figure 7-1B (ii)). The relevance of E2F1 in ribosomal biology has been 

described by several studies. For example, E2F1 is known to regulate the expression of 

ribosomal component rRNAs (Ayrault et al., 2006), whereas some recent reports 

suggested that ribosomal proteins were in turn involved in the regulation of E2F1 

expression and activity (Ma et al., 2022; Pecoraro et al., 2019). These studies, however, 

have never reported a direct interaction between E2F1 and ribosomal proteins. The IP-

MS analysis presented here thus indicates a novel interaction of E2F1 with ribosomal 

components (40S subunit), and such an interaction seems to be negatively regulated by 

GSK484 treatment (Table 7-2). Further supporting this, ribosomal proteins including 

RPS24 and RPS23 were enriched in the WT-DMSO E2F1 interactome when compared 

to the E2F1cr condition. This link between E2F1 and the ribosome is an interesting topic 

for future research, which might suggest a potential role for PAD4-dependent 

citrullination in extending E2F1 activity from a classical transcription factor to a 

translation co-regulator.  
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Finally, in the hope of confirming novel splicing factors that act downstream of the 

E2F1/PAD4 axis, we attempted to validate the interaction of E2F1 with the RBPs 

identified in the IP-MS in a parallel biochemical experiment. DDX39A and AHNAK 

were selected as potential candidates with their possible roles in RNA processing as 

indicated by the functional annotation analysis. However, due to the limited availability 

of commercial antibodies, only DDX39A was finally selected for downstream IP 

experiments. HCT116 p53-/- cells were transfected with wildtype or citrullination-

defective mutant (Figure 4-10) E2F1 (HA-E2F1WT or HA-E2F1R4K) and treated with 10 

µM GSK484 (or DMSO) for 72 hours before being immunoprecipitated with an anti-HA 

antibody. Unfortunately, it was not possible to detect an interaction between E2F1 and 

DDX39A under these conditions (Figure S-7), despite multiple repeat experiments. 

Nevertheless, mass spectrometry is considered a more sensitive technique than IP for 

detecting protein-protein interactions. Therefore, our inability to confirm the DDX39A 

interaction with E2F1 may simply reflect a technical limitation of the antibodies used in 

the IP. In addition, since that the protein-protein interactions between E2F1 and SRSF3 

or p100/TSN were significantly enhanced by the ectopic expression of PAD4, it would 

be interesting to repeat the IP-MS experiment in cells over-expressing PAD4 in future 

studies. 
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Figure 7-1 GO Analysis of E2F1 interactome with GSK484 treatment. 

Gene Ontology (GO) enrichment for Molecular Functions and KEGG pathway analyses were 
performed for the proteins enriched with E2F1 in the WT-GSK484 condition over (A) the E2F1cr 
condition and (B) WT-DMSO condition, using the ShinyGO online tool (http://bioinformatic
s.sdstate.edu/go/) (S. X. Ge et al., 2020). Proteins with more than one peptide identified with 
                   ’   -test p values (<0.05) were used in the analysis. (i) GO molecular function 
and (ii) KEGG. Over-represented pathways (-log10(P) > 1.301) were shown in -log10(P value). 
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Table 7-3 RNA-binding proteins in GSK484-treated E2F1 interactome. 

 

List of proteins over-                 ‘   -       ’    :                                  
Function Analysis for whose enrichment with an anti-E2F1 antibody in the WT-GSK484 condition 
was significantly altered compared to the WT-DMSO condition (as shown in Table 7-2). Functional 
annotations were provided by the RefSeq database from the National Centre for Biotechnology 
Information (NCBI) website (https://www.ncbi.nlm.nih.gov/refseq/)   ’              2016).  
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7.4 Chapter Summary 

Even though we were lucky enough to identify SRSF3 as a splicing factor working 

downstream of the E2F1/PAD4 axis, this AS regulation and the involved pathways seem 

to be complex and likely involve multiple other splicing factors in addition to SRSF3. We 

therefore carried out the immunoprecipitation-mass spectrometry using an anti-E2F1 

antibody to examine the E2F1 interactome under the influence of the GSK484 treatment 

(Table 7-1 and Table 7-2). Interestingly, the subsequent GO analysis demonstrated that 

the molecular function term ‘RNA-binding’ was enriched in GSK484-treated WT cells 

over untreated cells (Figure 7-1). The splicing-related RNA helicase DDX39A was 

among the proteins over-representing this GO term (Table 7-3), although its interaction 

with E2F1 was not confirmed by immunoprecipitation (Figure S-7). Additionally, this list 

of RBPs contained several ribosome proteins, indicating a potential link between E2F1 

and translation. Overall, the IP-mass spec results indicated a potential general role of 

PAD4 in regulating the interaction of E2F1 with RNA-binding proteins, although each 

interaction may need to be confirmed in a parallel experiment in vitro and in vivo. 

In future research, investigation of the E2F1 interactome with an elevated level of PAD4 

expression would be of great interest, as PAD4 activity may have a greater impact on the 

protein-protein interactions in such conditions, as previously highlighted for the 

interactions of p100/TSN and SRSF3 with E2F1 (Figure 5-1 and Figure 5-2). Further 

characterisation of RBPs identified in our IP-MS experiment, especially DDX39A and 

AHNAK, would also contribute to expanding our understanding of the E2F1/PAD4 axis 

in the context of RNA processing regulation. 
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8.1 Novel Function of the E2F1/PAD4 Axis in Splicing Regulation. 

8.1.1 Current understanding of the E2F1/PAD4 axis and AS. 

Pre-mRNA splicing is a key component of eukaryotic gene expression. It has been 

suggested that up to 95 % of the human genome requires this process to remove introns 

from transcripts and produce functional mRNAs as templates for protein synthesis 

(Bonnal et al., 2020; Gallego-Paez et al., 2017). Alternative splicing (AS), by generating 

multiple variants of mRNA transcripts from a single gene, can substantially expand 

protein diversity. Mounting evidence indicates the deregulation of this mechanism in the 

progression of various diseases, and cancer is among such pathological conditions 

affected by these splicing disturbances (Baralle & Giudice, 2017; Bonnal et al., 2020; 

Gallego-Paez et al., 2017). 

In the last decade, the incorporation of state-of-the-art mass spectrometry and analytical 

methodology has revolutionised our understanding of the cellular ‘citrullinome’, and the 

evidence connecting PADs with RNA processing is becoming more compelling 

(Lewallen et al., 2015; Tanikawa et al., 2018). For example, one study, which identified 

around 50 intracellular proteins citrullinated by PAD2, discovered more than 20 of them 

were RNA processing or splicing factors (Lewallen et al., 2015). Another proteomic 

analysis found more than 150 substrates of PAD4 in cells, and interestingly about 20 % 

of them were shown to possess the RG/RGG motif (Tanikawa et al., 2018). This motif is 

a known molecular signature of RNA-binding proteins and implicated in the regulation 

of a variety of intracellular molecular interactions by serving as binding sites for RNA or 

other proteins (Rajyaguru & Parker, 2012; Thandapani et al., 2013). Since citrullination 

results in the loss of positive charge from an arginine residue (Figure 1-5), one can predict 
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that PADs here may act to modulate the interaction of these RGG-containing RNA-

binding proteins (RBPs) with RNA which is negatively charged or with other proteins. 

Indeed, it was demonstrated that PAD4-driven citrullination of a splicing factor called 

SFPQ (Splicing factor proline- and glutamine-rich, also known as PSF) results in the 

downregulation of its association with target mRNA (Snijders et al., 2015). Interestingly, 

the target arginine residues in the N-terminal of SFPQ for PAD4 can also be methylated 

by PRMT1, and thereby this modification in turn enhances the interaction of SFPQ with 

mRNA. Experiments using recombinant SFPQ and SFPQ-derived peptides illustrated 

that prior citrullination by PAD4 could block subsequent methylation by PRMT1, and 

vice versa, suggesting that PAD4 may play a key role in regulating SFPQ-mediated 

splicing in orchestration with PRMT1. Curiously, SFPQ is not the sole example of RBPs 

subjected to such crosstalk between citrullination and methylation. For instance, the 

human ribosomal protein S2 (RPS2), whose expression is reportedly dysregulated in 

multiple types of tumours (Q. Guo et al., 2011), contains an N-terminal RGG motif 

targeted by PAD4 for citrullination (Q. Guo et al., 2011) and PRMT3 for methylation 

(Bachand & Silver, 2004; Swiercz et al., 2005, 2007). Furthermore, methylation of the 

arginine residue in the RGG motifs can be prevalently found, whereby PRMTs are 

thought to play a key regulatory role in modulating protein-RNA interactions (C. Chen et 

al., 2011; Fong et al., 2019; C.-Y. Lee et al., 2018; Lewallen et al., 2015; W.-J. Li et al., 

2021; Lim, Lee, et al., 2020; Lim, Park, et al., 2020; Musiani et al., 2019; Radzisheuskaya 

et al., 2019; Tanikawa et al., 2018). Together, these studies suggest that PADs may 

undertake a key role in post-translationally regulating RNA splicing, and the crosstalk 

between citrullination and methylation may serve as a general regulatory mechanism for 

RNA-binding factors. Nevertheless, no direct evidence has yet been proposed to 
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demonstrate the involvement of PADs in RNA processing, and underlying mechanisms 

remain to be elucidated. 

E2F1 is another example of a substrate for the citrullination-methylation interplay and its 

potential involvement in RNA splicing (Harada et al., 2023). This transcription factor is 

a known master regulator of the cell cycle progression (Figure 1-3), as well as a potent 

mediator of apoptosis in response to DNA damage (Roworth et al., 2015). The activity of 

E2F1 in the cell cycle is primarily regulated by the pocket proteins including the 

retinoblastoma protein (pRB), whose interaction with E2F1 at the designated binding site 

within the transactivation domain suppresses its transcriptional activity (Figure 1-2). The 

E2F1-pRB pathway is integral to the regulation of the cell cycle progression, and 

unsurprisingly often deregulated in numerous proliferative diseases including cancer (Di 

Fiore et al., 2013; Roworth et al., 2015). In addition, the E2F1 transcription factor is 

subject to various post-translational modifications, that govern the different biological 

outcomes of E2F1 activity in an orchestrated manner (Figure 1-4) (Carr et al., 2015). 

