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ABSTRACT 

 Ageing is a process from which there is no escape, yet an understanding of the 

molecular mechanisms which underly this physiological deterioration, although the centre 

of a large deal of research, remains relatively elusive. Cytoplasmic stress granules are 

impermanent membrane-less intracellular organelles that exist transiently to aid the cell to 

overcome a period of stress, such as oxidative attack. The role these granules may play in 

ageing and senescence is not clear, although it is published that cells lose their ability to 

form such granules due to a loss of fundamental nucleating proteins, such as G3BP1 and 

TIAR, with  age We investigate the interactions between stress granules and senescence by 

utilising a range of CRISPR-Cas9 mutant cell lines to begin to dissect their contribution to 

the senescence programme, presenting considerable evidence that loss of these nucleating 

proteins is not a universal mechanism through which granule assembly may be lost. We 

present a model of induced premature senescence using etoposide, doxorubicin, and the 

novel inducer Sin-1 and demonstrate that granule loss is complex and context-dependant. 

Our data generates new insight into granule dynamics in ageing, and describes a number of 

novel hypotheses for the loss of granules in senescence. 
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1   
INTRODUCTION 

 

The classical concept that intracellular organelles are surrounded by a membrane to 

maintain their form or to exhibit regulated and controlled exchange with the cytoplasm has 

been challenged by developments in the study of membrane-less organelles. These are 

organelles that can exist transiently and in a context-dependant manner, demonstrate rapid 

and selective exchange with the cytoplasm, are regulated by several cellular mechanisms 

and can trigger profound effects on cellular physiology. Such organelles are not only 

fascinating in terms of their fundamental biology, but open doors to a new understanding of 

many previously mysterious pathologies and represent an exciting intersection between the 

physical and life sciences. Examples of such membrane-less organelles are stress granules, 

first observed in 1998 and have since gained considerable interest in their own right, and as 

a springboard into the study of membrane-less assemblies. Stress granules (SGs) are 

transient and dynamic aggregations of stalled 48S preinitiation complexes, forming in 

response to drugs or cellular stresses, including viral infection. In the case of cellular stress 

such as an oxidative attack, starvation, or hyperosmolality. Cells modulate translation to 

reduce that of housekeeping genes and upregulate stress-related transcripts such as heat 

shock proteins. This selective process aims to conserve anabolic energy to repair stress-

related damage (Anderson and Kedersha, 2002). 

 

1.1   The Formation and Structure of Stress Granules 

 

The formation of these non-membrane bound foci occurs as a result of 

phosphorylation of eukaryotic initiation factor 2-alpha (eIF2α) by several serine/threonine 

kinases, each responding to different stressful stimuli. Such kinases include the double-

stranded RNA-dependent kinase PKR which responds to viral infection, PERK which is 

triggered by the accumulation of unfolded proteins in the endoplasmic reticulum (ER), 

GCN2 triggered by amino acid starvation, and the haem-regulated kinase HRI which also 

responds to oxidative attack (Anderson and Kedersha, 2002). Phosphorylation of eIF2α 

subsequently inhibits GDP-GTP exchange during the binding of the initial tRNAiMet to the 

40S ribosome by the eIF2/tRNAiMet/GTP ternary complex. The lack of available ternary 
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complex inhibits translation and causes elongating ribosomes to ‘run off’ polysomes, often 

termed polysome disassembly (Jackson et al., 2010) (Holcik and Sonenberg, 2005). The 

resulting eIF2/eIF5-deficient stalled 48S preinitiation complexes form the core component 

of  stress granules, along with their associated mRNA transcripts and RNA- binding proteins 

(Kedersha et al., 2002). 

 

Stress granules are also induced via drugs that target the function of eIF4A and thus inhibit 

translation initiation (Arimoto-Matsuzaki et al., 2016). Interestingly, stress granules formed 

independently of eIF2α phosphorylation differ from those induced through p-eIF2α and 

contain the initiation factors eIF2 and eIF5 that were previously lacking (Kedersha et al., 

2013). eIF4A is an RNA-helicase that promotes ribosomal recruitment to mRNA and exists 

in the free form eIF4Af or in complex with eIF4E and eIF4G (Mazroui et al., 2006). 

Previous work demonstrated that depletion of eIF4A or its pharmacological inhibition (e.g. 

pateamine A or hippuristanol) may lead to the assembly of stress granules (independent of 

p-eIF2α) as it perturbs small ribosome recruitment to mRNA (Mokas et al., 2009). Although 

the exact mechanisms of how this happens is still unclear, this theory is supported by 

evidence that has shown that poliovirus infection leads to the assembly of SGs through the 

cleavage of eIF4G, independently of p-eIF2α (Maroui et al., 2006) supporting the 
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Stress granules may also be induced via the action of drugs that target eIF4A and inhibit 

translation initiation (Arimoto-Matsuzaki et al., 2016). However, stress granules formed 

independently of eIF2α phosphorylation have been shown to contain the initiation factors 

eIF2 and eIF5, differing from those induced through p-eIF2α (Kedersha et al., 2013). 

eIF4A is an RNA-helicase that promotes ribosomal recruitment to mRNA and exists in the 

free form eIF4Af or in the eIF4F complex with eIF4E and eIF4G (Mazroui et al., 2006). 

Previous work demonstrated that depletion of eIF4A or its pharmacological inhibition (e.g. 

pateamine A or hippuristanol) leads to the assembly of stress granules (independent of p-

eIF2α) through perturbing small ribosome recruitment to mRNA (Mokas et al., 2009). It 

has also been shown that poliovirus infection of HeLa cells leads to the assembly of SGs 

through the cleavage of eIF4G, independently of eIF2α phosphorylation (Mazroui et al., 

2006). Thus, confirming the above observation that impaired small ribosome recruitment 

in the absence of p-eIF2α is sufficient for SG assembly. 

 

FIGURE 1    G3BP-Caprin1-USP10 complexes mediate stress granule condensation.   
Disassembly and conversion of polysomes to translationally repressed RNPs allows binding of 
G3BP via association with the 40S ribosomal subunit. Binding of USP10 maintains a 
conformation that is soluble in the cytoplasm whereas formation of G3BP1:Caprin-1 complexes 
(Caprin-1 binding is mutually exclusive of USP10) leads to SG condensation by initiating an 
insoluble conformational change in G3BP. Properties of these complexes can be confirmed via 
immunoprecipitation experiments; G3BP1 co-precipitates either Caprin-1 or USP10 but neither 
are co-precipitated together with G3BP1, or are precipitated with each other.  

 
(Kedersha et al, 2016) 

FIGURE 1   G3BP-Caprin1-USP10 complexes mediate stress granule condensation.  
Disassembly and conversion of polysomes to translationally repressed RNPs allows binding of 
G3BP via association with the 40S ribosomal subunit. Binding of USP10 maintains a soluble 
conformation in the cytoplasm whereas formation of G3BP:Caprin1 complexes (Caprin-1 binding 
is mutually exclusive of USP10) leads to SG condensation by inducing an insoluble conformation 
of G3BP. Properties of these complexes can be confirmed via immunoprecipitation experiments; 
G3BP1 co-precipitates Caprin-1 or USP10 but neither are co-precipitated together with G3BP1, or 
with each other. B-isox selectively precipitates proteins with ID/LC  regions and thus can be used 
as a tool to isolate and study stress granule components.   
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observation that impaired ribosome recruitment in the absence of p-eIF2α is sufficient for 

SG assembly. 

