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Abstract 
 
Cellular senescence is a stable cell cycle arrest and can be triggered by various 

signals including telomere shortening, oncogenic activation and other stress 

activators. Senescence is accompanied by changes in the cellular organization, gene 

expression and induction of the secretome. It is established and maintained by at 

least two major tumor suppressor pathways, the p53-p21 and p16-pRB pathways. 

Senescence is now recognized as a potent barrier to tumor progression and is 

directly and indirectly linked to a large array of age-related pathologies. However the 

precise molecular mechanisms of senescence, particularly how cells are driven into 

irreversible proliferation arrest, in not fully understood. It is well known that 

widespread changes in the chromatin structure of senescence contribute to the 

senescent phenotype. 

In line with this, the primary objective of this project is to understand how 

senescence is regulated by its chromatin structure. I have focussed on the 

identification and characterization of novel histone modifications that occur during 

senescence. Large-scale profiling of histone modifications was performed in 

replicatively senescent cells in comparison to proliferating cells. Candidate histone 

modifications were identified that alter during senescence from the screen, of which, 

H3CS.1 and H4R3me2a were chosen for subsequent study. To our knowledge, this is 

the first study to have implied a novel role for these two modifications during 

senescence. Also a third histone modification, H4K16ac, was chosen for study based 

on ChIP-seq observations made in the lab. The mark has also been extensively 

linked to cancer and aging. 

All together, work from this project imparts new knowledge on how H3CS.1, 

H4R3me2a and H4K16ac might regulate senescence via critical modulation of its 

chromatin structure and how they may impinge on senescence-associated effects 

such as ageing and cancer.  
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1 INTRODUCTION 

1.1 Senescence as a cellular stress response 
More than half a century ago, Leonard Hayflick and colleagues first coined the term 

‘cellular senescence’ [1, 2]. The ‘Hayflick limit’ was defined as the limit in proliferative 

capacity of cultured primary human cells. Although this finding was strongly 

challenged then, senescence as a cellular phenomenon is now appreciated and 

accepted more widely. Hence the term cellular senescence simply denotes stable and 

long term loss of proliferative capacity. This work has had an enduring impact over 

the years and cited about 3000 times between 1961 to 1999 [3].  

Senescence is a complex response depending on the context and can have 

both beneficial and detrimental effects, like a double-edged sword [4-6]. Senescence 

is a potent tumor suppressive mechanism [7-11]. While there is considerable debate 

as to whether cellular senescence contributes to ageing, accumulating evidence 

suggests a plausible relationship between the two [9, 12-14]. The senescence 

response may be antagonistically pleiotropic by suppressing tumourigenesis early in 

life and limiting organismal longevity later in life [15]. Understanding senescence in 

the context of normal cell physiology and its effects on disease states is extremely 

important. 

 

1.2 Signals initiating senescence 
Senescence can be initiated by an array of different triggers (Figure 1.1) and some of 

them are detailed in the following sections. 

1.2.1 Telomere dysfunction 
Normal diploid vertebrate cells with a limited capacity to proliferate [1] is in part due to 

telomere shortening [16-18]. Cells, with each round of replicative division, undergo 

progressive shortening of the ends of their chromosomes called telomeres, resulting 

in “critically short” or “uncapped” telomeres, at which point the cells lose their capacity 

to divide [19]. Telomeres present at the ends of the chromosomes are simple G-rich 

sequence repeats containing TTAGGG [20, 21]. Telomeric repeats protect the ends 
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of eukaryotic chromosomes from degradation or end to end fusion [22]. Loss of 

telomeres in the absence of telomerase triggers cell senescence [23]. The role of 

telomeres in replicative senescence was further supported by work demonstrating 

that mutations in the RNA component of telomerase (the enzyme responsible for 

adding DNA repeats at telomeric regions) leads to telomere attrition and senescence 

in Tetrahymena [24]. Wright and Shay initially described how telomere attrition lead to 

programmed changes in cell behaviour and regulated the senescence programme 

[25]. Activation of DNA damage checkpoints occurs at shortened or uncapped 

telomeres, following which cells undergo growth arrest [26]. This and other reports 

confirmed the establishment of replicative senescence (RS), at least in part, as a 

consequence of dysfunctional telomeres [27, 28].  

1.2.2 Oxidative Stress 
Replicative senescence is just one part of a more widespread response called cellular 

senescence. Another potent inducer of senescence is DNA damage caused by 

oxidative stress. Treatment with low doses of hydrogen peroxide leads to irreversible 

senescence in human diploid fibroblasts. [29, 30]. Experiments suggest that 

senescence could be delayed by culturing under low oxygen conditions and 

accelerated under high oxygen conditions [31, 32]. Also, metabolism within the cell 

produces ROS (Reactive Oxygen Species), which are chemically reactive molecules 

containing oxygen [33]. ROS can also be produced as a result of external stress, 

such as hydrogen peroxide, UV (Ultra Violet) rays or IR (ionizing radiation) [34].  ROS 

can function as an important signalling factor to trigger senescence [35, 36]. Hence it 

is clear that telomere attrition is not the only stimulus for senescence and other 

triggers such as oxidative stress can function to initiate senescence.  

1.2.3 Oncogene activation 
Oncogene-induced senescence (OIS) was first reported in primary human fibroblasts 

following overexpression of an oncogenic form of RAS (Rat Sarcoma) [37]. Although 

activation of RAS in fibroblasts initially induces a mitotic burst, the cells eventually 

progress to senescence. RAS provoked permanent arrest in G1 phase of the cell 

cycle is accompanied by increased expression of p53, p21 and p16. Inactivation of 
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p53 or p16/pRB pathway by overexpression of E1A bypasses senescence [37]. E1A 

is a viral oncoprotein known to perturb pRB and p53-mediated growth arrest [38]. This 

shows that OIS depends on in tact pRB and p53 pathways and that an oncogenic 

trigger is a potent inducer of senescence.  

Indeed several line of evidence now show induction of senescence following 

activation of a variety of oncogenes such as B-RAF (V-raf murine sarcoma viral 

oncogene homolog B1) [39], MEK (MAPK/Erk kinase), MYC (Myelocytomatosis viral 

oncogene homolog) along with tumor suppressors such as PTEN (Phosphatase and 

tensin homolog) or NF1 (neurofibromin 1) in a wide-variety of cell lines [40-43]. Based 

on the above, significant differences are apparent between telomere-dependent 

replicative senescence and oncogene-induced senescence.  

1.2.4 Other inducers 
Induction of senescence also occurs due to other factors. For example, DNA Damage 

Response (DDR) activation due to DNA damage is a potent inducer of senescence 

and DDR activation contributes to OIS [44]. This and other studies involving both OIS 

and replicative senescence have indicated that activation of DDR may be inherently 

characteristic to cellular senescence [26, 27]. DNA-damage inducing senescence 

under in vitro and in vivo conditions was demonstrated in a study involving a human 

carcinoma cell line expressing wild-type p53 [45]. Also stress signals from the 

environment are shown to result in rapid G1 growth arrest different to the progression 

of replicative senescence via telomere shortening [46-49]. Nevertheless the resultant 

growth arrest is similar to that of replicative senescence, failing to show a response to 

mitogenic stimulus and characteristic changes to the cellular morphology [37, 49, 50]. 

Such growth arrest or senescence induced due to upregulation of growth inhibitory 

genes and repression of cell cycle genes following culture shock or environmental 

stress factors can be called as Stress-induced senescence or STASIS (STress or 

Aberrant Signaling-Induced Senescence) [49, 51]. 

Another instance of the induction of senescence is reported through the effects 

of various agents used in clinical applications such as chemotherapeutic agents and 

ionizing radiation [11, 45, 52-58]. Drug-treated cells specifically acquire a senescent 

phenotype following treatment [59]. Some of the most potent inducers of senescence  
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Figure 1.1 Various triggers for cellular senescence.  

Senescence can be triggered by various external factors or stress signals such as telomere 

dysfunction, oncogenic activation resulting in the conversion of a proliferating cell to a senescent cell. 
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are etoposide, cytarabine, cisplatin, aphidicolin, doxorubicin and ionizing radiation 

[53]. These agents strongly affect the DNA structure. Tumor cell senescence is 

reported to be induced by a host of other agents, such as TGF-β [60], retinoids [61, 

62], differentiating agents such as sodium butyrate [63] and antiestrogens [61]. Hence 

DNA-damaging agents such as anti-cancer drugs and chemotherapeutic treatments 

contribute towards irreversible growth arrest. 

In addition, it is noted that senescence can also be caused by chromatin 

perturbations [64, 65] and this will be discussed in detail in subsequent sections. To 

summarize, the above-mentioned studies clearly demonstrate various cellular 

stresses can act as a molecular trigger for cellular senescence.  

 

1.3 Effectors of the senescence programme 
Senescence as a cellular stress response involves multiple effector mechanisms 

(Figure 1.2), which contribute differently depending on the trigger and cell type. In 

order to understand the senescence programme it is essential to understand the 

effector mechanisms. These are discussed as follows: 

1.3.1 Control by p53-pRB pathways 
Two of the most important master regulators of senescence are the p53-p21 and p16-

pRB pathways. Although these two pathways interact with one another, they establish 

growth arrest independently [66]. I will discuss these independently.  

 

1.3.1.1 The p53 pathway 
p53 is a tumor suppressor and establishment of senescence is primarily facilitated 

through activation of the p53 pathway following activation of DDR, for example by 

telomere shortening or ionizing radiation [26, 67]. To activate the pathway, HDM2 

stabilizes p53 by targeted degradation, following which activation of p53’s 

transcriptional targets, such as p21, occurs [68]. p21, which inhibits cyclin/cdk2 

complexes, is an essential mediator of p53-dependent cell cycle arrest [69-73]. 

Mouse embryonic fibroblasts lacking p21 are impaired in their ability undergo 

senescence [74]. In fact, lack of p21 is shown to abrogate senescence in several 
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studies [69, 75, 76]. Also reports from mice and human studies show that reduction of 

p53 or DDR proteins, such as ATM or CHK2, prevents or even reverses senescence 

in some cases [26, 44, 69, 77-79]. Although p21 is a key player in the establishment 

of p53-mediated senescence, it is to be emphasized that a plethora of other players 

are also involved in the same pathway [80-83]. p53, apart from heavily contributing to 

the establishment of senescence, is also a key regulator of metabolic and 

physiological pathways with various known targets [84]. In summary, p53 is a potent 

effector of the senescence programme.  

 

1.3.1.2 The pRB pathway 
pRB is a tumor suppressor and activation of pRB tumor suppressor pathway occurs 

to induce senescence, in part, as a secondary effect after activation of the p53 

pathway following a DDR trigger [85, 86]. Nevertheless, establishment of senescence 

via the p16-pRB pathway also occurs independently without p53, in a cell-type 

dependent and context-specific manner. Inactivation of pRB and p53 results in 

bypass of senescence in human and mouse cells, despite the initial trigger [66, 87-

89]. Some species-specific differences lie in the fact that mouse cells engage only 

p53 pathway upon telomere disruption, whereas human cells employ both p53 and 

p16-pRB pathways [90].  

Several key players regulate activation of the pRB-p16 pathway. Upon 

inhibition of cyclin/cdk2 complexes by p21, downstream of p53, activation of the pRB 

pathway occurs. p16, another well-known CDK inhibitor, orchestrates the 

maintenance of pRB in its activated hypophosphorylated form, thereby resulting in the 

inhibition of E2F target genes responsible for normal cell proliferation and control [68]. 

During oncogenic activation of RAS, p16 expression increases as a result of 

activation of ETS (E26 transformation-specific) transcription factors, which are 

negatively regulated by the ID family of helix–loop–helix (HLH) proteins [91]. Another 

class of proteins known as the Polycomb group (PcG) also regulate p16-mediated 

senescence [92].  PcG proteins including BMI1 (B lymphoma Mo-MLV insertion 

region 1 homolog), CBX7 (chromobox homolog 7) and CBX8 (chromobox homolog 8) 

are involved in the regulation of growth arrest through INK4A-ARF locus encoding 

p16 and p14 upstream of pRB and p53 pathways, respectively [92, 93]. The PcGs 
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comprises of two main complexes PRC1 (Polycomb Repressive Complex 1) and 

PRC2, which consists of various subunits such as EZH2 (Enhancer Of Zeste 

Homolog 2), EED (Embryonic Ectoderm Development), SUZ12 (Suppressor Of Zeste 

12 Homolog) and RbAp48 (Retinoblastoma-Binding Protein P48). EZH2 is a known 

di/tri-methyl transferase for K27 on H3 [94]. EZH2-dependent H3K27me3 represses 

INK4A-ARF locus together with other PcGs such as BMI1 and SUZ12-containing 

PRC2 complex to mediate cell cycle arrest and senescence [92]. Also emerging roles 

of coordination between p38MAPkinase and PcG proteins suggest contribution 

towards p16-mediated senescence [95]. Hence a plethora of players take part in the 

complex regulation of pRB-p16 pathway, a key effector of senescence. 

1.3.2 DNA damage signalling 
DNA damage signalling is a major effector of senescence [96]. DDR is an 

evolutionary conserved pathway sensing damage in the cell’s DNA [97]. A signalling 

cascade is then activated to facilitate repair of the damage. Either the damage is 

repaired promptly in proliferating cells and the cells resume normal proliferation, or 

they may undergo programmed cell death if the damage is particularly severe [98]. A 

third possibility is that cells attain senescence.  

During replicative senescence, critical shortening of telomeres induces 

senescence via activation of ATM/ATR signalling, leading to p53-and p16-mediated 

senescence in humans [90, 99, 100]. Also, uncapped telomeres are potent inducers 

of DDR [26]. The DNA damage pathway is activated via recruitment of signalling 

kinases, such as ATM, ATR and possibly DNA-PK, to the site of damage resulting in 

phosphorylation of Ser-139 of histone H2A.X molecules (γ-H2A.X) [26, 27]. The 

phosphorylation event facilitates the assembly of DNA checkpoint and repair factors, 

such as 53BP1 (P53 Binding Protein 1), NBS1 (Nijmegen breakage syndrome 1) and 

MDC1/NFBD1 (Mediator of DNA damage checkpoint protein 1/ nuclear factor with 

BRCT domains protein 1). Following this, activation of the transducer kinases CHK1 

and CHK2 occurs via phosphorylation, which then relays information to p53 [26, 27]. 

Inactivation of ATM/ATR and CHK1/CHK2 in cells lead to bypass of senescence and 

re-entry into the S phase of the cell cycle [26, 27]. To summarize, dysfunctional 

telomeres are recognized as DNA breaks at the chromosome ends leading to 

activation of DDR signalling, thereby resulting in senescence.  
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Figure 1.2 Senescence signaling pathways. 

 The two major effectors of senescence are the p53 and pRB pathways. Recent evidence show that 

multiple types of cellular stresses can activate these two pathways by common or overlapping 

mechanisms. Telomere dysfunction leads to DDR signaling via ATM/ATR activation and engaging 

downstream kinases CHK1/CHK2 resulting in p53 phosphorylation which regulates genes essential for 

senescence establishment. p53 imparts its effects by engaging p21, which is a well-known cyclin/CDK 

inhibitor. Telomere shortening could also engage the INK4A-pRB pathway and PcG proteins to induce 

senescence, although this remains poorly understood. Alternatively, telomere uncapping can result in 

activation of senescence via TRF2/ATM activation or POT1/ATR activation. In response to other 

stresses, such as cytotoxic drugs, culture stress including telomere shortening and oncogenic insult, 

the DNA damage response results in ATM/ATR check point activation leading to increased p53. ARF 

negatively regulates HDM2 and HDM2 in turn has a negative impact on p53 thereby facilitating its 

degradation. Another key pathway that regulates senescence is the p16-pRB pathway, resulting in 

downstream repression of E2F target genes, enabling cell cycle arrest. E2F can also activate ARF 

expression to enable growth arrest. Adapted from [66, 101].    
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OIS is also reported to activate DDR signalling [44, 102-108]. Oncogenic RAS 

activation leads to a biphasic response with robust activation of DDR at the time of 

transition from initial hyperproliferation phase to growth arrest [109]. Activated RAS 

induces senescence-associated DNA-damage foci (SDF), harboring activated ATM, 

ATR and RPA, along with other key mediators of DDR such as histone γ-H2A.X, 

53BP1, MDC1 [44]. These data imply that senescence, both OIS and RS, is 

accompanied and actively maintained by DNA damage signalling [29, 96, 110]. 

1.3.3 Effect of autophagy 
Autophagy was recently identified as a modulator of senescence [111]. Autophagy is 

a catabolic process involving degradation of unwanted materials from cells, using 

lysosomal machinery [112]. Although both senescence and autophagy can be 

considered a cellular response to stress [113], it was not until recently that the link 

between the two was established. Young et al., found that following RAS activation, 

the autophagic response peaked at the transition phase, where cells enter growth 

arrest following hyperproliferation. The authors describe an initial ‘mitotic phase’ 

followed by the ‘senescence phase’ with a transition phase between the two. 

Activation of autophagy is associated with inhibition of mTOR, an inhibitor of 

autophagy [111]. Autophagy-related genes (ATG) were increased during OIS, along 

with ULK3 (unc-51 like kinase 3), LC3B (light chain 3 beta), BNIP3 (BCL2/adenovirus 

E1B 19kDa interacting protein 3), and BNIP3L (BCL2/adenovirus E1B 19kDa 

interacting protein 3-like) [111, 114]. This observation was not only restricted to in 

vitro models of senescence, but also extended to in vivo settings where chemically 

induced skin papillomas (with RAS mutations containing senescent cells [115]) also 

exhibited autophagic activity [111]. Although inhibition of autophagy did not result in 

abrogation of senescence, it delayed senescence response and also accumulation of 

senescence-associated secreted proteins [111, 114]. The role of SASP will be 

discussed later (Section 1.4.2). Direct evidence of activated autophagic flux was also 

reported in replicative senescence [116]. Following this original observation, a 

number of studies reported induction of autophagy and senescence within the same 

setting [117-122]. In contrast to this, an inverse relationship between autophagy and 

senescence is also reported where inhibition of autophagy promotes senescence 

[123, 124]. This can be explained in part with levels of autophagic activity as high 
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levels bypass senescence whereas low levels promote senescence [124]. 

Nevertheless, autophagy is an important effector of the senescence program 

facilitating efficient establishment and quality of the senescent phenotype [125]. 

 

1.4 Senescent phenotype 
Although some of the phenotypes acquired by senescent cells are not exclusive to 

the programme, senescent cells display several characteristic features, which 

together define the senescent state and these will be discussed below. 

1.4.1 Stable proliferation arrest 
First and foremost, the most striking feature of cellular senescence is the stable 

proliferation arrest caused by various stresses. The growth arrest observed 

essentially cannot be reversed by any known physiological stimuli. In some cases, it 

has been demonstrated that p16 forms a formidable second barrier to growth arrest 

as inactivation of p53 in the absence of p16 lead to resumed robust growth [126]. 

Despite having other characteristic features, growth arrest remains the most 

fundamental feature of senescence.   

1.4.2 Senescence Associated Secretory Phenotype 
Another distinct feature of senescence is the SASP (Senescence Associated 

Secretory Phenotype). Despite exit from the cell cycle, senescent cells are very much 

metabolically active and are noted to develop a characteristic secretory phenotype 

[127]. The SASP encompasses a plethora of secreted factors, typically comprised of 

pro-inflammatory cytokines and chemokines and matrix remodelling enzymes (Figure 

1.3) that can have an effect on its surrounding cells and tissue microenvironment [13]. 

The SASP components include MMP3, IL-6, IL-8, PAI1, VEGF and GROα. IL-6 and 

IL-8 also act to reinforce the senescence-associated proliferation arrest [128]. 

Induction of varying degrees of SASP is reported in those cells undergoing 

senescence as a result of DNA damage, oxidative stress, telomere shortening, 

chromatin alterations and other stress factors [128-138]. 
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Figure 1.3 The senescence secretome and its associated effects.  

A key feature of senescence is the secretion of a myriad of cytokines, growth factors. These are 

collectively known as SASP. A DDR trigger activates ATM, NBS1 and CHK2 to induce senescence via 

p53/pRB pathways. The secretory factors in turn act in a feedback loop to ensure sustained DNA 

damage, which in re-enforces senescence. Chemokines, such as CXCR2 ligands, take part in this 

activity. The SASP can have various effects on cells. It can contribute to immune clearance of 

senescent tumor cells, proliferation of neighboring tumor cells, tumor cell invasion, impairment of 

normal tissue function and angiogenesis. The functions of SAHF are discussed in section 1.7.1. 

Adapted from [13, 139].  
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The SASP can be regulated by various factors. The SASP is essentially a 

response to DDR signalling [129, 131]. Hence, cells undergoing senescence without 

genomic damage or chromatin perturbations, for example, via overexpression of p21 

or p16 do not secrete SASP factors despite showing features characteristic to 

senescence [140]. SASP factors are regulated by components of persistent DNA 

damage signalling, such as ATM, NSB1 and CHK2 [131, 132]. TIFs (Telomere 

dysfunction foci) at telomeres [141] and DNA-Scars (DNA Segments with Chromatin 

Alterations Reinforcing Senescence), containing DNA damage proteins such as 

53BP1, are thought to be required for SASP establishment [129, 131, 142]. The 

SASP can also be regulated positively by NF-κB [132, 135, 143] and C/EBP-β [128], 

and negatively by p53 [129, 131]. In the case of p53, KD studies using RNA 

interference or dominant negative proteins to disrupt p53 has resulted in increased 

SASP secretion [129]. Thus, complex networks of proteins cooperate to regulate the 

SASP during senescence.  

1.4.3 Apoptosis Resistance 
Replicative senescence is associated with resistance to apoptosis [144-146]. Many 

genes associated with apoptosis are associated with senescence. As an example, 

p53 plays a crucial role in senescence and is also required for certain types of 

apoptosis following DNA damage. Nevertheless, senescent cells undergo p53-

dependent necrosis rather than apoptosis [146]. Necrosis is a form of cell death 

accompanied by swelling of the cells, loss of membrane integrity resulting in the 

release of cell contents leading to inflammation [147]. Reports suggest that 

stabilization of p53 is impaired in senescent fibroblasts resulting in the switch in death 

pathways from apoptosis to necrosis [146].  However, p53-related apoptosis 

resistance is reported only in certain cells [148]. The precise mechanism by which 

senescent cells are resistant to apoptosis is incompletely understood. 

A proposed mechanism for senescent cells acquiring apoptosis resistance is 

the associated increase of BCL-2, an anti-apoptotic gene, during senescence [144]. 

BCL-2 negatively impacts apoptosis by cooperation with other BCL-2 family members 

such as BAX (reviewed [149]). Also another anti-apoptotic gene, BCL-xL, is 

implicated in the regulation of apoptosis resistance in senescence [150]. Using RNA 

interference, an increase in apoptosis was reported in senescent cells following 
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reduction in basal levels of BCL-xL. Hence, regulatory roles for the BCL-2 family of 

proteins are revealed during senescence.    

A dual role for p21 in senescence and apoptosis was reported where 

increased p21 levels in senescence evidently protected cells from apoptosis [151]. It 

appeared that lowering levels of p21 reverses this phenomenon by making senescent 

cells more susceptible to cell death.  

Although apoptosis resistance is clearly demonstrated in senescent cells, its 

precise regulation and functionality remains to be well studied.  

1.4.4 Markers of senescence 
Although no single marker exists for senescence, combinations of biomarkers are 

currently employed to assay establishment of senescence both under in vitro and in 

vivo conditions. Nevertheless, the most striking feature of senescence is an 

irreversible growth arrest [9]. Some senescent cells appear to have a distinctive 

phenotype by acquiring enlarged flattened morphology [2]. This type of flattened cell 

morphology was noted in cells undergoing RAS-induced senescence [37, 152] due to 

DNA damage [153, 154] or other stress. However, this is not universal as B-RAF 

induced senescence or senescence due to p400 silencing have resulted in spindle-

shaped morphology [39, 155]. Also, senescent melanocytes following RAS activation 

but not its downstream target B-RAF, showed massive vacuolization and expansion 

of the endoplasmic reticulum as a result of unfolded proteins [152]. Hence, various 

features are manifested in a senescent cell in a cell type and context dependent 

manner. 

A key feature of senescence is the presence of Senescence-Associated β-

galactosidase (SA β-gal) activity detectable at pH 6.0 [50]. Dimri et al. first reported 

this when cultured cells undergoing induced or replicative senescence showed 

enhanced β-galactosidase activity [50]. This is essentially a readout for increased 

lysosomal content [156] in senescent cells which is detected in-situ in mammalian 

cells with the use of X-Gal (5-bromo-4-chloro-3-indolyl β-D-galactopyranoside), a 

chromogenic substrate. SA β-gal activity is found specifically in cells undergoing 

senescence and not quiescence or terminal differentiation. Senescence accumulates 

in aged tissues and concordant to this SA β-gal activity has been detected in organs 

from aged animals and individuals [157-160].  Despite using enhanced SA β-gal 
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activity as a gold standard marker of senescence, its origin and exact role in 

senescence still remains elusive and somewhat obscure. Although controversial [158, 

161-164], using SA β-gal activity as readout for senescence has remained as a valid 

marker of senescence along with other characteristic markers. 

Also, senescent cells show an increase in intrinsic fluorescence, in other 

words, enhanced autofluorescence, which is thought to occur as a result of 

oxidatively, damaged lipids called lipofuscin [165, 166]. 

As discussed previously, the p53-pRB pathways are major effectors regulating 

the establishment of senescence. Notably, senescent cells have altered gene 

expression with increase in levels of p53, p16 and/or p21 [167-170]. Some other 

commonly used markers for assaying senescence are loss of cyclin A, PCNA, 

phosphorylation of RB at serines 807/811 [71, 86, 171] and, more recently, loss of 

lamin B1 and histones [172-175]. The latter will be discussed in subsequent sections 

(Section 1.7.3). Thus, a lot of the markers used for identifying senescent cells are 

players in the p53/pRB pathways. 

Another biomarker for senescence is the formation of distinct punctate foci 

called Senescence Associated Heterochromatic Foci (SAHF) [176]. These foci are 

considered to help facilitate silencing of cell cycle associated genes and are found in 

some cells, if not all [177]. The exact role of chromatin and SAHF in senescence will 

be discussed in further section (Section 1.7.1) [178]. Also, as cells approach 

senescence, the chromatin regulator HIRA exhibits colocalization with PML bodies 

[178]. This phenomenon will be discussed subsequently (Section 1.7.1). In summary, 

various markers are used for determining successful establishment of senescence. 

 

1.5 Functions and pathologies of senescence 
Over 50 years of research into senescence has made it clear that it has various 

functions and consequences, not just in diseases states or age-related pathologies, 

such as Alzheimer’s, but also in the normal physiology of a cell. Senescence impacts 

a wide range of processes, such as tumor suppression, wound healing, tissue 

degeneration and tumor promotion (Figure 1.4). 
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1.5.1 Functional consequences of senescence  

1.5.1.1 Role in tumor suppression 
Substantial research provides evidence for senescence to act as a tumor suppressive 

mechanism. Although the potential functionality of OIS as a tumor suppressive 

mechanism in vivo was questioned, it was logical owing to its dependence on tumor 

suppressive pathways involving p53 and pRB.  

Firstly, any mutations in the p53 and pRB pathways, two major regulators of 

senescence, have resulted in high susceptibility to develop cancer, apparent from 

studies in both humans and mice [66, 168, 179]. Disruption to the senescence 

programme, for example via inactivation of p53, has resulted in driving premalignant 

lesions to form potent tumors [180].   

Unambiguous evidence has demonstrated the establishment of senescence in 

vivo as a potent barrier to tumor progression [9, 181-183]. Studies from both mice and 

men have demonstrated the presence of senescence in precancerous neoplasms as 

a result of an oncogenic insult or loss of tumor suppressor [39, 115, 180, 184, 185]. 

Also, human nevi are excellent examples of senescence acting as a tumor 

suppressive mechanism. Nevi are benign tumors of melanocytes, which rarely 

progress to malignant melanoma and remain growth arrested over long-term due to 

sustained signalling from B-RAF (V600E) [39]. Acquired nevi often harbour B-RAF 

mutations, whilst congenital nevi are shown to possess N-RAS mutations, and Spitz 

nevi have H-RAS mutations [186-188]. These mutations are not only reported in the 

benign nevi but also malignant melanoma, suggesting that some melanocytic nevi 

bypass OIS to become aggressive melanoma [43, 189, 190]. Senescence as an 

effective cancer block is demonstrated in various mouse models of cancer [180, 184, 

191-194]. In a mosaic model of mouse liver carcinoma, tumor regression was shown 

upon reactivation of endogenous p53 [195]. Upon p53 induction, the primary 

response was that of senescence and not apoptosis resulting in reduced tumor 

growth. Similarly, another study with p53 restoration in sarcomas lead to suppression 

of tumor growth with features of cellular senescence [196]. The relative contribution of 

senescence was also determined in p53-mediated tumor suppression using mouse 

knock-in studies and proved that dysfunctional-telomere mediated senescence is an 

effective tumor suppressive mechanism [197]. This, along with other reports, provided 
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in vivo evidence for senescence in response to telomere shortening and OIS acting 

as an effective tumor suppressive mechanism [198, 199]. 

Another key feature supporting senescence as a tumor suppressor mechanism 

is in its given nature to stimulate immune clearance of oncogene-expressing cells, 

those that have succumbed to senescence and also those that have bypassed 

senescence to transform into aggressive cancer [200]. Senescent cells facilitate 

recruitment of cells such as destructive leukocytes along with a host of other innate 

and adaptive immune cells such as T cells, natural killer cells and macrophages [196, 

201]. These in turn promote immune clearance of not only cancer cells but also 

senescent cells [201, 202]. The SASP plays a key role in establishing senescence-

mediated immune surveillance for disposal of cancer cells [203, 204]. 

The SASP also plays an important role in aiding senescence suppress cancer 

development in other ways. RAS and B-RAF are frequently mutated in human 

cancers [186, 205]. Following RAS or B-RAF oncogenic insult, secreted factors such 

as IL-6, IL-8 and IGFBP7 participate in reinforcement of senescence [128, 135, 138]. 

Similarly, secreted factors such as PAI-1 [206] and GROα [207] contribute to growth 

arrest during RS and OIS, respectively. GROα is a targeted ligand of the enzyme 

CXCR2. An important role for CXCR2 chemokine signalling in reinforcing growth 

arrest in a p53-depenedent manner was established in fibroblasts undergoing OIS 

[135]. During senescence increase in CXCR2 was detected and modulating levels of 

the chemokine enzyme modulated promotion or delay of senescence [135]. Also 

WNT16B, a SASP factor, was shown to be an enforcer of growth arrest during stress-

induced senescence or OIS in fibroblasts under culture conditions, and also in vivo in 

a mouse murine model of K-RAS induced senescence [208]. Collectively, this 

suggests that SASP components play an important role in the establishment and 

reinforcement of senescence as a tumor suppressive mechanism.  

Also, reports have suggested that induction of senescence as a result of 

genotoxic chemotherapy evidently resulted in a degree of tumor regression in some 

cancers [209, 210].  

In summary, senescence acts as an effective tumor suppressor largely due to 

its two main features, growth arrest [66, 168, 179, 211] and the SASP [128, 135, 138, 

206].  
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1.5.1.2 Role in wound healing 
Senescence has also been reported to contribute to wound healing. Wound healing 

proceeds in a sequential/timely manner and can be broken down into the following 

stages: inflammation, re-epithelialization, and tissue remodelling [212, 213]. Any 

abnormal interruption to this process would result in the development of a wound and 

can become chronic over time. Also, younger skin is likely to be less susceptible to 

chronic wounds due to absence of senescent cells, unlike aged skin.  

Senescence mediates its effect on wound healing in various ways. An increase 

in senescence occurs in pressure and venus ulcers during wound healing [214-216]. 

Also, growth arrest and features of senescence are reported in fibroblasts following 

exposure to chronic wound fluid, which increases p21 and decreases phosphorylated 

RB [214, 217]. Senescence is also attributed to other cell types such as 

keratinocytes, which are activated at the site of wound healing, and brings about 

changes in protein expression [218]. Hence senescent cells can induce a by-stander 

effect by spreading senescence to neighboring cells. This event occurs along with the 

induction of cRel, a transcription factor in the Rel/NF-κB family [218, 219]. Another 

crucial event that is part of normal development and wound healing is the growth and 

turnover of new blood vessels. Decreased proliferative capacity and activation of 

senescence occur in EC (endothelial cell) during angiogenesis [220]. Phenotypic 

alterations as a result of senescence in ECs were associated with increased uPA 

(urokinase-type plasminogen activator) and PAI-1 [221]. Hence, various factors help 

mediate senescence-associated wound healing.  

SASP MMPs play a role during senescence-mediated tissue repair [129, 133]. 

Dermal fibroblasts, in which senescence is reported, play two key roles within cells: 

deposit ECM (Extra Cellular Matrix) and facilitate intercellular signalling and repair via 

growth factor secretion [222]. During acute liver damage, fibrotic scar rich in ECM is 

produced. Evidently, stellate cells develop senescence with induction of MMPs 

resulting in dissolution of fibrotic scar [202]. Stellate cells were incapable of healing 

the wound when senescence was impaired following inactivation of p53/pRB 

pathways emphasizing the importance of senescence in wound healing during severe 

fibrosis [202].  Also, in myofibroblasts and fibroblasts, dynamic expression of the ECM 

protein CCN1 (also known as CYR61; cysteine-rich protein 61) was noted at the site 

of wound healing-induced senescence [223]. This response was lost in CCN1 mutant  
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Figure 1.4 Senescence, a double-edged sword. 

Senescence has both beneficial and detrimental effects on cells by promoting tumor suppression and 

wound healing in the young, and tissue degeneration and cancer in the old. Remarkably, evidence now 

supports a role for senescence during embryogenesis and although paradoxical, senescence is a 

known contributor of biological ageing. Adapted from [224]. 
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mice that are senescence-defective resulting in exacerbated fibrosis. The importance 

of senescence is hence emphasized to curb fibrosis during tissue repair.  

Therefore, senescence, along with its secretome including MMPs and 

chemokines, plays a crucial role in coordinating events during wound healing of the 

liver and other tissues.  

 

1.5.1.3 Role in embryogenesis 
Senescence is implicated in various pathological responses in humans as discussed 

above and surprisingly recent studies shed a new light on the potential role of 

senescence during embryogenesis.  

Studies from Manuel Serrano’s [225] and William Keyes’ labs [226] provided 

evidence for the origin of damage-induced senescence during development. A 

potential role for senescence during early embryonic development was proposed after 

a study reported the presence of SA β-gal activity in regressing mesonephros in birds 

[227]. Curiously enough, developmentally programmed senescence was detected by 

the presence of SA β-gal activity in the mesonephric tubules (present as part of the 

transitory embryonic kidney) and endolymphatic sac (present in the ear) [225]. Apart 

from this, the presence of other senescence markers such as H3K9me3, HP1γ and 

absence of Ki67, a proliferation marker, was reported in the above-mentioned 

structures along with expression of key effectors, namely p53, p21, p15 and p27. 