Previous work in our lab has demonstrated that the arginine residues in an RGRGR 

sequence of E2F1 are targets for methylation by PRMT5 and PRMT1 (Figure 1-4), and 

the balance of activity between these two methyltransferases acts as a molecular switch 

to channel E2F1 activity into distinct biological pathways (Figure 8-1) (Cho et al., 2012; 

Zheng et al., 2013). PRMT5, which symmetrically methylates R111 and R113 residues, 

allows E2F1 to activate cell proliferation pathways, whilst PRMT1-dependent 

asymmetric methylation of R109 drives E2F1-dependent apoptosis (Cho et al., 2012; 

Zheng et al., 2013). The activities of PRMT5 and PRMT1 are considered mutually 

exclusive. Methylation at R109 mediated by PRMT1 in DNA-damaged cells can 

antagonise the subsequent PRMT5-dependent methylation at R111 and R113 (Figure 
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8-1A). Conversely, this PRMT1-driven methylation is hindered by the binding of cyclin 

A to E2F1 in proliferating cells, whereas it instead augments the activity of PRMT5 

methylating R111 and R113 residues as well as ensuring that E2F1 is committed to the 

cell cycle progression (Figure 8-1B) (Cho et al., 2012; Zheng et al., 2013). PRMT1 and 

PRMT5 allow E2F1 to regulate the expression of different subsets of genes, which partly 

contributes to the distinct biological outcomes. Furthermore, PRMT5-driven methylation 

at R111 and R113 is a known mark to be recognised by a reader protein, p100/TSN, which 

acts as a transcription co-factor of E2F1 in promoting pro-growth gene expression and 

downregulating apoptotic pathways (Zheng et al., 2013). 

Interestingly, the R109 residue of E2F1, which can be methylated by PRMT1, was also 

identified as a primary target residue of PAD4 for citrullination along the R127 residue 

(Ghari et al., 2016). In inflammatory cells, PAD4-dependent citrullination of E2F1 was 

shown to augment the binding and transactivating activity of E2F1 at the pro-

inflammatory promoters, resulting in the enhanced expression of cytokine genes involved 

in the immune response and inflammation (Ghari et al., 2016). Given that citrullination 

and methylation are antagonistic to one another for the same arginine residue in a 

competitive fashion, these findings together suggest the interplay between PAD4 and 

PRMTs may play an essential role in regulating the decision-making process of E2F1 

activity to influence different subsets of its target genes, and greatly expand its genome-

wide impact. 

More recently, PRMT5-dependent arginine methylation of E2F1 was demonstrated to 

extend E2F1 activity to regulate a distinct group of genes at the level of alternative 

splicing, whereby the reader protein p100/TSN plays a key role in recruiting a large 

number of RNA and the spliceosome components to E2F1 (Figure 8-1B) (Roworth et al., 
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2019). Given the interplay between PRMT1 and PRMT5, as well as the potential 

competitive crosstalk between PRMT1 and PAD4, it would be plausible that PAD4-

mediated citrullination of E2F1 may also have an influence over the E2F1-target genome 

outside of its classical transcriptional regulation.  

8.1.2 RNA-seq revealed the impact of PAD4 inhibition on splicing of genes. 

This study set out to examine the genome-wide impact of PAD4-dependent citrullination 

of E2F1, and an RNA-seq experiment was performed in wildtype (WT) and E2F1 

CRISPR-knockout (E2F1cr) HCT116 colorectal cancer cell lines treated with the PAD4 

inhibitor GSK484 (Figure 3-3C). We indeed discovered a global impact of PAD4 

inhibition and E2F1 knockdown on both transcription and splicing of numerous genes 

(Figure 3-5 and Figure 3-9). This result is consistent with previous studies indicating a 

potential link between citrullination and RNA processing (Lewallen et al., 2015; 

Tanikawa et al., 2018), and clearly provides novel, direct evidence that PAD4 regulates 

RNA splicing of genes in cancer cells.  

Of great interest was the observation that GSK484 treatment in WT cells (WT-GSK484) 

only showed a significant impact at the level of AS, and our analysis did not detect any 

significant DEGs in this treatment condition (Figure 3-5 and Figure 3-9). This finding 

appears to conflict with the previously established function of PAD4 as a transcriptional 

co-factor, with various reports suggesting that transcription can be significantly 

influenced by the citrullination of histones (Cuthbert et al., 2004; Y. Wang et al., 2004) 

and other proteins such as transcription factors like Elk1 or E2F1 (Ghari et al., 2016; X. 

Zhang et al., 2011). That being said, it is important to note that most of these studies 

focused on the role that PAD4 plays under the conditions where its expression was 

significantly augmented; for example, by an ectopic expression of PAD4 (Cuthbert et al., 
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2004; Ghari et al., 2016; Y. Wang et al., 2004; X. Zhang et al., 2011). In addition, such 

experiments were often coupled with the ionophore treatment, to further augment PAD4 

activity in cells by inducing high intracellular calcium ion concentrations (Cuthbert et al., 

2004; Ghari et al., 2016; Y. Wang et al., 2004). The investigation of the physiological 

roles played by PAD4 is, to a certain extent, limited to cell lines that express high levels 

of PAD4, such as differentiated or stimulated HL60 cells (Ghari et al., 2016; Y. Wang et 

al., 2004). On the contrary, the RNA-seq in this study was performed in HCT116 cells, 

which are known to express low to moderate levels of PAD4 (X. Luo et al., 2022), and 

the activity of PAD4 was further depleted by the PAD4-specific inhibitor GSK484. 

Therefore, our finding in this study likely indicates that PAD4 may principally act as a 

splicing regulator rather than as a modulator of transcription when its expression is not 

over-expressed.  

Our understanding of the roles of PAD4 and citrullination in normal physiological 

conditions is currently limited. PADs, including PAD4, require a high concentration of 

calcium ions (103-104 nM) for enzymatic activation. The conformational change of the 

C-terminal active site, induced by Ca2+ binding, is believed to increase enzymatic activity 

by over 10,000-fold (Arita et al., 2004; Slade et al., 2015). Since the intracellular 

concentration of calcium ions is typically maintained at around 100 nM (Clapham, 2007), 

it was commonly believed that PAD4 would be catalytically inactive in a normal 

physiological condition. However, several studies have reported potential substrates of 

PAD4, including histone and non-histone proteins, in cells under physiological conditions 

without ectopic PAD4 expression (Hagiwara et al., 2002; Tanikawa et al., 2018). This 

indicates the existence of a yet-unknown mechanism through which PAD4 evades the 

Ca2+ dependency.  
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One obvious candidate mechanism is post-translational modifications (PTMs), which 

widely regulate the activity and structure of substrate proteins in a variety of biological 

processes (G. Duan & Walther, 2015; Ramazi & Zahiri, 2021). There exist only a few 

studies investigating the PTMs on PAD4 to date. Probably the most studied example is 

citrullination itself, whereby the auto-citrullination of this PAD member has been 

previously reported (Andrade et al., 2010; Slack et al., 2011). However, a recent study 

demonstrated that auto-citrullinated PAD4 exhibits a similar enzymatic activity with 

unmodified PAD4 in vitro; despite the auto-citrullination arginine residues (R372, R374, 

and R639) located in proximity to the substrate binding pocket of PAD4, such 

modification does not influence the conformation of the protein (X. Liu et al., 2021). The 

authors nevertheless did not exclude the possibility of auto-citrullination affecting 

protein-protein interactions with as-yet unknown binding partners or co-factors of PAD4 

(X. Liu et al., 2021), which may compensate for or lower the Ca2+ requirement for its 

efficient enzymatic activity. Continuous investigation of PAD4 auto-citrullination, as 

well as further identification and characterisation of other PTMs on PAD4, would be a 

promising direction for future investigations and should contribute to expanding our 

knowledge about intracellular functions of PAD4 under normal physiology. Alternatively, 

it is plausible that supraphysiological concentrations of Ca2+ may exist in specific 

subcellular locations or within certain organelles, which could enable intracellular 

activation of PAD4 through a conventional calcium-dependent mechanism. Future 

studies could therefore explore the dynamics of Ca2+ concentration in cells and their 

effects on the molecular pathways related to PAD4. 

In addition to its physiological roles, it will also be fascinating to investigate the genome-

wide impact of augmented PAD4 activity, for example, by performing an RNA-seq 
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experiment in cells with ectopic expression of PAD4 and treated with calcium ionophore. 

Given the abnormal expression and activity of PAD4 found in numerous diseases 

including cancer (Christophorou, 2022; Yuzhalin, 2019), this type of experiments may 

provide a more precise indication of the pathological relevance of PAD4-mediated 

regulation of RNA splicing. In addition, considering the transcriptional function that 

PAD4 plays through citrullinating histones and non-histone substrates when over-

expressed (Cuthbert et al., 2004; Ghari et al., 2016; Y. Wang et al., 2004; X. Zhang et al., 

2011), an RNA-seq experiment with ectopic PAD4 expression would be able to more 

accurately profile the transcriptome regulated by PAD4-dependent citrullination at the 

transcriptional level. By comparing this RNA-seq with the one in this study, it could 

potentially confirm the hypothesis that PAD4 may act as a transcriptional co-factor or 

splicing regulator depending on its expression level.  