 

The stalled 48S preinitiation complexes (containing their associated mRNA transcripts) 

bind to various RNA-binding proteins to form messenger ribonuclear protein complexes 

(mRNPs) which coalesce to form stress granules. The aggregation of these proteins is 

mediated by prion-like low complexity/intrinsically disordered (LC/ID) regions and RNA 

binding domains (Gilks et al., 2004), well-studied examples of RNA-binding proteins 

implicated in SG formation include T-cell restricted intracellular antigen 1 (TIA-1) (Gilks 

et al., 2004) and the Ras GTPase-activating protein binding protein (G3BP) (Anderson and 

Kedersha, 2008). The role of the LC/IDs domains is an emerging area of research linked to 

the concept of liquid-liquid phase separation; a process through which normally soluble and 

well-mixed components within a homogenous solution (such as the cytoplasm of the cell) 

are able to ‘de-mix’ to form distinct ‘droplets’ enriched for specific solutes (Hyman et al, 

2014). These assemblies are exceedingly dynamic; generating highly concentrated cytosolic 

compartments that are able to form and dissolve relatively rapidly and modulate 

biochemical processes with minimal additional regulation (Hyman et al, 2014). Indeed, 

when one considers the necessity for cells to compartmentalise and rapidly react to internal 

or external stress, phase separation appears a very powerful mechanism to quickly 

concentrate or sequester cytosolic components (examples discussed below). It is clear 

however that such a process requires some form of regulation to prevent uncontrolled 

protein aggregation leading to the formation of very large droplets. We know from our own 

results that stress granules do not continue to grow indefinitely (unpublished data) and some 

regulatory mechanism must prevent their excessive growth however this has yet to be 

clarified.  

 

Stress granules are able to exist as discrete focalisations within the cytoplasm via the process 

of de-mixing. Stress granules, and indeed RNA granules in general, largely contain an 

abundance of proteins with LC/ID regions which facilitate this phase transition (Hyman et 

al., 2014) (Anderson and Kedersha, 2006) (Molliex et al., 2015) (Nott et al., 2015). The 

mRNA transcripts associated with the preinitiation complexes were not thought to play a 

significant role in phase separation, however recent reports have shown that the RNA 

promote protein aggregation and phase separation through a multivalent process facilitated 

by both the LC and RRM domains. This was shown by (Molliex et al., 2015), who 
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demonstrated the requirement for hnRNPA1 to promote phase separation decreases in a 

mixture of RNA and hnRNPA1 rather than hnRNPA1 alone. The authors deduced a model 

where both protein-protein and RNA-protein binding work together to form RNA granules 

(Molliex et al., 2015). 

 

Ras GTPase-activating protein binding protein 1/2 (G3BP1/2) is a well-established SG 

nucleating protein despite lacking the prion-like domain common to many proteins 

susceptible to phase separation, however it still maintains RNA-binding domains (Tourrière 

et al., 2003). Recent studies have further established its role as essential for SG assembly 

initiated by p-eIF2α or eIF4A inhibition but not so in the case of hyperosmolarity or heat 

shock (Kedersha et al., 2016). This adds to the previous example discussed above 

demonstrating differences in the contents of granules depending on the stressful insult 

employed.  It has been reported that G3BP can bind to the 40S ribosome subunit, exclusively 

via its RGG motif, and aggregate with other SG-nucleating proteins to coalesce with 

selected transcripts which could directly affect the phase seperation of SGs (Kedersha et al., 

2016). This study also demonstrated that G3BP binding to Caprin-1 promoted SG 

condensation, and USP10 (via its FGDF domain) inhibited it, proposing conformational 

changes in G3BP due to Caprin- 1/USP10 binding as a possible mechanism (Figure 1). 

However, this study did not consider the effect(s) of the many other proteins that interact 

with G3BP/Caprin-1 and how this may modify solubility but does describe a regulatory axis 

which can be exploited to study the function of stress granules.  

 

Stress granules are reported to possess distinct layers constructed of a stable core structure 

surrounded by a dynamic shell wherein proteins that form the core exchange at a slower rate 

than those in the shell area (Jain et al., 2016). This model is now supported by evidence of 

from several studies (Molliex et al., 2015). The impact of this organisation and individual 

substructure has yet to be evaluated in the literature but may play essential roles in SG 

function. Jain et al. proposed that the ATP-dependant modulation of these cores by 

remodelling complexes maintains a higher percentage of proteins in the dynamic shell area 

than the core (Jain et al., 2016). The exact mechanism(s) driving this are not known however 

aberrations in these could suggest a possible mechanism for the pathological aggregation of 

amyloid fibres/SG- like structures that promote neurodegenerative disease (Li et al., 2013). 

An area of research in which SGs are widely thought to play a significant role. It is not yet 

known, however, that if in this model the core structures are formed first which then fuse to 
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form larger granules or if an initially significant phase separation leads to the development 

of inner cores (Figure 2). 

 

 

1.2   The Function of Stress Granules 

 

The function(s) of stress granules is widely debated. A great number of studies have 

generated large volumes of data but there is relatively little consensus regarding their exact 

function and mechanism of action. One well described theory is that stress granules are 

proposed areas of RNA ‘triage’ where mRNA transcripts are stored and selected for 

translation or degradation. This is supported by evidence that proteins of all significant 

stages of mRNA regulation (TIAR, HuR, G3BP) can be found within SGs (Kedersha et al., 

2002) (Tourrière et al., 2003) The rapid phase-separation of droplets could also modulate 

cellular function by sequestering key players in many signalling pathways. Indeed, SGs 

have been shown to modulate cellular signalling pathways by sequestering intermediate 
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the effect(s) of the many other proteins that interact with G3BP/Caprin-1 and how this may 

modify solubility.   

 

Stress granules have also been reported to possess distinct layers of a stable core structure 

surrounded by a dynamic shell wherein proteins that form the core exchange at a slower 

rate than those in the shell area (Jain et al., 2016). This model is supported by other studies 

(Molliex et al., 2015). The impact of this organisation and individual substructure has yet 

to be evaluated in the literature but may play important roles in SG function. Jain et al also 

proposed that ATP-dependant modulation of these cores by remodelling complexes 

maintains a higher percentage of proteins in the dynamic shell area than the core (Jain et 

al., 2016).  The exact mechanism(s) are not known however aberrations in these could 

suggest a possible mechanism for preventing the aggregation of amyloid fibres/SG- like 

structures that promote neurodegenerative disease (Li et al., 2013). It is not yet known, 

however, if the core structure is formed first which then fuse to form larger granules or if 

an initially large phase separation leads to the development of inner cores (Figure 2). 