Extensive analysis showed that senescence detected was mediated via p21 

independently of p53 without DDR. Conceptually the report indicated involvement of 

TGF-β/SMAD and PI3K/FOXO pathways and p21 during developmental senescence 

[225].  

Storer et al., reported detection of senescence in the AER (Apical Ectodermal 

Ridge) during limb formation [226]. Overlapping factors such as secretion of certain 

SASP factors including p15 and p21 expression was noted between developmental 

senescence and oncogene-induced senescence. Notably, disruption of p21 in mice 

impaired senescence response and alterations to developmental patterns [226]. Also, 

it was shown that senescent cells undergo immune mediated clearance and cell 

death suggesting that senescence may in part contribute to the maintenance of 
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different cell populations by halting growth. Hence, these two hallmark papers 

implicate senescence in the control of the developmental programme.  

1.5.2 Aspects of senescence in pathologies 

1.5.2.1 Role in ageing 
The contribution of senescence towards ageing is a complex phenomenon. The first 

evidence of senescence associated with ageing was discovered when senescent 

cells were found to accumulate with age in various species such as rodents, primates 

including humans [50, 228-230]. Interestingly, senescence is also associated with 

age-related degenerative pathologies such as osteoarthritis, atherosclerosis, 

degenerating intervertebral discs, renal tubulointerstitial fibrosis, glomerulosclerosis 

and slow healing venous ulcers [229, 231-234]. Also, the GWAS (Genome-Wide 

Association Studies) provided a striking association between senescence and age-

associated diseases, such as cancer [235]. This study identified several SNPs (Single 

Nucleotide Polymorphisms) linked to important human diseases and particularly 

genetic susceptibility to age-related diseases was associated with senescence.  

The contribution of senescence during ageing was demonstrated in vivo, as 

depletion of p63 (a p53 related gene) resulted in senescence and accelerated ageing 

in mice [236]. Baker et al., showed that inactivation of p16 promoted a delay in 

senescence and ageing in BubR1-insufficient mice, whereas the opposite effect was 

shown with inactivation of p19 acting as an attenuator of senescence and ageing 

[237]. Senescence was also demonstrated at the cellular level in Zmpste24-deficient 

mice, a progeroid mice model [238]. The progeroid phenotype in the mice could be 

partially rescued or elevated by reducing DDR signalling and the p53-mediated 

senescence response. Also, CHIP (carboxy terminus of Hsp70-interacting protein)-

deficient mice with compromised elimination of damaged proteins showed an 

increased senescence and ageing phenotype characterized by decrease in bone 

density, loss of adiposity and thin skin [239]. Senescence is implicated in yet another 

mammalian model of accelerated ageing, the Klotho-deficient mouse [240] via 

modulation of Wnt signaling [241].  Hence, different studies reiterate the importance 

of senescence during ageing.  
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SASP factors secreted during senescence are multifaceted in their contribution 

and evidently have detrimental effects on tissue structure and integrity including stem 

cell niches [9, 242]. Not surprisingly, inflammation caused by the SASP is a potent 

contributor to age associated hyperproliferative diseases such as cancer and other 

degenerative diseases [204, 243]. Since reports demonstrate accumulation of 

senescent cells with age, it is possible that the inflammation caused by the SASP is a 

continuous driver of multiple age-related pathologies [244, 245].  

Hence, the above mentioned reports support how senescence might drive 

ageing in various ways. 

 

1.5.2.2 Role in tumor promotion 
Alhough senescence was originally described as a tumor suppressive mechanism, 

senescence also has a dark side in promoting tumor formation. Inflammatory 

responses play decisive roles in the initiation, establishment, maintenance and 

spreading of cancer [246]. Similarly they are known to play a key role in senescence. 

Hence, in principle, senescence could promote tumor promotion via the SASP [129, 

247]. Individual SASP factors (VEGF, GROα, IL-6, IL-8) have been shown to 

stimulate cancer and promote aggressive phenotypes. Apparent evidence arise from 

mouse xenograft studies where senescent cells coinjected with premalignant or 

malignant epithelial cells were prone to promote tumor burden solely due to the effect 

of senescent cells and not the non-senescent counterparts [12, 133, 248]. Evidently, 

this was in part due to the SASP MMPs secreted during senescence [133, 248, 249]. 

Another in vivo setting where senescence plays a critical role is the human nevi. 

Despite being able to facilitate maintenance of nevi in a long-term benign state, B-

RAF induced senescent cells escape senescence due to insufficient growth arrest 

and/or additional genetic alterations, to support the development of melanoma [26, 

39, 102, 126]. Although there is no direct evidence to support senescence promotes 

cancer in nevi, possibly, failure or bypass of senescence leads to melanoma. Also, it 

is essential to emphasize that age is one of the biggest risk factors for senescence in 

tumor promotion. The incidence of cancer increases exponentially with age [250, 

251]. In summary, senescence is implicated as an important contributor to cancer.  
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Figure 1.5 Structure of chromatin.  

In higher eukaryotes, DNA undergoes several fold compactions and together with proteins forms a 

complex called chromatin. The basic repeating unit of chromatin is termed the nucleosome consisting 

of four core histones H2A, H2B , H3 and H4 wrapped around by 146 bp of DNA. This typical beads-on-

a-string structure is connected together with linker histone H1. Each nucleosome contains a structured 

globular domain and an unstructured N-terminal tail that can be subjected to various modifications 

such as methylation (Me), acetylation (Ac), phosphorylation (P), ubiquitination (Ub). Adapted from 

[252]. 
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Functional consequences and pathological aspects of senescence can be 

summarized as follows: senescence can be described as antagonistically pleotropic 

(Figure 1.4) by supporting fitness earlier on in life by promoting tumor suppression, 

wound healing and embryogenesis and causing detrimental effects later on in life by 

promoting cancer, age-related pathologies and tissue degeneration.  

 

1.6 Chromatin 

1.6.1 Chromatin structure  
Within higher order organisms such as eukaryotes, DNA is folded into a highly 

compact and organized structure called chromatin. Chromatin (Figure 1.5) is the 

basic component of the chromosome containing DNA and histones folded into a 

specific structure. The fundamental repeating unit of chromatin is the nucleosome 

consisting of four ‘core’ histones wrapped around by 146 bp of DNA double helix to 

form a typical ‘bead on a string’ structure which then gets folded multiple times to 

form higher order structure termed chromatin [253-255]. Each globular nucleosome 

contains an octamer of four histones, H2A, H2B, H3 and H4 [254, 256]. In the 

physiological state, H3/H4 forms a stable tetrameric unit, whilst H2A/H2B form a 

dimeric unit [257, 258]. A tripartite protein helix is formed within the nucleosome in an 

end to end fashion as (H2A/H2B)–(H4/H3)–(H3/H4)–(H2B/H2A) around which the 

DNA is wrapped [258]. These nucleosomes are connected by short strips of DNA 

containing the linker histone H1 to form a nucleosomal filament that is part of the 

higher order structure of chromatin fibre [259]. New histones are deposited in 

complex with CAF1 (Chromatin Assembly Factor 1), which is recruited to the 

replication fork site by PCNA (Proliferating Cell Nuclear Antigen) [260]. The core 

histones are conserved in their amino acid sequence through evolution. All four 

histones contain a (C)-terminal domain where histone-histone and histone-DNA 

interactions occur, and a protruding (N)-terminal tail at the other end [261]. 

The distribution of chromatin is variable through the genome with regions 

structured into organized domains termed euchromatin and heterochromatin [262]. 

Two forms of staining distinguish them cytologically. Whilst heterochromatin stains 
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intensely with methyl blue, euchromatin stains lightly indicating loose packing. 

Heterochromatin [263], located normally at the periphery of the nucleus, can be 

further sub-divided into two classes - constitutive and facultative heterochromatin. 

Constitutive heterochromatin possess a localized gene effect (position-effect 

variegation) whilst facultative heterochromatin generally exerts its effect on genes 

through mechanisms such as RNAi (RNA interference) or DNA methylation. 

Heterochromatin is comprised of repetitive regions such as satellite DNA and its 

primary function is to repress genes. Regions of the chromosome that are generally 

heterochromatic are the centromeres and telomeres and another example is the Barr 

body of the inactivated second X chromosome in females [263]. Given the nature of 

dense DNA packing, some of its critical functions within the cell can range from 

protecting the integrity of the chromosome to controlling gene regulation. Euchromatin 

presents an opposite scenario with less condensed and more accessible DNA to 

facilitate transcription and are normally gene-rich regions of the chromosome [264]. 

Thus, chromatin is a highly dynamic structure and undergoes constant changes along 

with the various proteins necessary for controlling processes within a cell such as 

DNA replication, transcription, repair and recombination [264].  

1.6.2 Histone variants 
Apart from the four core histones (H2A, H2B, H3 and H4) deposited during 

replication, variants of histones also occur, which are deposited outside of replication 

(reviewed [265]). These variants are generally slight modifications of the canonical 

histones, although some variants are profoundly different from canonical forms in 

terms of deposition and functionality [266, 267]. Decades of research now highlight 

the importance of these histone variants in epigenetic maintenance and shed 

information on the special machineries that deposit them.  

Different isoforms of H3 have been identified: CENP-A, H3.1, H3.1t (testis-

specific), H3.2 and H3.3 [265]. CENP-A and H3.3 are the two most extensively 

studied variants, each with distinct functions. At mitosis, chromosomal segregation is 

facilitated by the presence of a centromere and a centromere-specific protein 

identified is termed CENP-A [268, 269]. CENP-A along with its counterparts in 

mammalian eukaryotes is generically referred to as CenH3. Its importance during 

kinetochore assembly and spindle microtubules attachment at mitosis and meiosis is 
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implicated in several studies [270-273]. Faithful maintenance of CenH3-containing 

chromatin is a key feature in the maintenance of centromeres through evolution. 

Another universal variant of H3 is H3.3 that shares extreme similarities [274-276] to 

the core histone H3. H3.3 occurs throughout the cell cycle and is commonly detected 

at sites that are transcriptionally active [277, 278]. Deposition of H3.3 is now known to 

occur outside of the S phase and both replication independent and replication 

coupled deposition of H3.3 was discovered. Whereas deposition of the H3.1 variant is 

tightly linked to DNA replication [279].  Also the difference between H3.1 and H3.3 

deposition lies in the fact that the former is carried out by CAF-1 and latter by the 

histone chaperones HIRA, ATRX and DAXX [278, 280]. Interestingly, both H3.1 and 

H3.3-containing complexes contain HAT1 (Histone Acetyle Transferase), possibly 

meaning that histones are acetylated prior to deposition [265].  

For H2A, several variants have been reported, some of which include: γ-

H2A.X, H2A.Z, macroH2A, H2ABBD (H2A-bar-body-deficient) and H2AvD, of which 

H2A.Z is the most widely studied [281-283]. Knocking out H2A.Z resulted in 

embryonic lethality with embryos failing to develop beyond the gastrulation stage 

[284]. Also RNAi mediated KD (Knock Down) of H2A.Z in mammalian cell lines lead 

to various abnormalities, such as chromosomal mis-segregation and disruption of the 

normal distribution of the heterochromatin-specific protein HP1α, suggesting a 

putative role for H2A.Z in the maintenance of heterochromatin [285]. Unlike H2A.Z, 

deletion of γ-H2A.X in mice is not lethal but leads to various defects such as male 

infertility, genomic instability [286-288]. In yeast and humans, the C-terminal of H2A.X 

is phosphorylated at residue Ser139 (Serine139) in response to DS breaks [289].  

Another variant, macroH2A is a hallmark for X-inactivation in females [290-292].  

Presence of macroH2A is associated with gene silencing as the C-terminal and N-

terminal domain of the protein inhibit transcription factor binding and activity of 

nucleosome-remodeling factors respectively [293]. Lastly, very little is known about 

the variant H2ABBD. It is excluded from inactive X-chromosome and is associated 

with euchromatic function [294, 295].  

H2B variant, termed TH2B, is found in the testis [296]. This testis-specific 

variant encodes specific sites for phosphorylation. TH2B is targeted by protein 

kinases like Aurora-C and protein kinase C [297]. 
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Table 1.1 Outline of distinct types of modifications occurring on histones.  

Residue(s) at which the particular modification occurs are outlined along with general functions 

regulated by the modification (Adapted from [298]).  
  

Chromatin Modifications Functions Regulated Residues Modified 

Acetylation Transcription, Repair, 
Replication, Condensation K-ac 

Methylation (lysines) Transcription, Repair K-me1 K-me2 K-me3 

Methylation (arginines) Transcription R-me1 R-me2a R-me2s 

Phosphorylation Transcription, Repair, 
Condensation S-ph T-ph 

Ubiquitylation Transcription, Repair K-ub 

Sumoylation Transcription K-su 

ADP ribosylation Transcription E-ar 

Deimination Transcription R > Cit 

Proline Isomerization Transcription P-cis > P-trans 
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Linker histone H1 also has known variants such as H1t, H1t2, HILS1 (testis-

specfic), H1A and H1B [299, 300]. They have highly specialized roles in establishing 

cell polarity and regulatory role within germ cells [301]. H1 linker histones most 

notably play a role in chromatin folding and reconstitution [302]. 

Lastly, there are no known variants of histone H4. Genes encoding H4 are 

constitutively expressed through cell cycle and the reason behind lack of variants is 

not clear [303].  

In summary, in addition to the core histones, histone variants have also been 

shown to play key roles in epigenetic regulation of the cell.    

 

1.6.3 Histone modifications 
The unstructured N-terminal tails of core histones are subjected to a myriad of various 

post-translational modifications (Figure 1.6). The tails contain a high affinity to bind to  

DNA owing to the basic amino acid residues [255]. They facilitate inter-nucleosomal 

interactions with the tightly bound chromatin fibres.  Various modifications (outlined in 

Table 1.1) occur on the tails, that exquisitely regulate gene expression and also their 

structure and function [298]. It is important to note that currently the known histone 

modifications maybe a gross underestimate of what may occur on histones. It is also 

essential to emphasize that not all modifications occur at any known singular time 

[298].  

A range of histone modifying enzymes deposit specific histone modifications 

such as acetylation [304], methylation [305], ubiquitination [306], phosphorylation 

[307], deamination [308], ADP-ribosylation [309], sumoylation [310] and proline 

isomerization [311]. Evidence suggests that histone modifications play a critical role in 

several functions including DNA repair, DNA replication, gene expression and 

chromosome dynamics [312]. How the different histone modifications are maintained 

by the enzymatic system and their function as a major genome integrator of different 

signalling pathways are reviewed extensively in literature [313-315]. Chromatin 

modifications are shown to either act in concert with each other or individually to 

modify chromatin-mediated outcomes in a context-specific style [316]. 

Some well-studied modifications include arginine methylation, lysine 

acetylation, lysine methylation. Arginine methylation can act both as an activating or  
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Figure 1.6 Histone modifications.   

(A) Mostly along the N-terminal but also at the C-terminal regions, histones H2A, H2B, H3 and H4 

undergo diverse post-translational modifications (ph-phosphorylation, ac-acetylation, ub-ubiquitination, 

me-methylation). The residue number at which the modification is present is also depicted. (B) One 

type of modification is arginine methylation (Arg) catalyzed by Type I or II PRMT family. Arginine 

methylation can occur as monomethylation (MMA) occurring by addition of one methyl group to one 

terminal guanidino nitrogen of arginine, symmetrical dimethylation (sDMA) and asymmetrical 

dimethylation (aDMA) occurring by addition of two methyl groups to either one guanidino nitrogen or 

two different guanidino nitrogen atoms, respectively. Adapted from [317, 318].  
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repressive mark in terms of facilitating transcription [298]. Enzymes termed PRMTs 

(Protein Arginine Methyl Transferase) are recruited to promoters by TFs (transcription 

factors) and a frequently studied promoter in this regard is the pS2 promoter where 

arginine methylation is cycling during activation [319, 320]. Although there are no 

clear evidence of a specific demethylase for this modification, the process of 

deimination by PADI4 (Protein Arginine Deiminase-4) has been shown to convert 

mono-methylated arginine to citrulline [321]. Citrulline conversion acts as an 

antagonizer of arginine methylation [322].  

Another well-known modification is acetylation, which is generally associated with 

active transcription. The three main families of acetyltransferases are GNAT (Gcn5-

related N-acetyltransferase), MYST (named after members MOZ, Ybf2/Sas3,Sas2, 

and Tip60) and CBP/p300 (cAMP response element binding (CREB)-binding protein/ 

E1A-associated protein 300 kDa) [304]. Generally N-terminal tails are most likely to 

get acetylated, however, lysine present in the H3 core domain (K56) is also 

acetylated [323]. Acetylation is a reversible mark and this reaction is facilitated by 

HDACs (Histone deacetylases). It is a key mark in regulating gene expression and 

most crucially chromatin structure [324, 325].  

In summary, emerging studies now point to key DNA functions regulated by 

various histone modifications and associated proteins.  

1.6.4 Histone modification binding proteins 
As part of the epigenetic code, proteins that bind to chromatin in a specific 

modification-dependent manner recognize histone modifications to mediate important 

cellular outcomes. Some of the recognition motifs and their corresponding binding 

proteins are outlined as follows, methyl cytosine/methyl-CpG-binding domain proteins 

[326], acetyl lysines/bromo-domain proteins [327-329], methyl lysines/chromo, tudor, 

MBT domain proteins and PHD (Plant Homeo Domain) fingers [330-333], and 

phospho-serine and phospho-threonine/14-3-3 binding proteins [334].  

Two key histone binding proteins will be discussed further. Although the first 

PHD finger was identified over 20 years ago [335], it was not until recently that its role 

in binding lysine methylation was identified. Several PHD fingers such as ING(1,3–5), 

JARID1A, KDM7A, KIAA1718, MLL1, PHF(2,8), PHO23, PYGO(1,2), RAG2, TAF3 

and YNG(1,2) recognize and interact with H3K4me3 [332]. PHD fingers that bind to 
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H3 modifications play a key role in cellular processes such as gene regulation, 

recombination and nucleosome remodeling [332]. PHD fingers occurring in 

macromolecules possess enzymatic properties such as methyltransferase activity and 

histone demethyalse activity. They also act as scaffolding proteins to facilitate 

recruitment of multimeric protein complexes to specific genomic locations [332]. Such 

characteristics reiterate the importance of histone-PHD binding fingers in the 

modulation of deposition and removal of PTMs, thereby modulating chromatin 

dynamics. Apart from binding histone proteins, PHD fingers also bind non-histone 

proteins, hence proving themselves to be versatile components in the epigenetic 

machinery [332].  

Another characteristic histone binding protein is the bromo-domain protein 

(BRD) known to recognize acetyl-lysine residues on proteins. So far over 100 

acetylated lysine binding proteins are identified in humans and yeast [336, 337]. Apart 

from regulating gene transcription, BRD proteins are also implicated in several 

disease processes such as cancer, viral infection, inflammation [336]. They are often 

found in combination with other histone binding proteins such as PHD fingers, MBT 

domain and/or WD40 domain [338]. As an example, H4K16ac and H3K4me is bound 

simultaneously by the NURF chromatin remodeling complex subunit BPTF, which 

contains both PHD finger and a bromo-domain within the same nucleosome [339]. 

Alternatively, some other BRD proteins can bind two acetylated lysine residues at the 

same time [340]. Most of the protein belonging to this class can be categorized into 

three main types: components of chromatin remodeling complexes; histone acetyl 

transferase complexes; and bromodomain-extraterminal (BET) proteins [338]. Also 

emerging studies now show that specific inhibition of BRD-proteins themselves pose 

as potent drug targets during infectious diseases such as malaria and cancer [338, 

341]. Hence, histone binding proteins play exceptional roles in regulating basic 

functions of cell by regulating chromatin dyanmics.  

In summary, the above findings imply that, the level of complexity within 

chromatin network arising from modular organization of the chromatin itself along with 

other interacting partners highlighting the challenges involved in understanding 

histone cross talk.  
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1.6.5 Nucleosome positioning 
The term nucleosome positioning simply refers to the position of the nucleosome in 

relation to specific genomic sequence. Nucleosome occupancy refers to regions 

occupied by the nucleosome such as promoters, enhancers and terminators [342-

344]. These factors have been shown to be extremely critical in mediating cellular 

outcomes mainly because nucleosome occupancy negatively impacts on the 

interaction of DNA-binding proteins [345-347]. Reports suggest a large-scale loss of 

nucleosomes around the TSS (Transcription Start Sites), both in human and yeast, is 

linked with gene activation [348-351]. For example, following viral infection, activation 

of interferon-β promoter is facilitated as a result of nucleosome sliding to mediate 

nucleosome eviction [352]. Likewise ATP-dependent chromatin remodeling enzymes, 

SWI/SNF complex [353-355], histone modifications (hyperacetylation) [350, 351] and 

histone variants such as H2A.Z and H3.3 are associated with nucleosome eviction 

and/or repositioning [356, 357]. Collectively, these reports suggest the importance of 

nucleosome positioning on DNA accessibility and chromatin-higher order structures.  

1.6.6 Role of non-coding RNAs 
Non-coding RNAs are functional RNAs that are not translated into any specific 

protein. The human genome project revealed that only 2% of the genome accounts 

for protein coding regions and the activity of those genes are in part being maintained 

by chromatin [358, 359]. Although most of the cell’s DNA is transcribed to RNA, not 

all of it goes on to produce protein. In fact only 75% of the genome is being 

transcribed into RNA and only a small percentage of this transcribed RNA codes for 

protein, meaning that a large proportion remain as ‘non-coding’ RNAs [360]. Non-

coding RNAs largely fall under two categories, long (≥200 nucleotides) and short 

(<200 nucleotides). Long non-coding RNAs (lncRNA) are comprised of intergenic, 

intronic, antisense and overlapping bidirectional transcripts. Short non-coding RNAs 

include short-interfering RNAs (siRNA), microRNAs (miRNAs) and PIWI-interacting 

RNAs (piRNAs) [360].  

The importance of miRNAs (approximately 22 nucleotides long) have emerged 

recently in processes such as proliferation, inflammation, fibrosis, differentiation [361]. 

The report of the first miRNA, lin-4, in C.elegans [362] has since lead to the 

identification of thousands of miRNAs. As an example, miR-34a is implicated in 
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cellular senescence in various cell types [363, 364]. miR-34a accumulates during 

biological ageing [365, 366]. Recent work from Overhoff et al., report accumulation of 

22 different senescence-associated microRNAs (SA-miRNAs) belonging to mir-34 

and let-7 families during epithelial cell senescence [367]. Interestingly, they showed 

that increased expression of some of these SA-miRNAs initiates a positive feedback 

regulatory loop acting in concert with PcG (Polycomb group) proteins to activate other 

members of SA-miRNAs resulting in enforcement of senescence. Most notably this 

was regulated by the p16 pathway. Also, senescence has posed as an endogenous 

trigger for miRNA/AGO-2 (Argonaute-2) mediated transcriptional gene silencing in 

human cells [368]. miRNAs are also involved in the regulation of DDR signaling, DNA 

methylation and chromatin structure [369].  

lncRNAs are shown to act as recruiters for chromatin remodelling enzymes to 

specific loci to alter chromatin structure and gene expression [361]. As an example, 

expressions of several hundred lncRNAs at the human HOX loci regulate chromatin 

structure and accessibility involving differential histone methylation and RNA 

polymerase [370]. Also, the non-coding RNA HOTAIR is involved in PRC2-mediated 

silencing of chromatin at the HOX loci [370]. 

Collectively, this along with other studies, demonstrate the emerging 

importance on non-coding RNAs in the maintenance of chromatin structure, genomic 

stability, senescence, ageing and also various diseases including cancer, 

neurological disorders, and cardiovascular diseases [361, 369, 371, 372].   

 

1.7 Epigenetics of cellular senescence 

1.7.1 Chromatin reorganization in senescence 
Chromatin regulation is thought to be important for the onset and maintenance 

of senescence and senescent cells are characterized by extensive remodeling of 

chromatin structure. One of the key features of chromatin reorganization in 

senescence is visualized by the formation of SAHF (Senescence Associated 

Heterochromatic Foci) [373-375]. Although restricted to certain cell-types, SAHF can 

be visualized using DAPI (4,6-diamidino-2-phenylindole) staining and strikingly 
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appear to be small punctate foci. Narita et al., described these punctate foci as 

heterochromatic based on the accumulation of HP1 (Heterochromatin Protein 1), 

H3K9me3, a repressive histone mark, and macroH2A, a variant associated with gene 

silencing [374]. Changes in chromatin structure are also reported for senescent cells 

occurring in premalignant tumors [184, 376-378]. In humans, histone chaperones 

HIRA (Histone Repressor A) and ASF1a  (Anti-Silencing Function 1a) as part of the 

HUCA complex, function to mediate formation of SAHF [178]. Importantly, the HUCA 

complex is also implicated in the deposition of variant H3.3 into chromatin, suggesting 

a possible involvement of H3.3 during SAHF formation [379-381]. Histone chaperone 

DAXX, in cooperation with ATRX, can also perform H3.3 deposition at 

heterochromatic loci [280, 382, 383]. In line with this, a recent paper reported that 

H3.3 is excluded from SAHF in senescent cells and included in PML bodies in a 

DAXX-dependent manner [384]. SAHF are reported to originate from individual 

chromosomes, ie., each chromosome condenses to form a single DAPI focus and 

show increased HMGA2 (High Mobility Group A2) and decreased linker histone H1 

[373, 385, 386]. Therefore, various reports inexplicably link SAHF and senescence.  

SAHF formation leads to specific consequences during senescence. The p53 

and pRB pathways, the two major effectors of senescence, regulate the formation of 

SAHF, although the effect of p53 is marginal during OIS [155, 176, 387]. Following 

RAS induction, KD of p16 or pRB dampened SAHF formation despite the 

establishment of senescence. Nevertheless, these SAHF-negative cells revealed 

some deregulated cell cycle genes, suggesting an inexplicable link between p16/pRB-

mediated SAHF formation and repression of cell cycle associated genes [176]. Also, 

HMGA2 protein cooperates with p16 to promote SAHF formation and evidently 

contributes towards senescence stabilization via repression of proliferation-

associated genes [373]. SAHF might therefore contribute towards the tumor 

suppressive nature of senescence as intervention in genes associated with SAHF 

formation leads to senescence perturbation. 

It is also true that during the establishment of senescence, the DDR pathway 

plays a significant role in regulating chromatin structure. BRAC1, a pre-disposition 

gene to breast and ovarian cancer in women, plays an important role in DDR [388, 

389]. RAS-induced senescence resulted in disassociation of BRAC1 from chromatin 

and promoted induction of SAHF formation [390]. This was further supported when 
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removal of BRAC1 resulted in triggering the DDR pathway, SAHF induction and 

senescence. Further, association between BRAC1 and BRG1 subunit of the ATP-

dependent SWI/SNF remodeling complex was established [391]. As pointed out 

before, pRB, a key regulator of SAHF formation, also interacts with BRG1 and the 

role of BRG1 during cell cycle arrest has been previously implied [392, 393].  

Interestingly, the interaction between BRAC1 and BRG1 was disrupted at the onset of 

senescence owing to BRG1’s chromatin remodeling activity and this correlated to 

SAHF formation accompanied with increased p21 and p16 levels [394]. Hence, 

downstream signaling of DDR has significant implications in regulating senescence.  

A novel interplay between DNA damage and heterochromatin formation was 

described during OIS by di Fagagna’s lab. As noted earlier, SAHF could promote the 

silencing of genes associated with the cell cycle, such as cyclin A and therefore 

promote growth arrest via heterochromatinization.  An interesting twist to the tale was 

brought about by observations from Fabrizio d'Adda di Fagagna and colleagues who 

suggested that SAHF are not required for gene silencing and proposed a new 

relationship between DDR and SAHF [395]. BJ cells (newborn foreskin fibroblasts) 

used for the study show resistance to premature p16 induction and these cells 

showed induction of SAHF only following OIS and not replicative senescence or 

stress-induced senescence from ionizing radiation or etoposide. Inactivation of p53 or 

ATM resulted in the reversal of senescence through induction of proliferation and 

remarkably this was accompanied with SAHF retainment. This suggested that SAHF 

and its associated repression of cell cycle genes are not essential for growth arrest. In 

fact, SAHF was reported to have beneficial effects on senescence by reducing 

apoptosis induced by high DNA damage signaling, thereby maintaining viability of 

senescent cells [395]. Although DDR and SAHF are two key components of 

senescence, a causal relationship between the two was implied through this study.  

Though a number of studies have demonstrated a connection between the 

induction of SAHF and senescence, SAHF formation appears dispensable in some 

scenarios. For example, AKT activation and KD of PTEN does not result in SAHF 

formation [390, 396] apart from the fact that SAHF induction is also cell-line 

dependent [397]. As noted earlier, BJ cells are not associated with SAHF formation, 

whereas other primary cells, such as IMR90 and WI38, are marked with SAHF 

formation upon senescence [176]. Notably, mouse cells also do not show formation of 
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punctate foci although they posses certain components of SAHF such as macroH2A 

[398]. Nevertheless, SAHF differs from other heterochromatic regions such as 

inactivated X-chromosome (Xi) in female [399]. In summary, extensive molecular 

changes along with chromatin restructuring occurs during senescence and emerging 

evidence now shows how they could be the driving force behind the senescent 

phenotype. 

1.7.2 Loss of histones in senescence  
Histone biogenesis and its role in biological outcomes have recently acquired 

significant interest. O’Sullivan et al., provided evidence for reduced histone 

biosynthesis during replicative senescence as a result of DNA damage from 

shortened telomeres [400]. Western blotting assays showed reduction in H3 and H4 

between early and late-passaged cells. Along with this, SLBP (Stem Loop Binding 

Protein), a protein involved in histone pre-mRNA processing and translation, also 

showed decreased levels. This may potentially mean that less efficient translation of 

histone messages occurs during senescence. However, not all histone levels were 

affected, as H1 levels were not reduced in RS. But, some well-known chromatin 

players such as ASF1a/b, CAF1-p150/p60 were also significantly reduced in 

senescent cells. It was believed that this cascade of localized changes starting with 

the regulation of H3 and H4 synthesis translates into a genome-wide state of 

persistent DNA damage effectively acting as a feedback loop mechanism to enable 

establishment of senescence and its subsequent maintenance [400].  

Around the same time, Jessica Tyler and colleagues reported profound loss of 

histones during biological ageing [173]. Prior to this report, an important study from 

Shelley Berger’s lab showed that in yeast Sir2 deacetylase decreased with ageing 

along with an increase in its substrate H4K16ac [401]. This was accompanied by 

concomitant loss of histones at specific sub telomeric regions of the genome. 

However the mechanistic relevance of loss of histone in ageing was unclear at this 

point. Tyler and colleague demonstrated that interventions to increase levels of 

histones in yeast cells remarkably promoted life span extension. Although decrease in 

histones was reported, there was an increase in histone transcript levels during 

ageing [173, 401]. It is conceivable that aged cells are perhaps trying to compensate 

for loss of histones in attempt to replace them via increased transcript levels. In 
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addition to this, decrease in histone occupancy across various genomic regions such 

as rDNA, mating-type loci, silent regions adjacent to telomeres was demonstrated 

with ChIP and chromatin fractionation experiments. Also, lack of histones is likely not 

a reflection of increased dead cell population as reports suggest that aged yeast cells 

in senescent-like state are very much metabolically active for a long time after the last 

population doubling [402].  

Apart from evidence supporting loss of core histones during RS and replicative 

ageing, loss of histone variant H2A.Z was reported during RS in human diploid 

fibroblasts IMR90 [403].  Deposition of H2A.Z is mediated by two different classes of 

ATP-dependent SWI2/SNF-2 remodeling complex containing either SRCAP or p400 

[404-406]. While SCRAP is involved in global deposition of H2A.Z, p400 is well-

known for localized deposition of the variant [407]. Loss of function studies for H2A.Z 

and p400 has shown induction of a premature senescence phenotype in HDF 

(Human Diploid Fibroblast) in a p53-p21 dependent fashion [155, 408].  

Clearly replicative ageing or senescence from yeast to humans is 

accompanied by loss of histones, thereby contributing to alterations in the chromatin 

structure along with altered histone modifications [174, 385, 401, 409, 410]. Evidently, 

this contributes to an open chromatin structure and increased genomic instability.  

1.7.3 Histone modifications in senescence 
The onset of senescence is also accompanied by changes in histone modifications.  

Two frequently associated histone modifications occuring with senescence are 

H3K9me3 and H3K27me3. HP1 and PcG proteins bind H3K9me3 and H3K27me3, 

respectively [411]. Once recruited to the site of histone mark, HP1 in turn recruits 

SUV39H1 (Suppressor of variegation 3-9 homolog 1), a histone-lysine N-

methyltransferase, which then leads to spreading of H3K9me3 to form constitutive 

heterochromatin [330, 331, 412]. Chandra et al., reported that SAHF occur with 

H3K9me3 and H3K27me3 in discrete compartmentalized structures [413].  Although 

their data implied that these two repressive marks are not essential for the formation 

of SAHF, the authors speculate about the possibility of other repressive marks that 

could be involved in the process, but are as yet these remain undetermined. 

Work from other labs shows alterations of histone modifications upon 

senescence. Consistently, levels of the repressive marks H3K27me3, H3K9me3 and 
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H4K20me3 are increased upon induction of senescence [414]. Conversely, decrease 

in the active mark H3K4me3 was observed during senescence.  H3K4me3 was found 

to have an effect on gene expression of a subset of E2F target genes in senescence 

[414]. Jarid1a/b mediated demethylation of H3K4 was promoted at E2F target regions 

via cooperation with pRB. Hence, the study establishes a causal relationship between 

epigenetic alterations and promotion of gene silencing in senescence.   

To further substantiate a role for histone modifications and other chromatin 

players during senescence, localized loss of H3K27me3 was noted at the INK4a–

ARF locus following RAS-induced senescence [415]. Along with this, loss of EZH2 

was noticed coupled with increased binding of JMJD3 at the locus. EZH2 is the 

methyltransferase for H3K27me3, whilst JMJD3 is the demethylase. The changes 

were also noted along with decreased binding of PcG proteins such, as CBX7 and 

BMI1, and a reciprocal increase in activating mark H3K4me3 and association of RNA 

Pol II. In summary, this study demonstrated a dynamic relationship between 

epigenetic alterations and signal transduction pathways, in this case, RAS 

downstream signaling, to facilitate establishment of senescence.   

Additionally, in vivo studies in mice revealed epigenetic regulation involving 

H3K9me3 following OIS and its effect on tumor suppression. Braig et al., showed that 

H3K9me3-medited senescence as a novel SUV39H1-dependent tumor suppressive 

mechanism in Eµ-N-RAS transgenic mice [184]. In vitro demonstration supported that 

SUV39H1 knockout resulted in abrogation of senescent phenotype in lymphoid cells 

expressing RAS. These results have important ramifications for epigenetic control 

mediating senescence during tumorigenesis.  

H3K9me3 is also associated with HGPS (Hutchinson–Gilford Progeria 

Syndrome) [416]. An effective in vivo mimetic model for the disease was created with 

mice lacking prelamin A-processing metalloprotease, Zmpste24 [417]. The mice 

demonstrated increased truncated prelamin A, termed progerin, and sustained DNA 

damage foci that were associated with H3K9me3 [416]. As a consequence of 

H3K9me3-mediated heterochromatin remodeling, defective DNA repair mechanism 

were in place, which in return contributed to senescence in this laminopathy-based 

premature ageing syndrome [416].  