8.1.3 Both E2F1 and PAD4 regulate alternative splicing. 

On the contrary to the WT-GSK484 condition, we discovered large numbers of DEGs in 

the E2F1cr-DMSO and E2F1cr-GSK484 conditions (Figure 3-5). Only less than 50 % of 

them were predicted E2F1-targets through E2F1 ChIP-seq analysis using ENCODE 

datasets (Figure 3-7), suggesting that the E2F1/PAD4 axis can indirectly regulate the 

expression of many genes, probably through the gene regulation of other transcription 

factors or co-factors. In addition, most of these DEGs were shared between both 

conditions. This probably means their differential expression was as a result of E2F1 

knockdown and not hugely affected by PAD4 inhibition, highlighting the significant role 

that E2F1 plays as a master transcription regulator. Nonetheless, it is also worth noting 

that subsets of genes were differentially expressed only in either E2F1cr-DMSO or 

E2F1cr-GSK484 (Figure 3-5), suggesting that PAD4 inhibition had an impact on 
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transcription of such genes in E2F1cr cells, unlike in the WT-GSK484 condition. We later 

revealed that E2F1 and PAD4 can interact with each other in the protein complex with 

p100/TSN and SRSF3 when their expressions are augmented (Figure 5-2). Taken together, 

E2F1, by physically associating with PAD4 and other splicing-related factors, may have 

a role to mask the transcriptional activity of PAD4 and instead engage it to splicing 

regulation.  

Our RNA-seq also identified a large number of genes alternatively spliced in the E2F1cr-

DMSO and E2F1cr-GSK484 conditions as well as in WT-GSK484 (Figure 3-9). The 

E2F1 ChIP-seq analysis identified the majority of the spliced genes were predicted E2F1 

targets (Figure 3-10), indicating that the DNA binding ability of E2F1 might still be 

required for its function to regulate splicing of genes. Interestingly, however, we found 

only minimal overlap between DEGs and spliced genes in these two conditions of E2F1cr 

cells (Figure 3-11). This means that E2F1 may regulate distinct subsets of genes, with 

some representing poor transcription targets that are regulated instead at the AS level. A 

similar phenomenon was observed in our previous study, whereby E2F1 methylated by 

PRMT5 was shown to regulate the expression of distinct populations of genes by 

transcription or AS (Roworth et al., 2019). Our result further supports this previous 

finding and suggests citrullination, as well as methylation, can greatly extend the genomic 

landscape under E2F1 control.  

8.1.4 Potential involvement of p53 in the E2F1/PAD4 axis in AS regulation. 

After uncovering a novel function for the E2F1/PAD4 axis in AS regulation through our 

RNA-seq analysis, we confirmed that some of these AS changes are regulated in an E2F1 

and PAD4-dependent manner in HCT116 p53-/- cells by RT-qPCR (Figure 4-4). As 

discussed in Chapter 4, our RT-qPCR validation experiments in HCT116 p53+/+ cells, 
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the original cell line in which the RNA-seq was performed, displayed a trend of AS 

changes consistent with the RNA-seq results, though did not meet statistical significance 

(Figure 4-3).  

Previously, our research group has conducted another RNA-seq experiment in WT and 

E2F1cr HCT116 p53-/- cell lines to investigate the impact of the PRMT5 inhibitor T1-

44, whereby PRMT5-driven methylation of E2F1 was demonstrated to have an important 

function in regulating cell migration and invasion through transcriptional regulation of 

several motility-related genes (Barczak et al., 2020). The rMATS analysis of this RNA-

seq dataset in p53-/- cells discovered a much larger number of AS events as compared to 

the RNA-seq in p53+/+ cells in this study; for example, approximately 3 times as many 

AS events were found in the E2F1cr-DMSO condition with respect to the control WT-

DMSO condition in HCT116 p53-/- cells (Figure S-3). The p53 protein is an important 

tumour suppressor, and plays a critical role during the response to various cellular stresses 

such as ionizing radiation, hypoxia, carcinogens, and oxidative stress, typically by 

promoting cell-cycle arrest and apoptosis (Pflaum et al., 2014). Reflecting its importance 

in cancer progression, p53 marks one of the most frequently mutated genes in the human 

cancer genome (Hafner et al., 2019; Olivier et al., 2002). Considering the forementioned 

observation in HCT116 p53-/- cell lines, as well as the fact that p53 is an important 

mediator of apoptosis, we hypothesised that the p53 knockout might make HCT116 cells 

less sensitive to apoptosis induced by the AS disturbances and allow us to examine cells 

bearing greater levels of changes in their splicing profile. To support this hypothesis, we 

discovered the same trends of AS changes with greater magnitude and statistical 

significance in HCT116 p53-/- cells compared to p53-/- cells (Figure 4-4).  
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Programmed cell death or Apoptosis is known as one of the most common biological 

processes affected by alternative splicing, and several apoptotic genes have been 

identified to encode multiple splicing variants with opposite effects on cell survival 

(Paronetto et al., 2016). A well-known example is a member of the Bcl-2 family called 

Bcl-x (Dou et al., 2021). An AS event targeting its exon 2 lead to two isoforms of Bcl-x 

transcripts with antagonistic outcomes; Bcl-xL (long isoform) acts against apoptosis, 

whilst Bcl-xS (short isoform) has a pro-apoptotic effect on cells (Dou et al., 2021). P53 

has been reported to directly interact with and antagonise Bcl-xL, resulting in apoptosis 

through the mitochondrial pathway (Mihara et al., 2003). Even though our RNA-seq did 

not detect significant splice changes for Bcl-x gene, it is still possible that p53 induces 

apoptosis in response to splicing events of other apoptotic genes in a similar manner in 

HCT116 p53+/+ cells. This would explain why we observed a larger impact at the level 

of RNA processing in the absence of p53, but further characterisation and investigation 

would be required to confirm this.  

In addition, p53 itself is a known target for alternative splicing. Splice variants contributes 

to a production of around 12 isoforms of this tumour suppressor protein along with other 

mechanisms such as alternative initiation of translation and usage of alternative promoters 

(Surget et al., 2013). Aberrant splicing of p53 has been reported to affect its activity; for 

example, a spliced variant called Δ133-p53 was shown not to bind p53 response elements , 

as well inhibiting full-length p53 from doing so (Marcel et al., 2010). Again, p53 was not 

in the list of our spliced genes affected by the E2F1/PAD4 axis in this study, but the future 

study may explore the possibility of PAD4-mediated splicing regulation of this protein. 

Finally, one also has to bear in mind that there is substantial evidence showing a direct 

link between p53 and both E2F1/PAD4. For example, E2F1 can activate the p53-
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dependent apoptotic pathway through the expression of p14ARF in response to DNA 

damage (Laurie et al., 2006; Pierce et al., 1999; Pierce, Gimenez-Conti, et al., 1998). In 

the absence of p53, E2F1 instead mediates the expression of a p53-related protein called 

p73 to induce apoptosis (Roworth et al., 2015). On the other hand, multiple reports also 

highlighted the crosstalk between PAD4 and p53 in multiple cellular contexts. PAD4 was 

demonstrated to interact with p53 in cells and inhibit the expression of p53-target genes 

related to cell cycle arrest and apoptosis (Yao et al., 2008). In addition, another study 

suggested that PAD4 can indirectly reduce the p53 transcription ability; Guo and Fast 

showed that the citrullination of a tumour suppressor protein called inhibitor of growth 4 

(ING4) resulted in the reduced association of this protein with p53 (Q. Guo & Fast, 2011). 

ING4 is a known co-factor of p53, whereby it recruits the histone acetyltransferase p300 

and promotes the acetylation status of p53 at the K382 residue (Gu & Roeder, 1997). 

Citrullinated ING4, which dissociates from p53, can no longer activate p53 through this 

p300 pathway, leading to the repression of p53-target genes including p21 (Q. Guo & 

Fast, 2011). Collectively, these studies provide evidence of intricate molecular 

interactions among E2F1, PAD4, and p53 in diverse cellular pathways, suggesting that 

the knockdown of p53 may have affected the activities of E2F1 and PAD4 in the present 

study too. Future studies are required to carefully examine this interplay in the context of 

RNA processing, especially the relevance of p53 to the PAD4/E2F1-mediated regulation 

of splicing.  
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Figure 8-1 Potential Interplay between PAD4 and PRMTs on E2F1. 

Model diagram explaining the potential crosstalk between citrullination and methylation on E2F1. 
(A) In DNA-damaged cells, PRMT1 methylates R109 of E2F1, which antagonises PRMT5-driven 
arginine methylation at R111 and R113. This methylation event promotes E2F1-dependent 
apoptosis. (Zheng et al., 2013) (B) In cycling cells, cyclin A binding to E2F1 hinders PRMT1-
driven methylation, resulting in PRMT5-dependent methylation events at R111 and R113. This 
instead promotes proliferation (Zheng et al., 2013). This methylation marks are read by p100/TSN, 
which recruits RNA and spliceosome components to E2F1 (Roworth et al., 2019). (C) PAD4-
mediated citrullination also occurs at R109 on E2F1 (Ghari et al., 2016), which should effectively 
block the subsequent arginine methylation by PRMT1. This may de-repress the activity of PRMT5, 
resulting in the p100/TSN interaction as seen in this study.  
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8.2 Molecular Mechanisms of E2F1/PAD4-regulated AS. 