FIGURE 2   Mechanisms through which stress granules may acquire a differential core 
structure.    Two mechanisms are hypothesised for the development of cores. (A) In the first, core 
structures are first formed by the nucleation of translationally repressed RNPs and intrinsically 
disordered proteins which continue to grow with the further accumulation of RNPs. Finally, these 
cores fuse and recruit further disordered proteins to form the dynamic outer shell. (B) In the second 
model, a large stress granule assembly occurs first via the phase separation of translationally 
repressed RNPs and further growth via the addition of more RNPs similar to (A). It is suggested 
that the high concentration or proteins within this large assembly leads to the formation of cores and 
a mature biphasic granule.    

(D.Protter and R. Parker, 2016) 
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components of signalling pathways including those of the mammalian target of rapamycin 

(mTORC1/2) (Heberle et al., 2014). In this case it has been reported that during oxidative 

stress, astrin prevents mTORC1 association by binding to and sequestering raptor within 

stress granules (Thedieck et al., 2013).  

 

The mechanistic target of rapamycin complexes 1/2 (mTORC1/2) are highly conserved 

major eukaryotic signalling pathways that integrate stress, nutrient availability, and 

proliferation (Sengupta et al., 2010). mTOR exists in two complexes; mTORC1 which also 

contains the regulatory-associated protein of mTOR (Raptor) amongst others, and mTORC2 

which contains the RAPTOR-independent companion of mTOR (Rictor) (Sengupta et al., 

2010). In response to incoming stimuli, the primary role of mTORC1 is to modulate 

translation via phosphorylation of either S6 kinase-1 (S6K1) (activating) or eIF4E binding 

protein (4EBP) (inhibiting) (Saxton and Sabatini, 2017). 

 

mTORC1 is a chief regulator of autophagy, which is typically upregulated in the absence 

of sufficient nutrients or the presence of stress. However, the liberation of amino acids via 

the autophagic degradation of proteins eventually leads to the reactivation of mTORC1 and 

thus inhibiting autophagy (Yu et al., 2010). This has been suggested as a potential 

mechanism through which senescence may be maintained, in addition to aberrant 

growth/amino acid sensing and membrane depolarisation (Carroll et al., 2017). The study 

by (Carroll et al., 2017) demonstrated that persistent mTORC1 signalling was shown to 

occur as a result of aberrant growth factor sensing through the development of abnormal 

primary cilia in senescent cells. It was proposed that these abnormal cilia may form due to 

abnormal membrane depolarisation in senescent cells however the mechanism through 

which this occurs and its relation to other senescent-related changes remains unclear 

(Carroll et al., 2017) (Lerner et al., 2013) (Xu et al., 2014). Recent reports show that the 

downstream effectors of mTORC1, S6K1 and S6K2, are required for stress granule 

assembly and persistence during stress (Sfakianos et al., 2018). Coupled with the above 

observation that SGs can sequester RAPTOR, this implies a potential regulatory role on 

mTORC1 activity (and vice-versa), which may play a role in the pathophysiology of cancers 

and other disorders and suggests that granules may play significant roles in a many 

important cellular pathways, including senescence.  
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Clarifying the role and mechanisms of stress granules has been frustrated by the difficulty 

of biochemically purifying SGs due to their transient and unstable nature. Some success has 

been published using differential centrifugation to examine differences in both the proteo- 

and transcriptome of the granular and cytoplasmic fractions.  Using this technique, it has 

been reported that transcription factors, protein kinases, and genes with critical functions in 

cellular proliferation and survival (proto-oncogenes) are targeted to stress granules upon 

specific stressful stimuli including ER, arsenite (oxidative), and heat shock stress. This 

includes examples such as Xipa, Ago3, Creb1, Brca1, and RICTOR (Namkoong et al., 

2018). The presence of these oncogenes provides further evidence that SGs may play a role 

in the growth of cancer cells and could promote their survival in stressful conditions. 

Interestingly, (Namkoong et al., 2018) also observed that only a specific subset of mRNA 

transcripts was targeted to SGs, in contrast to the current belief that bulk mRNA is recruited 

upon stress to undergo “triage”. The authors also note that the predominant driving factor 

is not translational suppression but the presence of RNA sequence motifs (specifically 

AREs) and transcript length. However, this differs from a similar study whose results 

showed no abundance of any specific transcript(s) with the presence of almost every mRNA 

transcript (bulk mRNA) to some extent, suggesting that mRNA recruitment must occur via 

a generic mechanism (Khong et al., 2017). These discrepancies testify to the difficulty of 

reproducibly isolating these transient assemblies. However, both noted a correlation 

between increased physical length of the transcript and recruitment to SGs, suggesting the 

availability of a higher number of RNP binding sites as a likely explanation. These results 

question the present theories of stress granule function, warranting further investigation. 

 

1.3   Cellular Senescence 

 

Senescence is defined as the irreversible cell cycle arrest of previously replication-

competent cells and is distinct from other commonly confused cellular states such as 

quiescence and terminal differentiation. In quiescence, cells are also hypo-replicative and 

maintain their cellular identify; however, they undergo reversible cell cycle arrest in 

response to mitogen deprivation but re-enter the cell cycle upon the introduction of more 

favourable growth conditions. The reversible nature of their exit from the cell cycle 

differentiates their cellular state from senescence. Terminal differentiation differs from 

senescence as it is a developmentally programmed process whereby undifferentiated 

precursor cells develop into specialised cells (Akbar and Henson, 2011). Although cells 
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often exit the cell cycle when they develop into their specialised state, the development is 

often accompanied by significant changes in the identity of the cell, with the cells taking on 

vastly different morphological and functional changes. (Yu et al., 2010) (Storer et al.,2013) 

(Ruzankina and Brown, 2007) Despite this durable hypo-replicative state, the cells remain 

metabolically active and often maintain the cellular identity and functions of the cells from 

which they derive (Campisi, 2013)(Inomata et al., 2009). The term itself was first coined in 

1961 by Drs Hayflick and Moorhead who observed the finite replicative capacity of human 

fibroblasts in culture, however later studies observed cells with the same hallmark features  

of senescence in vivo which increased in number with advancing age (Dimri et al., 1995) 

(Liu et al., 2009) (Melk et al., 2004). These hallmarks have been studied and reviewed in 

the literature and include the following core features: persistent and durable cell cycle arrest, 

expression of anti-proliferative proteins such as p160INK4a and p21, and the activation of 

damage-sensing signalling pathways such as p38 and NF- KB, resulting in the expression 

of several senescence-related transcripts. (Matatall et al., 2016) (Muñoz-Espín and Serrano, 

2014) 

 

Activation of the above DDR pathways occurs in response to cellular stress and DNA 

damage via activation of p16INK4a and/or p53 (Wang et al., 2012). Expression of the tumour 

suppressor p16INK4a gene is encoded by the CDK2NA gene located on chromosome 9 and 

acts to inhibit cyclin-independent kinases thus preventing progression from G1 to S phase 

(Wang et al., 2012). Three alternatively spliced variants have been described, each differing 

in their first exons and coding for a different protein.  Two are structural isoforms of each 

other and act to inhibit CDK4 however the third contains an alternative opening reading 

frame (ARF) generating a structurally different protein reported to stabilise p53 and inhibit 

its degradation by other molecules such as MDM2 (which codes for a ubiquitin ligase) 