Two other histone modifications of note in senescence are H3K27me3 and 

H3K4me4. Collaborative work between Shelly Berger’s lab and Peter Adam’s lab 
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focused on the distribution of these histone modifications between proliferating and 

senescent cells [418]. The authors uncovered large-scale changes in the epigenome 

of senescent cells with regions of gains and losses for these modifications referred to 

as ‘mesas’ and ‘canyons’. Remarkably, some of these regions overlapped with LADs 

(Lamin-Associated Domains). Bivalent domains containing both H3K4me3 (active 

mark) and H3K27me3 (repressive mark) over LADS were found in senescence. 

Importantly, this was closely related to loss of Lamin B1, a nuclear laminar protein in 

senescence. Inherently decreased Lamin B1 lead to the induction of premature 

senescence along with acquisition of mesas and canyons resulting in chromatin 

instability. H3K4me3 mesas were also found in fibroblast cells derived from HGPS 

patients suggesting a link between accelerated senescence and premature ageing. 

Also, results obtained in senescence showed striking similarities to features of 

colorectal cancer epigenome. Thus, the work [418] highlights profound changes in 

chromatin structure of senescent cells and how they impinge upon ageing and 

cancer.  

In summary, although studies demonstrate that histone modifications play a 

significant role during senescence, these observations are restricted to only a few 

known occurring modifications. Any potential effects or importance of other known 

modifications remain poorly characterized and understudied in the context of cellular 

senescence. 

 

1.8 Aims of the project 
Over the years, research has unravelled the importance of epigenetic programming of 

the human genome in influencing the basic building blocks in the developmental 

programme such as gametogenesis and early embryogenesis. And with the advent of 

revolutionizing technology, the recent recognition of various chromatin modifications 

and regulatory factors, such as DNA methylation, histone modifications, histone 

modifiers, chromatin-remodelling complexes are expected to increase our 

understanding of how epigenetic programming can control mammalian development. 

Cellular senescence, characterized by irreversible proliferation arrest, is also marked 

by extensive changes in the chromatin structure. Senescence effectors such as p53, 

pRB and ING, that were believed to exert their effect primarily as checkpoint 
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regulators are now implied in chromatin remodelling and act as epigenetic regulators 

of cellular senescence by their ability to direct activities of HATs, HDACs and HMTs, 

among others. Such epigenetic mechanisms that are important in senescence further 

suggest that epigenetic deregulation might play a key role in bypassing senescence 

and acquisition of tumourigenic phenotype. 

 Increasingly, chromatin modifications are shown to impart an additional layer 

of stability to the senescent phenotype. Evidence suggests that histone modifications 

play critical roles in various cell functions including DNA repair, DNA replication, gene 

expression and chromosome dynamics. Despite the established importance of this 

phenomenon, the contribution of individual histone modifications toward senescence 

and its associated effects on cancer and ageing remains poorly understood and 

largely uncharacterized.  

Hence, with this project I aim to identify and characterize novel histone 

modifications that are important during the senescence programme.  

 
Specific aims of the project were: 

1. Profiling of various histone modifications in senescent cells in comparison to 

proliferative cells. 

-  Perform histone modification slot blot screen. 

2. Identification of novel histone modifications that are regulated at the onset of 

senescence. 

- Test if changes in histone modifications occur specifically in senescence or 

non-specifically to stress and/or cell cycle arrest. 

- Validate histone antibody specificity and establish appropriate in vitro 

model systems for study. 

3. Study the functional significance and/or regulatory mechanism of candidate 

modifications in the context of senescence.  

-    In vitro tools such as gene KD, ChIP-Seq was used to specifically assess 

the contribution of H3CS.1 and H4R3me2a during senescence. 

4. Understand the contribution of these modifications to senescence-mediated 

tumor suppression and/or tissue ageing. 

-Characterize histone modifications using appropriate animal models. 
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Establishing the functional regulation and mechanistic characterization of these 

modifications may have significant implications for senescence-associated events, 

such as ageing, and potential clinical implications, as there is increasing interest in 

so-called pro-senescence cancer therapies. 
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 General Reagents 

Reagent Details Source 

Acrylamide 29:1 (40%w/v)  National Diagnostics 

Agar  Sigma-Aldrich 

Agarose  Melford 

Ampicillin  Sigma-Aldrich 

APS  Sigma-Aldrich 

Bromodeoxyuridine (BrdU)  Sigma-Aldrich 

Bovine Serum Albumin (BSA)  Sigma-Aldrich 

DAPI 4’,6-diamidino-2-

phenylindole 

 Sigma-Aldrich 

DMEM (Dulbecco’s modified 

eagle medium) 

 Life Technologies 

DMSO (dimethyl sulfoxide)  Sigma-Aldrich 

DNA ladders  New-England 

Biolabs 

DNA loading dye  Invitrogen 

DTT (dithiothreitol)  Sigma-Aldrich 

ECL Western blotting 

substrate 

 Thermo Scientific 

EDTA  Sigma-Aldrich 

Ethanol  Thermo Fischer 

Scientific 

Ethidium bromide   Sigma 

Foetal Calf Serum  GE Healthcare 

Formaldehyde, 16%  Electron-Microscopy 

Services 
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Glutaraldehyde  Sigma 

Goat serum  Vector Labs 

Immobilon-P PVDF Transfer 

Membrane 

 

 Millipore 

L-Glutamine (200 mM)  Gibco 

Laemmli Sample Buffer (SB) 63 mM TrisHCl, 

10% Glycerol, 

2% SDS, 

0.0025% Bromophenol 

Blue, pH 6.8 

 

LB (Lysogeny Broth) 1% Bacto-Tryptone 

86 mM NaCl 

0.5% Yeast Extract 

Beatson Institute 

Central Services 

LB Agar 1% Bacto-Tryptone 

86 mM NaCl 

0.5% Yeast Extract 

1.5% Agar 

Beatson Institute 

Central Services 

Magnesium chloride  Sigma-Aldrich 

Methanol  Thermo Fischer 

Scientific 

Non-fat dried milk powder  Marvel 

Opti-MEM  Life Technologies 

Paraformaldehyde  Sigma-Aldrich 

PBS (Phosphate Buffered 

Saline) 

170 mM NaCl, 3.3 mM 

KCL, 1.8 mM Na2HPO4, 

10.6 mM H2PO4 

Beatson Institute 

Central Services 

PBST PBS+0.5%Tween20  

PBT PBS+1%BSA 

+0.5%Tween20 

 

PBS/EDTA (PE) PBS+1 mM EDTA Beatson Institute 

Central Services 
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Penicillin-Streptomyicin  Life Technologies 

PfuUltra II Fusion HS DNA 

Polymerase 

 Agilent 

Technologies  

Phosphatase Inhibitor Cocktail  Sigma-Aldrich 

PMSF (Phenylmethanesulfonyl 

fluoride) 1M 

174.19 g, 1 L ddH2O  

Polybrene  Millipore 

Protease Inhibitor Cocktail  Sigma-Aldrich 

Proteinase K  Sigma-Aldrich 

ProLong gold antifade 

Reagent with DAPI 

 Life Technologies 

Puromycin  Millipore 

Resolving gel 8-12% acrylamide, 

375 mM Tris-HCl, pH 

8.8, 0.1% SDS, 

0.1% APS, 

50 mM TEMED 

 

RNase A  Qiagen 

SDS (Sodium Dodecyl 

Sulphate), 10% 

 Beatson Institute 

Central Services 

SDS-PAGE running buffer 

(10X) 

0.1% SDS, 

192 mM Glycine, 

25 mM Tris-HCl, pH 8.3 

Beatson Institute 

Central Services 

SDS-PAGE transfer buffer 

(10x) 

288 g glycine, 60.4 g 

Tris base, 1.6 L ddH2O 

Beatson Institute 

Central Services 

Sodium Azide  Sigma- Aldrich 

Stacking gel 5% acrylamide, 0.4% 

SDS, 500 mM Tris pH 

6.8 

 

TAE (Tris-acetate EDTA) 40 mM Tris, 

0.1% glacial acetic acid, 

1 mM EDTA 
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TBS (Tris Buffered Saline) 10 mM Tris-HCl, 

pH 7.4,150 mM NaCl 

Beatson Institute 

Central Services 

TBST TBS + 0.1% Tween-20 Beatson Institute 

Central Services 

TE (Tris-EDTA) 10 mM Tris-HCl, 

pH 8.0,1 mM EDTA 

Beatson Institute 

Central Services 

TEMED 

(Tetramethylethylenediamine)  

 Sigma-Aldrich 

Triton X-100   Sigma-Aldrich 

Trypsin 2.5%  Life Technologies 

Tween-20  Sigma-Aldrich 

Xylene  Fischer Scientific 

β-Mercaptoethanol  Sigma-Aldrich 
Table 2.1 Reagents and solutions 

2.1.2 Antibodies and Dyes 

Antigen Host/Application Dilution Source 

Alexafluor 594 goat 

(secondary) 

Rabbit/IF  1:500 Life Technologies A11012 

Alexafluor 555 goat 

(secondary) 

Rabbit/IF  1:500 Life Technologies A-21428 

Alexafluor 488 goat 

(secondary) 

Mouse/IF 1:500 Life Technologies A11001 

Alexafluor 488 goat 

(secondary) 

Rabbit/IF 1:500 Life Technologies A11008 

Beta-actin Mouse/WB 1:7000 Sigma A1978 

Cathepsin L Mouse/WB 1:1000 Abcam ab6314 

Cathepsin L Mouse/WB 1:500 R&D systems MAB9521 

Cyclin A Rabbit/WB 1:1000 Santa Cruz SC-751 

ER-α Rabbit/WB 1:2000 Santa Cruz SC-543 

H3CS.1 Rabbit/WB 1:1000 Active Motif 39573 
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HA tag Mouse/WB 1:1000 Cell Signalling 9101 

HIRA Mouse/IF 1:125 WC cocktail (Adams Lab) 

Histone H3, C-

terminal  

Rabbit/WB 1:1000 Active Motif 39163 

Histone H3, N-

terminal 

Mouse 1:1000 Active Motif 39763 

Histone H4 Mouse/WB 1:1000 Abcam ab31830 

Histone H4 Rabbit/WB 1:1000 Millipore 05-858 

Histone H4 Rabbit/WB 1:1000 Cell signalling 2592 

Histone H4 acetyl Rabbit/WB 1:1000 Millipore 06-866 

Histone H4K16ac Rabbit/WB 1:1000 Millipore 07-329 (ab1) 

Histone H4K16ac Rabbit/WB 1:1000 Abcam ab109463 (ab2) 

Histone H4R3me2a Rabbit/WB 1:1000 Active motif 39705 

Histone H4R3me2a Rabbit/WB 1:1000 Suming Huang Lab 

hMOF Mouse/WB 1:1000 Abcam ab54276 

hMOF Mouse/WB 1:1000 Abgent A01112a  

hMOF Rabbit/WB 1:1000 Bethyl Laboratories A300-

992A 

IgG control Mouse/IP Variable  Sigma-Aldrich M7023 

IgG, HRP-linked 

(secondary) 

Rabbit/WB 1:2000 GE Healthcare NA934 

IgG, HRP-linked 

(secondary) 

Mouse/WB 1:5000 DAKO P0447 

p16 (G175-405) Mouse/WB 1:1000 BD  51-1325GR 

p21 Mouse/WB 1:1000 Santa Cruz SC-817 

p53-acetyl (Lys382) Rabbit/WB 1:1000 Cell Signalling 2525 

PCNA  Mouse/WB 1:1000 Santa Cruz SC-56 

Phospho-Histone 

H2A.X(ser139) 

Mouse/WB 1:1000 Millipore 05-636 

pRB (Ser807/811)  Rabbit/WB 1:1000 Cell Signalling 9308 

PML Rabbit/IF 1:500 Santa Cruz SC-5621 



 67 

PRMT1 Rabbit/WB 1:1000 Cell Signalling 2449 

PRMT1 Rabbit/WB 1:1000 Abcam ab73246 

RAS Mouse/WB 1:1000 BD 610001 

RB Mouse/WB 1:1000 Cell Signalling 9309 

SIRT1 Rabbit/WB 1:2000 Millipore 07-131 

SIRT1 Mouse/WB 1:1000 Millipore 05-1243 
Table 2.2 Antibodies and dyes 

 

2.2 Methods 

2.2.1 Cells 
HEK-293T cells originally derived from human embryonic kidney cells was obtained 

from ATCC (Cat No: CRL-11268) (http://www.atcc.org/). Phoenix-AMPHO cells 

expressing amphotropic envelope protein was obtained from ATCC (Cat No: CRL-

3213). The above cell types were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% foetal calf serum, 2 mM L-glutamine, 10 units/ml 

penicillin and 10 ug/ml streptomycin at 37°C in a humidified atmosphere containing 

5% CO2. IMR90 cell derived from the lung of 16-week female fetus was obtained 

from Coriell Cell Repositories (http://ccr.coriell.org/). They were cultured in DMEM 

supplemented with 20% foetal calf serum, 2 mM L-glutamine, 10 units/ml penicillin 

and 10 ug/ml streptomycin at 37°C in a humidified atmosphere containing 5% CO2 

and 3% O2. 

2.2.2 DNA Preparation 
Sub-cloning Efficiency™ DH5α™ Competent Cells from Life technologies (Cat 

No.18265-017) are a versatile strain of chemically competent cells that provide a 

transformation efficiency of > 1 x 106 cfu/µg plasmid DNA. These were used for 

routine DNA preparation and extraction by both long or short recovery methods. 50 µl 

competent cells and 0.5 µg DNA were mixed and incubated on ice for 30 minutes. 

Following incubation, the mixture was heat-shocked at 42ºC for 45 seconds. Cells 

were allowed to recover on ice for 2-3 minutes. For the short recovery method, 100 µl 
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LB broth was added and the cells were plated onto LB agar plate containing 100 

µg/ml ampicillin and incubated overnight at 37ºC. For the long recovery method, 500 

µl LB broth was added to cells and incubated at 37ºC shaking at 180 rpm for an hour. 

The cell suspension was then re-suspended in a smaller volume by spinning and 

plated onto LB agar plates for overnight 37ºC incubation. Single colonies were 

selected the next day and left shaking at 37ºC in LB broth supplemented with 100 

µg/ml ampicillin using 5ml for mini preparation and up to 500 ml-1 L for maxi 

preparation. Mini-preps were performed by the Beatson Molecular Technology 

Services with the QIAgen BioRobot 9600 following QIAprep 96 Plus Miniprep 

protocol. Maxi-preps were carried out by the Beatson Molecular Technology services 

using the PureLink® HiPure Plasmid Maxiprep Kit from Life technologies. 

2.2.3 DNA Quantification 
DNA was quantified using Qubit® dsDNA BR Assay Kit for samples ranging from 100 

pg/µl-1,000 ng/µl and Qubit® dsDNA HS (High Sensitivity) Assay Kit for samples 

ranging from 10 pg/µl to 100 ng/µl. Thin-walled PCR tubes were used to quantify DNA 

preparations using Qubit® 2.0 Fluorometer from Life Technologies. Quant-iT™ 

Working solution was prepared by diluting the Quant-iT™ reagent 1:200 in Quant-

iT™ buffer. 200 µl of working solution was used per sample along with two standards 

used for calibration. The two standards were prepared by aliquoting 10 µl of each 

standard solution and 190 µl of working solution. The samples were prepared by 

aliquoting 1 µl into 199 µl of working solution. All tubes were mixed vigorously by 

vortexing for 3 seconds and incubated for 2 minutes at RT. Calibration for the DNA 

assay was performed using the standards. Readings were obtained in µg/ml. This 

value corresponded to the concentration of sample after dilution into assay tube. To 

calculate the concentration of sample, the following equation was used: 

 

 

where QF value = the value given by the Qubit® 2.0 Fluorometer; x = the number of 

microliters of sample added to the assay tube. 

 

Concentration of your sample (µg/ml) = QF value × (200 / x) 
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2.2.4 Plasmids 
The following plasmids (Table 2.3) were used in this study: 

 

Plasmid Details Source 

pBabe-neo  Empty vector Peter Adams Lab 

pBabe-neo-H-RASG12V Activated Ras Peter Adams Lab 

pBabe-neo-SV40LT Activated SV40 Long 

terminal 

From Bill Hahn 

pBabe-puro Empty vector From Bill Hahn and 

Bob Weinberg 

pBabe-puro-H-RASG12V Activated Ras From Bill Hahn and 

Bob Weinberg 

pBabe-puro-HA-H4K16Q Activated H4K16ac 

mutant 

Site-directed 

mutagenesis 

pBabe-puro-HA-H4K16R Activated H4K16ac 

mutant  

Site-directed 

mutagenesis 

pBabe-puro-HA-H4WT Activated H4 Wild type  Cloning 

pBabe-puro-SIRT1 Activated SIRT1 Addgene 

pBabe-puro-SIRT1-H363Y Activated SIRT1 

(dominant negative) 

Addgene 

pLenti6-puro Empty vector Peter Adams Lab 

pLenti6-puro-H-RASG12V Activated Ras Peter Adams Lab 

pLKO.1-hMOF(1) hMOF KD Open Biosystems 

TRCN0000034875 

pLKO.1-hMOF(2) hMOF KD Open Biosystems 

TRCN0000034877 

pLKO.1-hMOF(3) hMOF KD Open Biosystems 

TRCN0000034876 

pLKO.1-hMOF(4) hMOF KD Open Biosystems 

TRCN0000034874 

pLKO.1-Luciferase Non-targeting control Open Biosystems 

pLKO.1-puro Empty vector Open Biosystems 
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pLKO.1-shPRMT1(1) PRMT1 KD Open Biosystems 

TRCN0000035929 

pLKO.1-shPRMT1(2) PRMT1 KD Open Biosystems 

TRCN0000035930 

pLKO.1-shPRMT1(3) PRMT1 KD Open Biosystems 

TRCN0000035931 

pLKO.1-shPRMT1(4) PRMT1 KD Open Biosystems 

TRCN0000035932 

pLKO.1-shPRMT1(5) PRMT1 KD Open Biosystems 

TRCN0000035933 

pLMIP-shHIRA1 HIRA KD Peter Adams Lab 

pLMIP-shHIRA1 HIRA KD Peter Adams Lab 

pLNC-RAS:ER Inducible Ras From Jesus Gil 

pLP-VSVG Packaging plasmid Invitrogen 

pQCXIP/GFP GFP control Peter Adams Lab 

ps-PAX2 Packaging plasmid From Dave Schultz 
Table 2.3 Plasmids 

2.2.5 Site Directed Mutagenesis 
To perform site directed mutagenesis, PfuUltra II Fusion HS DNA Polymerase from 

Agilent Technologies was used. The following components were added in order to a 

thin-walled PCR tube placed on ice; ddH2O, 5 µl PfuUltra II reaction buffer, 250 µM of 

each dNTP, 5-30 ng DNA, 0.2 µM of forward and reverse primer, 1 µl PfuUltra II 

fusion HS DNA polymerase in a 50µl reaction. The cycling parameters used were: 

95ºC for 2 minutes initial denaturation; 35 cycles of 95ºC denaturation for 20 seconds, 

55-58ºC annealing for 20 seconds, 72ºC extension for 30 seconds and 72ºC for 10 

minutes final extension. Mutagenic primers outlined in Table 2.4 were designed using 

DNASTAR- Lasergene SeqBuilder and synthesized using IDT, Integrated DNA 

Technologies (http://www.idtdna.com/). 
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Table 2.4 Primers 

2.2.6 DNA Sequencing 
DNA sequencing performed through the Beatson Molecular Technology Services on 

an Applied Biosystems 3130xl genetic analyser confirmed the right sequence of 

cloning products. The DNA sequence chromatogram data were analysed using 

FinchTV. The following sequencing primers outlined Table 2.5 was designed using 

SeqBuilder and synthesized using IDT. 

 

Primer Sequence 5’-3’ 

pBabe FP-MCS tcacccaggttaagatcaagg 

pBabe RP-MCS cctcggcctctgcataaata 

pLenti MCS gctgcaataaacaagttcctctc 
Table 2.5 DNA sequencing primers 

2.2.7 DNA Analysis 

2.2.7.1 Diagnostic Restriction Digest 
For diagnostic digests, 0.5 µg of purified plasmid DNA, 1 µl of 10x buffer, 0.5 µl of 

restriction enzyme prepared up to 10 µl volume using ddH2O was incubated at 37°C 

for at least 1 hour.  After digestion, DNA was analysed on an agarose gel. 

 

Primer Sequence 5’-3’ 

HA H4 fp gcgcggatccaccatggcctacccctacgacgtgcccgactacgcctccctctctgggc

gaggtaaaggtggcaag 

HA H4 rp gcgcgaattctcaaccgccgaaaccataaagg 

H4K16R fp ggaggcgcccggcgccaccggaaggtg 

H4K16R rp ccggtggcgccgggcgcctcccttacc 

H4K16Q fp ggaggcgcccagcgccaccggaaggtg 

H4K16Q rp ccggtggcgctgggcgcctcccttacc 
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2.2.7.2 Preparative Restriction Digest 
For preparative digest, 1-2 µg (if >4kb vector) or 2-5 µg (if <4kb vector) of purified 

DNA was mixed with 4 µl of 10x buffer, up to 4 µl of restriction enzyme and prepared 

up to 40 µl volume using ddH2O. This was incubated at 37°C for at least 3 hours or 

overnight. The digested DNA was run on an agarose gel and purified using Qiagen 

QIAquick gel extraction kit. 

 

2.2.7.3 Agarose Gel Electrophoresis 
50 ml of 0.5-3% agarose was prepared in 1x TAE buffer by microwaving until all the 

agarose was dissolved.  It was allowed to cool until warm enough to hold with bare 

hands. 5 µl of 10 mg/ml Ethidium bromide (EtBr) was added. Gel was poured into a 

cast with comb and allowed to set. Once set, the gel was placed in the gel tank, 

covered with 1x TAE buffer and the comb removed. The samples were loaded with 

molecular weight standards. The gel was run at 50 V and 30 V for large and small 

gels, respectively. Table 2.6 was used to determine the percentage of agarose gel 

required for analysis.  

 
 

Size of DNA Fragment Percentage of Agarose 

>5kb 0.5 

3-5kb 0.6 

1-3kb 0.7 

0.5-1kb 0.8 

0.3-0.5kb 1.0 

0.2-0.3kb 1.2 

0.1-0.2kb 1.5 

<0.1kb 2 
Table 2.6 Percentage of agarose gel 

2.2.8 Non-Viral Transfections 
Cells were transfected using The Nucleofector™ II Device and Amaxa® Cell Line 

Nucleofector® Kit R. For siRNA transfection, cells were seeded at 6.5x105 cells/ml 24 
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hours prior to transfection. Cells were harvested by trypsinization and the cell pellet 

containing about 1x106 cells was resuspended in 100 µl RT (Room Temperature) 

Nucleofector® Solution. 30-300 nM siRNA was added to the cell suspension and 

transferred to supplied cuvette without air bubbles. The correct nucleofector 

programme was applied to the cuvette. 500 µl of pre-equilibrated media was then 

added to the cuvette and suspension was gently transferred to a 6-well plate. Gene 

expression or down regulation was analyzed between 24-72 hours post transfection. 

A GFP positive control was added by using the plasmid (pmaxGFP® Vector) supplied 

in the kit. 

2.2.9 Viral Transfections 
For retroviral transfections using the calcium phosphate method, Phoenix-AMPHO 

cells were used. 24 hours prior to transfection, cells were seeded at 5x106 cells per 

10 cm dish. 9ml of fresh media was replaced 4 hours prior to transfection. A 10x stock 

of 2.5 M CaCl2 was diluted to 1x using ddH2O. 27 µg plasmid DNA was added to 0.5 

ml of 1x CaCl2. To this mixture, 0.5 ml 2x BBS  (50 mM BES, 280 mM NaCl, 1.5 mM 

Na2HPO4, pH 6.95) was added gently drop-wise. After 15 minutes, the mixture was 

distributed drop-wise to the plate and incubated overnight at 37ºC. 

 

For retroviral infections, after 24 hours of transfection of Phoenix-AMPHO cells, old 

media was replaced with 6 ml fresh media and the cells were incubated overnight at 

32°C, 5% CO2. Target cells, in this case, IMR90 were prepared for infection. 48 hours 

post transfection, the media-containing virus was spun at 1000 rpm for 5 minutes and 

the supernatant was passed through a 0.45 µM filter. The plate was replaced with 6 

ml fresh media for second virus harvest and incubated at 32°C overnight.  On the day 

of infection, IMR90 cells were pre-incubated for 2 hours with 3 ml fresh media 

containing 8 µg/ml of polybrene per 10 cm dish. Plates were infected with 3 ml virus 

and incubated at 37°C, 5% CO2, 3% O2. A second round of infection was performed 

on IMR90 as outlined. After two rounds of infections, IMR90 cells were selected with 

the appropriate drug, such as 1 mg/ml puromycin or 0.5 mg/ml neomycin, and took 

about 3 days and 5 days respectively to kill non-infected cells.  
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For lentiviral transfections, HEK-293T cells were seeded at 12x106 cells per T175 

flask in 25ml media 24 hours prior to transfection. 12.5 ml media was taken out of the 

flask on the day of transfection. The flask contained approximately 12 ml media. To 

1.5 ml pre-warmed DMEM, 120 µl Lipofectamine was added and incubated for 5 

minutes at RT. To another 1.5 ml pre-warmed DMEM, 5 µg pCMV-VSVG (packaging 

plasmid), 8 µg psPAX (packaging plasmid), and 20 µg vector genome were added 

and incubated for 5 minutes at RT. A GFP (TRC Lentiviral eGFP shRNA) positive 

control was also included along with sample transfection. Both mixes were combined 

together to get a total of 3 ml DMEM containing DNA and lipofectamine, and 

incubated for 20 minutes at RT. A 5 ml pipette was used to introduce bubbles into the 

solution to mix well and then added gently to the flask. After 5-6 hours, the media was 

replaced with 15 ml fresh media.  After 24 hours, 15 ml media containing virus was 

harvested by spinning at 1000 rpm for 5 minutes, ran through a 0.45 µM filter and 

stored at 4°C overnight.  15 ml fresh media was also added to the flask for a second 

harvest the next day.  The next day, media was harvested as before and the cells 

discarded after appropriate disinfection. 30 ml filtered supernatant was transferred to 

a 25x89 mm polyallomer centrifuge tube. PBS was used to equalize tubes with a 

balance in the flow-hood. The supernatant was centrifuged at 47,000 x g for 2 hours 

at 10oC in a SW-28 rotor, Beckman coulter ultracentrifuge. Supernatant was 

discarded and 30 µl PBS was added to pellet and left overnight at 4oC shaking gently 

to re-suspend. Concentrated virus was aliquoted in small volumes and stored at -

80oC. 

 

For lentivirus infections, a dose curve was determined for each individual batch of 

virus prepared. IMR90 cells were seeded 24 hours prior to infection in a 6-well plate. 

Cells were pre-incubated in fresh media and 8 µg/ml polybrene for 2 hours. A viral 

dose titre ranging from 2 µl to 32 µl was performed. After adding virus, the plate was 

gently rocked and incubated overnight at 37°C, 5% CO2, 3% O2. 24 hours later, the 

virus was removed and replaced with fresh media containing drug, either 1 mg/ml 

puromycin or 0.5 mg/ml neomycin. The minimum viral dose required for efficient 

infection was determined after 3 and 5 days for puromycin and neomycin selected 

cells, respectively, along with uninfected cells as control.  
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2.2.10 Protein Extraction 
Cells were washed in PBS at RT. 200 µl-1 ml of hot freshly boiled SDS/Laemmli 

sample buffer with DTT was added per 10cm plate and the cells were scraped. The 

lysate was transferred to an Eppendorf and boiled for 5 minutes at 97°C. DNA was 

sheared by vortexing and any viscosity was treated by running the lysate in a 18-22 

gauge needle repetitively. Protein lysate was stored at -80°C until analysis. 

2.2.11 Protein Quantification 
Thin-walled PCR tubes were used to quantify protein lysates using Qubit® 2.0 

Fluorometer from Life Technologies. Quant-iT™ Working solution was prepared by 

diluting the Quant-iT™ reagent 1:200 in Quant-iT™ buffer. 200 µl of working solution 
was used per sample along with three standards for calibration. The three standards 

were prepared by aliquoting 10 µl of each standard solution and 190 µl of working 

solution. The samples were prepared by aliquoting 1 µl into 199 µl of working 

solution. All tubes were mixed vigorously by vortexing for 3 seconds and incubated for 

15 minutes at RT. Calibration for the protein assay was performed using the 

standards. Readings were obtained in µg/ml. This value corresponded to the 

concentration of sample after dilution into assay tube. To calculate the concentration 

of sample, the following equation was used: 

 

 

where QF value = the value given by the Qubit® 2.0 Fluorometer; x = the number of 

microliters of sample added to the assay tube. 

2.2.12 Protein Analysis 

2.2.12.1 SDS-PAGE Electrophoresis 
The stacking gel and resolving gel were cast according to the weight of the protein for 

study. SDS-PAGE electrophoresis was performed as described originally [419]. Table 

2.7 and 2.8 were used as a guide. 

 

For 10 ml separating gel: 

Concentration of your sample (µg/ml) = QF value × (200 / x) 
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Acylamide percentage 6% 8% 10% 12% 15% 

H2O 5.2 ml 4.6 ml 3.8 ml 3.2 ml 2.2 ml 

Acrylamide/Bis-acrylamide 

(30%/0.8% w/v) 

2 ml 2.6 ml 3.4 ml 4 ml 5 ml 

1.5M Tris (pH=8.8) 2.6 ml 2.6 ml 2.6 ml 2.6 ml 2.6 ml 

10% (w/v) SDS 100 µl 100 µl 100 µl 100 µl 100 µl 

10% (w/v) ammonium persulfate 

(AP) 

100 µl 100 µl 100 µl 100 µl 100 µl 

TEMED 10 µl 10 µl 10 µl 10 µl 10 µl 

Table 2.7 Resolving gel 

 

For 5 ml stacking gel: 

H2O 2.975 ml 

0.5 M Tris-HCl, pH 6.8 1.25 ml 

10% (w/v) SDS 0.05 ml 

Acrylamide/Bis-acrylamide  

(30%/0.8% w/v) 

0.67 ml 

10% (w/v) ammonium persulfate (AP) 0.05 ml 

TEMED 0.005 ml 

Table 2.8 Stacking gel 

 

The acrylamide percentage used for the preparation of the SDS-PAGE gel 

depended on the size of the target protein as outline in Table 2.9. 

Acrylamide % M.W. Range 

6-8% 50 kDa - 500 kDa 

10% 20 kDa - 300 kDa 

12% 10 kDa - 200 kDa 

15% 3 kDa - 100 kDa 

Table 2.9 Percentage of polyacrylamide gel 

The gel tank was filled with 1X SDS-PAGE buffer (Refer Section 2.1) after 

placing the prepared gel. Protein samples were boiled in sample buffer (Refer Section 

2.1) for 5 minutes at 97°C and then loaded on to the gels along with protein ladder. 
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Electrophoresis was performed at 90-120 V until fully resolved. Bio-Rad’s Mini-

Protean Tetra electrophoresis system or Thermo Scientific’s Owls P10DS Dual Gel 

System was used.  

 

2.2.12.2 Western Blotting 
Prior to the transfer of proteins, PVDF membrane was activated using 100 % ethanol 

and washed in ddH2O until all the greasiness was removed. The membrane was 

equilibrated in 1X transfer buffer for 5 minutes (Refer Section 2.1). Proteins were 

transferred on to the membrane in 1X transfer buffer for 1 hour at 100 V. Following 

transfer, the membrane was allowed to dry for at least 15 minutes at RT. This allows 

proteins to bind well to the membrane. After re-activation of the membrane using 

ethanol, blocking was performed with gentle agitation for 1 hour at RT using TBS 

containing 5% non-fat dry milk. Primary antibody was diluted according to the 

recommended dilution in TBS containing 5% non-fat dry milk, 4% BSA and 0.02% 

NaAz and the membrane incubation was performed either for 1 hour at RT or 

overnight at 4oC with gentle agitation. Washing was performed 3 times, 5-15 minutes 

each with TBST. The secondary antibody incubation was performed after appropriate 

dilution in TBST containing 5% non-fat dry milk at RT with gentle agitation. Washing 

was performed 3 times, 5-15 minutes each with TBST. Proteins were detected using 

enhanced chemiluminescence (ECL).  

2.2.13 Slot blotting 
Protein lysates were separated using SDS-PAGE. For this purpose 15% 

polyacrylamide gels were prepared at 1.5 mm thickness with one large sample well 

and one reference well. Appropriate volumes of proliferating and senescent cell 

lysates were run in this manner and separated proteins were transferred onto a PVDF 

membrane. For detection of proteins, Mini-PROTEAN II multiscreen apparatus (Cat 

No:  170-4017) from Bio-Rad was used for slot blotting. Slot blotting is similar to 

Western blotting, but allows screening of multiple antibodies in individual “slots” 

without having to cut the PVDF transfer membrane. Assembly of the multiscreen 

apparatus, sample loading, washing and detection were performed according to 

manufacturer’s instructions. All membranes were probed (Refer Chapter 3, Section 
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3.2.3) with total histone H3 antibody raised in rabbit as a positive control for loading 

(indicated as +ve), and an anti-mouse antibody raised in rabbit as negative control 

(indicated as -ve).  

2.2.14 Immunofluorescence 
Cells were split on to coverslips and allowed to adhere for 24 hours. The coverslips 

were washed twice with PBS (pH 7.3) at RT. 2 ml fresh 4% paraformaldehyde in PBS 

(pH 7.3) was added for fixing the cells for 10 minutes at RT. Coverslips were then 

washed twice with PBS (pH 7.3) at RT. 2 ml PBS (pH 7.3) + 0.2% Triton X-100 was 

added to coverslips for permeabilization for 2 minutes at RT. Coverslips were washed 

twice with PBS (pH 7.3). For blocking buffer, PBS (pH 7.3) + 3% BSA + 1% goat 

serum was used. Cells were incubated for 1 hour at RT. Primary antibody was diluted 

appropriately in 200 µl blocking buffer and coverslips incubated for 1 hour at RT by 

inverting on to parafilm. Coverslips were transferred back to the 6-well plate facing up 

and washed thrice in PBS (pH 7.3) + 1% Triton X-100 at RT. Secondary antibody was 

diluted in PBS (pH 7.3) + 3% BSA + 1% goat serum and incubated in the dark for 1 

hour at RT. Coverslips were washed thrice with PBS (pH 7.3). Pre-warmed mounting 

media with DAPI was added to the clean glass slide and the coverslips were inverted 

with cells facing down. The edges were sealed with nail varnish and allowed to dry at 

RT for 10 minutes. The slides were stored at  -20oC for long-term storage.  