8.2.1 PAD4 activity influences the interaction of E2F1 with its target promoters. 

Using the validated AS target genes from our RNA-seq, we performed a series of 

biochemical experiments in HCT116 p53-/- cells to elucidate the molecular mechanisms 

underlying the E2F1/PAD4-dependent regulation of splicing. EXOC4 was one of the 

validated examples whereby skipping of its exon (SE) 7 was regulated by the interplay of 

E2F1 and PAD4 (Figure 4-4). This gene was predicted to be an E2F1 target after 

analysing the E2F1 ChIP-seq data deposited in the ENCODE project (Figure 4-6), and 

we subsequently confirmed that E2F1 can bind to the promoter of EXOC4 by E2F1 ChIP 

(Figure 4-7). We also observed that the increased level of PAD4 expression can enhance 

this E2F1-DNA association (Figure 4-8). Interestingly, subsequent chemical inhibition of 

PAD4 had an effect to suppress this enhanced binding, but on the spliced genes, whilst 

the binding of E2F1 to most of its transcription target promoters remained relatively 

unaffected (Figure 4-8 and Figure 4-9). This might be related to an essential but uncharted 

mechanism by which E2F1 distinguishes its target genes for transcriptional regulation or 

regulation at the level of RNA processing, but the number of tested genes was too limited 

to make a conclusion and a large-scale confirmation experiment would still be required.  

In addition, we subsequently revealed that splicing events including EXOC4 SE7 are 

directly dependent on the citrullination of E2F1 (Figure 4-10), by using a citrullination-

defected mutant of E2F1 that was used in our previous study (Ghari et al., 2016). Together 

with the aforementioned E2F1 ChIP experiments (Figure 4-7 and Figure 4-8), this finding 

suggests that PAD4-mediated citrullination of E2F1 plays a crucial role in the regulation 

of AS for target genes, potentially by strengthening the E2F1 binding to the promoters of 

such genes. This is consistent with our previous finding that the association of methylate 
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E2F1 with spliceosome snRNA requires the E2F1-chromatin association, whereby the 

mutation in the DNA-binding domain of E2F1 disrupted the binding of U6 snRNA to 

methylated E2F1 (Roworth et al., 2019). However, since E2F1 binding was not observed 

at the promoters of some AS target genes such as SPIN1 (Figure 4-7), this mechanism 

may not apply to all of the splicing targets, indicating the possibility of the participation 

of E2F1 and PAD4 in various pathways to regulate RNA splicing. 

One limitation of this citrullination-defective mutant assay, however, is that we were 

unable to detect the direct citrullination of E2F1 by immunoblot. Citrullination is 

technically challenging to detect since the quality and efficacy of commercially available 

antibodies are still poor. We therefore used the anti-citrulline (modified) kit to attempt to 

detect citrullination on immunoprecipitated E2F1, but unfortunately it was not possible 

to achieve a clear result (data not shown). Nevertheless, both endogenous and ectopically-

expressed E2F1 have been found to be citrullinated in a previous study (Ghari et al., 2016) 

and intracellular PAD4 activity and inhibition by GSK484 were confirmed in this project 

(Figure 3-1). We therefore conclude that our findings are still sufficient evidence to 

suggest that citrullination of E2F1 is central to the regulatory mechanism of AS for genes 

including EXOC4 SE7, though continued development of citrullination detection tools 

would permit us to investigate this question more thoroughly. 

Future research would further characterise this citrullination-defective E2F1 mutant; for 

example, a ChIP experiment with this mutant would measure the impact that E2F1 

citrullination has on its DNA binding affinity. Nonetheless, it is noteworthy that site-

specific mutagenesis of E2F1 arginine residues R109, R111, R113, and R127 can not 

only inhibit citrullination but also efficiently block arginine methylation. Future 

experiments therefore need to carefully distinguish between the effects of citrullination 
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and methylation of these residues by the use of careful control experiments and the 

specific PAD/PRMT inhibitors. 

8.2.2 PAD4 activity influences the interaction of E2F1 with p100/TSN. 

Considering no RNA-binding motifs were identified either in E2F1 and PAD4, it would 

be more plausible to predict that these two proteins regulate RNA splicing by interacting 

with and modulating the activity of other RNA-binding proteins. Indeed, as well as the 

protein-DNA interaction, we demonstrated that PAD4 has key functions to regulate two 

additional levels of molecular interactions in cells: protein-protein and protein-RNA 

interactions.  

First, we showed that ectopic PAD4 can enhance the interaction of E2F1 with p100/Tudor 

staphylococcal nuclease (TSN) (Figure 5-1). In addition to being described as a 

transcriptional co-activator, p100/TSN reportedly plays a central role in RNA splicing 

(Gutierrez-Beltran et al., 2016). This protein directly interacts with components of the 

spliceosome including U1, U2, U4, U5 and U6 snRNPs and a few Sm proteins, and 

thereby it facilitates the sequential assembly of this complex at the splice sites (Figure 

1-9) and enhances the rate of splicing in vitro (Gao et al., 2012; J. Yang et al., 2007). 

Previous work in our lab demonstrated that E2F1 is also associated with p100/TSN in a 

PRMT5-dependent manner, where this binding of p100/TSN was only observed for E2F1 

symmetrically methylated by PRMT5 at R111 and R113 (Figure 8-1B), and not for E2F1 

asymmetrically methylated by PRMT1 at R109 or unmethylated E2F1 (Roworth et al., 

2019; Zheng et al., 2013). Methylation events of E2F1 catalysed by PRMT5 and PRMT1 

are considered mutually exclusive, and the balance in activity between these two enzymes 

has an essential role in channelling E2F1 into different pathways with distinct biological 

outcomes (Cho et al., 2012; Zheng et al., 2013). In response to DNA damage, PRMT1 
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principally acts to methylate E2F1 at R109 and hinder methylation at R111 and R113 by 

PRMT5, resulting in the induction of E2F1-dependent apoptosis (Figure 8-1A). In cycling 

cells, the interaction of cyclin A with E2F1 instead hinders PRMT1-driven methylation 

and allows methylation at R111 and R113 to be catalysed by PRMT5, which engages 

E2F1 into a proliferative mode (Figure 8-1B) (Zheng et al., 2013). The p100/TSN protein 

was initially thought to act as a transcription co-factor of methylated E2F1 in promoting 

gene expression within growth pathways and downregulating pro-apoptotic genes; 

p100/TSN ChIP experiments demonstrated the localisation of this protein at the 

promoters of E2F-target pro-growth genes such as Cyclin E and CDC6 in a PRMT5-

dependent fashion, whereas such binding was not observed at pro-apoptotic E2F1-target 

genes including APAF-1 and p73 (Zheng et al., 2013). However, more recently, 

p100/TSN was also shown to play an important role beyond transcriptional regulation; 

this multifunctional protein recruits a large body of pre-mRNA and components of the 

spliceosome complex to E2F1 in a PRMT5-dependent fashion, and allows it to regulate 

alternative splicing of a subset of its target genes (Roworth et al., 2019).  

In this study, increased PAD4 expression was found to enhance the interaction between 

p100/TSN and E2F1 (Figure 5-1). Citrullination of peptidyl arginine residue effectively 

blocks the recognition and methylation by PRMTs (Raijmakers et al., 2007), and PAD4 

primarily citrullinates R109 residue which is also a target of PRMT1-mediated 

methylation (Ghari et al., 2016; Zheng et al., 2013). Taken together, this enhanced 

interaction of E2F1 with p100/TSN in PAD4 over-expressing cells might be a result of 

the crosstalk between PAD4 and PRMTs; increased PAD4 expression may competitively 

inhibit PRMT1-dependent methylation at R109 via targeting this arginine residue for 

citrullination, which, given that this methylation event by PRMT1 is known to hinder the 
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activity of PRMT5 methylating R111/R113, may result in the relieved suppression of 

PRMT5-driven methylation events and subsequently enhance the recruitment of 

p100/TSN reading these marks (Figure 8-1C). Future research needs to confirm this 

interplay biochemically, for example, by using the PRMT5-mediated methylation-

defective E2F1 mutant whose R111/R113 residues are site-specifically mutated, as used 

in previous studies (Cho et al., 2012; Roworth et al., 2019; Zheng et al., 2013). 

8.2.3 PAD4 activity influences the interaction of E2F1 with SRSF3. 

In addition to p100/TSN, we also revealed that the splicing factor SRSF3 was bound to 

E2F1 in a PAD4-dependent manner (Figure 5-2). Serine/arginine-rich (SR) proteins are 

one of the major families of AS regulators in eukaryotes (Bradley et al., 2015; Jeong, 

2017; Shepard & Hertel, 2009). By recognising splicing regulatory elements (SRE) in the 

pre-mRNA, particularly splicing enhancer sequences, they can either promote or suppress 

constitutive and alternative splicing events through multiple mechanisms; such as helping 

the recruitment of spliceosome components, physically blocking the splice site, or 

‘looping out’ the target exon to help the splicing machinery remove it (Bradley et al., 

2015; Dvinge et al., 2016; Stamm et al., 2012). A growing body of evidence suggests that 

splicing factors including SR proteins are often deregulated in disease conditions 

including cancer, and SRSF3 is no exception. Aberrant expression of SRSF3 can be found 

in multiple types of tumours, and increasing efforts are being devoted to exploring the 

possibility of targeting SRSF3 therapeutically (Z. Zhou et al., 2020).  

We started to investigate SRSF3 because this SR protein member was identified as a 

substrate of PAD2 (Lewallen et al., 2015). In this study, we discovered that PAD4 can 

also citrullinate SRSF3 (Figure 5-2A), as well as promote its association with E2F1, 

PAD4, and p100/TSN (Figure 5-2B). In addition, siRNA treatment for SRSF3 had a 
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similar impact on AS changes as knockout of E2F1 or PAD4 inhibitor treatment (Figure 

5-3). Notably, for the EXOC4 gene, the treatment of cells with GSK484 or SRSF3 siRNA 

increased the inclusion of exon 7, whilst the co-treatment with both did not significantly 

increase the degree of inclusion (Figure 5-3). This indicates that PAD4 and SRSF3 are 

likely to regulate this splicing event through the same pathway.  

However, many questions remain unanswered regarding the functional consequence of 

PAD4-dependent citrullination of SRSF3; for example, whether this modification is 

necessary for its interaction with E2F1 and p100/TSN, or has any impacts on its activity 

in regulating splicing. Therefore, future study should concentrate on precisely identifying 

the site(s) of citrullination on SRSF3 by mass spectrometry, and subsequent site-directed 

mutagenesis studies may provide further insight towards the functional relevance of 

PAD4-mediated SRSF3 citrullination.  