(Chien et al., 2011) (Freund et al., 2011). Activation of the CDK2NA locus occurs in the 

majority of senescent cells and is typically repressed and undetectable in young cells, or in 

the absence of stress or tissue damage (Herranz et al., 2015). Senescent cells also secrete a 

mix of very potent cytokines, collectively known as the senescence-associated secretory 

phenotype (SASP), regulated by p38MAPK and NF-kB signalling (Laberge et al., 2015) 

(Coppé et al., 2008). Several biological features of senescent cells have been described; 

however, few can be used alone as a reliable identifier of the senescent phenotype (Sharpless 

and Sherr, 2015) (Kang et al., 2015). Methods and markers to identify these cells are 

discussed later. 
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By analysing p16INK4a expression in vivo, it has been demonstrated that the accumulation 

of senescence cells with age is not a linear process and instead accelerates to an exponential 

level as the organism ages (Herbig, 2006) (Wang et al., 2009). It can be theorised that the 

increase may be due to either an increase in the generation of senescent cells or in the 

effectiveness of their successful clearance. Significant evidence has been published to 

support immunological clearance as a primary mechanism responsible for the removal of 

senescent cells. Such evidence includes the observation that senescent hepatic cells are 

removed from the liver via an immune response, and that senescent cells generated at 

cutaneous skin wounds rapidly disappear after the injury (Kang et al., 2011) (Demaria et 

al., 2014). This seems logical when one considers the typical decline in immune function 

observed with age, thus allowing a greater number of senescent cells to accumulate within 

an organism (Stein et al., 1999). However, this theory is complicated by the observation that 

some senescence cells persist in vivo independent of immune function. (Marniemi and 

Parkki, 1975) Such observations include the accumulation of radiation-induced senescence 

cells in mouse models, and the persistence of cells with features of senescence in young 

adult women treated for breast cancer with cytotoxic drugs (Le et al., 2010) (Sanoff et al., 

2014); in this case, senescent cells were shown to be present decades after remission and 

was linked to the chronic fatigue commonly associated with cytotoxic chemotherapy 

(Sanoff et al., 2014).  

 

Senescence can be induced in many different contexts by several different signals including 

oxidative stress, telomere dysfunction, proteotoxicity, or mitochondrial dysfunction. 

Senescence is typically induced when a cell receives a concomitant pro- and anti-

proliferative signal such as in the case of very high RAS signalling (oncogene-induced 

senescence). RAS signalling leads to activation of the pro- proliferating MAPK-dependent 

pathway and of the anti-proliferating CDK2NA locus (Demidenko and Blagosklonny, 2008) 

(Briehl and Salhany, 1975). When cells encounter a stressful challenge such as oxidative 

stress, activation of p53 (and subsequently p21) induces transient exit from the cell cycle, 

however if the stress is impermanent the cells may re-enter the cell cycle; thus the senescent 

phenotype is a not achieved (Narita et al., 2003). Only with more long-lasting stress, and 

the subsequent activation of the CDK2NA locus does a durable and ‘irreversible’ exit from 

the cell cycle occur (Ivanov et al., 2013). However, p53 and p21 signalling are only essential 

for inducing a senescence phenotype and are dispensable in its maintenance. Indeed, the 
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expression of both p53 and p21 have been shown to decrease in the later stages of 

senescence even during persistent DNA-damage. Further investigations have since 

discovered additional processes are required to maintain the hypo-replicative state such as 

sequestering pro-proliferation E2F genes and the secretion of SASP cytokines (Figure 

3)(Dai and Enders, 2000).  

 

 

 

 
 

The role of senescence in health and disease is an area of great interest and debate. Current 

research suggests that the role of senescence is very context dependent and can be either 

beneficial or detrimental, or both in complex physiological/pathological conditions. 

Senescence is a well-known anti-tumour mechanism and is now accepted to be of greater 

importance in preventing neoplastic transformation than apoptosis. (Donehower et al., 
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senescence even during persistent DNA-damage thus additional processes are required to 

maintain the hypo-replicative state such as sequestering of pro-proliferation E2F genes or 

the effect of the secreted SASP cytokines (Figure 3). (Dai and Enders, 2000)  

 

The role of senescence in health and disease is an area of great interest and debate. Current 

research suggests that the role of senescence is very context dependant and can be either 

beneficial or detrimental, or both in complex physiological/pathological conditions. 

Senescence has long been considered an anti-tumour mechanism and has been reported to 

be of greater importance in preventing neoplastic transformation than apoptosis. 

(Donehower et al., 1992) The authors of that review describe evidence that mice with 

major defects in apoptotic pathways do not demonstrate any remarkable disposition to 

developing tumours however those with only very minor defects in the senescence 

machinery display a much greater disposition to neoplasia. (Childs et al., 2015) (Lindsten 

et al., 2000) In addition, genomic screening suggests that the loss of p53 and/or p16INK4a is 

FIGURE 3  Multiple molecular pathways can drive cells into a senescent state.   Senescence 
is induced via several molecular pathways that lead to the inactivation of several cyclin-
dependant kinases responsible for regulating DNA replication and mitotic division (CDK1/K2).  

(V.Dulic, 2013) 
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1992) Experimental evidence to support this exists in mouse models where mice with 

significant defects in apoptotic pathways do not demonstrate any remarkable disposition to 

developing tumours however those with only very minor defects in the senescence 

machinery display a much greater disposition to neoplasia. (Childs et al., 2015) (Lindsten 

et al., 2000) In addition, genomic screening suggests that the loss of p53 and/or p16INK4a is 

a prevalent genomic defect in human cancers, suggesting that all cancers may potentially 

incorporate mutations into the senescence apparatus (Beroukhim et al., 2010). Increased 

expression of CDKN2A has also been attributed to a decreased risk of atherosclerotic 

vascular disease, demonstrating a role in preventing pathological proliferation in a context 

other than neoplastic transformation (Holdt and Teupser, 2012). Indeed, when one considers 

the much older evolutionary place of apoptotic cell death, senescence must have developed 

as an advantageous mechanism in many contexts. An example could be the loss of the clonal 

diversity of memory T cells through apoptotic death and a resulting loss of the T cell 

repertoire (Chou and Effros, 2013). Senescence would allow damaged T cells to maintain 

their function without dividing, and this maintains the clonal diversity required for the 

immunological function of T cells. Additional studies have proposed that senescence may 

have developed as an anti-viral mechanism (Miller, 2011); a reasonable hypothesis given 

the propensity of viral infection to introduce mutations into the host genome which could 

lead to malignant disease in replication-competent cells. The theory of an anti-viral origin 

is supported by independent evidence that senescence can be induced directly by viral 

infection (via DNA damage, paracrine signalling), that viral replication is impaired in 

senescent cells, and that senescent cells can recruit innate immune cells to prevent the 

further spread of infection (Reddel, 2010). Additionally, some viruses have developed 

mechanisms to evade the senescence response by blocking vital signalling pathways such 

as p53 (Baz-Martínez et al., 2016). This is curious as viral infection can also induce the 

formation of stress granules via PKR-mediated phosphorylation of eIF2alpha, presumably 

to halt the translation machinery and thus prevent extensive propagation of viral products 

until the cell can be recognised by cytotoxic T cells. Viruses also employ mechanisms to 

perturb granule formation, most notable is the viral p3 protease-mediated cleavage of G3BP 

during the later stages of polio virus infection (Miller, 2011). This could suggest that SGs 

and senescence act as two separate lines of defence against viral infection; firstly by 

preventing viral proliferation (SGs) and secondly to prevent the replication of cells that may 

now harbour potentially dangerous mutations.  
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1.4   Cell Migration and Senescence 

 

As previously mentioned, senescence has a well-established role in wound healing. 