2.2.15 Cellular Fractionation 
Cells were lysed and step-wise centrifugal isolation of nuclear and cytoplasmic 

protein fractions were performed using NE-PER™ Nuclear and Cytoplasmic 

Extraction Kit (Thermo Scientific) according to manufacturer’s instructions.  1-10X106 

cells adherent cells were harvested using trypsin and transferred to an RE. The cell 

pellet was washed with ice cold PBS and spun at 500 g for 2-3 minutes.  The 

supernatant was removed and ice cold Cytoplasmic Extraction Reagent I (CER I) was 

added according to the packed cell volume as indicated in Table 2.10. 
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Packed Cell Volume (µl) CER I (µl) CER II (µl) NER (µl) 

10 100 5.5 50 

20 200 11 100 

50 500 27.5 250 

100 1000 55 500 

Table 2.10 Reagent volumes for different packed cell volumes 

 

The Eppendorf was vortexed at the highest setting for 15 seconds to fully 

resuspend the cell pellet. The mixture was incubated for 10 minutes on ice. Ice cold 

CER II was then added maintaining the ratio in accordance to Table 2.10. The tube 

was vortexed at the highest setting for 5 seconds and incubated on ice for 1 minutes. 

Again, the tube was vortexed at the highest setting for 5 seconds and centrifuged at 

max speed (~ 16,000 x g) for 5 min at 4oC. The supernatant (cytoplasmic fraction) 

was transferred to a pre-chilled tube. The insoluble pellet, which contains the nuclei, 

was suspended in ice-cold Nuclear Extraction Reagent (NER). The sample was 

vortexed at the highest setting for 15 seconds, placed on ice, and then subsequently 

vortexed every 10 minutes for a total of 40 minutes incubation on ice. The tube was 

spun at the max speed in a microcentrifuge for 10 minutes. The supernatant (nuclear 

fraction) was transferred to a pre-chilled tube. The extracted fraction was stored at -

80oC until use.  

2.2.16 Chromatin Immunoprecipitation (ChIP) 
The buffers outlined in Table 2.11 were used in this protocol: 

Buffers Components 

mNLB (modified Nuclear 

Lysis Buffer) 

50 mM Tris pH 8.0; 10 mM EDTA pH 8.0; 5 mM 

EGTA pH 8.0; 1% SDS 

IPDB 

(Immunoprecipitation 

Dilution Buffer) 

20 mM Tris pH 8.0; 1 mM EDTA pH 8.0; 1 mM 

EGTA pH 8.0; 1% Triton X-100; 0.01% SDS; 150 

mM NaCl 

High Salt Wash 20 mM Tris pH 8.0; 1 mM EDTA pH 8.0; 1% Triton 

X-100; 0.01% SDS; 500 mM NaCl 

IPWB 10 mM Tris pH 8.0; 1 mM EDTA pH 8.0; 1% NP-
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(Immunoprecipitation 

Wash Buffer) 

40; 1% deoxycholic acid; 250 mM LiCl 

TE (Tris-EDTA) 10 mM Tris pH 8.0; 1 mM EDTA 

IPEB 

(Immunoprecipitation 

Elution Buffer) 

50 mM Tris pH 8.0; 10 mM EDTA pH 8.0; 1% 

SDS; 300 mM NaCl 

Inhibitors  1X Protease inhibitor cocktail-Sigma + 1X 

Phosphatase inhibitor cocktail-Sigma + 50 µg/ml 

PMSF-Phenylmethanesulfonyl Fluoride  

Table 2.11 ChIP buffers 

 

Harvesting Cells: 

IMR90 cells were cultured to almost 95% confluency in 10 cm petridishes containing 

10 ml media. Cells were crosslinked for 15 minutes at RT with 1 % formaldehyde with 

gentle rocking. Crosslinking was quenched using 1.25 M glycine at 1/10th of volume 

per plate (e.g. 1 ml per 10 cm plate) to get 125 mM final concentration for 5 minutes 

at RT. Media was aspirated and plates were washed twice in ice-cold PBS. Cells 

were scraped into PBS containing inhibitors (Refer Table 2.11). Cells were spun at 

200 x g for 5 minutes at 4oC. The supernatant was aspirated and cell pellets were 

either stored at -80oC for future use or used in the following steps. 

 

Chromatin Preparation: 

Cells pellets were re-suspended in mNLB:IPDB = 1:1 (+inhibitors) using 1 ml of buffer 

per 20-40X106 cells. The suspension was incubated on ice for 10 minutes and then 

spun at 200 x g in a microcentrifuge for 5 minutes. Supernatant was manually 

aspirated using pipette. Pellet was re-suspended in mNLB:IPDB = 1:1 (+inhibitors) 

using 0.5 ml of buffer per 20X106 cells. 0.5 ml cell suspension was transferred to 2 ml 

Eppendorf tubes. Cells were sonicated at the highest amplitude setting in a Bioruptor 

XL water bath sonicator (Diagenode) for 15-25 minutes using 24 seconds ON/OFF 

cycle. Un-sonicated and sonicated samples were visualized by agarose gel 

electrophoresis if needed. Cells were spun at max speed in a microcentrifuge for 5 

minutes at 4oC. Supernatant containing sheared chromatin was transferred to a new 

tube and spun again. At this point identical chromatin samples were pooled together. 
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Using QUBIT, DNA was measured in the chromatin samples. IPDB (+inhibitors) was 

added to chromatin preps to get final composition of mNLB:IPDB = 1:4. Since 

chromatin prepared in the previous step was already at a 1:1 ratio of mNLB:IPBD, 

1.5x volume of IPBD was added to obtain 1:4 ratio of mNLB:IPDB. Chromatin 

samples prepared were then used for immunoprecipitation. 

 

Immnuoprecipitation: 

Bead-antibody complexes were prepared using Dynabeads® M-280 Sheep anti-

Rabbit IgG. 100 µl beads were used per IP reaction. Beads were washed thrice using 

recommended wash buffer (PBS + 0.1% BSA + 0.02% NaAz) with the help of the 

magnetic rack. Beads were re-suspended in 0.5 ml wash buffer and appropriate 

amount of antibody was aliquoted into the mixture. This was incubated for 30 minutes 

at RT with gentle rotation. After binding, beads were washed thrice with 0.5 ml IPDB 

each time. The bead-antibody complexes formed were now ready for 

immunoprecipitation with the chromatin samples prepared. Chromatin and bead-

antibody mixtures were incubated overnight rotating at 4oC. A small volume of 

chromatin prior to incubation was saved as input sample for downstream analysis. 

 

Washing and Elution: 

The following day, beads were washed with buffers in the order mentioned: IPDB x2, 

High Salt Wash x1, IPWB x1 (contains LiCl), TE x2. Depending on the stringency 

conditions, washing with IPWB buffer (LiCl wash) was either included or excluded. 

After washing, the samples were used for different types of analysis as outlined: 

 

ChIP-PCR quantification - ChIP DNA was extracted using Chelex-100. After 

aspirating TE from the beads, 50 µl of 10% Chelex-100 suspension (Bio-RAD) was 

aliquoted. The tube was vortexed at max speed for 20 seconds – 30 seconds and 

incubated for 15 minutes at 97oC. Samples were spun at max speed in a 

microcentrifuge at 4oC for 5 minutes. The first elution containing 25 µl of supernatant 

was carefully aliquoted into a new tube. 350 µl of ddH20 was added to the mixture 

and vortexed again. Tubes were spun as before at 4oC for 5 minutes. The second 

elution containing 325 µl of supernatant was aliquoted into the same tube giving a 

total of 350 µl of ChIP DNA for downstream analysis using quantitative PCR. 



 82 

 

ChIP-sequencing - For Illumina sequencing, 250-300 µl of IPEB was added after 

aspirating TE along with 5-10 µg of RNazeA. The sample was incubated at 65oC for 

30 minutes. The supernatant containing ChIP DNA was separated from the beads 

using magnetic rack. The DNA was reverse cross linked for 6 hours to overnight at 

65oC. 100 µg of proteinase K was added and incubated for 2 hours at 55oC or 

overnight at 45oC. The next day, DNA was purified and eluted in 30 – 40 µl volume 

using QIAgen PCR purification kit according to manufacturer’s instructions. 

 

Protein Analysis - For downstream analysis by SDS-PAGE electrophoresis and 

western blotting, beads were incubated in 40 µL of 1x SB for 30 minutes at 97oC after 

TE aspiration. The supernatant was separated from the beads and to this 1M DTT 

was added and incubated for 5 minutes at 97oC, and the sample was then loaded on 

to a SDS gel along with appropriate loading markers. 

 

Preparation of ChIP-seq Libraries: 

NEBNext® ChIP-seq Sample Prep Kit (Cat: E6240S) was used. All samples were 

kept on ice during library preparation.  

For end repair reaction, 10 ng of ChIP DNA was used. The following 

components were added in a sterile microfuge tube: 1-40 µl ChIP DNA, 5 µl NEBNext 

End Repair Reaction Buffer, 1 µl NEBNext End Repair Enzyme Mix and prepared up 

to total volume of 50 µl. Tubes were mixed by flicking and spun briefly and incubated 

in a thermal cycler for 30 minutes at 20°C. DNA was purified using QIAquick PCR 

purification kit (Cat: 28104) and 45 µl water was added in the final elution step. 

For dA-Tailing of End Repaired DNA the following components were mixed in 

a sterile microfuge tube: 44 µl End Repaired DNA, 5 µl NEBNext dA-Tailing Reaction 

Buffer (10X), 1 µl Klenow Fragment (3‘→5’ exo–) and prepared up to total volume of 

50 µl with ddH2O. The tube was incubated at 37°C for 30 minutes in a thermal cycler. 

dA tailed DNA was purified using QIAgen MinElute kit (Cat: 28004) and eluted in 20 µl 

ddH2O. 

For Adaptor Ligation of dA-Tailed DNA the following components were mixed 

in a sterile microfuge tube: 19 µl End Repaired, dA-Tailed DNA, 6 µl Quick Ligation 

Reaction Buffer (5X), 1 µl 1.5 µM DNA Adaptors, 4 µl Quick T4 DNA Ligase and 
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prepared up to total volume of 30 µl with ddH2O. Tubes were incubated at 20°C for 15 

minutes in a thermal cycler. DNA was purified using QIAgen MinElute kit and eluted in 

10 µl ddH2O. 

Agarose gel size selection of adaptor ligated DNA was performed by loading 

samples on to the gel and applying 50V for separation of DNA based on size. 

Genecatcher (6.5 mm X 1 mm, Web Scientific, PKB6.5) or a sterile scalpel was used 

to cut in the range between 200-275 bp. The excised DNA was purified using 

QIAquick Gel Extraction Kit (Cat:28704) and eluted in 37 µl ddH2O.   

PCR Enrichment of Adaptor Ligated DNA was performed by mixing the 

following components in a sterile microfuge tube: 36 µl Adaptor ligated DNA, 10 µl 

Phusion® HF Buffer (5X) 1.5 µl dNTP Mix, 0.9 µl Primer 1 (25 µM stock), 0.9 µl 

Primer 2 (25 µM stock), 0.5 µl Phusion® High-Fidelity DNA Polymerase, 0.2 µl 

DNase/RNase free water and the total volume was prepared up to 50 µl. The PCR 

conditions are outlined in Table 2.12. 

 

Cycle step Temp Time Cycles 

Initial Denaturation 98°C 30 seconds 1 

Denaturation 

Annealing 

Extension 

98°C 

65°C 

72°C 

10 seconds 

30 seconds 

30 seconds 

18 

Final Extension 
72°C 

4°C 

5 minutes 

hold 
1 

Table 2.12 PCR conditions 

 

The DNA was purified using QIAgen MinElute kit and eluted in 16 µl ddH2O. 

The quality and the quantity of the DNA prepared were analysed using 2100 Agilent 

Bioanalyzer and QUBIT, respectively. The Bioanalyzer provided a platform to 

evaluate DNA samples qualitatively by using a fluorescent assay involving 

electrophoretic separation. The machine measured the amount of fluorescence as the 

DNA samples were pulsed through a microchannel over time. The Agilent 

Bioanalyzer software that diagrams fluorescence over time created a graph called an 

electropherogram. The software created a gel image to accompany the graph for 

each sample loaded.  
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2.2.17 ChIP-sequencing 
Molecular Technology Services, Beatson Insitute performed the sequencing using 

Illumina GAIIx sequencer. Stock dilution of 2 nM ChIP DNA libraries were denatured 

with 0.1 N NaOH and then diluted to 5 pM stocks. For cluster generation, the libraries 

were hybridized to Illumina flow cells using TruSeq SR Cluster v2–cBot-GA kit on the 

Illumina cBot cluster generation instrument. The flow cells were inserted onto the 

sequencer and subjected to single-read sequencing using the TruSeq SBS Kit v5-GA 

kit.  

2.2.18 ChIP-seq Analysis 
Tony Mcbryan and John Cole in our laboratory performed bioinformatic analysis of 

the ChIP-seq data. The analysis involved the following steps;  

1) Raw data was obtained from the sequencer.  

2) Consensus Assessment of Sequence and Variation (CASAVA) software program 

from Illumina was used to convert raw image data into intensity scores, base calls, 

quality scored alignments etc.  

3) Statistical analysis and quality control checks were performed using FastQC 

(Babraham Bioinformatics).  

4) Peak calling was performed using SICER 

(http://www.genomatix.de/online_help/help_regionminer/sicer.html).  

5) Reads were mapped to the human genome using BOWTIE (http://bowtie-

bio.sourceforge.net/index.shtml). 

 6) Mapped reads were read on the UCSC (University of California Santa Cruz, 

http://genome.ucsc.edu/) genome browser. 

 7) Motif identification was performed, peaks were annotated with genes and 

functional enrichment analysis of the peaks was carried out.  

2.2.19 Quantitative ChIP-PCR 
ChIP DNA was obtained using the chelex DNA extraction method. Thermo Scientific 

DyNAmo HS SYBR Green qPCR Kit was used. The following components were 

added in a 20 µl reaction: 4.8 µl Nuclease-free water, 5 µl ChIP DNA, 0.1 µl Primer 1, 
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0.1 µl Primer 2 and 10 µl 2x master mix. Reaction conditions are outlined in Table 

2.13. 

Cycle step Temp Time Cycles 

Initial Denaturation 95°C 15 minutes 1 

Denaturation 

Annealing 

Extension 

94°C 

58°C 

68°C 

10 seconds 

20 seconds 

30 seconds 

39 

Fluorescence data collection  

Final Extension 68°C 10 minutes 1 

Melting Curve 
55°C - 

95°C 

20 minutes 

ramp time  
1 

Incubate 4°C Forever  
Table 2.13 Quantitative ChIP-PCR conditions 

 

The following primer pairs (outlined in Table 2.14) were used for assaying 

regions of specific enrichment and non-enrichment of H4K16ac in the genome of 

senescent cells compared to proliferating cells. The PCR primers were chosen 

according to the DiffBind regions, which identified differential enrichment of H4K16ac 

in senescent cells compared to growing cells. The reaction was set up in a BioRad 

Chrome4 thermocycler. Following real-time SYBR green reaction, quantitative PCR 

was carried out using primers sets corresponding to different regions of the genome 

along with control IgG. The threshold cycle value for each sample was chosen from 

the linear range. The relative amount of DNA in the ChIP product was calculated with 

the use of the 2−ΔΔCT method expressed relative to input DNA within the same 

reaction. 

 

Primer Sequence 

chrX FP TTGTCCGGGACGTACATTTT 

chrX RP CAGGACGTTTTCTGGCATTT 

chr1 FP AGAAAACAAATGCCCATTGC 

chr1 RP TCCCTTTGTTCCCATATCCA 

chr5 FP GATCAGTTTCCCCATGTGCT 
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chr5 RP GCTGGGACAAGCTGAAAGTC 

chr6 FP TGCTTCATCAAGCTGCCTAA 

chr6 RP CCTCCTCGAACATGAACTCG 

ch13 FP GTGACTGAGGAAGCCCAGTG 

chr13 RP GGGTCAGTTTGCTGCTCTTT 

chr16 FP CCTCCCCCAACACTACACTG 

chr16 RP GGGAGGCCTGCTATGCTG 

chr17 FP CGGTCCGGGTATAAATAGCTC 

chr17 RP GGGAGGCCACCCATACAG 

chr17 region2 FP TTGGTGATTGGCAGGATCCT 

chr17 region2 RP ACCTTGACCTCACCCATTCC 

chr19 FP ACCCTCAGTCTGTCCGTTTG 

chr19 RP AGGGGGAAGCTGGTTTCTAA 
Table 2.14 Quantitative ChIP PCR primers 

2.2.20 Histone Peptide Array 
The MODified Histone Peptide Array (Active Motif) containing 384 unique histone 

modification combinations in duplicate was used to screen specificity of histone 

antibodies. The array was blocked in TBST + 5% milk for 1 hour at RT. After blocking, 

the array was briefly rinsed with TBST and immersed in primary antibody solution 

prepared in TBST + 5% milk. Incubation was performed 1 hour at RT. The array was 

washed 3 times for 5 minutes in TBST and then incubated in secondary HRP 

antibody for 1 hour at RT. Washing was performed thrice in TBST for 5 minutes each 

time at RT. ECL detection reagent was used for detection of antibody interaction. 

Multiple exposure times were captured using films, scanned, and saved as a .tif file. 

The images were analysed using Active Motif’s Array Analyse Software.  A graphical 

analysis of the histone peptide modification interaction was generated using the 

software by analysing the intensity of spot interactions between the antibody of 

interest and peptides.  
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2.2.21 Models of Senescence 
Replicative Senescence (RS) – IMR90 cells at population doubling (PD) 27.5 were 

passaged long-term under in vitro conditions to replicative senescence. Cells were 

cultured according to conditions mentioned previously (refer Section 2.21). The PDs 

were calculated according to the following formula: 

 

 

Xb is the cell number at the beginning of the incubation time 

Xe is the cell number at the end of the incubation time 

S is the starting PDL 

The cells were split every 3 to 4 days at a 1:2 to 1:4 ratio. Cells attained 

replicative senescence after exhaustion of the exponential growth phase. Cells were 

harvested at least 15 days after the last split and assayed for routine senescence 

markers.  

 

Oncogene-induced Senescence (OIS)- Proliferative IMR90 were infected with Control 

and H-RASG12V virus and drug selected with puromycin. Cells were harvested 12-15 

days after drug selection and assayed for several senescence markers. 

 

Ionizing Radiation Induced Senescence (IRS)- Proliferative IMR90 (<PD 30) were 

seeded at very low density, about 30% coverage in a 10 cm dish. Cells were given 20 

Gy dose using Xstrahl RS225 X-Ray irradiator. After irradiation, the plate was 

replaced with 10 ml fresh media. Media was changed every 3 days after irradiation 

and cells were not split thereafter. 10 days after irradiation regular senescence 

assays were performed and cells were then harvested.  

2.2.22 Markers of Senescence 

2.2.22.1 Senescence Associated β-Galactosidase Assay 
The Senescence β-Galactosidase Staining Kit from Cell Signaling was used to detect 

β-galactosidase activity at pH 6, a known characteristic of senescent cells. Cells were 

seeded on to glass coverslips placed in 6-well plate. After 24 hours, cells were rinsed 

with PBS. 1 ml fixative solution (2% formaldehyde, 0.2% glutaraldehyde in PBS) was 

PDL = 3.32 (log Xe – log Xb) + S 
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added to the cells and incubated for 10-15 minutes. Cells were rinsed twice in PBS. 1 

ml β-Galactosidase Staining Solution (40 mM citric acid/sodium phosphate pH 6.0, 

150 mM NaCl, 2 mM MgCl2, 5 mM potassium ferrocyanide, 5 mM potassium 

ferricyanide, 1 mg/ml X-gal in Dimethylformamide) was added and incubated at 37°C 

overnight in a dry incubator. 24 hours later, cells were monitored for development of 

blue colour. Coverslips were washed and mounted using ProLong® Gold Antifade 

Reagent (Life Technologies) on glass slides. These were stored at -20°C for long 

periods. 

 

2.2.22.2 EdU Proliferation Assay 
Cell proliferating assay was performed using Click-iT® EdU Alexa Fluor® 488 

Imaging Kit from Life Technologies. This has proved to be a better alternative to 

traditional BrdU (Bromodeoxyuridine) cell proliferation assay [420, 421]. With the help 

of EdU (5-ethynyl-2ÅL-deoxyuridine), which is a nucleoside analog of thymidine, cell 

proliferation could be measured owing to its incorporation into DNA during active DNA 

synthesis [422]. The reaction was based on click chemistry as explained here [423-

426]. Cells were grown on glass coverslips for at least 24 hours to allow full 

adherence in presence of 10 µM EdU. It is to be noted that pulse length of EdU can 

be varied 3-48 hours depending on preference. After which cells were washed twice 

with PBS and fixed with neutral buffered 4% formaldehyde for 3 minutes at room 

temperature. Cells were washed twice with PBS. 1X Click-iT® EdU buffer additive 

was prepared by diluting the 10X solution 1:10 in deionized water. This solution was 

prepared fresh and used on the same day. Click-iT® reaction cocktail was prepared 

according to table below. It was important to add the ingredients in the order listed in 

table 2.15, otherwise, the reaction does not proceed optimally. Click-iT® reaction 

cocktail was used within 15 minutes of preparation. 

 

Reaction 

Components 

Number of Coverslips 

1 2 4 5 10 25 50 

1X Click-iT® 

reaction buffer 
430 µl 860 µl 1.8 ml 2.2 ml 4.3 ml 10.7 ml 21.4 ml 

CuSO4 20 µl 40 µl 80 µl 100 µl 200 µl 500 µl 1 ml 
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Alexa Fluor® 

azide 
1.2 µl 2.5 µl 5 µl 6 µl 12.5 µl 31 µl 62 µl 

1x Reaction 

buffer additive 
50 µl 100 µl 200 µl 250 µl 500 µl 1.25 ml 2.5 ml 

Total volume 500 µl 1 ml 2 ml 2.5 ml 5 ml 12.5 ml 25 ml 
Table 2.15 Reaction components in EdU proliferation assay  

Cells were incubate for 30 minutes at RT with 100-500 µl/well of Click-iT ® 

reaction cocktail. Cells were then washed with PBS thrice and mounted with DAPI.  
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3 PROFILING OF HISTONE MODIFICATIONS IN SENESCENT 

CELLS IN COMPARISON TO PROLIFERATING CELLS  

3.1 Introduction 
Senescence can be largely considered as a cell’s response to an external stress. 

Oxidative damage, activated oncogenes, telomere attrition, insufficient growth 

conditions, DNA damage and a host of other cellular stresses trigger senescence [9, 

48, 51, 224, 427]. Given the enormous implications senescence has as a tumor 

suppressive mechanism and also its association with normal human ageing (review 

[428]), understanding its basic mechanism will enable us to better understand normal 

cell physiology and also its effect on age-related diseases such as cancer. It is 

reported that senescent cells undergo extensive nuclear changes in comparison to 

proliferating cells, including alterations to chromatin structure (review [429]). 

Epigenetic changes involving N-terminal histone tail modifications appear to regulate 

gene expression changes in senescence via chromatin remodelling [298, 430], 

suggesting an explicit link between senescence and chromatin modifications. Also, 

epigenetic deregulation plays an important role in contributing towards senescence-

associated diseases such as cancer and Alzheimer’s disease [431-434]. Hence, with 

the need to better understand how epigenetic mechanisms control senescence, I set 

out to better understand, how senescence is regulated by its own chromatin structure, 

specifically via histone modifications. The aim included large scale profiling of histone 

modifications in senescent cells in comparison to proliferating cells, to identify any 

novel histone modifications that may alter during senescence. The model system 

used during the course of this study was human Caucasian fetal lung (primary) 

fibroblasts, IMR90.  

 

3.2 Results 

3.2.1 Establishment of replicative senescent cells in vitro 
IMR90 have been regularly used to study senescence under plastic culture conditions 

[1, 2]. IMR90 cells obtained from Coriell Cell Repositories were cultured in optimal 
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conditions at 37°C, in a humidified atmosphere containing 5% CO2 and ambient 

(20%) O2. For the purpose of addressing experimental questions it was important to 

establish a well-defined model of senescence, which would give consistently 

reproducible results. In order to establish replicatively senescent cells in culture, cells 

were serially passaged in growth media containing nutrients by sub-culturing every 3-

4 days to avoid confluence. Population doublings were routinely calculated as 

outlined in Chapter 2, section 2.2.20. After about 60 population doublings, cells 

stopped dividing. They were assayed for features of senescence 2 weeks after the 

last population doubling. Light microscopy images of proliferating (PD 26) and 

senescent (PD 62) cells were captured (Figure 3.1.A) to show contrasting 

morphological features between the two. Cells were assayed for presence of SA β-

gal, a widely used marker of senescence [50]. Both proliferating and senescent cells 

were stained, and the appearance of intensely stained blue cells was more prominent 

in senescent cells as compared to its proliferative counterparts (Figure 3.1.B).  More 

than 95% of the cell population stained positive in senescent cell sample as 

compared to less than 5% in proliferating cells. Also, cells were assayed by 

immunofluorescence to visualize two different proteins, HIRA and PML 

(Promyelocytic leukemia protein) along with visualization of the nuclei using DAPI 

staining. The difference in size and number of PML bodies was noted in senescent 

cells as compared to proliferative cells, with PML bodies appearing as intense 

punctate foci in the former (Figure 3.1.C). HIRA was also characteristically 

redistributed to PML bodies in senescent cells. The appearance of characteristic 

SAHF formation in senescent cells was visualized in the DAPI channel as described 

previously [176, 386, 435], hence confirming defined and controlled establishment of 

senescent cells.  

In addition, whole cell lysates from proliferating and senescent cells were 

subjected to SDS-PAGE separation and Western blotting (Figure 3.2), which 

indicated loss of cyclin A, decreased phosphorylation of RB at serines 807/811 and a 

marked increase in p16, denoting absence of proliferation in senescent cells. 
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Figure 3.1 Establishment of replicative senescence in human diploid fibroblasts IMR90. 

(A) Light microscopy images (under 20X objective) of IMR90 cells passaged to senescence (PD 62 - 

97.6% SA β-Gal+) under in vitro conditions in the presence of ambient oxygen (20%) along with 

proliferating cells (PD 26 - 4% SA β-Gal+) as control. (B) Proliferating and senescent cells stained for 

SA β-Gal activity. (C) Immunofluorescence staining (under 100X objective) for HIRA localization (red) 

and PML bodies (green) along with DAPI staining (blue) for nuclear visualization, performed on 

proliferating (PD 26) and senescent cells (PD 62). 
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Figure 3.2 Western blot analysis of proteins in proliferating and senescent IMR90 cells.  

Whole cell lysates were harvested 2 weeks after onset of senescence and subjected to separation 

using SDS-PAGE containing 20 µg protein each and Western blotted for cyclin A, Phospho-RB 

(ser807/811), p16. Actin was used as loading control.  
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3.2.2 Loss of histones observed in senescent cells in vitro  
Loss of core histones was observed in yeast that have undergone increasing number 

of cell divisions and this was linked to de-repression of genes which otherwise would 

have been silenced [173, 401]. This loss was also observed in human diploid 

fibroblasts that have undergone senescence [174]. Whole cell lysates from 

proliferating and senescent IMR90 were fractionated by SDS-PAGE and Western 

blotted for core histones H3, H4, H2A, H2B (Figure 3.3). Results indicated loss of 

these proteins when loaded according to equal cell number, as supported by Lamin 

A/C blotting.  

In order to facilitate profiling of several different histone modifications in 

senescent cells as compared to proliferative cells, I was required to achieve equal 

histone loading between the two cell types. To achieve this, different volumes of 

whole cell lysates harvested from proliferating cells were compared to a fixed amount 

(20 µg protein) of whole cell lysate from senescent cells. These were subjected to 

SDS-PAGE separation and Western blotted using an anti-H3 antibody. In order to 

achieve equal histone loading between the two cell types, loading volumes were 

titrated for proliferating cells (Figure 3.4). Subsequently more gels were run to 

determine equal histone loading between proliferating and senescent cells. This 

enabled us to compensate for the reduced histone content in senescent cells, 

providing an unbiased approach to detect changes in post-translational modifications 

occurring on the core histone tails based on equal histone loading.  

3.2.3 Profiling of various modifications in senescent cells compared to 

proliferative cells  
A panel of 83 different antibodies to various histone modifications was obtained from 

Active Motif. After establishing equal histone loading for proliferating and senescent 

cells, multiple antibodies to histone modifications were screened by slot blotting. 

Although the majority of the histone modifications did not change between the 

two conditions, some histone modifications increased in abundance in senescence  

(bottom) in comparison to proliferation (top); for example, lanes 15, 38 and 51 

corresponding to histone modifications H3K27me3, H3CS.1 and H4K20me3, 

respectively (Figure 3.5). Some histone modifications decreased in abundance in 

senescence in comparison to proliferating cells; for example, lanes 5 and 48  
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Figure 3.3 Loss of histones observed in senescent cells in vitro.  

Western blot analysis of core histones in proliferating and senescent cells. Whole cells lysates were 

harvested (as per Figure 3.2) 2 weeks after onset of senescence and subjected to separation using 

SDS-PAGE by loading equal cell number and Western blotted for histone H4, H3, H2A, H2B. Lamin 

A/C was used as loading control.  
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Figure 3.4 Titration of histone H3 in senescent cells compared to proliferative cells.  

Different volumes of whole cell lysates from proliferating cells were titrated against 20 µg of protein 

lysate from senescent cells by SDS-PAGE and Western blotting.  
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Figure 3.5 Profiling of various histone modifications in senescent cells in comparison to proliferating 

cells.  

Whole cell lysates were assayed by slot blot format (a to e) similar to Western blotting (f) with 

antibodies to various histone modifications (1 to 83) as defined in Table 3.1. Electrophoresis was 

performed at 90-120V using 15% SDS gel. To ensure equal loading of total histones, lysates were 

subjected to blotting with total histone H3 antibody (+ve) and the appropriate negative control (-ve). 
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Table 3.1 List of antibodies used in the histone modification screen. 

The lane numbers (1 to 83) correspond to those shown in Figure 3.5.  

Lane Antibodies Lane Antibodies
1 Histone H3 acetyl Lys18 pAb 43 Histone H3 dimethyl Arg8 asymmetric rabbit pAb
2 Histone H3 acetyl Lys23 pAb 44 Histone H3 dimethyl Lys23 rabbit pAb
3 Histone H3 acetyl Lys27 pAb 45 Histone H4 acetyl Lys12 pAb
4 Histone H3 acetyl Lys27 pAb 46 Histone H4 acetyl Lys16 pAb
5 Histone H3 acetyl Lys9 pAb 47 Histone H3 dimethyl Lys9 pAb
6 Histone H3 acetyl pAb 48 Histone H4 acetyl Lys8 pAb
7 Histone H3 dimethyl Lys4 pAb 49 Histone H4 dimethyl Lys20 pAb
8 Histone H3 dimethyl Lys79 pAb 50 Histone H4 monomethyl Lys20 pAb
9 Histone H3 monomethyl Lys79 pAb 51 Histone H4 trimethyl Lys20 pAb

10 Histone H3 phospho Ser10,28 pAb 52 Histone H4 tetra-acetyl pAb
11 Histone H3 phospho Ser28 pAb 53 Histone H4 tetra-acetyl pAb
12 Histone H3 phospho Thr11 pAb 54 Histone H4 pAb
13 Histone H3 phospho Thr3 pAb 55 Histone H4 dimethyl Arg3, symmetric pAb
14 Histone H3 trimethyl Lys27 pAb 56 Histone H4 monomethyl Lys31 pAb
15 Histone H3 trimethyl Lys27 pAb 57 Histone H4 acetyl Lys5 pAb
16 Histone H3 trimethyl Lys4 pAb 58 Histone H2A pAb
17 Histone H3 trimethyl Lys9 pAb 59 Histone H2A acetyl Lys5 pAb
18 Histone H3, C-terminal pAb 60 Histone H2A acetyl Lys9 pAb
19 Histone H3 dimethyl Lys9 pAb 61 Histone H2A, acidic patch pAb
20 Histone H3 pan-methyl Lys9 pAb 62 Histone H2A.Z pAb
21 Histone H3 dimethyl Lys27 pAb 63 Histone H4 pan-acetyl pAb
22 Histone H3 monomethyl Lys9 pAb 64 Histone H2A/H4 phospho Ser1 pAb
23 Histone H3 phospho Ser10 pAb 65 Histone H2AX phospho Ser139 pAb
24 Histone H3 dimethyl Lys36 pAb 66 Histone H2A phospho Ser129 pAb
25 Histone H3 monomethyl Lys56 pAb 67 Histone H2A phospho Thr120 pAb
26 Histone H3 dimethyl Lys56 pAb 68 Histone H2A, C-terminal pAb
27 Histone H3 acetyl Lys56 pAb 69 Histone macroH2A1 pAb
28 Histone H3 monomethyl Lys4 pAb 70 Pht1 / H2AZ pAb
29 Histone H3 dimethyl Lys14 pAb 71 Pht1 / H2AZ acetyl pAb
30 Histone H3 monomethyl Lys122 pAb 72 Histone H2B pAb
31 Histone H3 dimethyl Lys9 pAb 73 Histone H2B pAb
32 Histone H3 monomethyl Lys27 pAb 74 Histone H2B acetyl Lys120 pAb
33 Histone H3 acetyl Lys36 pAb 75 Histone H2B acetyl Lys16 pAb
34 Histone H3 acetyl Lys4 pAb 76 Histone H2B acetyl Lys5 pAb
35 Histone H3 monomethyl Lys23 pAb 77 Histone H2B dimethyl Lys46 pAb
36 Histone H3 acetyl Lys64 pAb 78 Histone H2B acetyl Lys46 pAb
37 Histone H3 acetyl Lys79 pAb 79 Htz1 pAb
38 Histone H3.cs1 pAb 80 Histone H3 trimethyl Lys9 mAb (Clone 2AG-6F12-H4)
39 Histone H3 acetyl Lys9 pAb 81 Histone H3 trimethyl Lys27 mAb
40 Histone H3 acetyl Lys18 pAb 82 Histone H3 trimethyl Lys27 mAb
41 Histone H3 acetyl Lys14 pAb 83 Histone H4 dimethyl Lys20 mAb
42 Histone H3.3 phospho Ser31 pAb -VE Anti-mouse IgG antibody

+VE Histone H3 C-terminal pAb
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corresponding to H3K9ac and H4K8ac, respectively. The histone modifications 

corresponding to the different lane numbers (1 to 83) are outlined in Table 3.1. 

Although both increases and decreases in abundance may be important and novel in 

the context of senescence, for the purpose of simplification and also since 

modifications that increase are more likely to be drivers of senescence, I focussed 

only on those histone modifications that are elevated upon induction of senescence. 

The potential candidate histone modifications for further analysis as a result of the 

screen are listed in Table 3.2.  