8.2.4 PAD4 activity potentially influences the protein-RNA interactions of SRSF3. 

Another level of molecular interactions regulated by PAD4 in cells is the protein-RNA 

interaction. We identified that both E2F1 and SRSF3 are associated with EXOC4 mRNA 

by RNA immunoprecipitation (RIP) (Figure 6-3 and Figure 6-4). Considering that they 

interact with each other in cells in a PAD4-dependent manner, and no RNA-binding 

sequence has yet been identified in E2F1, one can predict that E2F1 is associated with 

mRNA via the splicing machinery including SRSF3 under the effect of PAD4 activity. 

Of our interest is that citrullination of E2F1 appears to be a cornerstone of this RNA-

protein association, whereby GSK484 treatment significantly increased the association 

between SRSF3 and EXOC4 mRNA in an E2F1-dependent fashion despite some 

relatively large error bars (Figure 6-7). This observation was only made in the WT cells 

and was not observed in the absence of E2F1. This provides a potential insight into the 
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molecular mechanism of E2F1/PAD4-regulated AS; the citrullination of E2F1 may 

control the RNA binding affinity of the associated splicing factor and regulates the 

splicing events of target genes. 

Citrullination results in the loss of positive charge from an arginine residue (Figure 1-5). 

Given that nucleic acids are negatively charged, one may plausibly expect PADs to 

negatively regulate protein-RNA interactions of their target substrates. To support this 

view, it has previously been demonstrated that the citrullination of splicing factor SFPQ 

results in its reduced affinity for mRNA transcripts (Snijders et al., 2015). Our finding 

supports this observation, since PAD4 inhibitor treatment caused an increased binding of 

SRSF3 to target mRNA exon (Figure 6-7). However, ectopic expression of HA-PAD4 in 

cells did not decrease RNA enrichment by SRSF3 RIP, and the described effect of 

GSK484 was only found in the presence of E2F1 (Figure 6-7). This E2F1 dependency 

suggests that the observed change in the RNA binding affinity of SRSF3 might not simply 

be due to PAD4-mediated citrullination of its RNA binding site, but likely also involves 

the regulation of protein-protein interaction between SRSF3 and E2F1. 

8.2.5 PAD4 activity influences the interaction of E2F1 with RNA-binding proteins. 

Furthermore, in hope of identifying the novel interaction of E2F1 with splicing-related 

factors that were affected by the PAD4 inhibition, we performed the E2F1 immuno-

precipitation-mass spectrometry (IP-MS) experiment in cells treated with GSK484 (Table 

7-1 and Table 7-2). Interestingly, the Gene Ontology (GO) term ‘RNA-binding’ was over-

represented by 16 potential RNA-binding proteins (RBPs) whose interaction with E2F1 

was significantly influenced by the GSK484 treatment (Figure 7-1), suggesting that 

PAD4 may have a significant effect on regulating the E2F1-RBP interactome. Since many 

RBPs have been identified as targets for citrullination (Lewallen et al., 2015; Tanikawa 
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et al., 2018), it is plausible to speculate that PAD4 could play a wider role as a master 

regulator of RBPs by modulating their interactions with other proteins. The RNA helicase 

DDX39A and the scaffolding protein AHNAK were potential splicing-related factors 

among these RBPs (Table 7-3). Given that our SRSF3 siRNA experiments indicated that 

the E2F1/PAD4-dependent AS regulation was likely involved with multiple pathways 

(Figure 5-3), the relevance of these splicing factors to our validated AS events warrants 

further investigation.  
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8.3 Model of AS Regulation by the E2F1/PAD4/SRSF3 Axis. 

Taking into account previous literature, this study highlights a possible mechanism 

whereby PAD4-dependent citrullination extends E2F1 activity to splicing regulation via 

its crosstalk with PRMT-mediated methylation, as illustrated in Figure 8-2. In this model, 

PAD4-directed citrullination allows E2F1 to associate with the promoter regions of its 

splicing target genes. In addition, this citrullination at the R109 residue competitively 

inhibits the activity of PRMT1 which targets the same arginine residue of E2F1 for 

methylation. This results in the de-repression of antagonistic PRMT5 activity, and thus 

promotes methylation events at the R111 and R113. PRMT5-driven methylation marks 

are recognised by p100/TSN, which may recruit target pre-mRNA and splicing machinery 

to E2F1 as proposed by Roworth et al. (Roworth et al., 2019). Furthermore, either by this 

p100/TSN protein or via direct citrullination of itself or E2F1, SRSF3 is also recruited to 

chromatin-bound E2F1 in a PAD4-dependent manner. This recruitment engages the 

E2F1/SRSF3 complex to mRNA, and thereby, for example, positively regulates exon 7 

skipping of EXOC4 co-transcriptionally. In the absence of PAD4 activity, the interaction 

of E2F1 with the splicing machinery containing SRSF3 is disrupted, leading to the change 

in alternative splicing profile as visualised in our RNA-seq. 

8.3.1 Molecular mechanism of SRSF3 regulating AS in the E2F1/PAD4 axis. 

However, there remain a few uncertainties to be clarified in this model, including the 

precise role that SRSF3 undertakes in regulating AS in the E2F1/PAD4 axis. In this 

research, we discovered that GSK484 treatment can promote the inclusion of EXOC4 

exon 7 by the RNA-seq and RT-qPCR validation (Figure 4-4). In addition, we later 

revealed that the same PAD4 inhibitor treatment enhanced the interaction of SRSF3 with 

this target exon of EXOC4 RNA in an E2F1-dependent fashion (Figure 6-7). However, 
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our result demonstrated that SRSF3 siRNA treatment also promoted the inclusion of the 

same exon of EXOC4 (Figure 5-3). Together, these results indicate that the seemingly 

contradicting states of SRSF3, one increasingly associated with its target exon and the 

other silenced by siRNA, may nonetheless produce the same biological outcome in terms 

of EXOC4 exon 7 usage.  

One potential explanation is that SRSF3 might regulate this AS event in a dual manner, 

exhibiting both positive and negative effects contingent upon its specific binding location 

(Figure 8-3). In alternative splicing, SR proteins, including SRSF3, are generally 

implicated as a splicing activator; they bind to cis-acting exonic or intronic splicing 

enhancers (E/ISEs) on pre-mRNA via their RNA-recognition motifs (RRM), and recruit 

the splicing machinery via RS domain (Graveley, 2000; Lam & Hertel, 2002; Matlin et 

al., 2005). This means that our SRSF3 siRNA experiment, which demonstrated 

suppression of this AS event (skipping of EXOC4 exon 7) when SRSF3 was silenced 

(Figure 5-3), may likely reflect this classical SRSF3 activity as an AS activator. 

Nevertheless, mounting evidence suggests that the notion of SR proteins simply serving 

as splicing activators is overly simplified, with several studies reporting their opposite 

roles as splicing suppressors (Bradley et al., 2015; Pandit et al., 2013; M. Shen & Mattox, 

2012). Their functional properties appear to be dependent on several factors, such as the 

sequence and location of the cis-acting element to which SR proteins bind with regards 

to the splice site in the pre-mRNA, and whether the adjacent exons are constitutive or not 

(Bradley et al., 2015; Pandit et al., 2013; M. Shen & Mattox, 2012). Accordingly, with 

the assumption that EXOC4 exon 7 contains the cis-acting exonic splicing silencer (ESS) 

rather than ESE, SRSF3 could possibly act as a suppressor for the skipping of this exon 

when binding to this exon itself. This would explain why the GSK484 treatment, which 
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enhanced the interaction of SRSF3 with EXOC4 mRNA at the target exon 7, resulted in 

the increased inclusion of this exon (Figure 8-3). Based on the fact that the described 

effect of GSK484 on the RNA binding affinity of SRSF3 was only observed in WT cells 

and not in E2F1cr cells (Figure 6-7), it can be hypothesised that the citrullination of E2F1 

plays a significant role in regulating the target selection of SRSF3 and isolating this 

splicing factor from the silencer element. PAD4-dependent regulation of the protein-

protein interaction between E2F1 and SRSF3 (Figure 5-2), as well as E2F1-chromatin 

association in a similar manner (Figure 4-8), might therefore be a key mechanism 

underlying the E2F1/PAD4 axis facilitating the SRSF3 binding into distinct cis-acting 

elements. 

As discussed here, this study highlights a complicated nature of SRSF3 biology in AS 

regulation. Its RNA target specificity, particularly in response to PAD4 and E2F1 activity, 

would therefore be a fruitful area for further work. Experiments including SRSF3 RIP-

seq performed in E2F1cr cells, or cells treated with PAD4 inhibitor, may enable effective 

tracking of SRSF3 splicing targets regulated by the E2F1/PAD4 axis. Additionally, a 

technique called Targets of RNA-binding proteins Identified By Editing (TRIBE), which 

employs the partial fusion of the RNA-editing enzyme ADAR with a target RNA-binding 

protein (RBP) and detects the RNA-editing activity at the target RNAs by RNA-seq, has 

recently emerged as a tool to study the target specificity of RBPs (Burjoski & Reddy, 

2021; Jin et al., 2021; McMahon et al., 2016). One recent study indeed exploited this 

technique for SRSF3 and identified several consensus motifs (Jin et al., 2021), although 

we were unable to locate such motifs around the respective spliced region of EXOC4 

(exon 6, 7, and 8) through the motif scanning analysis using the online tool FIMO (Data 

not shown) (https://meme-suite.org/meme/tools/fimo) (Grant et al., 2011). Nevertheless, 

https://meme-suite.org/me‌me/tools/fimo
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with the use of this novel technique in our experimental setting, we might be able to 

profile SRSF3 binding sites around our target genes more precisely, which should help 

us further elucidate the molecular mechanisms underpinning the interplay between E2F1, 

PAD4 and SRSF3. 