In experimental mouse models, premature clearance of p16INK4a positive cells has been 

shown to delay wound healing (Demaria et al., 2014). These studies suggested that the lack 

of the pro-inflammatory SASP cytokines, especially the lack of PDGF-AA, secreted by the 

senescent (p16INK4a positive) cells was responsible for slowing the healing process, rather 

than simply the loss of senescent cells. This was supported by the observation that p16INK4a 

knock-out mice do not exhibit any significant dysfunction in healing or tissue modelling; 

thus, it can be deduced that p16INK4a expression plays a role in, but is not required for, the 

healing process (Baker et al., 2016). Cells expressing the hallmarks of the senescent 

phenotype are also observed in the developing embryo, particularly in transient structures 

that would be broken down during later stages of development. (Storer et al., 2013) 

However, although these cells are indeed hypo-replicative and express markers for 

senescence such as SA-B-Gal, they seem to be dependent on p21 to maintain their 

phenotype rather than p16INK4a or p53, potentially as they are not dependant on DNA 

damage, and do not secrete the typical cytokines (SASP)(Muñoz-Espín et al., 2013). 

 

The capacity for cells to migrate is essential in both normal physiological conditions such 

as development and wound healing and in pathological conditions including tumour 

invasion and metastasis. The control of cell migration is sophisticated and integrates many 

different factors involving signal transduction pathways, the extracellular matrix, and 

growth factors. An example of such is the potent mitogenic Migration Stimulating Factor 

(MSF) formed from the 70 kDa N-terminus of human fibronectin and a unique 10 amino 

acid intron-coded C-terminus. (Millard et al., 2007) (Schor et al., 2012) MSF is known to 

stimulate the migration of fibroblasts as well as endo- and epithelial cells by suppressing 

AKT activity. However, the full-length fibronectin does not stimulate the same migratory 

effect as MSF and appears to be biologically inactive. Fibronectin only exhibits its bioactive 

properties when the IGD motifs on the N terminus are exposed, and of the four motifs 

present, only 2 show an active effect on fibroblast migration. (Millard et al., 2007) (Schor 

and Schor, 2010) Exposure of these motifs occurs via proteolysis of the inactivate complete 

fibronectin, generating fragments with exposed IGD motifs. Incubation with increasing 

concentrations of IGD motifs alone has been shown to stimulate an increase in migration in 

a bell-curve fashion where concentrations too low or too high have either no effect, or even 
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reduces the migratory effect. (Millard et al., 2007) (Nincheri et al., 2010) The mechanism 

through which the cells receive the pro-migratory signal from the IGD motifs is not 

understood however a strong candidate is the integrin alpha-v-beta-3 and its subsequent 

downstream signalling molecules including phosphatidylinositol 3 kinase and focal 

adhesion kinase. 

 

1.5   Aims of the Study 

 

It is clear that links exist between stress granules and senescence, with the potential 

that one may be regulated by the other. In this project, we will investigate whether the loss 

of stress granules impacts the acquisition of senescence and how stress granule formation 

may be affected by the senescent phenotype. We will explore these possibilities by utilising 

stable knock-out and reconstituted cell lines with a range of known critical stress granule 

components, focusing around the Caprin1-G3BP-USP10 axis. Specifically, we wish to 

establish whether stress-granule incompetent cells enter senescence at a faster or slower rate 

than SG- competent cells, whether stress granule assembly is affected in senescent cells, 

and whether these effects are dependent on the type of stress by employing oxidative, 

mitochondrial, and osmotic stresses. Given the role of cell migration and senescent cells in 

wound healing, we will also ask if a synthetic mimetic of the IGD motif of MSF can be used 

to stimulate migration in young and senescent cells and if differences arise between these. 

This will be achieved using the scratch assay as a model of wound healing. 
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2 
METHODS 

 

2.1   Statistical Analyses 

 

All statistical analyses were performed in Microsoft Excel. Each test is described alongside 

its result in any given experiment. In all applicable cases, p < 0.05 was considered 

statistically significant. Where shown, error bars represent ± standard error.  

 

2.2   Chemicals 

 

All reagents were sourced from Sigma-Aldrich (Dorset, UK) unless otherwise stated. 

 

2.3   Tissue Culture 

 

Human-derived wild-type and mutant osteosarcoma U2OS lines were a gift from 

collaborators Drs Nancy Kedersha and Paul Anderson at Harvard Medical School, USA. 

Genetic alterations were introduced in these cells following an established CRISPR-Cas9 

methodology and confirmed via sequencing. These cells were chosen due to their relative 

ease of growth and high transfection efficiency. They are a well-established line and used 

by many laboratories in the stress granule community. MRC-5 and HDFa cells were a gift 

from collaborators at the University of Newcastle upon Tyne. U2OS, MRC5, and HDFa 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (Sigma No. D5671) 

supplemented with 10% (v/v) foetal bovine serum, 1% (v/v) penicillin-streptomycin, and 

1% (v/v) L- glutamine at 37 ˚C in a humidified 5% CO2 incubator. Where serum-free media 

was required, cells were incubated in Gibco Opti-MEM (ThermoFisher Cat No. 31985062) 

Cultures were typically passaged at 90% confluency; cultures were washed twice with 

phosphate- buffered saline (PBS) pre-warmed to approximately 37 ˚C and incubated in 

0.25% trypsin (Sigma No. T4049) for 5 minutes at 37 ˚C. Etoposide, doxorubicin, or Sin-1 

treatment was used to drive cells into premature senescence. 
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2.4   Induction of Stress Granules 

 

Stress granules were induced via incubation with sodium arsenite (NaAsO2) at 200 μM for 

60 minutes (oxidative stress), or with 20 μM clotrimazole in serum-free media for 1 hour, 

or via incubation in a 0.4 M D-sorbitol-DMEM solution for 30-60 minutes. Cells were 

incubated with the treatment at 37 ˚C in a humidified 5 % CO2 incubator. Cells were 

typically treated with 5 μg/ml puromycin to promote polysome disassembly or with 20 

μg/ml cycloheximide to prevent it. Each treatment coincides with a stressful insult where 

described. When scoring for ‘cells with granules’ a minimum of 3 granules was required to 

score positive. 