3.2.4 Changes in histone modifications observed in two different models of 

senescence 
From the candidate altered histone modifications listed in Table 3.2, three histone 

modifications H4R3me2a, H3CS.1 and H3K56me, hereafter termed collectively as 

histone marks, which has not been previously demonstrated to change in senescence 

were chosen for further probing. Relatively little is known about these histone marks, 

especially in the context of senescence. As a first measure, changes in these histone 

marks were independently confirmed by SDS-PAGE and Western blotting with a 

second set of replicative senescent cell lysates (PD 88) grown under low oxygen 

conditions of 3% compared against proliferating cell lysate (PD 30). David M Nelson, 

a former graduate student from the lab, prepared these lysates. Figure 3.6.A indicates 

elevated levels of all three histone marks in the above lysates based on equal histone  

H3 loading. It is to be noted that H3K56me appeared as a doublet when resolved on 

a 15% polyacrylamide gel. Histone H3 typically migrates about 17 kDa; in this case, a 

faster migrating band at around 12 kDa was noted to increase in senescence (see 

Discussion). The lysates were also blotted for markers of proliferation arrest and the 

senescent cells were noted to have decreased cyclin A expression and reduction of 

phosphorylation of RB at serines 807/811 (Figure 3.6.B). These results clearly 

confirm the changes observed in the histone marks in replicative senescence with two 

independent experimental setups. 

I set out then to ask if these changes were recapitulated in another model of 

senescence, specifically oncogene-induced senescence. In this case, H-RASG12V 

oncogenic insult was used to establish OIS cells as shown previously [37].  The 

approach was performed using two different modes of viral gene transfer, namely  
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Table 3.2 Candidate histone modifications that increase in replicative senescence as identified from 

the screen in Figure 3.5  

No Candidate histone modifications 

1 H3K27me3 

2 H3K9me2 

3 H3K9 pan-me 

4 H3K56me 

5 H3CS.1 

6 H4K20me2 

7 H4K20me3 

8 H4R3me2a 

9 H2BK16ac 
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Figure 3.6 Levels of candidate histone marks in two different models of senescence, RS and OIS. 

(A) IMR90 cells were grown to senescence (PD 88) under low oxygen (3%) and compared to 

proliferative IMR90 (PD 30). PD 88 cell lysates obtained from David M Nelson. OIS cells were 

established using IMR90 cells infected with control & RAS retrovirus and lentivirus, followed by 

puromycin selection. RAS-induced senescent cells were harvested 9 days post infection and drug 

selection. Whole cell lysates were assayed by SDS-PAGE by loading equal histone content and 

Western blotting with respective antibodies to different histone modifications. To ensure equal loading 

of nuclear protein, lysates were subjected to blotting with total histone H3 antibody. (B) Whole cell 

lysates for RS and OIS were assayed by loading 30 µg protein, for markers of proliferation using 

appropriate antibodies. Actin was used as loading control. 
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retroviral and lentiviral gene transfer using vectors that confer puromycin resistance. 

Following transfer of oncogenic H-RASG12V (henceforth referred to as RAS) via 

retroviral system into IMR90 [169] along with control/empty vector virus, cells were 

subjected to puromycin selection. Whole cell lysates were harvested 9 days post drug  

selection and subjected to SDS-PAGE separation and Western blotting. The results in 

the RS model were reproduced in the OIS model with the histone marks showing 

elevated levels (Figure 3.6.A). Control and RAS lysates were also subjected to 

blotting and analysis of senescence markers such as cyclin A, phosphorylation of 

pRB at serines 807/811 with actin as loading control (Figure 3.6.B). Results confirmed 

that the cells were truly senescent along with confirmation of overexpression of RAS. 

I then set out to ask if this was reproducible in a biological replicate by using lentiviral 

mode of RAS transfer. Figure 3.6.A confirmed elevated levels of histone marks in 

lentiviral RAS-induced senescence.  Figure 3.6.B confirmed absence of cell cycle 

marker cyclin A, loss of phosphorylation of RB at serines 807/811 and also RAS 

overexpression with actin as loading control.  

3.2.5 Other stress factors do not facilitate increase of histone marks in IMR90 
In simple terms, cellular senescence can be considered to be a stress response. 

Observations of elevated levels of histone marks in senescent cells raised the 

question as to whether the changes are simply an acute response to stress, rather 

than part of the senescence programme itself. To address this, cells were treated with 

different stress inducers such Trichostatin A (TSA), sodium butyrate (NaBu) and 

Hydroxyurea (HU). TSA is a potent and specific inhibitor of histone deacetylase [436, 

437] and causes accumulation of acetylated forms of histone and non-histone 

proteins [438, 439]. IMR90 cells were treated with TSA for 24 hours at a previously 

tested concentration of 3.3 µM in the lab. Whole cell lysates were harvested along 

with untreated parental cells and vehicle (DMSO) treated cells and subjected to SDS 

gel separation and Western blotted for histone marks. Figure 3.7.A demonstrates that 

an increase in the histone marks was not observed following TSA treatment. As a 

measure of control, TSA treated cells showed marked increase in acetylation of total 

H3 in comparison to control cells along with signs of DNA damage as noted by 

elevated expression level of γH2A.X (H2A.X phosphorylated on serine 139). Similarly 

IMR90 cells were treated for 24 hours with NaBu at a pre-determined concentration of 
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15 mM. NaBu causes accumulation of acetylated histones in the nuclei of cells and 

the concerted effects are similar to TSA treatment [440-444]. Whole cell lysates 

harvested from NaBu-treated cells exhibited (Figure 3.7.A) no increase in the histone 

marks observed in senescence, in fact, a marginal decrease might be apparent. Cells 

also confirmed increase in total H3 acetylation as expected (Figure 3.7.B) thereby 

confirming effective NaBu treatment. Along with the above two treatments, HU, a 

potent DNA damage inducer, was also used to induce stress in IMR90. The inhibitory 

mechanism of HU on DNA synthesis has been tested in a wide range of organisms as 

outlined in [445]. IMR90 cells were treated with HU for 24 hours at a previously tested 

concentration of 1 mM in the lab. Following treatment, immunoblotting assays on 

whole cell lysates exhibited profound induction of DNA damage markers such as 

γH2A.X and p53 as expected along with actin as loading control (Figure 3.7.B). 

Similarly to the previous two treatments involving TSA and NaBu, HU treatment did 

not induce elevated levels of the histone marks in comparison to parental cells and 

DMSO (vehicle) treated cells. These results suggest that the marked abundance of 

histone marks noted in IMR90 is specifically linked to senescence, and not to other 

acute stresses. 

3.2.6 Changes in histone marks occur specifically in senescence and not 

simply cell cycle arrest 
Although one of the characteristic features of senescence is growth arrest, not all 

adult cells that have undergone growth arrest are senescent. A state of reversible 

growth arrest can be termed as quiescence [446, 447]. The difference between the 

two states can be simplified by terming senescence as an irreversible proliferation 

arrest and quiescence as a reversible state. Also it is to be noted that senescent cells 

are not terminally differentiated cells [448-450] even though they are both growth 

arrested. In order to validate if the results obtained with senescent cells were 

exclusive only to this state and not as a result of mere cell cycle arrest, quiescent 

cells were established in the lab. IMR90 cells were grown to confluence and serum 

starved for 3-4 days. Following this, cells were harvested for protein lysates and 

subjected to SDS-PAGE separation and Western blotting for phosphorylation of RB at 

serines 807/811 and cyclin A and histone H3 (Figure 3.8.A). Results indicated that 

loss of phospho-pRB and cyclin A was noted in both senescent and quiescent cells, 
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confirming proliferation arrest in both cases. However, quiescent cells did not show 

altered histone modifications. With Figure 3.8.B, it can be concluded that the increase 

in abundance of histone marks occurs only in the senescence programme. 

   

3.3 Discussion 
Two different model systems of senescence, RS and OIS, were reliably established. 

These cells were rigorously tested for various markers of senescence such as 

absence of cyclin A and phospho-pRB [50]. Chromatin structure plays a crucial role in 

mediating key events reported in the senescence programme [176, 177, 451, 452]. In 

order to better understand how the senescence programme is regulated by its own 

chromatin structure, I set out to perform large-scale profiling of various histone 

modifications in senescent cells in comparison to proliferating cells to facilitate an 

unbiased approach of identifying potentially key changes.  

A panel of 83 different antibodies to various histone modifications was tested 

using slot blotting technique. From the screen, it was interesting to note that whilst a 

lot of the modifications exhibit no change across the two cell states, some 

modifications exhibited elevated levels in senescent cells, whilst a few others 

exhibited decreased levels. Whilst either of the changes maybe unique and important 

to the mechanism of senescence, I focused only on those changes that were elevated 

with the induction of senescence, because modifications that increase may be more 

likely be drivers of senescence. From the screen, a list of potential candidates that 

were elevated in RS was chosen. In the interest of time, three different histone marks 

H4R3me2a, H3CS.1 and H3K56me were chosen for further probing. Relatively little is 

known about these histone marks and to my knowledge, this is the first time they are 

reported to be altered, i.e., increased in abundance during senescence. These 

changes were also common to the OIS model of senescence, but not acute stresses 

and reversible quiescence, suggesting that they may be exclusive to the process of 

cellular senescence.  

With these observations in mind, H4R3me2a and H3CS.1 were chosen as 

histone marks of interest to study further. Characterization of these two histone 

modifications will be discussed in the following chapters.  As for H3K56me, the  
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Figure 3.7 Increased levels of histone marks in IMR90 is exclusive to senescence.  

IMR90 cells were treated with two classical HDAC inhibitors, Trichostatin A (TSA) and sodium butyrate 

(NaBu) along with DNA damaging agent, Hydroxyurea (HU) at indicated concentrations for 24 hours. 

Whole cell lysates were harvested after this time point and subjected to SDS-PAGE separation at 90-

120V using 15% gel by loading 30 µg protein each and Western blotted for (A) markers of DNA 

damage induction (γH2A.X and p53) and HDACi treatment (H3 acetyl) where actin is used as loading 

control and (B) histone marks where H3 is used as loading control. 

 

 

γH2A.X 

p53 

H3 acetyl 

Actin 

Pa
re

nt
al

 
   

   
   

DM
SO

 
   

   
   

Na
Bu

 1
5 

m
M

 
Hy

dr
ox

yu
re

a 
1 

m
M

 

   
   

   
   

Tr
ich

os
ta

tin
A 

3.
3 
µM

 

   
   

   
   

kDa 

17 

17 

52 

52 

38 

H3K56me 

H3 

Pa
re

nt
al

 
   

   
   

DM
SO

 
   

   
   

Na
Bu

 1
5 

m
M

 
Hy

dr
ox

yu
re

a 
1 

m
M

 

   
   

   
   

Tr
ich

os
ta

tin
A 

3.
3 
µM

 

   
   

   
   

H3CS.1 

H4R3me2a 
         

12 

kDa 

12 

17 
12 

17 



 107 

 
(A) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(B)  
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Changes in histone marks observed specifically in senescence and not simply cell cycle 

arrest.  

Whole cell lysates from proliferating, senescent and quiescent cells were subjected to SDS-PAGE 

separation by loading 20 µg protein each and Western blotted for (A) markers of cell cycle arrest and 

senescence with actin as loading control, and (B) histone marks of interest with histone H3 as loading 

control.  
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antibody remains to be tested for specificity and, at the time of study, this was the 

only known commercially available antibody. It is tempting to speculate that the faster 

migrating band may be an another isoform of H3K56me or possibly the modification 

occurs on the cleaved version of histone H3 (H3CS.1) as described in Chapter 4. In 

general, histone lysine methylation is considered to be a relatively stable modification 

and is thought to play an important role in organizing chromatin domains and also in 

the epigenetic control of genes. H3K56me was discovered for the first time in 2003 by 

Peters and colleagues and only a very low methylation frequency (≤5%) was reported 

in comparison to previously described methylation at positions such as H3K9, H3K27 

and H3K36 with high prevalence of methylation (≥50%), or H3K79 with a moderate 

prevalence of methylation at ~10% [453]. A recent study demonstrated that H3K56me 

is deposited by histone lysine methyltransferase G9a/KMT1C in mammalian cells and 

also reported a potential role for H3K56me3 as a chromatin docking site to facilitate 

binding of PCNA prior to its role in DNA replication during cell cycle [454]. H3K56me 

remains underexplored and my preliminary results demand an understanding of how 

this modification may regulate senescence, and perhaps ageing and cancer.  
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4 H3CS.1 IN CELLULAR SENESCENCE 

4.1 Introduction 
In the previous Chapter, to gain insight into chromatin alterations that happen at the 

onset of senescence and how they may play an important role in regulating the 

process, I performed profiling of various histone modifications in senescent cells 

compared to proliferating cells.  

Controlled and site-specific proteolysis is implicated as an important 

mechanism in controlling basic cell mechanisms such as differentiation, signal 

transduction, cell cycle progression, transcription, and cell death [455, 456]. 

Cathepsins are a large family of proteases implicated not only in the degradation of 

junk protein aggregates [457] but also in the control of cell death by caspases [458] 

and cancer metastasis [459]. In 2002 it was discovered that Cathepsin L is a pro-

survival protease in C.elegans, since transient KD of this enzyme using siRNAs 

proved to be embryonically lethal [460]. Despite this, it was noted that in mice, 

knocking down Cathepsin L lead to several abnormalities in the skin, brain and heart 

but not embryonic lethality [461-464]. These findings suggest that Cathepsin L may 

be important in normal organ development and cell survival. Cathepsin L plays a 

major role in autophagy, involving degradation of the cell’s own components primarily 

within the lysosomal compartments [465, 466]. Lysosomes are membrane-enclosed 

sacs containing hydrolytic enzymes located in the cytoplasm [467-469]. Localization 

of active Cathepsin L is both nuclear and cytoplasmic [455, 470-473]. 

In 2008, a specific endogenously regulated mechanism of proteolysis of 

histone H3 was documented in mammalian embryonic stems cells for the first time, 

thereby underscoring an importance for chromatin signature in development and 

differentiation that was previously not appreciated [474]. It was shown that the H3.2 

variant of H3 may be preferentially cleaved over H3.3 and significantly less H3 

cleavage was detected in H3.1 in ESCs. The cleavage was shown to occur at various 

sites between amino acids 21 and 28, with the primary cleavage site positioned 

between amino acid 21 and 22 [474]. The study also showed that Cathepsin L is the 

enzyme responsible for producing cleaved histone H3.  
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As a result of the histone modification screen performed at the start of this 

study, H3CS.1 was discovered to have elevated abundance in senescence for the 

first time. Perhaps this change has unsuspected functions as part of the senescence 

programme that are yet to be understood. In this chapter, I focused on characterizing 

and validating H3CS.1 in the context of senescence and also potentially the 

contribution of this particular histone mark to the senescence program.  

 

4.2 Results 

4.2.1 Validation of H3CS.1 antibody specificity 
The validity and reproducibility of results using antibodies directed to histone 

modifications has been open to discussion in the past. In 2010, Egelhofer et al., 

demonstrated that 25% of 200 antibodies to several histone modifications failed 

assessments for specificity by Western blots or dot blots [475]. Therefore, in order to 

have reproducibility and biological relevance to any study pertaining to a histone 

modification, it is very important for the antibody to be specific and/or the result to be 

validated. In the previous Chapter, the antibody to H3CS.1 was purchased from 

Active Motif. The antibody was raised against a peptide containing the primary site of 

Cathepsin L cleavage between amino acids 21 and 22 at the N-terminus. 

 To confirm up regulation of H3CS.1 in another model of senescence and to 

validate antibody specificity, whole cell lysates from control and RAS-infected 

senescent cells were harvested 9 days after puromycin selection following infections, 

fractionated using SDS-PAGE and Western blotted for H3CS.1 along with total H3 

antibody, using an antibody raised to the C-terminus of full length H3 (retained in 

H3CS.1) (Figure 4.1.A). H3CS.1 antibody specificity was evident based on its 

recognition of a shorter form of histone H3 running at 12 kDa that co-migrated with a 

12kDa polypeptide detected by the H3 C-terminal antibody. An elevated level of 

cleaved H3 was consistently observed in two different model systems of senescence 

(RS and OIS) (Refer also to Figure 3.6.A).  
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Figure 4.1 Confirmation of cleaved H3 in senescent cells.  

Whole cell lysates from control and RAS-induced senescent cells were subjected to SDS-PAGE 

separation. Electrophoresis was performed at 90-120V using 15% SDS gel and Western blotted with 

antibodies against (A) C-terminus of histone H3 and H3CS.1 (B) histone H3 C-terminus and histone H3 

N-terminus. 
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To further substantiate the specificity of the H3CS.1 antibody, protein lysates 

from the same control and RAS-induced senescent lysates were separated on a gel 

with equal histone loading and Western blotted with antibodies raised to both C- and 

N-termini of histone H3 (Figure 4.1.B). Whilst the H3 C-terminal antibody recognized 

the increase in the cleaved form of the histone in senescent cells, the H3 N-terminal 

antibody failed to do the same even at higher exposures using ECL, reflecting the fact 

that H3CS.1 lacks the N-terminus of full length H3. Based on these results, the 

validity of the antibody was confirmed for further use for Western blot. Any 

subsequent lots of the antibody purchased from Active Motif were rigorously tested 

applying the same criteria (data not shown) and found to perform consistently well. 

4.2.2 Establishment of an inducible-model system of senescence to follow 

kinetics of H3CS.1  
To better study H3CS.1, I set out to establish an inducible-model system of 

senescence that could be used to study the kinetics and regulation of H3CS.1. Here, I 

used an inducible RAS model system of senescence, in which activated RAS is fused 

to ER-α (Estrogen Receptor Alpha), first described by Littlewood et al., [476]. In this 

model, fusion protein (ER: RAS) is derived from mouse ER Hormone Binding Domain 

(HBD) as in-frame fusion with full length H-RASG12V [477], encoded in retrovirus 

pLNC-RAS:ER [415]. Owing to a mutation present within the ER at codon 525 

(G525R), the system is largely insensitive to 17β‐estradiol but is still responsive to its 

synthetic ligand 4‐hydroxytamoxifen (4OHT) [477]. Binding of 4OHT to the ER domain 

of ER:RAS results in activation of RAS due to de-repression of the fusion protein by 

‘unfolding’, i.e., in the absence of 4OHT, the fusion protein is complexed with hsp90 

(heat shock protein) in the cytoplasm, preventing downstream H-RAS signaling. 

 ER:RAS cells were produced using the retroviral construct by following the 

standard protocol outlined in Materials and Methods section 2.2.9. Infected and drug 

selected cells were induced with 100 nM 4OHT for 9 days for induction of 

senescence. Light microscopy images showed typical morphological changes 

associated with senescence in 4OHT cells as they appear large, flattened, vacuolar 

and multi-nucleated in comparison to control (uninduced) cells (Figure 4.2.A). 4OHT-

induced cells also exhibited enhanced SA β-Gal activity in comparison to control cells  
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Figure 4.2 Establishment of inducible model of senescence in IMR90.  

(A) Light microscopy images of control (uninduced) and 4OHT (induced) ER:RAS cells under 20X 

objective.  (B) Control (uninduced) (5.7% SA β-Gal+) and 4OHT cells, ie., 4OHT-induced ER:RAS 

senescent cells (98.4% SA β-Gal+) stained for SA β-Gal activity 9 days after 4OHT induction under 

20X objective. (C) Immunofluorescence staining for HIRA localization, PML bodies along with DAPI 

staining for nuclear visualization performed on control (uninduced), vehicle (EtOH) treated and 4OHT-

treated ER:RAS cells 9 days after induction under 100X objective.  . 
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Figure 4.3 Western blot analysis of proteins in control (uninduced) and 4OHT-induced senescent cells. 

Whole cells lysates were harvested 9 days post 4OHT induction and subjected to separation using 

SDS-PAGE. Electrophoresis was performed at 90-120V using 4-12% gradient SDS gel and Western 

blotted for makers of proliferation arrest and ERα. Actin was used as loading control.  
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(Figure 4.2.B). Control (uninduced), vehicle (EtOH) treated and 4OHT-treated 

ER:RAS cells were also seeded onto coverslips for visualization of proteins using IF. 

HIRA co-localization along with PML bodies was observed in 4OHT-induced ER:RAS 

cells, in comparison to the controls (Figure 4.2.C), along with SAHF formation as 

visualized in the DAPI channel. Whole cell lysates were also harvested for further 

downstream analysis using SDS-PAGE and Western blotting. Control (uninduced) 

and 4OHT-induced senescent cells were blotted for markers of senescence and 

induced cells showed elevated levels of p16, decreased cyclin A and decreased 

phosphorylation of RB at serines 807/811 relative to actin as a loading control (Figure 

4.3). Ectopically expressed RAS fused to the ER was also visualized only in the 

induced cells using an anti-ER antibody, whereas uninduced cells fail to express the 

fusion protein due to the absence of 4OHT. With the above-mentioned analysis, 

establishment of a 4OHT-inducible model system of senescence was utilised for 

further experiments. 

4.2.3 H3CS.1 abundance gradually increases with the induction of RAS 
In order to understand how H3CS.1 might be regulated in the senescence 

programme, the ER:RAS inducible system was used. A time course was performed 

by harvesting cells at the following time points post 100 nM 4OHT induction: control 

(day 0), day 2, day 4, day 7, day 9 and vehicle (EtOH) treated (day 9). Whole cell 

lysates were prepared and fractionated by SDS-PAGE. Western blotting was 

performed using antibodies to H3CS.1 (Figure 4.4.A). Total H3 was used as a loading 

control. It was found that H3CS.1 gradually increases after induction of RAS in 

IMR90, with the increase especially apparent from day 4 of induction. Induction of 

RAS en-route to senescence was also visualized using an anti-ER antibody with actin 

as a loading control (Figure 4.4.B).  Also uninduced control cells and 4OHT-induced 

(day 9) cells were extensively tested for other senescence markers previously (Refer 

to Figure 4.2, 4.3). Hence, evidence suggests that H3CS.1 is essentially induced at 

the onset of senescence and gradually increases as the cells become more 

senescent. This potentially may suggest an important and yet unknown role of H3 

proteolysis in onset of senescence in these cells.  
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Figure 4.4 H3CS.1 abundance gradually increases after induction of RAS.  

4OHT-induced ER:RAS cells were harvested at various time points from day 0 of induction (control) to 

day 9 of induction along with vehicle (EtOH) treated cells on day 9. Electrophoresis was performed at 

90-120V using 4-12% gradient SDS gel. Whole cell lysates were subjected to immunoblotting 

technique for (A) expression of ectopically expressed RAS using anti-ER antibody with actin as loading 

control (B) levels of H3CS.1 along with total H3 as loading control.  
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As mentioned previously, Cathepsin L is the enzyme responsible for H3 cleavage in 

mammalian cells [474].  The enzyme was originally described as a lysosomal 

protease [466]. The functions of lysosomal proteases have been implicated in bulk 

protein degradation thereby maintaining cells’ vital functions via recycling of junk 

material [478]. Perhaps trafficking of H3 through lysosomes/autophagosomes of 

senescent cells produces H3CS.1 and may have a potentially novel role in 

senescence. This will be investigated further in this chapter.   

4.2.4 Cathepsin L cleaves histone H3 to produce histone H3CS.1 and is 

increased in senescent cells 
Given the finding that the level of H3CS.1 is elevated in senescence, it was 

interesting to determine if levels of the enzyme responsible for generating H3CS.1 

[474] also change in senescence. Whole cell lysates were prepared from control and 

senescent cells constitutively expressing RAS. These had previously been tested for 

induction of various senescence markers (Figure 3.6). Lysates were fractionated by 

SDS-PAGE for separation and Western blotted with a previously validated antibody 

[479] to enzyme Cathepsin L (Figure 4.5). Results from these analyses showed that 

Cathepsin L level is elevated in OIS in comparison to proliferating control cells, as 

noted by the increase in proteolytically cleaved active form of the protein (~25 kDa) 

and the inactive form termed Pro-Cathepsin L (~42 kDa). This is consistent with the 

idea that up regulation of Cathepsin L contributes to generation of H3CS.1 in 

senescent cells.  

4.2.5 Cytoplasmic localization of nuclear histone H3CS.1 observed in RAS-

induced senescent cells.  
Given the involvement of Cathepsin L as a H3 protease [474], it was interesting to 

test the distribution of H3CS.1 in senescence. ER:RAS cells were treated with 4OHT 

for induction of senescence. On day 9 cells were harvested for assay by 

immunofluorescence. Cells were stained using antibodies to H3CS.1 and negative 

control antibody (Figure 4.6). DAPI staining of the nuclei were also performed. 

Results indicated an increased cytoplasmic localization for nuclear H3CS.1 in  
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Figure 4.5 Cathepsin L, the enzyme responsible for H3 cleavage is upregulated in OIS.  

Whole cell lysates were harvested from control and RAS-induced senescent cells and analyzed by 

immuoblotting using anti-cathepsin L antibody. Electrophoresis was performed at 90-120V using 4-

12% gradient SDS gel. Actin was used as loading control.   
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Figure 4.6 Cytoplasmic localization of histone H3CS.1 in OIS visualized by immunofluorescence. 

Control (uninduced) and 4OHT-induced senescent cells were stained using (A) anti-H3CS.1 antibody 

(raised in rabbit) along with (B) anti-Mouse IgG (raised in rabbit) as negative control. All images were 

taken at the same exposure under 60X objective. 
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Figure 4.7 Cytoplasmic localization of histone H3CS.1 in OIS.  

Cellular fractionation to separate nuclear and cytoplasmic fraction was performed according to the 

protocol in Materials and methods in section 2.2.14.  Whole cell lysate (WC) was separated by SDS-

PAGE electrophoresis at 90-120V using 4-12% gradient gel along with cytoplasmic (cyto) and nuclear 

(nuclei) fraction for control (uninduced) and 4OHT-induced ER:RAS senescent cells and blotted for 

H3CS.1 and H3, along with fractionation controls, lamin A/C for nuclear fraction and tubulin for 

cytoplasmic fraction.  
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senescent cells (4OHT-treated) in comparison to proliferating control (untreated) cells 

(Figure 4.6.A). Also DAPI staining depicted the formation of SAHF clearly in 

senescent cells. The negative control antibody detected marginal non-specific 

cytoplasmic staining but well below the signal observed using H3CS.1 antibody 

(Figure 4.6.B). This result shows not only the increase in H3CS.1 in senescent cells 

(as shown previously by Western blot), but also its cytoplasmic localization. The result 

was further validated by a subcellular fractionation experiment. Control (uninduced) 

and 4OHT-induced ER:RAS  cells were harvested 9 days after 4OHT induction. Cells 

were subjected to subcellular fractionation to separate nuclear and cytoplasmic 

fractions. Three different types of cell fractions were analyzed by SDS-PAGE 

electrophoresis and Western blotting: whole cell lysate, cytoplasmic fraction, and 

nuclear fraction from both control and 4OHT-induced senescent cells. Membranes 

were probed using antibodies to H3CS.1 and H3 (Figure 4.7). Lamin A/C and tubulin 

blotting were also used as controls for nuclear and cytoplasmic fractions, respectively. 

Although histones are typically localized almost exclusively to the cell nucleus, these 

results indicated that H3CS.1 is remarkably localized to the cytoplasm of senescent 

cells. 

 

4.3 Discussion 
To dissect the potential role of H3CS.1 in the senescence programme, an inducible 

ER:RAS model system was established. Results indicated that the levels of H3CS.1 

gradually increased with the induction of RAS leading to senescence.  

Also the enzyme thought to be responsible for the mark, Cathepsin L, was 

elevated during senescence. Reports suggest that autophagy plays a key role during 

the induction of senescence [111, 116] and it was found that autophagy increases in 

senescent cells via negative feedback signalling and repression of the mTOR 

pathway [111]. Given the role of Cathepsin L in autophagy, it is tempting to speculate 

that elevated levels of the enzyme aid in trafficking of H3 through 

lysosomes/autophagosomes of senescent cells resulting in increased H3CS.1. A 

recent study has shown that Cathepsin L activity significantly increases with human 

ageing [480] and it is shown to be largely synthesized and secreted by various 

malignantly transformed cells [481]. Considering the implications senescence has as 
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a barrier to cancer and also a contributor to human ageing, the initial observations 

undoubtedly suggest that there maybe an important role for Cathepsin L and its 

proteolytic cleavage of H3 in senescence.  

Despite H3 being typically a nuclear protein, H3CS.1 was unusually found to 

have a cytoplasmic distribution in senescence. Part of this work contributed towards 

the paper published in the Journal of Cell Biology (Ivanov, Pawlikowski, Manoharan et 

al., 2013 [482]). This paper reported that senescent cells dissipate nuclear chromatin 

in the form of CCF (Cytoplasmic Chromatin Fragments) via a breakdown of nuclear 

envelope integrity and lysosomal/autophagic processing. This was supported by both 

in vitro & in vivo observations by demonstrating loss of total histone content in 

senescent cells [482]. Nuclear integrity is compromised in senescent cells leading to 

progressive loss of H3K27me3-enriched chromatin into the cytoplasm through a 

nuclear-cytoplasmic ‘blebbing’ process. This profound loss of histones is associated 

with decreased expression of nuclear membrane protein, lamin B1. Results suggest 

that histone loss in senescent cells is in part linked to lysosomal processing, perhaps 

via the action of Cathepsin L resulting in accumulation of H3CS.1 as an intermediate 

to histone degradation. Importantly, accumulation of H3CS.1 in senescent cells was 

suppressed by ATPase inhibitors, suggesting its possible dependence on lysosomal 

processing, although presence of this modified histone within lysosomes is as yet 

undetected.  

Proteolytically cleaved H3 has been shown to contain a combination of both 

active and repressive chromatin marks [474, 483]. Using recombinant Cathepsin L 

that has comparable activity to its native protein it has been shown that methylation of 

H3 on K27 and acetylation of K18 increases cleavage, whereas K23 acetylation 

reduces it. Hence, it is plausible that Cathepsin L and its substrate H3CS.1 may play 

an important role in senescence by regulating the distribution of euchromatic and 

heterochromatic marks across the genome altering the gene expression pattern. 

Clearly this warrants additional studies to learn how this histone mark might be 

contributing towards regulation of senescence and perhaps its associated effects on 

tissue ageing and/or cancer.  
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5 H4R3ME2A IN CELLULAR SENESCENCE 

5.1 Introduction 
One of the most important post-translational modifications in eukaryotes is protein 

arginine methylation. However, this is an understudied modification in comparison to 

lysine methylation that has a well-documented role in epigenetic gene regulation [319, 

484, 485]. Arginine can be methylated once (monomethylation) or twice 

(dimethylation), in the latter case with either one methyl group on each of the two 

nitrogen atoms (symmetric methylation) or both methyl groups on one terminal 

nitrogen (asymmetric methylation). Such histone marks can either be transcription 

activating or repressive depending on location and context [486]. From the histone 

modification screen, H4R3me2a (asymmetric modification) was found to be elevated 

in replicative senescence and later in oncogene-induced senescence. H4R3me2a is 

classically associated with facilitating a state of active chromatin [319, 487] and is 

also noted to play a critical role in the prevention of heterochromatic marks [488]. 

However, the physiological role of H4R3me2a in senescent cells and its involvement 

in human disease is not well understood. In this chapter, I will investigate the 

regulation and function of H4Rme2a in cell senescence, with a view to understanding 

its potential contribution to senescence-mediated tumor suppression and/or tissue 

ageing. 

 

5.2 Results 

5.2.1 Validation of H4R3me2a antibody specificity 
Prior to further investigation of the role of H4R3m2a in senescence, it was important 

to validate specificity of the antibody used in the screen. The only commercially 

available antibody to this mark was from Active Motif. It was essential to test if the 

antibody has any cross reactivity to other histone modifications. The H4R3me2a 

antibody raised in rabbit was tested for specificity using a MODified histone peptide 

array from the same company. The array contains 59 acetylation, methylation, 

phosphorylation, and citrullination modifications on the N-terminal tails of histones H3, 
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Figure 5.1 Specificity of H4R3me2a antibody assessed using MODified Peptide Array Analysis.  

H4R3me2a antibody was evaluated using Active Motif’s Peptide Array. (A) ECL images of the array 

shown in duplicate. Blue circles represent antibody reactivity to H4R3me2a and yellow circles 

represent reactivity to symmetric version of the modification, H4R3me2s, observed along with other 

spot intensities corresponding to different histone modifications. (B) Based on the array, specificity 

factors were calculated for the antibody using the Array Analyse Software to check for any cross 

reactivity with other modifications. The specificity factor was calculated from the average intensity of all 

spots containing the mark divided by the average intensity of all spots not containing the mark. 
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H4, H2A and H2B. Each array holds 384 unique histone modification combinations 
(spotted in duplicates), hence offering extensive coverage. Figure 5.1.A shows spot 

intensities on the array after ECL detection. The antibody to H4R3me2a is largely 

specific for the intended modification, as denoted by the blue circles. Yellow circles 

denote some cross-reactivity to the symmetric version of the same modification 

(H4R3me2s). Other spot intensities observed denote cross reactivity to different 

histone modifications. Using Array Analyse Software, a spot densitometry programme 

was applied in order to measure relative intensity of each peptide quantitatively. 

Graphical analysis of the specificity was generated (Figure 5.1.B) by calculating 

average intensity of all spots containing the mark divided by the average intensity of 

all spots not containing the mark. Results indicated that although the H4R3me2a 

antibody showed substantial preference for the intended mark, some cross reactivity 

to histone modifications H4K5ac and H4K8ac was observed. Other potential cross-

reactions as observed by the quantification were largely negligible, especially to 

H4R3me2s.  

5.2.2 Increase in H4R3me2a in senescence confirmed by a second antibody 
Although the antibody tested to be quite specific, having a second antibody to the 

same modification would better confirm the increase in H4R3me2a in senescence 

and be an invaluable tool for downstream analysis. At the time of study there were 

published papers [489-491] using a different antibody to H4R3me2a (Millipore 07-

213) that was commercially available, but the antibody was discontinued by the 

company. At this time, Dr. Suming Huang from University of Florida kindly agreed to 

donate a sample of their in-house antibody to H4R3me2a. I set out to test if the 

second antibody could detect the increase in H4R3me2a in senescence by harvesting 

whole cell lysates from control and RAS-expressing senescent cells. Lysates were 

subjected to fractionation using SDS-PAGE and blotted for H4R3me2a, using the 

antibody from Huang’s lab and total histone H3 as a loading control (Figure 5.2). 

Results confirmed an increase of H4R3me2a in senescent cells, with the pre-immune 

bleed from the same rabbit serving as a negative control in Western blot. This, along 

with results from the peptide array, provided substantial evidence of a specific change 

in H4R3me2a in the senescence programme and provided strong rationale for further  

experiments to understand potential functional and regulatory role of H4R3me2a in  
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Figure 5.2 Increase in H4R3me2a as confirmed by a second antibody to H4R3me2a.  

Whole cell lysates were harvested from control and RAS-induced senescent cells and analyzed by 

SDS-PAGE electrophoresis at 90-120V using 15% gel. Immunoblotting was performed using a second 

antibody to H4R3me2a donated by Dr. Suming Huang. Pre-immune bleed was also tested as negative 

control along with H3 as a loading control. 
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senescence. 

5.2.3 H4R3me2a abundance gradually increases after induction of RAS 
The establishment of an inducible system of senescence was explained in Chapter 4 

Section 4.2.2. To understand how H4R3me2a might be regulated in senescence, 

whole cell lysates from ER:RAS cells were harvested from the following time points 

after induction with 100 nM 4OHT: day 0 (control), day 2, day 4, day 7, and day 9. 

Following fractionation by SDS-PAGE, lysates were blotted for H4R3me2a and total 

histone H3. Levels of H4R3me2a gradually increased after induction of RAS (Figure 

5.3). A striking increase in H4R3me2a abundance was found, especially from day 4 of 

induction indicating increase in pre-senescent cells. It is therefore tempting to suggest 

that increase in the histone mark may promote senescence as increase occurs prior 

to onset of senescence.  