8.3.2 Involvement of p100/TSN and DNA-binding domain of E2F1 

Previous work in our lab has demonstrated that PRMT5-driven arginine methylation at 

R111/R113 allows E2F1 to regulate a subset of its target genes at the level of alternative 

splicing (Roworth et al., 2019). The authors proposed that this activity of methylated 

E2F1 requires the reader protein p100/TSN, which functions to recruit a large body of 

RNAs and the splicing machinery components to E2F1 (Roworth et al., 2019). Indeed, 

both p100/TSN siRNA and PRMT5 inhibitor treatments were shown to have a similar 

impact to deplete the association between E2F1 and RNA in cells (Roworth et al., 2019).  

In this study, we demonstrated that the interaction of E2F1 with p100/TSN was also 

enhanced by the ectopic expression of PAD4 (Figure 5-1). It was hypothesised that this 

might be mediated through the de-repression of PRMT5 activity, by PAD4 competitively 

inhibiting antagonistic PRMT1-mediated methylation (Figure 8-1C). However, our 

subsequent experiments rather focused on another splicing factor SRSF3, and the 

question of whether the E2F1/PAD4-regulated AS events are dependent on p100/TSN 

remained unanswered. Furthermore, we have demonstrated that SRSF3 can be associated 

with p100/TSN, E2F1, and PAD4 under ectopic expression of E2F1 and PAD4 (Figure 

5-2). Given that p100/TSN can recruit components of splicing machinery to methylated 

E2F1 (Roworth et al., 2019), one could hypothesise that p100/TSN might also facilitate 

the recruitment of SRSF3 to citrullinated E2F1, and thereby regulate splicing in the 

E2F1/PAD4 axis. Conversely, the recruitment of this SR protein could be entirely 
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independent of p100/TSN; given that both E2F1 and SRSF3 are substrates of PAD4 

(Figure 5-1) (Ghari et al., 2016), this protein-protein interaction might simply be mediated 

by PAD4-driven citrullination of E2F1 and/or SRSF3. Future research is therefore needed 

to delineate the role of the p100/TSN protein in the E2F1/PAD4 axis thoroughly, 

especially regarding its potential function in recruiting splicing machinery components to 

citrullinated E2F1, and whether this included SRSF3 or not. Since the interaction between 

E2F1 and p100/TSN should be primarily dependent on PRMT5-driven methylation 

(Roworth et al., 2019; Zheng et al., 2013), this investigation might be able to provide an 

experimental confirmation for the potential interplay between PAD4 and PRMTs on 

E2F1, as indicated throughout this study (Figure 8-1). 

In addition to the p100/TSN dependency, the study by Roworth et al. demonstrated that 

the DNA binding activity of E2F1 is essential for this transcription factor to regulate 

splicing of its target genes (Roworth et al., 2019). They utilised the E2F1 mutant with 

compromised chromatin-binding activity, in which Leucine L132 and arginine R166 in 

the DNA-binding domain (DBD) were replaced by glutamine acid and histidine 

respectively, and showed that the interaction of E2F1 with U6 snRNA was disrupted in 

this DBD mutant (Roworth et al., 2019). In this study, we demonstrated that the 

association of E2F1 with its AS target promoters can be enhanced by ectopic PAD4 

expression and reduced by subsequent GSK484 treatment (Figure 4-8). This result 

indicates that E2F1/PAD4-regulated alternative splicing is also likely to occur at 

chromatin-associated E2F1, and in part regulated by PAD4 activity which modulates the 

interaction between E2F1 and DNA. Future studies should therefore examine this 

potential co-transcriptional mechanism of the E2F1/PAD4-regulated splicing, possibly 
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with the use of the aforementioned DBD mutant of E2F1 in combination with PAD4 over-

expression or inhibition. 

8.3.3 SRSF3-independent mechanism 

The model proposed in Figure 8-2 may also fail to account for certain AS events that are 

regulated by E2F1 and/or PAD4 but independently of SRSF3. Our SRSF3 siRNA 

experiment demonstrated a clear involvement of this SR protein in the exon skipping of 

genes like EXOC4 and SPIN1 (Figure 5-3). However, the influence of siSRSF3 appeared 

to be limited on other validated splicing events such as RBM25 SE2 and SNAP23 RI3 

(Figure 5-3). It can therefore be hypothesised that other downstream splicing factors, 

apart from SRSF3, might also take part in the E2F1/PAD4 axis. Our IP-MS experiment 

for the E2F1 interactome and GO analysis demonstrated that the E2F1 interactome 

affected by GSK484 treatment contained many potential RBPs (Figure 7-1), and 

subsequent functional annotation analysis identified two candidate splicing-related 

factors, DDX39A and ANHAK (Table 7-3). Further characterisation of these RBPs in the 

E2F1/PAD4 axis might prove their involvement in the E2F1/PAD4-regulated pathways.  

In addition, a series of immunoprecipitation experiments performed in this study 

indicated that over-expression of PAD4 had a greater impact on the interaction of E2F1 

with other proteins, such as SRSF3 and p100/TSN (Figure 5-1 and Figure 5-2), as 

compared to PAD4 inhibition (Figure S-7). Accordingly, an IP-MS experiment for E2F1 

from cells expressing ectopic PAD4 and/or treated with calcium ionophore, instead of the 

PAD4 inhibition in this study, could potentially detect a wider spectrum of the E2F1 

interactome influenced by PAD4 activity. Given the abnormal expression of PAD4 found 

in many diseases including cancer, this kind of experiments would also provide a better 

indication of the pathological or cancer relevance of citrullinated E2F1 interactome.  
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8.3.4 E2F1-independent mechanism 

Finally, it will be fascinating to investigate other facets of PAD4-regulated splicing 

mechanisms, particularly via the citrullination of RBPs, for example at their RGG motifs, 

and independently of E2F1. This sequence element is often found in RBPs and functions 

to mediate protein-protein or protein-RNA interactions (Rajyaguru & Parker, 2012; 

Thandapani et al., 2013). Given that many RGG-containing RBPs were targeted by PAD4 

and PAD2 for citrullination (Lewallen et al., 2015; Tanikawa et al., 2018), it is plausible 

to hypothesise a physiological or pathological role that PADs undertake in altering the 

splicing profile of cells by modulating the interaction of RBPs with their target RNAs or 

other partner proteins. The present study mainly focused on the E2F1/PAD4 axis and the 

citrullination of RBPs was slightly out of the scope. However, we discovered that SRSF3 

can be citrullinated by PAD4 (Figure 5-2), as well as demonstrating that some AS events 

like SPIN1 SE3 were regulated by PAD4 and SRSF3 but independent of E2F1 through 

RT-qPCR experiments using SRSF3 siRNA (Figure 5-3). Together, these splicing events 

are likely regulated by the citrullination of SRSF3, rather than via an E2F1-dependent 

pathway proposed in the aforementioned model (Figure 8-2). Future research can test this 

E2F1-independent mechanism by investigating the RNA interactions of PAD-targeted 

RBPs including SRSF3, for example by RIP-seq in cells with modulated activity of PADs. 

In addition, an IP-MS experiment targeting any spliceosome complex component(s) from 

cells over-expressing PAD4 could produce interesting findings that account more for the 

splicing-related protein interactome and the influence of citrullination. 
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Figure 8-2 Potential mechanism of PAD4 influencing PRMT activities on E2F1. 

Model diagram explaining the potential crosstalk between citrullination and methylation on E2F1. 
(A) In DNA-damaged cells, PRMT1 methylates R109 of E2F1, which antagonises PRMT5-driven 
arginine methylation at R111 and R113. This methylation event promotes E2F1-dependent 
apoptosis (Zheng et al., 2013). (B) In cycling cells, cyclin A binding to E2F1 hinders PRMT1-
driven methylation, resulting in PRMT5-dependent methylation events at R111 and R113. This 
instead promotes proliferation (Zheng et al., 2013). This methylation marks are read by p100/TSN, 
which recruits RNA and spliceosome components to E2F1 (Roworth et al., 2019). (C) PAD4-
mediated citrullination also occurs at R109 on E2F1 (Ghari et al., 2016), which should effectively 
block the subsequent arginine methylation by PRMT1. This may relieve the suppression of the 
PRMT5 activity, resulting in the p100/TSN interaction as seen in this study.   
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Figure 8-3 Potential dual roles of SRSF3 in the E2F1/PAD4 axis. 

Model diagram illustrating potential dual roles that SRSF3 plays as a splicing activator and 
suppressor depending on its binding site. (A) Over-expression of PAD4 enhances the interaction 
between E2F1 and SRSF3 as well as E2F1-chromatin association at the target gene, by 
citrullinating E2F1 and/or SRSF3. These interactions would direct SRSF3 binding to the exonic 
or intronic splicing enhancer away from exon 7 (E/ISE; ESE in exon 6 as an example here), 
promoting the exclusion/skipping of EXOC4 exon 7. This might be a primary activity of SRSF3, 
as SRSF3 siRNA resulted in the inclusion of exon 7. (B) With GSK484 treatment, the E2F1 
interactions with SRSF3 and the target promoter are no longer intact, releasing SRSF3. SRSF3 
now binds to the exonic splicing silencer (ESS) within exon 7 and promotes the inclusion of this 
exon. 
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8.4 Biological and Clinical Significance of the E2F1/PAD4 Interplay. 