 

2.5   Induction of Senescence 

 

Senescence was induced in U2OS, MRC5, and HDFa cells via incubation with the DNA- 

damaging agents etoposide and doxorubicin. The optimal concentration for etoposide 

treatment was established in this work. The concentration used for doxorubicin-induced 

senescence was obtained from unpublished work. Cells were treated with doxorubicin and 

etoposide for 48 hours. Senescence was also induced via incubation with the nitrous oxide 

donor SIN-1 for 6. Sin-1 was resuspended immediately prior to use and was not stored. The 

correct concentration of each treatment was generated in complete 10 % FBS DMEM and 

cells were incubated with the treatment at 37 ˚C in a humidified 5 % CO2 incubator. After 

treatment, cells were washed twice with PBS and fresh media was added. Cells were 

cultured for an additional 7 days to establish a senescent phenotype before subsequent 

experimentation. Senescent cells were identified either by the presence of a minimum of or 

greater than 15 SAHF within the nuclei via IF (Section 2.6)  according to (Aird and Zhang, 

2013) and/or cytochemical staining for SA-ß-Gal activity (section 2.8).  
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2.6   Immunofluorescence 

 

U2OS/MRC-5 cells were plated at 1x105 cells per well onto glass coverslips in 24-well 

plates. Cells were cultured until ~80% before experimentation. Before fixation, cells were 

gently washed twice in pre-warmed PBS and fixed in 4% paraformaldehyde in PBS for 10 

minutes at room temperature, washed twice in PBS, and subsequently permeabilised in -20 

˚C methanol for 5 minutes. Coverslips was blocked by incubation in 5% normal horse serum 

in PHEM buffer (60 mM Pipes, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2; pH 6.9) for 

1 hour followed by two washes in PBS. Primary antibodies were diluted in 5% horse serum 

in PHEM buffer to the following concentrations: mouse anti-G3BP1, 1:500 (Santa Cruz 

Biotechnologies sc-81940); rabbit anti-H3K9me3 (Senescence-associated heterochromatin 

foci) 1:300 (Abcam ab8898); mouse anti- yH2AX 1:500 (Millipore A300-082A9). 

Coverslips were washed for 10 minutes, three times before incubation with a combination 

of secondary antibodies of suitable species-reactivity/fluorophores. Secondary antibodies 

sourced from Jackson Immunolaboratories were diluted in the same buffer as primary 

antibodies to the following dilutions: Donkey anti-mouse Cy2, 1:1000; Donkey anti-rabbit 

Cy3, 1:1000; Donkey anti-goat Cy5. 1:10,000 dilution of 0.5 mg/ml Hoechst dye was 

included during the secondary antibody incubation to visualise DNA/nuclei. Alternatively, 

coverslips were incubated in DAPI (10 ng/ml DAPI, 0.02% sodium azide in PBS) for 15 

minutes after incubation with secondary antibodies. Coverslips were washed 3 times in PBS 

again for 10 minutes and mounted with a polyvinyl mounting media (15% wt/v vinyl, 33% 

v/v glycerol, 0.1% sodium azide) and stored in the dark at 4 ˚C. 

 

2.7   Fluorescent Microscopy 

 

Images were acquired using a SPOT RT Digital Camera (Diagnostic Instruments) attached 

to a Nikon Eclipse E800 microscope equipped with a 40x Plan fluor and an oil-immersion 

100x Plan Apo objective lens. Fluorescence illumination was achieved with a mercury lamp 

and standard filters for DAPI, Cy2, Cy3, and Cy5. Raw TIF images obtained from the SPOT 

RT Digital Camera’s supplied software were collated and processed using Adobe Photoshop 

CS3. Any adjustments were applied to all images in an identical manner in any given 

experiment. Scale bars were added to each figure using FIJI, calibrated using a stage 

micrometer.  
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2.8   Senescence-Associated ß-Galactosidase Cytochemical Staining 

 

U2OS cells were plated at 1x105 cells per well onto glass coverslips in 24-well plates and 

cultured until ~80% (particular care was taken to ensure cultures did not exceed 80% 

confluency to prevent staining as a result of over-confluence (see section 3.1) and washed 

twice in pre-warmed PBS prior to fixation in 4% paraformaldehyde in PBS for 10 minutes 

at room temperature. Coverslips were washed twice in PBS, and 500 μl of SA-ß-Gal staining 

solution was applied overnight. The staining solution contained 8.8 ml of SA- ß-Gal solution 

(150 mM NaCl, 200 mM MgCl2, 40 mM citric acid, 12 mM sodium phosphate; pH 6.0), 1 

ml “Iron bru” potassium solution (5 mM potassium ferrocyanide, 5 mM potassium 

ferricyanide), and 0.2 ml of a 20 mg/ml 5- bromo-4-chloro-3-indolyl- ßD-galactopyranoside 

(X-gal) solution. Coverslips were mounted in a polyvinyl mounting media and imaged using 

a bright field EVOS XL Core Cell Imaging System (ThermoFisher Scientific; 

Loughborough, UK). Raw images were collated in Adobe Photoshop CS3. 

 

2.9   Protein Extraction 

 

Cells were plated in 12- or 6-well plates at 1x105 or 1x106 Cells per well respectively and 

cultured until ~90% confluency. Cells were harvested via direct lysis in 350 μl SDS lysis 

buffer (2% SDS, 10 mM MES buffer; pH 6.5) and heated in a microwave for 10 seconds. 

The samples were then sonicated twice for 2 minutes and precipitated with 600 μl of acetone 

for >2 hours at -20 ˚C. When ready for analysis, samples were centrifuged at 10,000 x g for 

10 minutes, the supernatant removed and loading buffer was added. The samples were 

sonicated again for 2 minutes and boiled at 95 ˚C for 5 minutes before subjection to SDS-

PAGE. Protein was quantified using the commercially available Pierce BCA protein assay 

kit (ThermoFisher, Cat no. 23225).  
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2.10   Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and 

Western Blotting 

 

Electrophoresis was performed either by using precast 4-20 % gradient gels (Mini-

PROTEAN TGX Gels, Bio-Rad; Catalogue No. 456-1096) or pouring gels in-house. The 

Bio-Rad gel was assembled in the Bio-Rad electrophoresis apparatus per the manufacturer’s 

protocol using diluted (to 1x) Bio-Rad 10x Tris/Glycine/SDS running buffer (25 mM Tris, 

192 mM Glycine, 0.1 % SDS; pH 8.3) (Bio-Rad catalogue No. 1610732). Samples were run 

alongside 5 μl PageRuler Plus pre-stained protein ladder. Polyacrylamide gels were run at 

200 V for 35 minutes. Gels were removed from the electrophoresis apparatus and placed 

into pre-mixed transfer buffer (Bio-Rad SSC Transfer Buffer, Catalogue No. 1610774). 