5.2.4 Regulation of H4R3me2a in cellular senescence 

5.2.4.1 Increase in H4R3me2a in OIS is not inhibited by expression of SV40 

LT Antigen 
pRB and p53 tumor suppressive pathways are key players in the regulation of 

senescence. Senescence is abolished if these two pathways are inactivated in human 

or mouse cells [9, 51, 427]. In order to test if these two pathways are required for 

elevated levels of H4R3me2a in senescence, IMR90 cells were transduced with 

SV40-LTAg (Simian Virus 40 Large T Antigen). SV40LTAg is known to bind to p53 

and pRB thereby inactivating them [492]. IMR90 cells were transduced using 

retrovirus encoding SV40LTAg in comparison to control cells (Ctrl1) (Figure 5.4). 

Plasmids used in this section and their given names are outlined in Table 5.1. 

SV40LTAg-expressing cells showed no phenotypic differences and remained long 

and spindly (Figure 5.5.A). Ctrl1 and SV40LTAg cells were then infected with RAS 

virus or the appropriate control virus (Ctrl2). Subsequently, bright field images of the 

cells were taken 9 days after infection and drug selection. As expected, RAS-infected 

cells acquired a typical enlarged, flattened senescent morphology both in parental 

and control cells (Figure 5.5.A,B). Unexpectedly, SV40LTAg cells transduced with 

RAS also acquired a phenotype similar to Ctrl1+RAS cells. This may mean that  
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Figure 5.3 Gradual increase in H4R3me2a abundance after induction of RAS.  

4OHT-activated ER:RAS cells were harvested at time points from day 0 of induction to day 9 of 

induction. Whole cell lysates were harvested from all time points and analyzed by Western blot for 

levels of H4R3me2a along with total H3 as loading control. SDS-PAGE electrophoresis was performed 

at 90-120V using 15% gel. It is to be noted that the same gel was used to assay H3CS.1 abundance in 

Chapter 4.   
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Figure 5.4 Overexpression of SV40LTAg in IMR90.  

Whole cell lysates were harvested from Ctrl1 and SV40LTAg cells 5 days after drug selection of the 

infected cells. Lysates were fractionated using SDS-PAGE electrophoresis at 90-120V using 12% gel 

and Western blotted using an antibody to SV40LTAg. Actin was used as loading control.  
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Plasmids Virus Name 

pBABE-neo  Ctrl1 

pBABE-neo-SV40LTAg SV40LTAg 

pBABE-puro# Ctrl2 

pBABE-puro-H-RASG12V# RAS 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 5.1 The plasmids used in the study along with the given virus name. 
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Figure 5.5 Control and SV40LTAg transduced cells co-infected with RAS virus.  

(A) Bright field images (under 20X objective) were taken of SV40LTAg and RAS-infected IMR90 along 

with their respective controls following drug selection. (B) Further double infections were performed on 

control and SV40LTAg cells with Ctrl2 and RAS virus. Images under 20X objective were collected 

using bright field microscopy 9 days after puromycin selection. 
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Figure 5.6 Increase in H4R3me2a in OIS is not inhibited by expression of SV40LTAg.  

Double infections were performed on Ctrl1 and SV40LTAg cells with Ctrl2 and RAS virus.  Whole cell 

lysates were harvested from these cells along with the former for separation by SDS-PAGE 

electrophoresis at 90-120V using 4-12% gradient gel and Western blotted for a panel of different 

markers of proliferation (PCNA) and senescence (RB, p53), along with H4R3me2a. 

 

 

Actin 

H4R3me2a 

H4 

RAS 

SV40LTAg 

Ct
rl1

+C
trl

2 
Ct

rl1
+R

AS
 

SV
40

LT
Ag

+C
trl

2 
 

SV
40

LT
Ag

+R
AS

  
RB 

p53 (short exposure) 

PCNA 

p53 (long exposure) 

kDa 

12 

12 

24 

76 

102 

52 

52 

24 

52 

38 



 135 

SV40LTAg was not sufficiently expressed for the cells to bypass senescence. In order 

to provide a more quantitative analysis, whole cell lysates were harvested from the 

cells at the same time as the images were taken. Protein lysate was fractionated 

using SDS-PAGE and Western blotted. Results confirmed SV40LTAg expression 

along with RAS (Figure 5.6), when using actin as loading control. Loss of RB, 

reflecting down regulation in senescent cells [171, 493, 494], was noted not only in 

RAS-infected senescent cells but also in SV40LTAg+RAS cells, suggesting that 

SV40LTAg failed to bypass senescence. Also loss of PCNA, a cell cycle marker and 

E2F target gene, was noted in SV40LTAg+RAS cells similar to that of RAS-only 

senescent cells. This also suggests that SV40LTAg failed to efficiently inactivate pRB. 

The level of H4R3me2a was increased in RAS-expressing cells ectopically 

expressing SV40LTAg in comparison to cells expressing SV40LTAg only. I conclude 

that expression of SV40LTAg did not prevent upregulation of H4R3me2a; 

unfortunately, because of the apparent failure of SV40LTAg to fully inactivate pRB 

(and p53) I cannot conclude as to whether pRB and p53 are required for upregulation 

of H4R3me2a.  

 

5.2.4.2 Expression of PRMT1 is elevated in senescent cells 
PRMTs (Protein Arginine Methyl Transferase) comprise a family of proteins that 

contain nine members in humans, which methylate histones, other nuclear proteins 

and non-histone proteins on arginine residues [495, 496]. Methylation involves the 

transfer of a methyl group from SAM (S-adenosylmethionine) to arginine at terminal 

guanidine nitrogens [487, 497]. Type I enzymes generate mono-methyl arginine 

(MMA) and asymmetric dimethyl arginine (aDMA) and type II class enzymes catalyze 

the formation of MMA and symmetric dimethyl arginine (sDMA) [498-500]. Type I 

enzyme PRMT1 catalyzes deposition of asymmetric methylation on R3 of H4 [501] 

and accounts for more than 85% of all arginine methylation in human cells [502]. 

Given that H4R3me2a increases in senescence, it was interesting to ask whether 

PRMT1 also increases in senescence. Whole cell lysates from both RS and OIS 

model systems, tested previously for markers of proliferation arrest (Figure 3.2, 3.6), 

were blotted with the Cell Signaling antibody to PRMT1. Interestingly, PRMT1 

showed elevated expression levels in both model systems based on using actin as a  
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Figure 5.7 Expression of PRMT1 is elevated in senescent cells.   

Whole cell lysates were harvested from both models of senescence, RS and OIS. For RS, cells were 

harvested 2 weeks after the last population doubling. For OIS, cells were harvested 9 days post control 

and RAS infections and drug selection. Lysates were separated by SDS-PAGE electrophoresis at 90-

120V using 12% gel and Western blotted for PRMT1 using actin as loading control.  
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loading control (Figure 5.7).  

To better understand the role of altered PRMT1 and H4R3me2a levels during 

senescence, and perhaps their effect on cancer, further experiments were performed 

to KD PRMT1.  

 

5.2.4.3 Generating IMR90 cells with constitutive KD of PRMT1 
Next, I set out to ask if the increase in PRMT1 is the cause of increase in H4R3me2a 

in senescence.  Thermo Scientific™ TRC Lentiviral™ shRNAs to PRMT1 were 

purchased. An initial screen of five lentivirus-encoded shRNAs for KD of PRMT1 was 

performed. HEK-293T cells were used for efficient virus packaging, as described in 

the Material and Methods (Section 2.2.9). IMR90 cells were infected with different 

doses of virus delivering the different shRNAs for PRMT1 KD, along with a control 

virus. Whole cell lysates were harvested three days post puromycin selection and 

separated by SDS-PAGE. Proteins were Western blotted using a PRMT1 antibody 

from Abcam. Out of the five short hairpins, shPRMT1(1), shPRMT1(2) and 

shPRMT1(3) effectively knocked down PRMT1 in comparison to the control as 

denoted by the arrow mark in Figure 5.8. The antibody also recognized a slightly 

faster migrating band that remained largely unaffected by the short hairpins. It is to be 

noted that at the time of this experiment, the PRMT1 antibody from Cell Signaling, 

used in Figure 5.7, was not available. With the help of the screen, three short hairpins 

to effectively perform PRMT1 KD studies were identified.  

 To confirm the identity of the polypeptide labeled as PRMT1 and its 

requirement for H4R3me2a, this experiment was repeated, but the Western blot was 

probed with two newly available antibodies to PRMT1. Proliferating IMR90 were 

infected with a range of viral titres from 1 µl to 16 µl for all three hairpins including the 

control. PRMT1 KD cells appeared impaired in their cell division compared to control 

cells in the following order: shPRMT1(3) > shPRMT1(1) > shPRMT1(2). Whole cell 

lysates were subjected to fractionation and Western blotted (Figure 5.9) using two 

new antibodies to PRMT1, one obtained from Cell Signaling and the second from 

Millipore, and an antibody to H4R3me2a. Both of the PRMT1 antibodies confirmed 

that all 3 shRNAs at least partially knocked down PRMT1 and concurrently 

suppressed H4R3me2a.  
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Figure 5.8 Generating IMR90 cells with constitutive KD of the enzyme PRMT1.  

IMR90 cells were infected with increasing viral dose of five different short hairpins to PRMT1 along with 

control. Whole cell lysates were harvested 3 days after drug selection with puromycin, along with 

uninfected parental cells, and separated by SDS-PAGE electrophoresis at 90-120V using 12% gel and 

Western blotted for PRMT1. Actin was used as loading control. 
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Figure 5.9 Confirmation of PRMT1 KD in biological replicates with new antibodies.  

Whole cell lysates from IMR90 infected with shCONT, shPRMT(1), shPRMT1(2), shPRMT1(3) 

constructs were obtained 4 days after drug selection with puromycin. Lysates were separated by SDS-

PAGE and Western blotted for PRMT1 using two different antibodies from Cell Signaling and Millipore. 

PRMT1 blots were stripped and reprobed with the same membrane. Actin and Lamin A/C were used 

as loading controls. Lysates were also blotted for H4R3me2a using total H4 as loading control. 
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5.2.4.4 PRMT1 is a pre-requisite for increased H4R3me2a in senescent cells 
In order to understand the functional role of PRMT1-mediated H4R3me2a in 

senescence, it was necessary to establish senescent cells lacking PRMT1. To do 

this, RAS was overexpressed in PRMT1 KD cells. shCONT, shPRMT1(1) and 

shPRMT1(3) cells were infected with control (labelled Ctrl2) or RAS virus encoding 

neomycin resistance. Whole cell lysates were harvested from cells 9 days after RAS 

infection and protein was subjected to fractionation. Western blotting was performed 

using the Abcam PRMT1 antibody along with actin as loading control. Also 

abundance of H4R3me2a was determined (Figure 5.10). Despite overexpression of 

RAS to induce senescence, PRMT1 KD cells failed to upregulate H4R3me2a in 

comparison to control cells induced with Ras. This experiment showed that 

expression of PRMT1 is required for increased H4R3me2a in senescent cells.  

To investigate the consequence of PRMT1 KD on RAS-induced senescence, 

this experiment was repeated with a view to analysing senescence markers. 

Phenotypic changes were observed following the introduction of RAS into shCONT 

cells as expected, but this was more pronounced in severity in PRMT1 KD cells, 

especially in cells containing the shPRMT1(3) construct. The associated KD 

phenotype was also apparent to a certain degree in shPRMT1(3) cells infected with 

Ctrl2 virus, suggesting that it is primarily a result of loss of PRMT1. For further 

analysis, whole cell lysates were harvested 9 days after drug selection and subjected 

to SDS-PAGE and Western blotting. As expected induction of RAS in shCONT cells 

showed elevated levels of PRMT1 based on actin as loading control (Figure 5.11). 

Also as previously noted shPRMT1(3) cells show the highest degree of KD for 

PRMT1 and shPRMT1(1) and shPRMT1(2) exhibited moderate levels of KD for 

PRMT1. Expression of activated RAS failed to induce PRMT1 in KD cells in 

comparison to shCONT cells. As expected, RAS-induced senescence failed to induce 

H4R3me2a levels in PRMT1 KD cells, especially in shPRMT1(3) cells. These results 

confirmed that increased PRMT1 is indispensible for induction of H4R3me2a in  
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Figure 5.10 Generation of PRMT1 KD cells with activated RAS.  

Cells containing shCONT, shPRMT1(1), shPRMT1(3) constructs  (puromycin resistant) were infected 

for a second time with control (Ctrl2) or RAS virus encoding neomycin resistance. Whole cell lysates 

were harvested 9 days post drug selection following infection and separated using SDS-PAGE. 

Lysates were Western blotted for PRMT1, with actin as the loading control and H4R3me2a. 
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Figure 5.11 PRMT1 is required for induction of H4R3me2a in senescence.  

shCONT, shPRMT(1), shPRMT1(2), shPRMT1(3) cells were infected with control (Ctrl2) and RAS 

virus, followed by drug selected with neomycin. Whole cell lysates were obtained 9 days post infection 

and separated by SDS-PAGE and Western blotted for the following proteins: PRMT1 (Cell Signaling-

antibody 2), PRMT1 (Millipore-antibody 3), RAS and phospho-Rb to serine 807/811. Actin was used as 

loading control. Lysates were also blotted for H4R3me2a using total H4 as loading control. 
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cellular senescence. Lysates were also blotted for phosphorylation of pRB at serines 

807/811 and were found to have reduced phosphorylation in all RAS-infected 

senescent cells containing control or PRMT1 hairpins, indicating comparable onset of 

senescence. Unfortunately, due to toxicity of PRMT1 KD, especially together with 

activated RAS, I was unable to perform further downstream analysis. Regardless, 

these results show that PRMT1 is required for induction of H4R3me2a in cellular 

senescence.  

5.2.5 Global distribution of H4R3me2a in senescence 
In order to understand how senescence might be regulated by PRMT1 and 

H4R3me2a, ChIP-sequencing was employed to analyse the global distribution of 

H4R3me2a in OIS and dividing cells.   

5.2.5.1 Optimization of ChIP-seq conditions 
ChIP was originally described in 1988 and comprises four main steps to study 

protein-DNA interactions [503]. The first step is cross-linking of protein and DNA in 

cells using a cross-linker, typically formaldehyde. Secondly the DNA-protein complex 

formed (chromatin) is sheared by sonication. During sonication, high frequency sound 

waves from the Bioruptor break up the DNA. The third step uses an antibody directed 

against the protein of interest to co-immunoprecipitate protein-bound DNA 

complexes. The fourth step reverses the crosslinking of the protein-DNA complexes 

recovered by IP, and the DNA recovered is analysed to identify sequences bound by 

the protein in question. ChIP-PCR is essentially chromatin IP DNA preparation 

followed by real-time PCR analysis. 

Alternatively, ChIP-seq differs from ChIP-PCR by analysing DNA sequences 

by massively parallel sequencing to reliably identify binding sites of the target protein 

across the genome. The reads generated after library construction are aligned 

uniquely to the human genome. ChIP-seq reads are analysed according to protocol 

outlined in Materials and Methods Section 2.2.17. Successful ChIP-seq depends on 

several optimization steps, including chromatin shearing, antibody validation with 

appropriate controls, optimized ChIP DNA purification followed by library preparation 

[504]. Sonication with SDS in buffers improves efficiency of the ChIP by exposing 

epitopes for efficient antibody binding and perhaps aiding in the sonication itself [504].   
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Key: 
L- Ladder 
1- Unsonicated DNA Proliferating (5 µl) 
2- Unsonicated DNA Senescent (5 µl) 
3- Sonicated DNA Proliferating (5 µl) 
4- Sonicated DNA Senescent (5 µl) 
5- Sonicated DNA Proliferating (5 µl)  
6- Sonicated DNA Senescent (5 µl) 
7- Sonicated DNA Senescent (10 µl) 
8- Sonicated DNA Senescent (15 µl) 
9- Sonicated DNA Senescent (20 µl) 
 
Figure 5.12 Optimization of sonication conditions in proliferating and senescent cells.  

(A) Chromatin prepared from proliferating and senescent IMR90 cells were sonicated for 15 min and 

the extent of fragmentation was determined following purification and separation on a 1% TAE agarose 

gel. (B) Chromatin from proliferating and senescent cells was subjected to a further 10 min (total 25 

min) of sonication and resolved on an agarose gel. 
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However, SDS also can be disruptive in further steps, especially during 

immunoprecipitation as it hinders antibody-antigen interactions. For ChIP-seq, the 

optimum DNA size range is between 150 and 300 bp. DNA fragments within this size 

range are equivalent to mono- and dinucleosome chromatin fragments, which 

provides high resolution for next generation sequencing platforms.  

The first critical step was to optimize sonication conditions for chromatin. 

Proliferating and senescent IMR90 cells were cross-linked using formaldehyde. 

Chromatin was prepared by sonication. Unsonicated and sonicated DNA from 

proliferating and senescent cells were separated on a 1% agarose gel. Figure 5.12.A 

indicates that although sheared DNA was observed in the sonicated samples (lane 3, 

4) in comparison to unsonicated DNA (lane 1, 2), most of the DNA fragments 

remained large in size (>1kb). Hence, proliferating and senescent chromatin were 

subjected to a further 10 min sonication.  Results showed that after 25 min of 

sonication the chromatin was sheared to the expected size range of 150-300 bp 

(Figure 5.12.B). Henceforth, sonication was performed for 25 minutes, as described in 

Materials and Methods Section 2.2.15.  

The next step was to test the performance of the H4R3me2a antibody under 

routine ChIP conditions. Although the H4R3me2a antibody was tested for its 

specificity and shown to work for Western blotting, it was essential to confirm IP 

performance of the antibody under ChIP conditions. ChIP by the H4R3me2a antibody 

was tested under different stringency conditions, which included three main variables: 

concentration of SDS in ChIP buffer (diluted after sonication from 1% (w/v) SDS to 

either 0.25% (w/v) or 0.1% (w/v) SDS), quantity of antibody (2 µg, 6 µg or 10 µg) and 

inclusion or exclusion of a stringent wash buffer containing 250mM LiCl.  Chromatin 

extracted from senescent cells was subjected to ChIP under these conditions. After 

washes, ChIP samples were heated in Laemmli sample buffer at 97oC, fractionated 

by SDS-PAGE and Western blotted using an antibody to total H4 (Figure 5.13). Using 

2 µg of H4R3me2a antibody with 0.25% (w/v) SDS and LiCl wash did not precipitate 

any H4  (Figure 5.13, lane 2). Increasing the antibody up to 6 µg and excluding the 

LiCl wash at the same concentration of SDS precipitated H4 moderately (lane 3). 

Reducing the SDS concentration to 0.1% (w/v) and using 6 µg of antibody with the 

LiCl wash (lane 4), 10 µg antibody without LiCl wash (lane 5) or 2 µg antibody without 

the LiCl wash (lane 6) precipitated increasing histone H4, respectively. Using either 2    
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Key: 

1) Input chromatin  
2) 0.25% (w/v) SDS, 2µg H4R3me2a ab, LiCl wash 
3) 0.25% (w/v) SDS, 6µg H4R3me2a ab, No LiCl wash 
4) 0.1% (w/v) SDS, 6µg H4R3me2a ab, LiCl wash 
5) 0.1% (w/v) SDS, 10µg H4R3me2a ab, No LiCl wash 
6) 0.1% (w/v) SDS, 2µg H4R3me2a ab, No LiCl wash 
7) 0.1% (w/v) SDS, 10µg Rabbit IgG (M7023) ab, LiCl wash 
8) 0.25% (w/v) SDS, 6µg Rabbit IgG (M7023) ab, No LiCl wash 

Figure 5.13 Optimization of H4R3me2a ChIP conditions.  

Sonicated chromatin from senescent cells was subjected to ChIP under varying conditions as per key 

using H4R3me2a antibody (lanes 2 – 6) and control IgG raised in rabbit, M7023 (lane 7,8). ChIP 

samples were harvested to make protein lysates, subjected to separation using SDS-PAGE 

electrophoresis at 90-120V using 4-12% gradient gel and Western blotted using H4 antibody.  
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Figure 5.14 H4R3me2a ChIP in proliferating and senescent cells. 

Chromatin from proliferating and senescent cells was subjected to ChIP using H4R3me2a antibody 

and control rabbit IgG (M7023). Along with Input, protein from ChIP samples was subjected to 

separation using SDS-PAGE and Western blotted using H4 antibody.  
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µg or 10 µg of H4R3me2a antibody per ChIP without the LiCl wash and 0.1% (w/v) 

SDS precipitated comparable H4 to the input. Negative control IgG did not precipitate 

any histone (lane 7, 8). From this, the optimal conditions for H4R3me2a ChIP was 

determined to employ 2 µg antibody in the presence of 0.1% (w/v) SDS followed by 

no LiCl wash. 

The next step was to perform H4R3me2a ChIP in proliferating and senescent 

cells and proceed to library preparation for sequencing. Chromatin from both 

proliferating and senescent cells was subjected to ChIP (in duplicates), using the 

above-mentioned conditions with H4R3me2a or H4 or control antibody. 500 µg of 

chromatin prepared from proliferating and senescent cells was subjected to overnight 

ChIP. One half of the sample was analyzed by Western blot with histone H4 antibody. 

This confirmed H4R3me2a ChIP, as visualized by H4 blotting in comparison to input 

(Figure 5.14). The second half of the sample was used for extraction of DNA for 

sequencing as described in Materials and Methods (Section 2.2.15). 

Agilent Bioanalyzer 2100 was used to qualitatively assay ChIP-seq libraries. 

Figure 5.15 shows resolved libraries. The peaks observed at 15 bp and 1500 bp 

denote the ladder that was spiked in the samples. The samples ranged from 150 bp - 

300 bp in size as required. Also, there is a peak observed at less than 100 bp in all 

samples. This is non-specific contamination that may be due to the primer-adapator 

pairs that were ligated to the DNA during preparation of the ChIP-seq library. The 

results hence confirmed good quality ChIP DNA libraries for sequencing. 

 

5.2.5.2 ChIP-seq of H4R3me2a in proliferating and senescent cells  
With the support of CRUK Beatson Institute’s Molecular Technology Services 

personnel (William Clark), sequencing was performed. The libraries prepared were 

hybridized to an Illumina flow cell for cluster generation. The Illumina GAIIx produced 

a large number of short individual sequence reads. Tony McBryan, a computational 

biologist in the lab analyzed the raw data. The reads obtained from GAIIx were 

aligned to the human genome NCBI36/hg18 as outlined in Chapter 2 Materials and 

Methods (Section 2.2.17). It is to be noted that H4R3me2a ChIP from both 

proliferating and senescent cells were sequenced in two technical replicates to 

assess overall similarity and reproducibility of the ChIP experiment, although any  
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Figure 5.15 Quality control analysis of ChIP libraries using Agilent 2100 Bioanalyzer.  

ChIP DNA libraries were qualitatively measured using Agilent Bioanalyzer Software. Samples were 

loaded along with ladder in the following order: Lane (1) H4 ChIP proliferating, (2) H4Rme2a ChIP 

proliferating, (3) H4 ChIP senescent, (4) H4R3me2a ChIP senescent, (5) Input proliferating, (6) Input 

senescent, (7) H2O control. Lane 8 is empty. Electropherograms of DNA indicate shearing between 

the size range of 150 bp to 300 bp. Green and purple bars represent DNA sizing ladder at 15 bp and 

1500 bp, respectively.  
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Table 5.2 Statistical summary of H4R3me2a ChIP-sequencing.  

Table represents ChIP-seq reads generated from Illumina GAIIx aligned to the human genome 

NCBI36/hg18. 

  

No Sample Antibody Total 
Reads 

Aligned 
Reads 

PCR 
Filtered  

1 Proliferating Input - 35,160,831  28,337,364  18,941,515  

2 Proliferating Histone H4 ChIP Millipore Cat:

05-858 

35,306,624  28,373,483  18,856,619  

3 Proliferating Histone H4R3me2a ChIP 
(replicate1) 

Active Motif 
Cat: 39705  

31,833,648  25,914,398  16,273,644  

4 Proliferating Histone H4R3me2a ChIP 
(replicate2) 

Active Motif 
Cat: 39705  

31,653,073  25,750,374  16,230,747  

5 Senescent Input - 39,227,684  31,772,644  25,333,513  

6 Senescent Histone H4 ChIP Millipore 
Cat:05-858 

33,223,983  26,809,851  16,804,439  

7 Senescent  Histone H4R3me2a ChIP 
(replicate1) 

Active Motif 
Cat: 39705  

27,000,317  22,211,224  14,638,578  

8 Senescent  Histone H4R3me2a ChIP 
(replicate2) 

Active Motif 
Cat: 39705  

27,188,411  22,342,177  14,671,734  
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results need to be independently verified. The total number of reads aligned for 

proliferating input, H4 and H4R3me2a ChIP ranged between 31,653,073 and 

35,306,624 (Table 5.2). The total number of reads aligned for senescent input, H4 

and H4R3me2a ChIP ranged between 27,000,317 and 39,227,684. Approximately 

20% of reads were lost in both cases after filtering non-unique alignments, likely due 

to regions such as repetitive elements, telomeres, pericentromeres of the human 

genome [505]. Further to this, PCR-filtering was applied to remove duplicate reads 

from the aligned reads. Removing duplicates was performed to mitigate the effects of 

PCR amplification bias introduced during library construction. The following 

percentage of reads remained after PCR-filtering uniquely aligned reads, calculated 

from the total reads present: 53.9% of proliferating input, 53.4% of proliferating H4 

ChIP, 51% of proliferating H4R3me2a ChIP, 64.6% of senescent input, 50.5% of 

senescent H4 ChIP, and 54.1% of senescent H4R3me2a ChIP.  

 

5.2.5.3 H4R3me2a ChIP in proliferating and senescent cells presents 

technical issues  
To visualize any potential changes in H4R3me2a distribution in senescent cells in 

comparison to proliferating cells, the mapped reads were visualized on the UCSC 

genome browser. In Figure 5.16, a segment of Chr 22 between 36,417,502 – 

37,626,195 bp was visualized to compare aligned reads between proliferating and 

senescent cells for control H4 ChIP, H4R3me2a (in duplicates) ChIP and input. Y-axis 

represented total reads and the bottom track RefSeq genes. Unfortunately side-by-

side inspection of selected genomic loci in the H4R3me2a ChIP and total H4 control 

libraries showed poor enrichment for the histone mark. There was no observable 

difference in the distribution of H4R3me2a between proliferating and senescent cells. 

The distribution pattern of H4R3me2a in both proliferating and senescent cells is 

largely comparable to distribution pattern of H4, suggesting that H4R3me2a ChIP 

resulted largely in the pull-down of total histone H4 itself, and not the intended 

modification. Unfortunately, this precluded further analysis of this dataset.  

 

 

 



 152 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.16 Distribution of H4R3me2a on a region of Chr22 as viewed on UCSC genome browser. 

Aligned reads from proliferating and senescent cells along with input were compared for H4Rme2a 

ChIP (in duplicates) and H4 ChIP. Y-axis represents total number of reads present. The bottom track 

represents list of RefSeq genes within the highlighted region of Chr22.  
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5.3 Discussion  
Arginine methylation has attracted a lot of interest in the recent years owing to its role 

in various cellular processes. In particular H4R3me2a deposited by PRMT1 is 

associated with active transcription in mammals [489, 501]. From the histone 

modifications screen, H4R3me2a was identified to have elevated levels during RS. 

Owing to its importance, I set out to characterize the mark during senescence. 

Before setting up a broad range of experiments, H4R3me2a antibody from 

Active Motif was found to show substantial preference for the intended histone 

modification. Also a second antibody from Suming Huang’s lab in Florida indisputably 

confirmed the increase of histone mark in senescence. Also, a time course performed 

using ER:RAS cells showed increase in H4R3me2a from day 4 of 4OHT induction 

with progressive increase leading up to senescence. This suggests that altered 

H4R3me2a may play a role in aiding effective establishment of senescence in these 

cells.  

To elucidate mechanisms involved in regulation of the mark in OIS, SV40LTAg 

was overexpressed in IMR90 to disrupt p53 and pRB. Induction of senescence was 

then achieved by infecting SV40LTAg cells with RAS virus. Despite overexpression of 

SV40LTAg, RAS induction still resulted in increased H4R3me2a. Also additional 

analysis by Western blotting and bright field microscopy showed features 

characteristic to senescence in SV40LTAg+RAS cells suggesting that SV40LTAg was 

not sufficiently expressed to bypass senescence. Due to the technical caveat 

associated with the experiment, results indicated that overexpression of SV40LTAg 

did not alter elevated levels of H4R3me2a in senescence. But in order to determine if 

p53/pRB effector pathways are required for increased histone mark in IMR90, an 

alternative approach to disrupting p53 and pRB is essential.  For example, to disrupt 

p53, cells can be transduced with a dominant-negative p53 mutant construct (p53175H) 

as described in [37] and to disrupt pRB, a short hairpin to p16 could be employed 

[387]. Alternatively, direct KD of the concerned proteins using lentivirus encoding 

short hairpins can be used. Also, it is questionable if critical shortening of the 

telomere length in cells under long-term passaging plays a role in the regulation of 

this mark. To do this long-term passaging of cells lacking H4R3me2a could be 

performed to test if they affect life-span of cells. Alternatively hTERT can be 
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introduced into cells to bypass shortening of telomeres. Ultimately, the mechanism by 

which PRMT1 mediates H4R3me2a in senescence needs to be defined.  

The next step was to ask if PRMT1 was altered during senescence. It was 

interesting to note that PRMT1 level was also increased in RS and OIS as the histone 

mark. Curiously, another study reported that PRMT1 and asymmetric arginine 

dimethylated proteins were decreased in expression in WI-38 fibroblasts during 

replicative and H2O2-induced senescence [506]. The differences maybe broadly 

based on an inherent cell to cell variations between IMR90 and WI-38 fibroblasts. 

Also the quoted study did not determined levels of H4R3me2a in senescence with a 

specific antibody to the mark, and lacked any substantial evidence for decreased 

PRMT1 as suggested with supporting experiments that could include loss or gain of 

function studies. Hence, the finding is disputed by my observations. The level of 

PRMT1 is shown to be elevated in different types of cancer in comparison to non-

cancerous counterparts, and PRMT1 is suggested to have dis-regulated activity [507]. 

Perhaps increased PRMT1 in senescence maybe an essential step or a functional 

requirement for cells to bypass senescence and progress to cancer. 

To determine the regulation and function of PRMT1-mediated H4R3me2a in 

senescence, an effective in vitro tool was required. Although different types of 

inhibitors were available against PRMT1, they lacked specificity and inhibited all 

methyl transferases using SAM as a methyl donor, thereby including the entire PRMT 

enzymatic family and also some lysine methyltransferases [508-510]. Compounds 

such as AMI-I and AML-408 were discovered to be more specific over lysine 

methyltransferase, yet lack specificity for PRMT1 [508, 511]. More recently, modified 

peptides were shown to have inhibitor properties for PRMT1 but cross-reacted with 

other PRMTs, especially PRMT6 [512, 513]. Given the lack of a specific inhibitor, 

PRMT1 KD cells were established as a means of creating a good model system. 

Cells with high, moderate and low levels of PRMT1 KD were produced. Attempts to 

induce senescence in PRMT1 KD proved to be technically challenging and limiting for 

downstream assays as the cells exhibited enhanced toxicity. Previous studies using 

mouse cells lacking PRMT1 showed a range of defects including cell cycle delays, 

checkpoint activation defects following DNA damage, enhanced chromosome 

instability, polyploidy and impaired DNA repair mechanism [514]. Despite achieving 

double infections at a high titre, loss of PRMT1 resulted in a toxic phenotype in 
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IMR90. This suggested that toxicity was due to inherent KD of enzyme and not due to 

off-target effects known to occur with short hairpins and/or viral infections [515-517]. 

PRMT1 KD cells appeared to be dividing much slower than its control counterparts 

and exhibited altered morphology. Nevertheless, results from two biological replicates 

effectively confirmed that PRMT1 is required for marked increase in H4R3me2a 

during senescence.   

Since KD of PRMT1 reduced the abundance of the histone mark, I set out to 

ask whether overexpression of the enzyme would cause an increase in H4R3me2a. 

Interestingly, overexpression of the enzyme lead to decrease in global levels of 

H4R3me2a rather than the expected increase (data not shown). This effect may be 

due to a dominant negative "squelching" effect of the ectopically expressed PRMT1 

subunit on the multi-subunit endogenous holo-enzyme. PRMT1, predominantly a 

nuclear protein exists in large complexes sized 300 – 400 kDa [518, 519]. To 

overcome the presumed squelching effect observed on high-level ectopic expression 

of PRMT1, the enzyme may be ectopically expressed at lower levels of expression. 

An alternative would be to achieve conditional overexpression of the enzyme by using 

a tetracycline-inducible system that can be established using T-Rex System from 

Invitrogen as described elsewhere [520].  

Also, it is to be emphasized that modulating arginine methylation levels and 

modulating expression of the enzyme PRMT1 itself might have a host of other effects 

on cell. Both in vivo and in vitro works have demonstrated that PRMT1-mediated 

H4R3me2a facilitates p300-mediated histone H4 acetylation leading to transcriptional 

activation of nuclear receptor activator [489, 501]. An and colleagues demonstrated 

cross talk between histone and non-histone proteins by proving that p53 recruits 

PRMT1, p300 and PRMT4 in order to activate transcription in a step-wise manner. 

Initially, during this cascade of activation, PRMT1 mediates deposition of H4R3me2a 

following which the mark initiates acetylase activity of p300 towards histone H4 K5, 

K8 and K12 residues [521]. Additionally, loss of PRMT1 resulting in a global loss of 

H4R3me2a was shown to affect levels of other histone modifications, such as 

H4K5ac, H4K8ac and H4K12ac by reduction at the chicken β-globin locus [488]. 

Hence, given the interplay between PRMT1 and its substrate H4R3me2a with other 

histone and non-histone proteins, it is essential to state that the KD approaches 

should be subjected to careful interpretation.  



 156 

Also it is unclear whether any specific demethylase exist for H4R3me2a. 

JMJD6 (Jumonji domain-containing 6) was found to demethylate H4R3me2 and also 

H3R2me2 [522]. However, this finding was disputed two years later by a study 

demonstrating that JMJD6 is a infact lysine hydroxylase and not a demethylase [523]. 

Although existence of a particular demethylase for H4R3me2a remains unproven, 

reports have demonstrated that histone deimination antagonizes arginine methylation 

[321]. PADI4 (Peptidyl Arginine Deiminase 4) mediates reversal of H4R3me2a. 

Interestingly, a significance for PADI4-mediated protein citrullination is implied in the 

p53-signaling pathway [524]. p53 functions as a transactivator of PADI4 and KD of 

PADI4 and p53 decreased levels of citrullination [524]. Also, DNA damage is an 

inducer of citrullination [525] and reports suggest a role for PADI4 during chromatin 

remodeling, carcinogenesis and autoimmune diseases [525-528]. However, any 

potential role for citrullination in senescence has not been elucidated. Perhaps it 

would be interesting to ask if H4 citrullination plays a role in regulating H4R3me2a 

during senescence and how this might impinge on senescence associated effects.  