8.4.1 PAD4 inhibitor in cancer therapy. 

In recent years, we have seen profound developments in the pharmacology of 

citrullination, and several potent pan-PAD and isozyme-specific inhibitors have been 

used to investigate the functions of these enzymes both in vitro and in vivo (Lewis et al., 

2015; Lewis & Nacht, 2016; Y. Wang et al., 2012). With a growing body of evidence 

suggesting that the deregulation of PADs is integral to many diseases including cancer, 

the therapeutic use of such small molecule PAD inhibitors is increasingly becoming 

attractive in the field of oncology. Indeed, some PAD4-specific inhibitors have already 

been reported to have promising anti-tumour effects in pre-clinical models; the most 

recent examples include GSK484 which was also used in this study (Wei et al., 2021), 

and another small molecule PAD4-specific inhibitor called JBI-589 (Deng et al., 2022). 

The former was recently shown to sensitise triple-negative breast cancer cells to 

radiotherapy in a mouse xenograft model (Wei et al., 2021), whilst the latter reportedly 

suppresses primary tumour growth in mouse models via the downregulation of a 

chemokine receptor, CXCR2, in neutrophils (Deng et al., 2022). Further research is 

required to better understand the molecular interactions of PAD4 with cancer-related 

pathways and signalling cascades, and continued development of potent inhibitors could 

improve cancer treatment options and outcomes. 

Similarly, the protein arginine methyltransferase (PRMT) family of proteins have 

attracted scientific interest during the past decade, underlined by their deregulated 

expression in multiple types of cancer, important roles in various pathways contributing 

to tumour progression, and thus their potential as druggable therapeutic targets in cancer 

(Y. Yang & Bedford, 2013). The anti-cancer therapeutic use of PRMT5-specific 
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inhibitors has been widely explored, some of which have already shown encouraging 

preliminary clinical efficacy (Feustel & Falchook, 2022). Recent work from our lab 

demonstrated that a PRMT5-specific inhibitor, T1-44, in combination with the TGF-β1 

signalling inhibitor Vactosertib, can significantly reduce tumour size and improve the 

long-term survival of mouse models (Hong et al., 2023). In addition, a few other PRMT5 

inhibitors including AMG193 and GSK3326595 have already entered clinical trials for 

use in cancer therapy (Amgen, 2023; Siu et al., 2019).  

In this study, we highlighted a potential crosstalk between PAD4 and PRMTs on E2F1-

dependent activities (Figure 8-2), whereby we observed the enhanced interaction of E2F1 

with p100/TSN in cells over-expressing PAD4 (Figure 5-1). Previously, the p100/TSN 

protein was identified as a reader of the PRMT5-driven arginine methylation marks on 

E2F1 at R111 and R113 (Zheng et al., 2013). This methylation event was known to be 

hindered by the activity of another methyltransferase, PRMT1, which targets the R109 

residue of E2F1 in DNA-damaged cells and promotes E2F1-dependent apoptosis (Zheng 

et al., 2013). In proliferative cells, the binding of cyclin A to E2F1 impedes PRMT1-

mediated arginine methylation and allows PRMT5 primarily acts to methylate E2F1 to 

channel its activity into pro-growth pathways (Cho et al., 2012; Zheng et al., 2013). 

Citrullination and arginine methylation competitively inhibit one another by targeting the 

same arginine residue (Cuthbert et al., 2004; Hagiwara et al., 2005), and PAD4 and 

PRMT1 share the target arginine residue (R109) of E2F1 (Ghari et al., 2016; Roworth et 

al., 2019). This probably means that our observation of the increased interaction between 

E2F1 and p100/TSN with ectopic PAD4 expression might be a result of the citrullination-

methylation interplay; PAD4 may inhibit PRMT1-mediated methylation by citrullinating 

R109 residue, which leads to the de-repression of PRMT5 activity catalysing arginine 
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methylation at R111/R113, leading to recruitment of the reader protein p100/TSN (Figure 

8-1C). 

Given that PRMT5-driven methylation favours cell growth and proliferation (Cho et al., 

2012; Zheng et al., 2013), and PRMT1 promotes E2F1-dependent apoptosis (Zheng et al., 

2013), it can be hypothesised that PAD4 might contribute to cancer progression via 

PRMT5-regulated pathways and overcome PRMT1-mediated apoptosis by competitively 

citrullinating R109 residue of E2F1. This study therefore proposes PAD4 and its crosstalk 

with PRMTs as a potential attractive target pathway for cancer therapy. For example, it 

might be of great interest to explore the potential use of PAD4 and PRMT5 inhibitors in 

combination, as this co-treatment would synergistically relieve the suppression of 

PRMT1 activity and prompt E2F1-dependent apoptosis in theory. However, it is 

noteworthy that previous work in our lab also suggested that, although the predominant 

citrullination sites of E2F1 were R109 and R127, arginine residues R111 and R113 (the 

residues targeted by PRMT5) could also be targeted for PAD4-directed citrullination 

(Ghari et al., 2016). This indicates that an intricate, context-dependent relationship must 

exist between PAD4 and PRMTs over E2F1 activity. The substrate specificities and 

preferences of PADs, including PAD4, have not been clearly defined to date 

(Christophorou, 2022; Darrah et al., 2012; Knuckley et al., 2010), and further 

investigation in this area, such as the identification of consensus target motifs, would be 

essential for characterisation and potential therapeutic use of the co-inhibition of PAD4 

and PRMT5. 
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8.4.2 Therapeutic relevance of alternative splicing. 

An ever-increasing number of publications suggests that AS disturbances are intricately 

connected with cancer occurrence and progression, which highlights the potential for 

splicing-based therapeutics to be used in the treatment of cancer (Bonnal et al., 2020; 

Gallego-Paez et al., 2017). Multiple methods, including the use of small molecule 

inhibitors and splice-switching antisense oligonucleotides (SSOs), are currently 

implemented to modulate splicing activity in cancer cells (Bonnal et al., 2020; Gallego-

Paez et al., 2017). 

In this study, it was demonstrated that SRSF3 plays a significant role in the E2F1/PAD4-

regulated splicing process. SRSF3 is a splicing factor that has been found to be over-

expressed in various types of tumours, including breast cancer, ovarian cancer, 

retinoblastoma, gastric cancer, colorectal cancer, and hepatocellular carcinoma (Iborra et 

al., 2013; Ke et al., 2018; Park & Jeong, 2016; Villegas et al., 2014; H. Wang et al., 2019). 

This SR protein is therefore amongst the candidate splicing factors implicated as a 

potential therapeutic target (Z. Zhou et al., 2020). Interestingly, SRSF3 has been linked 

with the anti-tumour effects of some drugs whose repositioned use in cancer therapy are 

explored; such as the anti-arrhythmic drug Amiodarone (Y.-L. Chang et al., 2018) and a 

potassium-sparing diuretic Amiloride (J.-G. Chang et al., 2011). Direct targeting of 

SRSF3 has also been examined; for example, a recent study demonstrated that the SRSF3-

specific inhibitor SFI003 can exhibit anti-tumour effects in suppressing growth, inducing 

apoptosis and changing metastatic profiles of colorectal cancer cells (Y. Zhang et al., 

2022). The authors discovered such impacts of the SRSF3 inhibitor treatment were caused 

by the suppression of a cholesterol biosynthesis-related gene called DHCR24, whose 

expression was regulated by SRSF3-dependent splicing (Y. Zhang et al., 2022). 
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Downregulation of DHCR24 led to a significant increase in the level of reactive oxygen 

species (ROS), which resulted in the activation of apoptotic pathways in cells (Y. Zhang 

et al., 2022).  

In addition, there is a growing body of evidence to suggest that cancer-related splicing 

abnormalities may generally sensitise tumour cells to therapeutic interventions of splicing 

(S. C.-W. Lee et al., 2016; Obeng et al., 2016; Seiler et al., 2018; Shirai et al., 2017). For 

example, leukaemia cells with SRSF2 mutation were demonstrated to display greater 

sensitivity to inhibitors that target splicing network components, such as the SF3B 

complex, in comparison to wild-type cells (Fong et al., 2019; S. C.-W. Lee et al., 2016). 

Interestingly, it was observed that PRMT inhibitors to block arginine methylation 

pathways were particularly effective in killing leukaemia cells with SRSF2 mutations, 

both in vitro and in vivo, and such response is partially explained by the fact that PRMTs 

primarily target RNA-binding proteins that are known to be involved in regulating 

splicing (Fong et al., 2019). Furthermore, the combination treatment of PRMT inhibitors 

(like the PRMT-specific inhibitor GSK591 and Type I PRMT inhibitor MS023) with 

other drugs targeting the spliceosome, such as the SF3B inhibitor E7107, was shown to 

reduce tumour growth and improved survival in murine models in a synergistic manner 

(Fong et al., 2019). This result signals an immense potential for co-treatment with 

compounds targeting distinct components of the splicing network as means of therapeutic 

strategy for cancer with AS disturbances (Harada et al., 2023). Therefore, given the fact 

that many RNA-binding proteins are substrates of methylation and citrullination (C. Chen 

et al., 2011; Fong et al., 2019; C.-Y. Lee et al., 2018; Lewallen et al., 2015; W.-J. Li et 

al., 2021; Lim, Lee, et al., 2020; Lim, Park, et al., 2020; Musiani et al., 2019; 

Radzisheuskaya et al., 2019; Tanikawa et al., 2018), it would be reasonable to anticipate 
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that the combination treatment of PAD inhibitor with PRMT inhibitor or other 

compounds targeting splicing machinery may have a synergistic anti-tumour effect in 

cells with AS abnormalities. Successful therapeutic use of a co-treatment strategy 

involving both PADs and PRMTs would require significant advancements in the field. 

This would entail further understanding of the molecular interplay between PADs and 

PRMTs, precise characterisation of the role of PADs in regulating the activity of splicing 

factors, and continued efforts towards the development of potent pan-PAD or PAD4-

specific inhibitors that are safe and effective for use in patients. 