Transfer took place in a Bio-Rad Turbo Blot semi-dry system. The gel and nitrocellulose 

membrane was placed between two Bio-Rad transfer sponges saturated in SSC transfer 

buffer. The apparatus was then assembled. The transfer programme ran for 15 minutes at 

100 V. The nitrocellulose membrane was then washed in deionised (DI) water and stained 

for 5 – 10 minutes in ponceau stain to visualise protein loading, rinsed in DI water, and 

scanned. Ponceau stain was removed via three washes in TBS (0.05% Tween20 in 1X PBS) 

and blocked in 4 % milk for 1 hour. After blocking, the membrane was washed in TBS wash 

buffer 5 times for 5 minutes each until the solution ran clear. The membrane was then 

incubated with the desired primary antibody for at least 1 hour whilst rocking or overnight 

(p53, 1:1000, Cell Signalling 9286; p21, 1:1000, Santa Cruz SC6246; p16, 1:500, Abcam 

108349). Prior to incubation with secondary antibodies, membranes were washed 5 times 

for 5 minutes. Incubation with HRP-conjugated secondary antibodies (goat anti-mouse-

HRP, Invitrogen, G21040; goat anti-rabbit-HRP, Invitrogen, G21234) occurred for at least 

1 hour whilst rocking at room temperature. The membrane was washed in TBS 5 times for 

5 minutes and developed via a 5-minute incubation in 1:1 ThermoScientific West Pico 

solution (Catalogue No. 34580) before imaging using the Bio-Rad ChemiDoc system. To 

facilitate re-probing, the membrane was incubated in 0.02 % sodium azide to inactivate  the 

HRP. 
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2.11   Polysome Profiling 

 

Cells were incubated with 100 μg/ml cycloheximide (CHX) for 1 minute at 37 ˚C to halt 

translation, washed twice in PBS containing 100 μg/ml CHX, detached with trypsin, 

pelleted at 900 rpm, flash frozen, and stored at -80 ˚C until processed further. Samples for 

polysome analysis were lysed in polysome lysis buffer (10 mM Tris-HCl (pH 7.4), 5 mM 

MgCl2, 100 mM KCl, 1% Triton- X100, 2 mM DTT, 100 μg/ml CHX) in a 4 ˚C 

thermomixer at 1,400 rpm for 10 minutes. Samples were then passed through a 27 G needle 

6 times and centrifuged at 10,000 x g for 10 minutes at 4 ̊ C. An OD260 of  >10 was required 

for further processing. The supernatant was then loaded on 15-45% sucrose gradients (also 

containing 0.5 M HEPES, 0.5 M MgCl2, 1M KCl, 2 mM DTT, RNase and protease 

inhibitors (ROCHE)) prepared using the BioComp Gradient Master. Gradients were 

centrifuged in a Beckman SW41Ti swing- bucket rotor at 36,000 rpm for 2 hours at 4 ˚C in 

a Beckman Optima L90K ultracentrifuge. Samples were fractionated using the BioComp 

Gradient Station whilst scanning for OD260 to generate polysome traces. Samples were 

always processed on ice and all solutions prepared in DEPC-treated water. 

 

2.12   Migration Assay and Live Microscopy 

 

Migration studies were performed with low passage MRC-5 and HDFa. Cells were plated 

in 24- or 12-well plates at 1x105 or 2x105 respectively and cultured to ~80-90% confluency 

prior to experimentation. A vertical scratch was made through the culture using a filtered 

P200 automatic pipette tip, washed twice with pre-warmed (37 ˚C) PBS and the media was 

replaced with 1 ml of serum-free complete DMEM (1 % (v/v) Pen-strep and L-glutamine). 

Cells were monitored with live microscopy for 48 hours. During live microscopy, cells were 

housed within a humidified 5% CO2 environment at 37 ˚C. The synthetic IGD mimetic was 

synthesised in the laboratory of Dr Rudi Marquez. Images were acquired using the Zeiss 

Cell Observer system using a Zeiss 40x LD Plan NEOFLUAR PH2 Korr (NA 0.6) lens and 

the manufacturer’s software every hour during the 48-hour period. Alternatively, images 

were acquired manually using a bright field EVOS XL Core Cell Imaging System 

(ThermoFisher Scientific; Loughborough, UK). Images were concatenated and analysed 

using ImageJ/FIJI. Analysis of scratch size was performed with an in-house written macro 

programme. 



3 
RESULTS 

PART 1:  
The Role of Stress Granules in the Development of Senescence 

3.1.1 Expression of G3BP1 is not Significantly Reduced in Senescence  

It has been previously reported that upon the development of senescence, cells 

exhibit an impaired ability to form stress granules due to a critical reduction in G3BP1 

(Moujaber et al., 2017). However, analyses of sequencing data from our laboratory and 

collaborator’s groups do not support a reduction in G3BP1 as the causative mechanism. In 

an unpublished mouse ageing study from our group, there was a small decline in G3BP1 

(read counts decreased from 764.43 to 712.10 between 3 and 30 months) and USP10 levels 

(754.9 to 715.0) with age but these changes was not statistically significant, however a 

statistically significant decrease (1284.2 to 719.1; p = 0.00926) in G3BP2 and in Caprin-1 

(9856.2 to 7186.4; p = 0.000851) was observed between mice of 3 and 30 months (Fig. 4). 

Data acquired from two additional studies comparing proliferating and (oncogene-induced) 

senescent WI38 cells showed an increase in G3BP1 levels in senescence; however, they do 

not show any significant results for Caprin-1 or USP10. These analyses suggest that 

differences in the expression of G3BP1 alone do not provide a sufficient explanation for 

impaired granule formation in senescence. Additionally, the data implicates Caprin-1, an 

RNA binding protein which mediates stress granule condensation via binding to G3BP1, in 

a potential mechanism. 

In the following experiments, we investigated the role of G3BP1/2, Caprin-1, and stress 

granules in the development of senescence. Specifically, we will examine whether G3BP1 

plays a role in the acquisition of senescence or if it is the complete loss of granules, and 

therefore their entire physiological function, which contributes to the senescence 

programme. 

!27



3.1.2  Establishing and Characterising Etoposide Induced Senescence in U2OS and 

MRC5 Cells 

To begin to investigate the role of G3BP and stress granules in senescence, an 

appropriate ageing model and method of inducing premature senescence was required. 

U2OS are a well-established line within the stress granule community and previous work 

established that a senescent phenotype could be achieved in U2OS cells in response to 

irradiation and treatment with the DNA damaging agent doxorubicin (unpublished data). 

Coupled with fast growth and high transfection efficiency, these cells provide this model 

and are an excellent tool for genomic manipulation. However, their use in senescent studies 

is not as common as other cell types such as the WI38, IMR90, and MRC-5 fibroblast lines 

thus the extent to which established markers can be used to identify senescence in U2OS 

must be clarified. Unlike MRC-5 or WI38, U2OS cells are an immortal oncogenic line that 

does not enter replicative senescence through telomeric shortening, restricting their use to 

studies involved with induced premature senescence.  
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Figure 4   Expression of G3BP1 does not significantly change in ageing. Differential 
expression of mRNA data was analysed from ageing mice identified no statistically significant 
difference in the expression of USP10 or G3BP1, however a significant decrease in the 
expression of G3BP2 (p = 0.00926) and Caprin-1 (p = 0.000851) was observed.  



It has been reported that low doses of the chemotherapeutic agent etoposide can induce 

senescence in a p53-dependent manner (Wu et al., 2011). Etoposide is a derivative of 

podophyllotoxin, found in the American Mayapple, and first approved for cancer therapy 

in 1983, specifically in the treatment of leukaemia, lymphoma, neuroblastoma, and cancers 

of the lung, testes, and ovaries (Montecucco et al., 2015). Etoposide acts by stabilising 

topoisomerase II cleavage complexes (TopoIIcc) transiently generated during 

topoisomerase II-mediated re-ligation of double-strand breaks. Stabilisation of TopoIIcc 

subsequently inhibits re-ligation, introducing a large number of highly-toxic double-strand 

breaks (DSBs) into the genome (Wu et al., 2011). Etoposide also demonstrates a high 

affinity for chromatin and histones, suggesting additional targets of the drug that are yet to 

be elucidated (Chamani et al., 2014). It can be theorised that at high concentrations, too 

many DSBs are introduced thus driving the cell into an apoptotic state, whereas at low 

concentrations the cell can survive but loses its proliferative ability and enters senescence. 