 Having tested in vitro tools to modulate levels of PRMT1 with this study, our 

lab, has now also obtained a mouse model to study the function of PRMT1 in 

senescence in vivo. Using the Cre/loxP recombination system, Yu et al., first reported 

the generation of a PRMT1 conditional allele (PRMT1FL) that consists of exons 4 and 

5 flanked by loxP sites. Cre recombinase-mediated deletion of the “floxed” region 

facilitates removal of part of the methyltransferase domain, including the S-adenosyl-

L-methionine-binding site, creating a frameshift, thereby resulting in a functionally null 

PRMT1 allele [514]. Deregulation of PRMTs and mechanisms downstream of arginine 

methylation leading to diseases, such as cancer, are extensively studied [529]. 

Hence, uncovering the role of PRMT1 during senescence in vivo may have significant 

implications for cancer.  

To further substantiate the study, an attempt to understand the distribution of 

H4R3me2a in senescence was made using ChIP-sequencing. Unfortunately, the 

results indicated that there was no observable difference in the distribution of 

H4R3me2a between proliferating and senescent cells due to limitations arising from 

the only available antibody to the histone mark. Although the antibody was 

extensively tested for its ability to immunoprecipitate under stringent conditions, the 

ability to specifically pull-down H4R3me2a appears to have failed in this case. Even 
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though an antibody may perform well in ChIP, some proteins and DNA fragments 

tend to be pulled down non-specifically. It is important to iterate that like any 

technology, ChIP-seq also suffers from its own artefacts and bias. It is promising to 

note that a second antibody to H4R3me2a has become recently available from 

Abcam under cat no ab129231 which might prove to be additionally supportive for 

future experiments involving ChIP. Whilst ChIP-seq is a very promising technique, it 

would be difficult to map distribution of the histone make without availability of a 

reliable ChIP-grade antibody and substantial optimization of ChIP conditions.  
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6. H4K16AC IN CELLULAR SENESCENCE 
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6 H4K16AC IN CELLULAR SENESCENCE 

6.1 Introduction 
Histone acetylation is one of the most widely studied modifications and is known to be 

involved in a wide variety of mechanisms in higher eukaryotes [530-532]. It influences 

chromatin organization in several ways [533, 534], and acts as a binding domain for 

recruiting chromatin remodellers to exert specific chromatin related functions [535, 

536]. In this regard, H4K16ac plays a particularly important role in the evolutionary 

conservation of chromatin compaction [537]. Positively charged H4K16 [538] forms 

salt bridges with acidic patches of histone H2A and H2B, thereby contributing to the 

formation of higher order compaction of chromatin by repeated folding in vitro [539-

541]. Hence acetylation of K16 on H4 is known to control chromatin structure and 

protein interactions. H4K16ac recruits specific bromo-domain containing proteins to 

facilitate gene transcription [542]. In line with the above-mentioned attributes of 

H4K16ac, it is associated with ‘open’ chromatin facilitating gene transcription 

(euchromatin) and unacetylated H4K16 is generally associated with silenced 

chromatin (heterochromatin) [543, 544]. Given the apparent dramatic change in 

chromatin reorganization and compaction observed in senescence (Chapter 1, 

section 1.7) and the already known implications of H4K16ac in chromatin folding and 

compaction, it was interesting to probe the participation of this particular mark in the 

context of senescence and its associated effects.  

Crucially it is to be noted that H4K16ac is implicated in both ageing and cancer 

[401, 545, 546]. Reduced H4K16ac was reported in cell senescence [545, 547]. David 

Nelson, a former graduate student in the lab, also noticed a moderate decrease of 

H4K16ac in senescent cells in comparison to proliferating cells by Western blotting 

(data not shown). Despite these reports, it still remains unclear how H4K16ac might 

modulate senescence. With this chapter I set out to understand if alteration in 

H4K16ac during senescence has any major epigenetic underpinnings and also to 

understand how this may be relevant to senescence associated processes such as 

ageing and cancer.  
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6.2 Genomic distribution of H4K16ac in senescence. 
Given the potential significance of H4K16ac in senescence, David Nelson decided to 

map the localization of this mark across the genome of senescent cells using ChIP-

sequencing technology. Chromatin extracted from proliferating and senescent cells 

was subject to stringent ChIP conditions using two different antibodies to H4K16ac 

that have been previously tested to work for the intended application. H4K16ac ChIP 

was carried out along with an internal control i.e., total histone H4 ChIP. Input 

material and ChIP DNA extracted from proliferating and senescent cells were 

subjected to qualitative analysis and library preparation. William Clark of the Beatson 

Molecular Technology Services performed single-read sequencing of the DNA 

libraries using Illumina GAIIx. Downstream analyses of ChIP-seq data were 

performed by Tony Mcbryan and John Cole, computational biologists in the lab.  

6.2.1  H4K16ac is enriched at gene-rich regions and co-relates to gene 

expression 
Uniquely aligned reads from the H4K16ac ChIP were visualized using the UCSC 

genome browser. Input DNA, H4 ChIP and H4K16ac ChIP (in duplicate using two 

different antibodies, labelled ab1 (Millipore), ab2 (Abcam)) for both proliferating and 

senescent cells were loaded on the UCSC browser (Figure 6.1). The y-axis 

represents H4K16ac enrichment as ‘peaks’ for individual ChIP samples and input 

DNA. The specific region of the genome, in this case Chr 1, visualized on the browser 

was represented at the top as a snapshot view. A separate track representing genes 

from RefSeq was also included at the bottom. Remarkable enrichment of the mark 

was observed specifically at gene rich regions. Further analysis revealed that 

H4K16ac peaks are found around the TSS (Transcription Start Site) of genes in 

senescence, but to a much lesser extent in proliferating cells. Moreover, H4K16ac is 

markedly enriched at promoters of genes that have high and medium levels of 

expression in senescent cells, but almost absent at genes with low levels of 

expression (Figure 6.2). This suggests that H4K16ac enrichment at gene promoters 

in senescent cells may have a functional role in senescence via regulation of gene 

expression. With these observations made by colleagues in the lab. I set out to further 

define the role of H4K16ac in cellular senescence and understand why significant 
 



 161 

 
 
 
 
 

 
 

 
 

 
 

 
 
 
 

 

 

 
 

 
 

 
 
 
 

 

 

 
 

 
 
 
 
 

 
 
 
Figure 6.1 Aligned reads from histone H4 and H4K16ac ChIP of proliferating and senescent cells 

visualized on the UCSC Genome Browser.  

y-axis represents total reads from ChIP and input DNA, as labeled. The black bars at the top represent 

regions of differential enrichment of H4K16ac. Bottom track represents genes from RefSeq. (Data 

courtesy: David Nelson, Tony Mcbryan) 
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Figure 6.2 H4K16ac distribution relates to gene expression in senescence.  

Gene expression in senescence compared to the distribution of H4K16ac in senescent IMR90 with the 

x-axis representing the position along the gene with TSS (black dotted line), gene body, upstream and 

downstream of gene. The y-axis represents the normalized ChIP-seq reads. The y-axis is the 

difference between the number of ChIP-seq reads in the K16ac ChIP (normalised by the number of 

total reads) and the number of ChIP-seq reads in the matched H4 control (normalised to number of 

total reads). The x-axis represents the aggregate of top 1000 genes with high (blue), medium (red) and 

low (yellow) expression. (Data courtesy: David Nelson, Taranjit Rai, Tony Mcbryan, John Cole) 
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accumulation of the mark was observed at promoters of expressed genes in 

senescent cells. 

 

6.3 Results 

6.3.1 Validation of antibody specificity 
At the time that I set out to investigate H4K16ac, I acquired a new aliquot of antibody 

from Millipore (Cat no: 07-329; Lot 2073125). MODified histone peptide array was 

used to confirm the specificity of this antibody, according to Chapter 2 Materials and 

Methods Section 2.2.19. Scanned images of the array revealed spot intensities 

(Figure 6.3.A) specific for H4K16ac marked in blue. There was some minor cross 

reactivity with other histone modifications. The results were quantified using Array 

Analyse Software and graphical analysis (Figure 6.3.B) showed that despite marginal 

cross-reactivity with other modifications, such as H4K12ac, H4K20ac, the antibody 

was highly specific for H4K16ac.  

6.3.2  Independent confirmation of H4K16ac enrichment in senescence by real 

time quantitative PCR 
Firstly, I set out to confirm some of the peaks identified by ChIP-seq by conventional 

ChIP-PCR. ChIPs were performed using the Millipore antibody to H4K16ac in 

proliferating and replicative senescent cells along with a negative control IgG. 

Conditions for cell crosslinking, lysis and chromatin sonication and ChIP were 

previously optimized by David Nelson: 7µg antibody (H4K16ac antibody or Rabbit 

IgG), 0.1% (w/v) SDS and a LiCl wash.  Following the ChIP reaction, DNA was 

extracted following the standard protocol in Chapter 2 Materials and Methods Section 

2.2.15.  

PCR primers were designed to specific regions of H4K16ac enrichment and 

non-enrichment in senescence, based on “DiffBind” analysis across different regions 

of the genome. Multiple primers pairs were tested in SYBR Green-based real-time 

quantitative PCR. Primer pairs that failed to produce a single specific product were 

not used for subsequent experiments. Results (Figure 6.4) obtained from the ChIP-  
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Figure 6.3 Specificity of H4K16ac antibody confirmed using MODified Peptide Array Analysis. The 

H4K16ac antibody was evaluated using Active Motif’s Peptide Array. (A) ECL images of the array 

represented in duplicates. Blue circles represent antibody reactivity to H4K16ac. (B) Based on the 

array, the specificity factor was calculated for the antibody using the Array Analyse Software. The 

specificity factor was calculated from the average intensity of all spots containing the mark divided by 

the average intensity of all spots not containing the mark. 
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Figure 6.4 ChIP-PCR analysis of H4K16ac distribution.  

H4K16ac ChIP in proliferating (blue) and senescent cells (red) followed by real-time SYBR green 

quantitative PCR was carried out using primer sets corresponding to different regions of the genome 

along with control IgG ChIP. Chr X, Chr1 and Chr5 represent regions of no enrichment for H4K16ac in 

senescence by ChIP-seq. Chr13, Chr16, Chr19, Chr17 and Chr6 represent regions of specific 

enrichment for H4K16ac in senescence, by ChIP-seq. The IgG control was performed on a region from 

Chr 17. Error bars represent PCR technical replicates, from a single biological replicate.  
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PCR were plotted as a bar graph. ChrX, Chr1 and Chr5 correspond to regions of non-

enrichment for H4K16ac in both proliferating and senescent cells. Chr13, Chr16, 

Chr19, Chr17 and Chr6 correspond to regions of specific enrichment for H4K16ac in 

senescent cells, as deduced from ChIP-Seq. Enrichment of H4K16ac was observed 

at Chr13, Chr16, Chr19, Chr17 and Chr6 sites in senescent cells and not proliferating 

cells. Regions of non-enrichment of H4K16ac remained unenriched in proliferating 

and senescent cells. These results confirm the ChIP-seq data by an alternative ChIP-

PCR approach. 

6.3.3  Using IR-induced senescence to study specific enrichment of H4K16ac 
Characterization of IR-induced senescence as a model to study H4K16ac enrichment 

at gene promoters was performed. Given that replicative senescence would be 

extremely time consuming and labour intensive for use as a model system to study 

specific enrichment of H4K16ac, use of another efficient model of senescence i.e., 

DNA-Damage induced senescence using X-ray irradiation, was implemented. 

Proliferating IMR90s were seeded at low density, approximately 20% 

confluency per 10 cm dish and irradiated with a dose of 20 Gy for induction of 

senescence.  Bright field microscopy images after 10 days revealed marked 

morphological differences between cells treated without and with IR (Figure 6.5.A). 

IR-induced senescent cells acquired a more flattened enlarged phenotype in 

comparison to proliferating cells. Whole cell lysates were prepared and fractionated 

by SDS-PAGE and Western blotted for markers of proliferation arrest. IR-treated cells 

showed features of senescence, such as decreased phosphorylation of pRB at 

serines 807/811 and decreased histone content, thereby denoting establishment of 

growth arrest. Actin was used a loading control. Hence, a third model of senescence, 

IR-induced senescence, was successfully established in the lab for further use. 

 

6.3.3.1 Real-time quantitative PCR confirms relative enrichment of H4K16ac    

IR-induced model of senescence 
Once induction of senescence was established using IR, the next step was to perform 

H4K16ac ChIP to test whether this modification is enriched at specific sites, similar to   
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Figure 6.5 Establishment of IR-Induced Senescent cells.  

Proliferating IMR90 cells were seeded at low density and exposed to 20 Gy irradiation or left untreated. 

(A) Light microscopy images were taken (under 20X objective) of proliferating and IR-induced 

senescent cells 10 days after irradiation. (B) Whole cell lysates were harvested from proliferating cells 

on day 10 and from irradiated cells on day 4, day 7 and day 10 post-irradiation. Whole cell lysates were 

Western blotted for makers of cell cycle arrest. Actin was used as loading control.  

   

Proliferating Senescent (IR) 

IR - 20Gy  

H4 

Actin 

Pr
ol

ife
ra

tin
g 

Da
y 

4 

Da
y 

7 

Da
y 

10
 

Senescent (IR) 

Phospho-RB  
(ser807/811) 

52 

kDa 

38 

102 

12 



 168 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6 ChIP PCR confirms relative enrichment of H4K16ac in the IR-induced model of senescence. 

H4K16ac ChIP of chromatin from proliferating (blue) and senescent cells (red) followed by real-time 

SYBR green quantitative PCR was performed on different regions of the genome, along with control 

IgG ChIP. Chr X, Chr1 and Chr5 represent regions of no enrichment for H4K16ac in senescence, 

based on ChIP-seq. Chr13, Chr16, Chr19, Chr17 and Chr6 represent regions of specific enrichment for 

H4K16ac in senescence. IgG control performed on region from Chr 17. Error bars represent PCR 

technical replicates, from a single biological replicate. 
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the replicative senescence model. H4K16ac ChIPs and negative control ChIPs were 

performed using in proliferating and IR-induced senescent cells, as described for RS 

cells. ChIP DNA was analyzed by real-time quantitative PCR, at the same regions as 

in Figure 6.4. Results showed that IR-induced senescent cells recapitulated the result 

observed previously in replicative senescence, showing specific enrichment of 

H4K16ac at specific regions across the genome. Other regions, such as ChrX, Chr1 

and Chr5, did not show any enrichment for H4K16ac. Hence, these findings 

supported the use of IR to study the specific role of H4K16ac enrichment at gene 

promoters during senescence.  

6.3.4 In vitro approaches to deplete H4K16ac in senescent cells 
To characterize the role of H4K16ac in senescence, I set out to establish tools for the 

effective suppression of the mark in vitro. As discussed in Chapter 1 Introduction, 

several key events and important players, such as writers (for example, HATs) and 

erasers (for example, HDACs), are involved in control of histone modifications [486, 

548]. With this in mind, I set out to target some key players involved in the modulation 

of H4K16ac [549, 550]. 

6.3.5 Knocking down the acetyl transferase hMOF 
A HAT for H4K16ac was originally described in Drosophila as dMOF (Drosophila 

Males Absent On The First) belonging to the MYST family of proteins [551, 552]. 

Acetylation of H4K16 by dMOF was associated with dosage compensation of the 

male X chromosome by facilitating transcriptional upregulation [553-555]. The human 

ortholog is termed hMOF [556]. Under in vitro conditions, hMOF has acetyltransferase 

activity towards H4, H3 and H2A [556]. Following this striking observation of 

evolutionary conservation from Drosophila to humans, Taipale et al., demonstrated 

that knocking down hMOF lead to a global decrease in H4K16ac in HeLa cells with 

other acetylation marks left unaffected [549]. With this in mind, the next step was to 

KD hMOF in IMR90 cells to decrease the levels of H4K16ac at promoters in 

senescent cells. 
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6.3.5.1 Validation of hMOF antibodies using siRNA approaches  
Before attempting to KD hMOF in IMR90, I set out to confirm our ability to detect 

hMOF by Western blot. To do this, I used siRNA KD to confirm identity of 

polypeptides recognized by hMOF antibodies. SMARTpool ON-TARGETplus hMOF 

siRNA was obtained from Thermo Scientific. IMR90 cells were seeded 24 hours prior 

to transfection and transfected as outlined in Chapter 2, Materials and Methods 

Section 2.2.8. Control siRNA, hMOF siRNA transfected cells along with mock treated 

cells were harvested for protein at three different time points: 24 hrs, 48 hrs and 72 

hrs. Whole cell lysates were fractionated using SDS-PAGE, transferred onto PVDF 

membrane and blotted for hMOF using two different antibodies (Figure 6.7). Results 

showed that the anti-hMOF Rabbit antibody from Bethyl Laboratories clearly identified 

a polypeptide of the correct MW that was knocked down by siRNA, at all three time 

points. A second antibody to hMOF from Abcam did not detect a polypeptide knocked 

down by siRNA, except for a moderate decrease at the 72 hr time point.  Also, the 

polypeptide recognized by this antibody migrated at slightly higher molecular weight. I 

conclude that anti-hMOF Rabbit antibody from Bethyl Laboratories detects 

endogenous hMOF by Western blot. Accordingly, only hMOF rabbit antibody from 

Bethyl Laboratories was used for subsequent experiments.  

 

6.3.5.2 shRNA KD of hMOF 
Having validated at least one anti-hMOF antibody for Western blot, I set out to 

establish stable hMOF KD in IMR90. Concentrated lentiviruses encoding five different 

short hairpins to hMOF were prepared. The viral dose was determined for optimal KD 

of hMOF in proliferating IMR90. Five different short hairpins including a non-targeting 

control (luciferase) were tested at doses ranging from 2µl, 4µl, 8µl and 16µl. Whole 

cell lysates were harvested and fractionated by SDS-PAGE and Western blotted for 

hMOF. Figure 6.8.A shows that sh3 knocks down hMOF well in comparison to the 

other short hairpins. Moreover, sh3 cells exhibited loss of H4K16ac in comparison to 

control cells. Total histone H3 was used as loading control. I conclude that stable KD 

of hMOF in IMR90 was achieved using sh3 construct.  
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Figure 6.7 Characterization of hMOF antibodies using siRNAs.  

Proliferating IMR90s were transiently transfected with a siRNA to KD hMOF.  Whole cell lysates were 

harvested at 24, 48 and 72 hours post transfection. 20 µg protein per sample was loaded on to a large 

SDS-PAGE for fractionation and Western blotted for hMOF using antibodies from Bethy Laboratories 

and Abcam. Actin was used as loading control. Arrow indicates potential hMOF polypeptides. 
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Figure 6.8 Establishment of stable hMOF KD in IMR90s resulting in loss of H4K16a.  

Proliferating IMR90s were infected with a range (2 µl, 4 µl, 8 µl and 16 µl) of lentivirus encoding short 

hairpins to KD hMOF along with control hairpin.  Whole cell lysates were harvested 3 days after drug 

selection with puromycin. (A) 20 µg protein per sample was loaded on to SDS-PAGE for fractionation 

and Western blotted for hMOF. Actin was used as loading control. (B) Lysates from cells infected with 

the highest dose of virus (16 µl) were blotted for H4K16ac using H3 as a loading control. 
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Despite this encouraging result, it was technically challenging to proceed 

further due to inherent toxicity associated with loss of hMOF, including slower 

proliferation in comparison to control cells. Defects due to loss of hMOF were 

previously reported in a study using HeLa cells [549].  Consequently, other in vitro 

tools to decrease levels of H4K16ac were explored in subsequent experiments. 

6.3.6 Overexpression of the deacetylase, SIRT1 
Overexpression of the deacetylase SIRT1 was considered to deplete H4K16ac during 

senescence. Of the seven sirtuins in humans, SIRT1 is the most similar to yeast Sir2, 

often referred to as an NAD+-dependent protein deacetylase, although also classified 

as a prototypic class III Histone Deacetylase (HDAC) [557-560]. SIRT1 deacetylates 

histone proteins, such as H1, H3 and H4, and also non-histone proteins such as p53, 

FOXO, Ku70, p300, pRB, E2F1, NF-kB, p73 and PGC-1α [561, 562]. SIRT1 

deacetylates H4K16 and H3K9 and mediates formation of heterochromatin along with 

deacetylating H1K26 [550]. Also, association of SIRT1 together with LSD1 promotes 

deacetylation of H4K16 and H3K4 demethylation resulting in gene repression [563].  

Given the strong evidence for SIRT1-mediated deacetylation of H4K16ac, I set 

out to overexpress SIRT1 in cells. Retroviral plasmids encoding SIRT1 and dominant 

negative mutant SIRT1-H363Y were obtained from Addgene (Courtesy: Bob 

Weinberg Lab). Proliferating IMR90s were infected with viruses encoding SIRT1 WT, 

SIRT1-H363Y mutant or empty vector control. Effective establishment of SIRT1 WT 

and mutant cells was confirmed by Western blotting (data not shown). 

 

6.3.6.1 Confirmation of impaired deacetylase activity in SIRT1-H363Y cells 

using Etoposide 
 Before proceeding further, it was essential to confirm intact activity of SIRT1 WT cells 

in comparison to the dominant negative mutant SIRT-H363Y.  SIRT1 deacetylates 

p53 at lysine 382 [564] resulting in antagonization of p53-dependent transcriptional 

activation and also specific inhibition of p53-dependent apoptosis in response to 

oxidative stress and DNA damage [565, 566]. Hence SIRT1-H363Y cells ought to be  

impaired in their ability to inactivate p53 by deacetylation at lysine 382. Hence, in  
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Figure 6.9 Etoposide treatment of SIRT1 WT and SIRT1-H363Y mutant cells demonstrating impaired 

deacetylase activity of mutant cells.  

Proliferating IMR90s overexpressing SIRT1 WT and the catalytically impaired variant SIRT1-H363Y 

along with control cells were treated with 20 µM etoposide for 24 hours, following which whole cell 

lysates were harvested from untreated and treated samples. 20 µg protein per sample was loaded on 

to SDS-PAGE for fractionation and Western blotted using SIRT1, p53 and Acetyl-p53 (lys382). Actin 

was used as loading control.  
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order to distinguish between WT and mutant activity, cells were presented with a 

genotoxic stress. Control, SIRT1 WT and SIRT1-H363Y cells were treated with 20 µM 

Etoposide for 24 hrs. Whole cell lysates were harvested from both treated and 

untreated populations from all three cell types. Lysates were separated using SDS-

PAGE and Western blotted for SIRT1, Acetyl-p53 (lys382) and p53 with actin as 

loading control (Figure 6.9). Results showed that cells in the presence of a DNA-

damaging agent such as etoposide showed increased amount of acetylated p53 at 

lysine 382 only in control and SIRT1 H636Y cells and not SIRT1 WT cells. Upon 

etoposide treatment, increased p53 levels were also observed, as expected [567]. 

Hence, the activity of SIRT1 WT cells was duly reaffirmed with this experiment before 

proceeding further. 

 

6.3.6.2 Generating IR-induced senescent SIRT1 cells 
Next, senescence was induced in control and SIRT1 WT cells by irradiation. Both 

untreated and treated cells were maintained for a period of 10 days in culture and 

bright microscopy images taken showed morphological changes with enlarged, 

flattened shape in control and SIRT1 WT cells induced to senescence (Figure 6.10.A) 

in comparison to proliferating counterparts. For further assay, whole cell lysates 

harvested from all the four cell types were fractionated using SDS-PAGE and 

Western blotted for markers of senescence. As expected loss of phosphorylation of 

RB at serines 807/811 and lamin B1 was observed only in IR-induced senescent cells 

in comparison to proliferating cells control and SIRT1 WT cells (Figure 6.10.B) based 

on using actin as loading control. Also overexpression of SIRT1 was duly noted only 

in SIRT WT cells, thereby confirming establishment of senescent SIRT1 mode 

system.  

Although assays confirmed (Figure 6.11) overexpression of SIRT1, overall 

levels of H4K16ac did not greatly decrease in SIRT1 overexpressing cells in 

comparison to control cells. Despite SIRT1 being a known deacetylase for H4K16ac, 

it is possible that SIRT1 deacetylase activity may be gene specific and localized. 

Hence it might be an interesting tool to study distinct enrichment and distribution of 

H4K16ac in the context of senescence. Due to time constraints, further experimental  

assays could not be set up with the senescent SIRT1 model system and prospective 
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Figure 6.10 Induction of senescence in SIRT1 WT cells.  

Control and SIRT1 WT cells were seeded at low density and exposed to 20 Gy irradiation or left 

untreated. (A) Light microscopy images were taken of proliferating and IR-induced senescent cells 10 

days after exposure under 20X objective. (B) Whole cell lysates were harvested from proliferating cells 

and irradiated cells on day 10. 20 µg protein per sample was loaded on to SDS-PAGE for fractionation 

and Western blotted for makers of senescence. Actin was used as loading control and SIRT1 

overexpression was also assessed.  
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Figure 6.11 SIRT1 overexpression in proliferating cells.  

Whole cell lysates were harvested from proliferating cells overexpressing SIRT1 WT, SIRT1-H363Y 

mutant along with control infected and uninfected parental cells. 20 µg protein per sample was loaded 

on to SDS-PAGE for fractionation and Western blotted using SIRT1 rabbit and mouse antibodies. Actin 

was used as loading control.  
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 experiments with these cells will be discussed later in subsequent sections. 

6.3.7 Establishment of H4K16R and H4K16Q mutant cells 

6.3.7.1 Site-specific mutagenesis to create H4K16R and H4K16Q retroviral 

constructs 
As an alternative approach, I set out to investigate the role of H4K16ac in senescence 

more directly by using cells expressing histones bearing substitutions at K16 to 

arginine or glutamine. 

Retrovirus plasmids encoding HA-tagged histone H4K16R (lysine to arginine) 

or H4K16Q (lysine to glutamine) or wild type H4 were generated by site-directed 

mutagenesis [568, 569] (Figure 6.12A). H4K16R and H4K16Q mimics unacetylated 

and acetylated states of H4K16, respectively [401, 570]. Several clones for each of 

the desired plasmids (pBABE-puro-HA-H4WT, pBABE-puro-HA-H4K16R, pBABE-

puro-HA-H4K16Q) were picked, expanded and sequenced in the Beatson Molecular 

Technology Services. Sequencing results revealed correct introduction of base pair 

substitutions to generate H4K16R (AAG->CGG) and H4K16Q (AAG->CAG) mutants 

as analysed by the 4Peaks Software (Figure 6.12.B).  

 

6.3.7.2 Overexpression of H4K16 mutants in proliferating cells 
For expression of the WT and histone mutants in IMR90, retroviral production was 

performed as described in Chapter 2 Materials and Methods Section 2.2.9. Following 

infection, cells were drug selected and whole cell lysates were harvested from control 

(empty vector), HA-H4WT, HA-H4K16R and HA-H4K16Q cells. Lysates were 

fractionated using SDS-PAGE and Western blotted with antibody to HA tag. Results 

confirmed overexpression of the intended protein, as observed by expression of HA-

H4 only in H4WT and mutant cells, compared to control (Figure 6.13). Lysates were 

also analyzed for expression of H4K16ac, which showed that overall levels of the 

histone mark did not alter in HA-H4K16R cells, albeit some marginal decrease in HA-

H4K16Q cells in comparison to control and HA-H4WT cells. Although a striking loss 

of H4K16ac was not observed in mutant cells, specific localized effect of the 

substitutions made at K16, if any, can only be analysed using an advanced   
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(A) 

Homo sapiens histone cluster 4, H4 (HIST4H4), mRNA 

NCBI Reference Sequence: NM_175054.2 
GCCACCATGGCCTACCCCTACGACGTGCCCGACTACGCCTCCCTCTCTGGGCGAGGTAAAGGTG
GCAAGGGGCTGGGTAAGGGAGGCGCCAAGCGCCACCGGAAGGTGCTGCGGGACAATATCCAAG
GCATTACAAAGCCGGCGATTCGCCGTCTCGCCCGACGTGGGGGCGTCAAGCGCATTTCTGGTCT
CATCTACGAGGAGACCCGGGGAGTCCTCAAAGTCTTCCTGGAGAACGTGATCCGTGACGCGGTG
ACTTACACGGAGCACGCCAAGCGCAAGACCGTCACGGCCATGGATGTGGTGTACGCGCTGAAAC
GCCAGGGTCGCACCCTTTATGGTTTCGGCGGTTGA 
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Figure 6.12 DNA sequencing confirms creation of histone H4K16 mutants.  

(A) Sequence information obtained for human histone H4 from NCBI (National Centre for 

Biotechnology Information). The start codon (ATG) and stop codon (TGA) are highlighted in blue and 

red, respectively. Codon AAG encoding a lysine in the WT sequence where subsequent mutations 

were generated is highlighted in pink. (B) Analysis of DNA sequencing chromatograms by 4Peaks 

Software from HA-H4WT, HA-H4K16R, HA-H4K16Q retroviral constructs. Appropriate base pair 

substitutions were confirmed as highlighted with H4K16R containing AAG-> CGG substitution and 

H4K16Q containing AAG->CAG substitution. 
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Figure 6.13 Establishment of histone mutant cells.  

Proliferating IMR90 were infected with control, HA-H4WT, HA-H4K16R, HA-H4K16Q retroviral 

constructs. After infection, cells were drug selected with puromycin. Whole cell lysates were then 

harvested and 20 µg protein per sample was loaded on to SDS-PAGE for fractionation and Western 

blotted for HA tag. Actin was used as loading control. Also expression of H4K16ac was assessed using 

H4 as loading control. 
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technology such as ChIP. Also it is reasonable to propose that any effect of mutants 

will be observed at TSS, as this is where chromatin is most dynamic. Based on this, I 

conclude effective establishment of histone mutant cells to investigate role of 

H4K16ac. 

 

6.3.7.3 Induction of senescence in H4WT and H4K16R cells using IR 
The next step was to induce senescence in H4WT and mutant cells that were 

established to understand the functional role of H4K16ac. For simplicity, proliferating 

HA-H4WT and HA-H4K16R cells were irradiated with 20Gy to induce senescence. 

Proliferating (untreated) and IR-treated HA-H4WT and HA-H4K16R cells were 

harvested 10 days after exposure. Whole cell lysates were harvested from cells and 

separated using SDS-PAGE. Western blot analysis of extracts confirmed that both 

proliferating and senescent HA-H4WT, HA-H4K16R mutant cells express the HA tag 

(Figure 6.14). Also, markers of proliferation arrest such as decreased cyclin A and 

phosphorylation of pRB at serines 807/811 were observed only in the IR-induced 

population based on using actin as a loading control. Hence, establishment of 

senescence using IR treatment was confirmed in HA-H4K16R and HA-H4WT cells for 

subsequent use. 

 

6.3.7.4 Loss of H4K16ac enrichment observed in H4K16R mutants 
Once senescence was established, chromatin was extracted from proliferating and 

senescent HA-H4WT and HA-H4K16R mutant cells. H4K16ac and negative control 

IgG ChIP were performed using the same conditions as before (Section 6.3.2). ChIP 

DNA extracted was analysed using SYBR green real-time quantitative PCR across 

the regions mentioned in Figure 6.6. Results indicated that regions with no specific 

enrichment for H4K16ac, namely ChrX, Chr1 and Chr5, did not show any substantial 

enrichment for the mark in proliferating and senescent WT and mutant cells (Figure 

6.15). Regions of specific enrichment for H4K16ac showed increase in enrichment 

after IR, as expected in HA-H4WT cells. In comparison to senescent HA-H4WT cells, 

HA-H4K16R mutant cells exhibited decreased enrichment of H4K16ac across 3 out of 

5 regions of senescence-specific enrichment of H4K16ac based on ChIP-seq. These 

results convincingly suggest that H4K16R mutants may be used to dissect functional 
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Figure 6.14 Induction of senescence in histone mutant cells.  

Proliferating HA-H4WT and HA-H4K16R cells were seeded at low density and exposed to 20 Gy 

irradiation or left untreated. Whole cell lysates were harvested on day 10 and from untreated and 

irradiated cells. 20 µg protein per sample was loaded on to SDS-PAGE for fractionation and Western 

blotted for makers of cell cycle arrest, senescence and HA tag. Actin was used as loading control.  
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Figure 6.15 Depletion in H4K16ac levels observed in HA-H4K16R-expressing senescent cells. 

H4K16ac ChIP in proliferating HA-H4WT (blue) and HA-H4K16R (red) and senescent HA-H4WT 

(green) and HA-H4K16R (purple) cells was performed followed by real-time SYBR green quantitative 

PCR using primer sets corresponding to different regions of the genome with control IgG ChIP. Chr X, 

Chr1 and Chr5 represent regions of no enrichment for H4K16ac in senescence, based on ChIP-seq. 

Chr13, Chr16, Chr19, Chr17 and Chr6 represent regions of specific enrichment for H4K16ac in 

senescence. IgG control performed on region from Chr 17. Error bars represent PCR technical 

replicates, from a single biological replicate. 
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role of acetylation at H4K16 in senescence, albeit effect of substitution was restricted 

to specific locations. 

6.3.8 KD of HIRA 
The HUCA complex, comprising HIRA chaperone complex (HIRA, UBN1, CABIN1) 

along with ASF1a, incorporates histone variant H3.3 into chromatin in a DNA 

replication-independent manner [278, 380, 571, 572]. In senescent cells, HIRA 

mediated H3.3 deposition occurs at gene promoters (Rai et al., In preparation), 

similar to H4K16ac accumulation at gene promoters. Based on these two 

independent observations in the lab, it was tempting to speculate that HUCA might be 

required for deposition of H4K16ac at promoters. In order to test the hypothesis, 

senescent cells lacking HIRA were established. 

 

6.3.8.1 KD of HIRA in pre-senescent cells 
Prior to testing if HIRA is essential for the deposition of H4K16ac at promoters by 

ChIP, the global level of H4K16ac was assessed in cells lacking HIRA. Pre-senescent 

IMR90 were infected with lentivirus containing short hairpins to luciferase and HIRA 

(viruses prepared by Claire Brock in the lab). For HIRA KD, two different short 

hairpins, hereafter termed sh1 and sh2, were used. Infected cells were drug selected, 

passaged and bright field microscopy images were used to detect early signs of 

senescence with enlarged, flattened morphology in control (shluciferase), HIRA sh1 

and HIRA sh2 cells (Figure 6.16.A). Also whole cell lysates were harvested from cells 

and subjected to SDS-PAGE fractionation and Western blotted for HIRA. Figure 

6.16.B confirmed HIRA KD in sh1 and sh2 cells in comparison to using, actin as 

loading control.  

 

6.3.8.2 Establishing senescent cells lacking HIRA via long-term passaging 
Upon confirmation of HIRA KD, control (shluciferase), HIRA sh1 and sh2 cells were 

passaged for several weeks until the last population doubling to establish 

senescence. Cells were assayed for SA β-Gal activity following standard protocol 

outlined in Chapter 2 Materials and Methods Section 2.2.21. Figure 6.17 confirmed  
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Figure 6.16 KD of HIRA in pre-senescent cells.  