8.4.3 Therapeutic implications of E2F1/PAD4-driven AS regulation.  

Future studies also need to elucidate the biological consequences of the described 

E2F1/PAD4-regulated AS events. The spliced genes identified in our RNA-seq contained 

many implicated in cancer occurrence and progression. For example, EXOC4 (also 

known as Sec8), one of the validated AS targets from our RNA-seq (Figure 4-4), is 

encoding a component of the Exocyst complex (Martin-Urdiroz et al., 2016; Tanaka et 

al., 2017). This evolutionary-conserved protein machinery is known to regulate 

exocytosis, the process of transporting intracellular contents such as hormones, neural 

transmitters, RNAs, and proteins into the extracellular environment, by mediating the 

tethering of secretory vesicles to the plasma membrane (Martin-Urdiroz et al., 2016). A 

wide spectrum of cellular events, including cell polarity, migration, cell cycle progression, 

and apoptosis, as well as various diseases including cancer, are reportedly influenced by 

Exocyst-dependent exocytosis (Ashktorab et al., 2010; J. Liu et al., 2009; Sakurai-Yageta 

et al., 2008; Tanaka et al., 2012, 2016, 2017). Even though the underlying mechanisms 

remain unclear, EXOC4 appears to have a pivotal role in the functionality and regulation 

of this protein complex, whereby the knockdown of EXOC4 has a significant impact on 
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apoptosis, cell cycle arrest, and DNA repair (Tanaka et al., 2016; Tanaka & Iino, 2014; 

Torres et al., 2015). More recently, a study proposed that EXOC4 mediates the repair of 

the plasma membrane of cancer cells through exocytosis, resulting in resistance to 

antibody-dependent cellular cytotoxicity (ADCC) by neutrophils (van Rees et al., 2022). 

Indeed, an enhanced level of neutrophil-dependent killing of cancer cells was observed 

with EXOC4 knockdown, suggesting the potential of EXOC4 as a therapeutic target or 

clinical biomarker for antibody therapy in the context of neutrophil trogocytosis (van 

Rees et al., 2022). Interestingly, a considerable link between PAD4 and exocytosis has 

also been reported (Kholia et al., 2015; Kosgodage et al., 2018). For example, a treatment 

of prostate cancer cells with the PAD4 inhibitor Cl-amidine was found to significantly 

reduce the release of macrovesicles (Kholia et al., 2015). Later, the same inhibitor 

affected the biogenesis and release of extracellular vesicles in glioblastoma multiforme 

cells (Kosgodage et al., 2018). Taken together, it would be valuable for future research to 

examine the biochemical and functional differences of EXOC4 protein isoforms that 

result from exon 7 skipping or inclusion as highlighted in our RNA-seq experiment. 

Particularly, investigating the exon 7 inclusion isoform, which is induced by the GSK484 

treatment in cancer cells, might prove important in establishing a therapeutic strategy 

based on this PAD4-specific inhibitor via the EXOC4 pathway. This is currently an active 

topic of research in our lab.  

Other validated spliced genes were also shown to have important roles in many biological 

processes and pathologies. For example, RBM25, whose exon 2 skipping is regulated by 

E2F1 and PAD4, was demonstrated to have a tumour-suppressive effect in acute myeloid 

leukaemia (AML) cells through splicing regulation of genes such as the apoptotic 

regulator BCL-X and the MYC inhibitor BIN1 (Y. Ge et al., 2019). Since PAD4 is usually 
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found expressed at high levels in immune cells and in AML, it will also be interesting to 

examine the function and activity of different E2F1/PAD4-induced isoforms of RBM25 

(G. Song et al., 2015). 
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8.5 Conclusion 

In conclusion, this study has demonstrated that the interplay between E2F1 and PAD4 

has a significant genome-wide impact at the level of alternative splicing in colorectal 

cancer cells. This regulation is involved with PAD4 activity enhancing the interaction of 

E2F1 with splicing machinery components including p100/TSN and SRSF3, and results 

in AS changes of genes, the majority of which represent poor E2F1 transcriptional targets. 

Furthermore, we revealed the pivotal role that PAD4 undertakes in regulating the RNA 

binding profile of SRSF3 in an E2F1-dependent manner, which seems to underpin a key 

regulatory mechanism in the E2F1/PAD4/SRSF3 pathway. 

Future work in this area should focus on further elucidating the molecular functions of 

SRSF3 in splicing regulation within and outside of the E2F1/PAD4 axis. Techniques such 

as RIP-seq and TRIBE could explore its target RNA preferences and potential dual role 

as an activator and suppressor of alternative splicing, as well as examining how the 

activity of E2F1 and PAD4 influence these aspects of SRSF3 biology. Additionally, 

selecting cell lines or systems that exhibit high expression of PAD4, and treating them 

with a calcium ionophore, may enable a more pronounced visualisation of the impact of 

citrullination on the cancer transcriptome at both splicing and transcriptional levels, and 

provide important implications for its pathological or cancer relevance. 

Furthermore, it is crucial to develop a deeper understanding of the E2F1/PAD4 crosstalk, 

particularly with respect to the biological outcomes that arise from splicing perturbations. 

Comparative functional analysis of distinct splice variants resulting from E2F1/PAD4-

dependent splice events, as well as further characterisation of citrullination-methylation 

crosstalk on E2F1 and RBPs, will provide additional insights into the potential of 

targeting PAD4 for cancer treatment. A growing body of research suggests that targeting 



Chapter 8 

Discussion 

252 

 

splicing in cancer cells with alternative splicing disturbances can have therapeutic 

benefits, and the relevance of PADs and PRMTs in regulating RNA-binding proteins is 

increasingly becoming evident. Therefore, continued investigation into the therapeutic 

use of PAD4 inhibitors is a highly topical area in oncological clinical research, with the 

perspectives of being combined with splice-targeted therapy or PRMT inhibitor treatment.  
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Supplementary Information 

 

Figure S-1 MTT assay to determine cell numbers to seed. 

Between 1000 and 16000 HCT116 WT cells were seeded in each well of a 96-well plate and 
incubated for 72 hours. The result indicated that 3000 cells per well are optimum for the cell line 
where it did not reach the maximum confluency in the tested incubation periods. 
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Figure S1: MTT assay to determine cell numbers to seed.

Between 1000 and 16000 HCT116 (p53-/-) WT cells were seeded in each well of a 96-well plate, and

incubated for 72 hours. The result indicated that 3000 cells per well are optimum for the cell line where

it did not reach the maximum confluency in the tested incubation periods
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Figure S-2 DEGs found in WT-GSK484 are mostly E2F1 targets. 

Screenshots from UCSC Genome Browser (http://genome.ucsc.edu, GRCh37/h19 assembly) 
(Kent et al., 2002) illustrating the gene structures of DEGs found in WT-GSK484 with statistically 
significant adjusted P (Padj) values (< 0.01) (None of them made 2-fold change cut-off). With 
indicated E2F1 ChIP-seq peaks (grey boxes) from the data deposited on the ENCODE project 
(http://genome.ucsc.e du/ENCODE/).  
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Figure S-3 HCT116 p53-/- cells might be more sensitive to splicing perturbations. 

Numbers of significant AS events (FDR < 0.01) in the E2F1cr-DMSO condition with respect to the 
control WT-DMSO condition in HCT116 p53+/+ and p53-/- cell lines. 
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Figure S-4 E2F1 and PAD4 expression in HCT116 p53-/- cell lines 

Immunoblot showing the expression of E2F1, PAD4 and β-actin in HCT116 p53-/- WT and E2F1cr 
cell lines. N = 3. Performed in collaboration with Dr Amit Shrestha.  
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Figure S-5 FACS cell cycle profile analysis for HCT116 p53-/- cell lines. 

Flow cytometric analysis using propidium iodide to check the cell cycle states of HCT116 p53-/- 
cell lines treated with various concentrations of the PAD4 inhibitor GSK484. (A) Cell cycle 
distributions for (i) WT and (ii) E2F1cr cells. N = 3. (± S.D.) (B) FACS cell cycle profiles for HCT116 
p53-/- (i) WT and (ii) E2F1cr cells. A representative example from N = 3. 
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Figure S3: FACS cell cycle profile analysis for HCT116 (p53-/-) cell lines.

Flow cytometric analysis using propidium iodide to check the cell cycle states of HCT116

(p53-/-) cell lines treated with various concentrations of the PAD4 inhibitor GSK484. (A) Cell

cycle distributions for (i) WT and (ii) E2F1cr cells. N=3. ( S.D.) (B) FACS cell cycle profiles

for HCT116 (p53-/-) (i) WT and (ii) E2F1cr cells. A representative example from N=3.

(A)
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Figure S-6 IP validation for IP-MS experiment for the E2F1 interactome 

Immunoblot showing the successful immunoprecipitation of E2F1 for the IP-MS experiment for 
the E2F1 interactome. N = 3. Samples were IP-ed twice to make sure E2F1 proteins were 
thoroughly pulled-down. The blot of pRB as a positive control.  

 

 

Figure S-7 Immunoblot to examine the binding of DDX39A to E2F1. 

HCT116 p53-/- cells were transfected with 2 µg FLAG-SRSF3 and HA-E2F1WT or HA-E2F1R4K 
and treated with 10 µM GSK484 (or DMSO for a negative control) and immunoprecipitated using 
an anti-HA antibody. N = 2. The successful pull-down of HA-E2F1WT/R4K and a known binding 
partner, pRB, was confirmed, but no binding of DDX39 or SRSF3 was observed. 

 

  

Figure S4: FACS cell cycle analysis for cells co-treated with GSK484 and T1-44.

Model diagram explaining the potential crosstalk between citrullination and methylation on E2F1. (A) In
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Table S-1 List of DEGs found in WT-GSK484. 

 

DEGs found in WT-GSK484 with statistically significant adjusted P (Padj) values (< 0.01). None of 
them made 2-fold change cut-off. 10 out of 11 genes were identified as known E2F1 targets 
through E2F1 ChIP-seq analysis using dataset deposited on the ENCODE project (http://geno
me.ucsc.edu/ENCODE/).  
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