IMR90 cells at PD 62 were infected with lentivirus encoding shRNA to luciferase and two different short 

hairpins to KD HIRA. After drug selection of infected cells (A) light microscopy images of control 

(shluciferase), HIRA KD sh1, HIRA KD sh2 cells approaching senescence were taken under 20X 

objective. (B) Whole cell lysates were harvested and 20 µg protein per sample was loaded on to SDS-

PAGE for fractionation and Western blotted for HIRA. Actin was used as loading control. 
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senescence in comparison to proliferating cells. Further to this, cells were also 

assayed using fluorescence microscopy in the green channel along with nuclear DNA 

staining termed Hoescht. Figure 6.18 further confirmed growth arrest since control 

(shluciferase) and HIRA sh1 and sh2 cells showed less than 3% EdU incorporation, 

as opposed to over 80% positive cells in proliferating cells. This was quantified on a 

bar graph based on visualization of EdU staining. Thus, senescent cells lacking HIRA 

were successfully established.  

 

6.3.8.3 Decreased H4K16ac in senescent cells lacking HIRA  
To test the effect of HIRA KD on total H4K16ac abundance, whole cell lysates were 

prepared from senescent control (shluciferase), HIRA sh1 and sh2 cells. Lysates 

were fractionated using SDS-PAGE and Western blotted for HIRA and H4K16ac. 

Results confirmed decreased levels of the histone mark in HIRA KD cells in 

comparison to shluciferase (Figure 6.19), based on total H4 as a loading control. 

 

6.3.8.4 HIRA maybe required for enrichment of H4K16ac at gene promoters 

in senescent cells  
The next step was to perform ChIP for H4K16ac in senescent cells lacking HIRA and 

test whether HIRA is required for enrichment of the histone mark at promoters. 

Chromatin extracted from senescent shluciferase, HIRA sh1 and sh2 cells were 

subjected to ChIP. H4K16ac and IgG ChIP DNA extracted from the three cell types 

were analysed using SYBR green real-time quantitative PCR. Regions of non- 

enrichment (ChrX, Chr1) and regions of enrichment for H4K16ac (Chr13, Chr19, 

Chr17) were analysed (Figure 6.20.A). In addition to testing various regions across 

the genome based on H4K16ac ChIP-seq only, a new primer pair was picked to a 

different region on Chr17 (called region 2, Figure 6.20.B). This was based on HIRA, 

H3.3 and H4K16ac overlapping regions at the TSS of gene promoters in senescent 

cells. H4K16ac enrichment and non-enrichment observed at specific regions in 

senescent shluciferase cells were in concordance with results obtained in replicative 

senescence (Figure 6.6).  Likewise in HIRA sh1 and sh2 cells, ChrX and Chr1 regions 

remained negative for H4K16ac enrichment. However Chr13 did not show any 

marked decrease in H4K16ac levels in sh1 and sh2 cells when compared to  
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Figure 6.17 Senescent cells lacking HIRA exhibit SA β-Gal staining. 

Senescent cells containing shluciferase (control - 97.8% SA β-Gal+) and lacking HIRA (sh1 - 98% SA 

β-Gal+ and sh2 - 96.7% SA β-Gal+) were stained along with proliferating cells (5.2% SA β-Gal+) 

overnight at 37°C for their SA β-Gal activity following standard protocol. Light microscopy images were 

taken under 20X objective along with proliferating IMR90 cells, used as a negative control.  
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Figure 6.18 Confirmation of growth arrest in senescent cells lacking HIRA.  

Proliferating IMR90 and senescent cells containing shluciferase (control) and sh1, sh2 for HIRA KD 

were assayed for cell proliferation using EdU assay. (A) Stained cells were visualized in the green 

channel, along with DAPI (blue). All images were taken at the same exposure. (B) Staining was 

quantified on a bar graph with error bars representing technical replicates.   
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Figure 6.19 Senescent cells lacking HIRA show decreased total H4K16ac.  

Whole cell lysates were harvested from control (shluciferase), HIRA KD sh1 and sh2 cells after 

senescence establishment. 20 µg protein per sample was loaded on to SDS-PAGE for fractionation 

and Western blotted for levels of H4K16ac with H4 as loading control. Lysates were also blotted for 

HIRA with actin as loading control. 
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Figure 6.20 Depletion of H4K16ac at regions of the genome observed in senescent cells lacking HIRA. 

(A) H4K16ac ChIP in senescent control (shluciferase cells) (in blue), senescent HIRA sh1 (in red) and 

HIRA sh2 cells (in green) followed by real-time SYBR green quantitative PCR was carried out using 

primer sets corresponding to different regions of the genome along with control IgG ChIP (Chr17). Chr 

X and Chr1 represent regions of no enrichment for H4K16ac in senescence, based on ChIP-seq. 

Chr13, Chr19 and Chr17 represent regions of specific enrichment for H4K16ac in senescence. IgG 

control performed on a region from Chr 17 (B) ChIP-PCR performed at a different region on Chr 17 

termed region 2. Error bars represent PCR technical replicates, from a single biological replicate. 
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shluciferase. If anything, a marginal increase in H4K16ac enrichment was observed. 

Whereas Chr19, Chr17, Chr17 region2 showed observably less accumulation of 

H4K16ac in comparison to shluciferase. It was noticeable that loss of H4K16ac at 

these regions were more pronounced in HIRA sh1 cells in comparison to sh2 cells. 

This is in line with efficiency of HIRA KD observed in these cells in comparison to 

shluciferase (Figure 6.19) where higher levels of KD was observed in sh1 by Western 

blotting. This novel observation may imply that HIRA may be required for deposition 

of H4K16ac at specific regions across the genome in senescent cells. Additional 

studies are required to confirm or refute and/or optimize this.  

 

6.4 Discussion 
Deposition of an acetyl group at H4K16 is a key event in regulating chromatin 

structure [534-537]. Decreased H4K16ac has been reported in cellular senescence 

[545, 547] and given its importance associated with disease states such as cancer 

and ageing [401, 545, 546] it was important to understand how this particular mark is 

regulated during senescence.  

David Nelson carried out genome-wide ChIP-sequencing of H4K16ac in 

replicative senescence to understand how this mark was distributed. Results were 

analysed by Tony Mcbryan and John Cole. H4K16ac showed striking enrichment 

across regions such as the TSS of gene promoters, gene bodies, and CpG islands of 

the senescent genome. 17,977 domains of differentially enriched regions of H4K16ac 

were identified in senescent cells compared to proliferating cells. Also enrichment of 

the histone mark correlated with gene expression in senescent cells, with the mark 

being significantly enriched at those genes showing high to medium levels of 

expression during senescence and no specific enrichment at genes with low levels of 

expression. Hence, key findings revealed that H4K16ac accumulated at gene 

promoters of senescent cells, despite observations that global levels of H4K16ac 

decreased during senescence. 

Why H4K16ac accumulates at specific promoter regions in senescence 

despite overall depletion is unclear. Loss of H4K16ac was demonstrated in a multi-

stage mouse model of skin carcinogenesis [573]. During the course of tumorigenesis 

loss of H4K16ac was reported at hypomethylated DNA repetitive sequences. Perhaps 
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H4K16ac is also lost at repetitive regions in senescence, but gained at promoters.   

Hence, I set out to establish in vitro tools to deplete H4K16ac and further elucidate 

the role of H4K16ac in senescence and its specific accumulation at gene promoters. 

Prior to setting up experiments, ChIP-seq results needed to be confirmed. 

Results from H4K16ac ChIP reaffirmed original ChIP-seq observation, by showing 

striking enrichment of H4K16ac in senescent cells across different regions (Chr13, 

Chr16, Chr19, Chr17 and Chr6). Also, regions of non-enrichment of H4K16ac (ChrX, 

Chr1 and Chr5) did not show any increase in the mark. Hence, independent 

experimental validation of the ChIP-seq result by quantitative PCR indicated that 

identification of H4K16ac enrichment at specific regions across the genome during 

senescence was accurate and likely to be functionally relevant. 

Also, a second model of senescence, i.e., DNA-damage induced senescence, 

was tested in IMR90s to induce senescence to the same extent as replicative 

senescence. Successful establishment of IR-induced senescent cells in the lab was 

confirmed by growth arrest, visualization of morphological changes and also 

appearance of markers of senescence by Western blotting assays. Hence, this 

proved to be a more time-effective model for the establishment of senescence, as 

opposed to several months of serial passaging to attain RS.  

Before performing further experiments, it was important to test if accumulation 

of H4K16ac at specific regions across the genome could be observed in IR-induced 

model of senescence. Chromatin extracted from proliferating and IR-induced 

senescent cells were subjected to H4K16ac ChIP PCR to test regions of specific 

enrichment and non-enrichment of H4K16ac as observed previously in the replicative 

senescence model. An increase in the histone mark was noted across regions of 

enrichment (Chr13, Chr16, Chr19, Chr17 and Chr6) in IR-induced senescent cells 

and no increase in the mark was noted in regions of non-enrichment for H4K16ac 

(ChrX, Chr1 and Chr5). These observations demonstrate that enrichment of H4K16ac 

in replicative senescent cells could be remarkably reproduced in a second model of 

senescence. 

To understand the function of H4K16ac at promoters, the next step was to 

deplete the mark in senescent cells. To do this, KD approaches were directed 

towards a well-known HAT for H4K16ac, hMOF [556]. Studies showed the KD of 

hMOF resulted in global loss of H4K16ac [549, 574] in proliferating cells. 
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To establish stable KD of hMOF in senescent cells, a library of short hairpins 

from Open Biosystems was screened. Only one short hairpin was identified to have 

efficient KD of hMOF and cells lacking hMOF showed a stressed phenotype in 

comparison to control cells or cells with no KD for hMOF. A previous study in HeLa 

cells reported that loss of hMOF resulted in defects in the nuclear structure of cells. 

Also the study pointed out that cells lacking hMOF showed compromised cell 

proliferation, possibly due to the inability of those cells to efficiently repair DNA double 

strand breaks [549]. Unfortunately, owing to inherent toxicity observed due to loss of 

hMOF in IMR90, devising further experiments with these cells and also establishing 

senescence in the same would prove to be extremely challenging.  Hence, due to 

technical issues associated with hMOF loss and also due to the availability of only 

one validated antibody to visualize hMOF, other in vitro tools to deplete H4K16ac 

were explored.   

SIRT1 was reported to deacetylate H4 at K16ac [550, 561-563]. 

Overexpression of SIRT1 was employed in IMR90 cells to decrease H4K16ac. 

Western blotting assay confirmed overexpression of SIRT1 WT and H363Y mutant in 

IMR90s. Prior to establishment of senescent SIRT1 cells, activity of SIRT1 WT was 

compared against SIRT1-H363Y mutant cells in the presence of genotoxic insult 

using etoposide. Upon treatment of cells with 20 µM etoposide, only SIRT WT (not 

SIRT1 mutant) showed reduced acetylation of p53 at lysine 382. Control and SIRT 

WT cells were induced to enter senescence using IR. Overall levels of H4K16ac 

remained unaffected by Western blotting after overexpression of the deacetylase. 

With a previous study pointing out that modulation of SIRT1 to alter levels of 

H4K16ac is possibly gene-specific [575], it is feasible to speculate that this may lead 

to a decrease in H4K16ac only at specific locations in senescent cells. Any changes 

of H4K16ac distribution in these cells can only be assayed using ChIP. An alternative 

approach would be to use the deacetylase SIRT2 that has been shown to be effective 

at global deacetylation of H4K16ac during mitosis [575].  

Depletion of H4K16ac in IMR90s was also possible with the help of mutant 

cells. Dang et al., originally described H4K16 mutant cells [401] in yeast studies. With 

the help of site-directed mutagenesis, HA-tagged H4WT, H4K16R and H4K16Q 

mutant cells were established. Although the cells were engineered to overexpress 

high levels of the mutant histone, global levels of H4K16ac appeared to be largely 
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unaffected or unaltered in mutant cells in comparison to H4WT or control cells. This 

may be because levels of overexpression were not sufficient to displace naturally 

occurring histones, given that they are one of the most abundant proteins in cells. 

Nevertheless, with the histone mutant cells, loss of H4K16ac could be effective at 

specific locations of the genome as some sites turnover more rapidly than the 

surrounding regions. To test this, a site-specific technique such as ChIP-PCR was 

necessary.  

The next step was to create senescent cells overexpressing H4K16 mutations. 

For simplification, H4WT and H4K16R cells were treated with IR and maintained in 

culture for over 10 days. Whole cell lysates tested positive for markers of proliferation 

arrest. Cells were harvested to perform H4K16ac ChIP and negative control IgG 

ChIP. Proliferating cells showed a marginal increase of H4K16ac at Chr19 in H4K16R 

cells. This may be down to disruption of the normal stoichiometry of histones in cells 

by overexpression of H4K16R. H4WT cells retained specific enrichment and non-

enrichment for H4K16ac at specific regions across the genome. However levels of 

H4K16ac enrichment were remarkably lower in H4K16R mutant cells at regions 

Chr13, Chr19, and Chr6 in comparison to WT cells. Chr16 and Chr17 did not show an 

apparent decrease and this may be explained by the fact that turnover rates at some 

sites may be slower in comparison to surrounding sites. Nevertheless preliminary 

results using senescent H4K16R mutants appear encouraging with depletion of the 

histone mark at specific regions across the genome known to have H4K16ac 

accumulation during senescence.  

Lastly, an indirect approach to deplete H4K16ac was used. The idea that HIRA 

might be responsible for H4K16ac accumulation observed at the TSS of gene 

promoters in senescent cells was hypothesized after observations from ChIP-seq 

experiments demonstrating HIRA mediated H3.3 deposition and H4K16ac at the 

same regions (Rai et al., In preparation). Overlapping results from HIRA/H3.3 ChIP-

seq and H4K16ac ChIP-seq demonstrated a striking H3.3 enrichment flanking 

H4K16ac peaks. The hypothesis was also supported by initial observations made by 

Taranjit Rai and Claire Brock (and repeated by me) that the total level of H4K16ac is 

reduced in senescent cells lacking HIRA, and this phenomenon is exclusive to 

H4K16ac in comparison to other well-known histone modifications, such as 

H3K27me3, H4K20me3. Encouraged by these striking observations, I set out to 
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establish senescent cells lacking HIRA. Pre-senescent cells were infected with short 

hairpins encoding shluciferase and HIRA. Establishment of senescence in HIRA sh1, 

sh2 and shluciferase cells was confirmed using SA β-Gal and EdU staining.  

Senescent cells lacking HIRA were then harvested for H4K16ac and IgG ChIP. 

Regions of non-enrichment, namely ChrX and Chr1, remained negative for H4K16ac 

enrichment in shluciferase, HIRA sh1 and sh2 cells. Regions of specific enrichment, 

Chr13, Chr19 and Chr17 showed marked increase in H4K16ac in senescent 

shluciferase cells. Remarkably, these regions showed reduced levels of H4K16ac in 

HIRA KD sh1 and sh2 cells, with the exception of Chr13. In line with levels of HIRA 

KD, sh1 cells showed a greater decrease in H4K16ac enrichment than sh2 cells.  

However, not all regions showed depletion of the histone mark in senescent 

cells lacking HIRA. Chr13, if anything, showed a marginal increase in enrichment of 

H4K16ac in HIRA KD cells. At this point it is important to emphasize that regions 

assayed using ChIP PCR were based on differential binding analysis for H4K16ac 

using ChIP-seq and correspond to various regions across the genome. Significant 

enrichment of HIRA mediated H3.3 peaks colocalized with H4K16ac enrichment was 

observed specifically at TSS of expressed gene promoters. This may imply that HIRA 

KD may affect H4K16ac distribution more specifically at those regions. Hence, a new 

primer pair was synthesized to a different region on Chr17, named region2, and 

decreased H4K16ac enrichment was observed in HIRA KD cells. This might mean 

that HIRA’s deposition of H3.3 at gene promoters and also enrichment of H4K16ac at 

the same regions might be involved in a dynamic process of regulating chromatin 

structure and gene expression. These novel observations remain to be tested again 

in a controlled manner using biological repetitions. Also, more regions, in specific TSS 

of those genes that are highly expressed in senescent cells remain to be tested, as 

high expression of the genes may indicate more dynamic turnover of H4K16ac at the 

promoters.  

To summarize, it is extremely important to further characterize and perform 

functional dissection of H4K16ac in senescence using the in vitro tools established 

through this project.   
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7    DISCUSSION AND FUTURE PERSPECTIVES  

Cellular senescence was originally described as a state of permanent cell cycle arrest 

arising from limited proliferative capacity of human diploid fibroblasts [1]. It is now 

apparent that senescence is a more widespread phenomenon than previously 

appreciated. A number of markers, such as SA β-gal activity, characterize senescent 

cells. In addition, senescent cells show changes in their chromatin structure, of which 

SAHF has been intensely studied [13]. Various roles are attributed to SAHF in 

senescence, including maintenance of senescence arrest via modulation of gene 

expression and restraining DNA damage [176]. How specific histone modifications 

impact on key aspects of chromatin regulation and therefore senescence remains to 

be elucidated. Also, given the fact that senescence contributes to various pathological 

and physiological processes of ageing and cancer [9], it is important to increase the 

current understanding of chromatin-mediated regulation of senescence.  

To this end, I set out to perform large scale profiling of various histone 

modifications in senescence. Through this screen, I identified novel histone 

modifications, such as H3K56me, H3K9 pan-me, H3CS.1, H4R3me2a, H2BK16ac, 

that increase in abundance at the onset of senescence. H3CS.1 and H4R3me2a 

were chosen for subsequent study. Apart from these two modifications, the role of 

H4K16ac in senescence was also probed, owing to its association with senescence 

and also due to its importance in senescence-associated processes, such as cancer 

and ageing. 

 

7.1 H3CS.1 and senescence  
To our knowledge, this is the first study to report an increase in Cathepsin L and 

H3CS.1 during cellular senescence and demonstrate its potential significance. 

Strikingly, H3CS.1 was localized largely to the cytoplasmic compartment of senescent 

cells. This work contributed towards publication of a paper in the Journal of Cell 

Biology (Ivanov, Pawlikowski, Manoharan et al., 2013 [482]).  Accumulation of 

H3CS.1 was antagonized in senescence by bafilomycin A treatment which inhibits 

autophagic/lysosomal machinery. Autophagy and senescence are closely related, at 

least in oncogene-induced senescence [111]. Although bafilomycin A treatment 
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restricted accumulation of H3CS.1 in senescent cells, it did not abrogate the 

development of senescence [482]. This led us to hypothesize that Cathepsin L 

mediated H3CS.1 cytoplasmic accumulation in senescent cells is a result of 

autophagic/lysosomal processing of histones in senescence and this potentially 

contributes to ‘mass’ clearing of histones in senescent cells. 

 The Tyler and Karlseder groups first reported a direct relationship between 

loss of core histone H3 and H4 and ageing [173, 174]. DNA damage is proposed to 

be the driving force of loss of histones in human fibroblasts [174]. Remarkably, Tyler 

and colleagues demonstrated extension of lifespan in yeast by increasing histone 

levels [173]. Recently the group reported a decrease in nucleosome occupancy by 

50% across the whole genome during replicative ageing [576]. Also, the relative 

abundance of histone variants also plays a crucial role during ageing. During 

metazoan ageing, loss of canonical histones H3.1 and H3.2 and increase in 

replication-independent variant H3.3 occurs [276, 577, 578]. Duncan et al., 

demonstrated that variant H3.2 is preferably cleaved over H3.3 during ESC 

differentiation [474]. Such controlled proteolysis of nuclear proteins can play a crucial 

role during transcriptional regulation and other cell processes. For example, during 

granulocyte differentiation, transcriptional replication or transcription was facilitated 

via H2A-specific proteolysis [579]. In Chlamydia trachomatis, histone H1-specific 

proteolytic activity contributes to chromatin decondensation [580]. Also, cultured 

mammalian cells infected with causative virus for the foot and mouth disease (FMDV) 

demonstrated proteolytic cleavage of H3 by the enzyme FMDV 3C protease and this 

was suggested to play a role in restricting host cell transcription [581]. A shorter form 

of histone H3 was also reported in yeast [582].  

In 2009, Kouzarides and colleagues presented a biological function for H3 tail 

clipping [483]. They reported, in yeast, H3 tail clipping facilitates localized clearing of 

repressive signals to promote gene expression. Selective clipping of H3 tails carrying 

repressive marks, such as H3R2me2, occurred to enable gene activation, and 

somehow tails were protected from clipping when presenting active marks, such as 

H3K4me3. Interestingly, the authors also linked H3 tail clipping to nucleosome 

eviction. Hence, it is plausible to suggest that H3CS.1 marks nucleosomes for 

eviction prior to gene induction.  
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In this manner, H3CS.1 increase during the transition from proliferation to 

senescence may have consequences for transcription control during senescence 

establishment. To test its importance in the same, constructs harboring mutations in 

the H3 cleavage site (between amino acids 21 and 27) could be introduced into 

human cells. Following this, mutant cells can be tested for any impairment of gene 

induction during senescence. In both yeast and mice, amino acid 21 appears to be 

the primary site of H3 clipping [474, 483]. A crucial role for Cathepsin L in epigenetic 

regulation of gene expression has already been suggested from cells lacking 

Cathepsin L [583]. In mouse, H3 cleavage by Cathepsin L inhibits binding of PcG 

protein CBX7 to methylated H3K27, facilitating derepression of genes in ESC during 

differentiation [474]. In line with this, it would be interesting to map the distribution of 

H3CS.1 to identify potential cross talk with other well-known chromatin signatures in 

senescence. Other possibilities of addressing a potential role for H3CS.1 in 

transcriptional control can be addressed using chemical inhibition of Cathepsin L 

[584-586] or siRNA mediated KD of Cathepsin L. Alternatively, stable reduction in 

H3CS.1 could be achieved using shRNA mediated KD of Cathepsin L.  

It also remains to be formally determined whether Cathepsin L is the enzyme 

responsible for the increase in H3CS.1 during senescence. This can be tested with 

the proposed Cathepsin L inhibitor experiments (discussed above). It is also possible 

that there are other enzymes with the capacity to clip H3. In the human genome, 

Cathepsin V bears close sequence similarity to Cathepsin L and both proteases are 

suspected to be a result of gene duplication, owing to their proximity to one another 

on chromosome 9 [587]. In support of overlapping functions, transgenic experiments 

in mice demonstrated that human Cathepsin V rescues the skin phenotype of 

Cathepsin L knock out mice [588], characterized by periodic hair loss and epidermal 

hyperplasia [589, 590]. Given that Cathepsin V does not occur in the mouse genome, 

the authors performed rescue experiments using a transgenic mouse line expressing 

human Cathepsin V under the control of human keratin 14 promoter [588]. These 

Cathepsin V inducible mice provided evidence for a role of Cathepsin V in 

maintenance of epidermis and hair follicles, similar to Cathepsin L. This leads me to 

ask whether Cathepsin V and Cathepsin L have similar substrate specificity in 

senescent cells. Functional redundancy between the two enzymes may exist to 

effectively control H3CS.1 during senescence. Along with inhibitor experiments, 
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Cathepsin L knock-out mice will be a useful tool to address requirement of the 

enzyme in regulation of H3CS.1 during senescence.  

Cathepsin L affects other processes such as apoptosis, angiogenesis, invasion 

and metastasis [591]. Increased Cathepsin L is proven in multiple malignancies, such 

as colon, gastric, breast, lung, gliomas, head and neck carcinomas and melanomas 

[592-594]. For example, Cathepsin L was proposed as a biomarker in ovarian cancer, 

as the serum level of Cathepsin L was markedly higher in patients with ovarian 

malignant tumors than in benign tumors and healthy controls. Expression of 

Cathepsin L was also significantly higher in malignant tumor tissues in comparison to 

benign or normal ovarian tissues [595]. Cathepsin L is also implicated in the 

sequestration of chemotherapeutic drugs, thereby dampening toxicity on target cells 

[596-598]. Therefore, efforts are now being diverted to target Cathepsin L in specific 

anti-cancer therapies to improve drug efficiency [591]. Understanding the role of 

Cathepsin L and its substrate H3CS.1 in senescent cells may potentially uncover an 

unprecedented role in cancer.  

In summary, future studies aimed at addressing the function and regulation 

H3CS.1 in senescence might reinforce the relevance of loss of histones from 

senescent cells. Perhaps this might have significant implications on senescence-

mediated functional decline observed with age.   

 

7.2 H4R3me2a and senescence 
This project demonstrated for the first time that H4R3me2a, an active histone mark, 

was increased during RS and OIS, accompanied by increase in the 

methyltransferase, PRMT1. KD experiments of the enzyme proved that PRMT1 was 

essential for the increase in H4R3me2a during senescence. H4R3me2a is associated 

with transcriptional activation. The level of methylation on H4R3 predicts the risk of 

prostrate cancer, as the level of the mark positively correlates with tumor grade. Also, 

aberrant expression and altered regulation of PRMT1 is implicated in cancer [599]. 

Although PRMT1-mediated arginine methylation is linked to cancer via its role in 

processes, such as proliferation, transformation and anti-apoptotic properties, the 

field still lacks an understanding of the precise role in these contexts [600]. Given the 

link between senescence and cancer, understanding the relative importance of 
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PRMT1 mediated H4R3me2a during senescence is essential. Key findings from this 

project, along with current knowledge, leads us to anticipate a role for PRMT1-

mediated H4R3me2a in senescence-associated tumor suppression via chromatin 

regulation. 

In line with this, to the understand function and regulation of H4R3me2a during 

senescence multiple strategies can be employed. Emerging evidence now suggests 

that H4R3me2a levels can be altered by other mechanisms, such as deimination to 

convert arginine methylation to citrulline [601-603].  DDR signalling plays an important 

role in inducing and maintaining senescence and it has also been shown to be an 

inducer of deamination [524]. Also, cross talk between arginine methylation and 

citrullination has implications in downstream chromatin events [604]. It will be 

interesting to test if the increase in PRMT1-mediated H4R3me2a in senescent cells 

leads to an increase in citrullination, or whether citrullination, whose primary function 

is to turn off gene expression, is counteracted selectively in senescence by over 

production of H4R3me2a.  To test this, levels of citrullinated H4 and PADI4 (the 

enzyme responsible for conversion of arginine methylation to citrulline) needs to be 

analysed during senescence. Additionally, KD or overexpression approaches might 

help identify any concerted efforts between H4R3me2a and citrullination during 

senescence.  

PRMT1 KD cells generated as part of this study will be useful to study PRMT1 

and H4R3me2a function. The next step will be to perform comprehensive expression 

profiling of senescent cells lacking PRMT1 by microarray or RNA-seq approach to 

identify and quantify any changes in gene expression.  Also, a mouse model of 

PRMT1 knock out is being generated in the lab, to undertake comprehensive 

evaluation of PRMT1/H4R3me2a in senescence in vivo. We propose to cross PRMT1 

conditional knock out mice to a well-established intestinal model, Braf+/LSL−V600E; 

AhcreERT+/o mice, in which senescence ensues through upregulation of p16, but 

eventually inactivation of this tumor suppressor leads to tumorigenesis [605]. This will 

not only help deduce the function of PRMT1 and H4R3me2a in senescence but also 

establish its importance in senescence-associated tumor suppression. 

Attempts to decipher regulation of PRMT1-mediated arginine methylation lead 

to the discovery of TDRD3 as an effector of H4R3me2a [606]. TDRD3 also binds to 

H3R17me2a deposited by CARM1 and ChIP-seq analysis revealed enrichment of 
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TDRD3 at TSS of highly transcribed genes. Interestingly, in breast cancer patients 

increased TDRD3 is linked to poor prognosis, thereby underscoring the importance of 

H4R3me2a and/or H3R17me2a and cancer. Future experiments will be aimed at 

identify novel binding partners of H4R3me2a during senescence using pull down 

approaches. For this purpose, H4R3me2a synthetic peptides have now been 

obtained. With the help of Proteomics facility in the Beatson Institute, future efforts will 

address the identification of protein-protein interactions using H4R3me2a affinity pull 

down experiments. Any novel binding partners identified will become an invaluable 

tool in understanding the functional and regulatory role of PRMT1 mediated 

H4R3me2a during senescence.  

One of the major challenges in this field has been to understand the cross talk 

between single or multiple modifications to mediate specific outcomes. In this regard, 

cross talk between H4R3me2a and other histones during senescence is poorly-

defined. Under in vitro and in vivo conditions, deposition of H4R3me2a by PRMT1 

contributes to p300-mediated histone H4 acetylation, resulting in nuclear receptor 

transcriptional activation [607, 608]. In fact, a stepwise transcriptional activation 

occurs following p53-mediated recruitment of PRMT1, p300 and PRMT4 [609]. 

Initially during this cascade, H4R3me2a is deposited which then facilitates p300-

mediated acetylation at residues K5, K8 and K12. Also, using an erythroid cell line, it 

was demonstrated that arginine methylation at H4R3 by PRMT1 appeared to be 

essential for maintenance of in vivo histone modifications, specifically ‘active’ 

chromatin marks [610]. In this manner, how single or combinatorial effects of 

H4R3me2a impact the senescence programme remains to be elucidated. In an effort 

to map the distribution of H4R3me2a and probe into its interactions, an attempt to 

ChIP H4R3me2a was made in senescent cells. Due to technical limitations, it was not 

possible to map the location of H4R3me2a and uncover potential functional or 

regulatory cross talk of the mark. Testing the validity of a newly available antibody to 

H4R3me2a from Abcam and its efficiency in ChIP applications will be a good starting 

point. It is important to acquire a reliable antibody to recognize H4R3me2a in its 

native chromatin-associated form. Inconsistency in the specificity of commercially 

available ChIP-grade antibodies has become a growing problem. Hence, to perform 

comprehensive mapping and analysis of H4R3me2a sites during senescence, it is 
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worthwhile considering the generation of a monoclonal antibody against H4R3me2a 

to negate cross-reactivity during ChIP.  

The implications of PRMT1 in cancer are diverse. PRMT1 is either 

overexpressed and/or aberrantly spliced in lung, colon, breast, prostate and bladder 

cancer and leukaemia [600]. The enzyme has histone and non-histone substrates, 

and apart from H4R3, primary substrates of PRMT1 are MRE11 [611], 53BP1 (DNA 

repair proteins) [612] and SAM68 [613]. Hence, perturbations to PRMT1 are known to 

result in DNA damage accumulation. Additionally, PRMT1 is also linked to the 

maintenance of telomere length and stability [614]. TRF2, a component of the 

shelterin complex protecting telomeres, is a known substrate of PRMT1. It is well 

known that disruption of the DDR pathway and telomere maintenance have significant 

implications in carcinogenesis. PRMT1 is also implicated in the regulation of 

leukaemia development through cooperation with SAM68 [613].  

To summarize, future efforts will be aimed at discovering a novel role for 

PRMT1-mediated H4R3me2a during senescence and proposed experiments might 

also shed light on the role of PRMT and H4R3me2a in cancer.  

 

7.3 H4K16ac and senescence 
Unlike most histone modifications, H4K16ac plays a central role during chromatin 

remodelling by influencing functional interactions between the chromatin fibre and 

histones, thereby regulating chromatin folding and transcription. Moreover global loss 

of H4K16ac is demonstrated in various human cancer cell lines and primary tumors 

and is a well-known prognostic signature to predict survival in different cancers [615]. 

Interestingly, H4K16ac regulates cellular lifespan in yeast [401]. Given its potential 

significance in chromatin regulation, cancer and ageing, David Nelson performed 

H4K16ac ChIP-sequencing in RS. ChIP-seq revealed that H4K16ac is significantly 

enriched at promoter regions in senescence. Overlapping evidence from RNA-seq 

profiling of senescent cells performed by Taranjit Rai showed that H4K16ac 

enrichment occurs at TSS of gene promoters that are highly expressed in 

senescence. In addition, HIRA’s deposition of H3.3 at gene promoters in senescent 

cells shows a striking colocalization with H4K16ac (Rai et al., In preparation). This led 

us to hypothesize that HIRA is required for deposition of H4K16ac at gene promoters 
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and therefore regulates dynamic chromatin structure and gene expression during 

cellular senescence. 

In this work, I reaffirmed the ChIP-seq results using ChIP-PCR in RS. 

H4K16ac ChIP PCR showed that knocking down HIRA in senescent cells resulted in 

decreased H4K16ac at specific regions that accumulate the mark during senescence. 

Strikingly, using ChIP-PCR in senescent HIRA KD cells, loss of H4K16ac was 

observed at a specific gene highly expressed during senescence, containing 

overlapping features of HIRA-mediated H3.3 deposition and H4K16ac during RS. 

This further supports the original hypothesis of a role for HIRA-mediated deposition of 

H3.3 and H4K16ac accumulation to regulate gene expression and higher order 

chromatin structure during senescence. Experiments are ongoing to test a specific 

link between HIRA and H4K16ac accumulation in senescence (Rai et al., In 

preparation), and a novel mouse model of conditional HIRA knock out is being 

employed to test functional significance and its potential impact on tumorigenesis.  

I tested other in vitro tools to functionally characterize H4K16ac. I 

demonstrated H4K16ac accumulation in an IR-induced model system of senescence. 

Significantly, loss of H4K16ac enrichment was noted at specific regions in senescent 

H4K16R mutant cells in comparison to senescent H4WT cells. This model system is 

now available for future experiments to study H4K16ac regulation and function. Also 

of note is the establishment of H4K16Q cells during this study. Perhaps future 

experiments can be addressed to analyse effect of the histone mutants in regulating 

life span in human cells.  

Recent reports show that H4K16ac plays an important role in DDR and DSB 

repair. Pandita and colleagues demonstrated that decreased levels of hMOF, the 

major HAT for H4K16ac, led to decreased H4K16ac and defective NHEJ (Non-

Homologous End-Joining) and HR (Homologous Recombination) [616]. Also using a 

conditional Mof knockout mouse, global loss of H4K16ac led to massive 

chromosomal aberration, severe G2/M arrest and defects during IR-induced DDR 

[617]. Furthermore, loss of H4K16ac was associated with premature senescence in 

Zmpste-deficient mice [618]. Deficiency of the lamin-A processing enzyme Zmpste in 

these mice recapitulates premature ageing phenotype of HGPS (Hutchinson Gilford 

Progeria Syndrome). The mice demonstrated genomic instability and early cellular 

senescence due to defective recruitment of DNA damage proteins at the site of 



 205 

damage. This delay was associated with decreased association of hMOF and H4K16 

hypoacetylation. Such profound demonstrations of the role of H4K16ac during key 

cellular processes, such as DNA repair and also ageing and cancer, undoubtedly 

warrant further investigation of the mark during senescence.  

Overall, the discussion above suggests that H4K16ac may have critical 

function in transcriptional regulation via chromatin modulation during cellular 

senescence. 

The primary focus of this project was to understand how senescence is 

regulated by its chromatin structure. Certainly, work from this project has brought us a 

step closer to the goal, albeit with leading questions. The findings presented here 

implicate H3CS.1, H4R3me2a and H4K16ac in control of cellular senescence. Based 

on the ‘histone code’ hypothesis [548], I would like to propose the possibility of 

H3CS.1, H4R3me2a and H4K16ac acting in direct or indirect combination to exert 

their influence on chromatin regulation during senescence. Apart from the 

aforementioned future objectives in the sections above, attempts to decipher potential 

cross-talk between these modifications will leave a remarkable impact on our basic 

understanding of senescence and may possibly strengthen its links to ageing and 

cancer. 
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