The mechanisms by which the cell selects an apoptotic or senescence programme is not 

currently understood (Nagano et al., 2016). 

Immunofluorescence can be used to identify the presence of senescence-associated 

heterochromatin foci (SAHF) within the nuclei of cells, a relatively well-established 

marker of the senescent phenotype. First described in 2003, SAHF are dense punctate 

nuclear foci that exist exclusively in senescent cells that have permanently exited the cell 

cycle and are, critically, not associated with quiescence. Upon the acquisition of 

senescence, the promoters of E2F genes acquire heterochromatic features (specialised 

domains of facultative heterochromatin) resulting in the suppression of the proliferation- 

promoting target genes of E2F (Narita et al., 2003) (Di Micco et al., 2011). SAHF are 

reported to sequester genes that promote proliferation such as Cyclin A (an E2F target 

gene) which is required for cells to progress through S-phase. Disrupting SAHF is also 

able to promote neoplastic transformation, suggesting a pivotal role in the anti-

tumorigenesis role of senescence (Narita et al., 2006). Currently, several molecular 

markers identifying the formation of SAHF have been reviewed extensively in the 

literature (Aird and Zhang, 2013). A key component of SAHF is the presence of di/tri-

methylated lysine 9 histone H3 (H3K9Me2/3), to which many commercially produced 

antibodies are readily available, and are utilised in this work (Aird and Zhang, 2013) 
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(Adams, 2007). Senescent cells exhibit between 15-50+ SAHF per nuclei whereas non-

senescent cells typIcally have none, or very few (Aird and Zhang, 2013).  

Senescence-associated ß-Galactosidase (SA-ß-Gal) staining was also performed in the 

following experiments to confirm these cells had entered senescence (Fig. 5). The 

senescence-associated ß-galactosidase assay is the most extensively utilised method for the 

identification of senescent cells, primarily due to its relative simplicity and reported 

specificity for the senescent phenotype (Lee et al., 2006). The SA-ß-Gal assay is based on 

the observation that senescent cells express an active lysosomal ß-galactosidase hydrolase 

only at pH 6, whereas non-senescent cells only stain at pH 4. The blue staining is the result 

of the formation of a blue precipitate upon the cleavage of the chromogenic substrate 5-

bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal). X-gal is an analogue of lactose 

and can, therefore, be hydrolysed by the β-galactosidase enzyme, yielding galactose and 5-

bromo-4-chloro-3-hydroxyindole which immediately dimerises and is oxidised to form the 

blue precipitate 5,5’-dibromo-4,4'-dichloro-indigo (Fig. 5). Therefore, this assay allows for 

the identification of senescent cells in a highly heterogenous population via identifying 

active β-galactosidase (at pH 6) in senescent cells (Dimri et al., 1995) (Kiernan, 2007).

The importance of having two separate tests of senescence lies with the inherent 

limitations of both SAHF and SA-β-Gal assay. Although originally quiescent cells were 

shown not to stain with SA- β-Gal, it has been reported that cultured cells that have 

reached high confluence show 100 % positive staining for SA- β-Gal activity, which is 

reduced to 0 % when the cells are sub-cultured and re-enter the cell cycle. High SA-β-Gal 

activity has also been observed in response to serum starvation. Original studies on the 

characterisation of SA-β-Gal also demonstrated a lack of staining in different cell lines, 
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Figure 5  X-gal is hydrolysed and precipitates 5,5’-dibromo-4’-dichloro-indigo.  Senescent 
cells display active lysosomal β -galactosidase activity at the above typically optimal pH of 6.0. 
The chromogenic substrate X-Gal is cleaved by this hydrolase activity and leads to the 
formation of a blue precipitate which can be observed under a light microscope. (Kiernan, 2007) 



suggesting that its expression is cell type-dependent. The exact role SA-ß-Gal plays in 

senescence is not understood but given its variability between different cell lines, it is 

unlikely to be an essential prerequisite for senescence. Thus we concluded that SA-β-Gal 

staining remains a reliable marker of senescence only in the absence of interfering factors 

which must be accounted for and controlled in the experimental design. 

MRC-5 cells were treated with 0, 10, 20, 40, and 80 μM etoposide for 48 hours, then 

cultured in complete DMEM for 5 and 7 additional days before examining for SA-ß- Gal 

activity. At 0 μM etoposide and treatment with 1 μl/ml DMSO (controls), 15.1% and 6.7% 

of cells  stained positive for SA-ß-Gal activity; likely due to the high confluence of these 

cells. At 20, 40, and 80 μM, 94.4%, 87.2%, and 95.1% of the population was senescent by 

D7; however, fewer cells survived the treatment at higher concentrations of etoposide. 

For all future experiments with MRC-5 cells, 20 μM etoposide was deemed the optimal 

concentration (Fig.6). 
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Figure 6   Etoposide-induced 
senescence in human lung 
fibroblasts identified via 
staining with SA-B-Gal 
cytochemical staining. 

Young MRC-5 cells were 
treated with a range of 
concentrations (0-80 uM) of 
etoposide for 48 hours and 
cultured for an additional 7 
days. Cells were fixed before 
treatment (D-2), after 48 
hours (D0), 5 days (D5) and 7 
days (D7). Cells were stained 
for SA-ß-Gal for 24 hours. 
E t o p o s i d e s t o c k s a r e 
generated using DMSO as a 
solvent. A DMSO control is 
used here to negate possible 
effects attributed to its use. 
Observed cell death (%) is 
measured using a FIJI macro. 
Bars represents the percentage 
of each population staining 
positive for SA-ß-Gal. The 
grey line represents cells 
death. 



The wild-type (WT) human osteosarcoma line U2OS were also treated with etoposide at 

several different concentrations. In this case, significantly lower concentrations of 

etoposide were used as concentrations above 10 µM typically caused extensive cell 

death. Figures 8 (SA-ß-Gal activity) and 9 (SAHF formation) shows the results of these 

titrations, which are summarised in figure 7. Like with the MRC-5 cells, U2OS cells 

were sampled before treatment with etoposide (D-2), after 48 hours of treatment with 

etoposide (at which point the etoposide was removed) (D0), and then cultured for a total 

of 7 additional days with samples fixed on days 5 (D5) and 7 (D7). By D7,  >15 SAHF 

can be found in the nuclei of cells at every concentration, however they occur in a much 

greater percentage of the population with increasing concentrations, however far fewer 

cells survived the treatment at 4 and 8 µM, (and at 12, and 20 µM also tested in Fig.8), 

with greater cell death correlating with greater concentrations of etoposide. By D7, only 

10, 8, and ~1 % of cells had survived at 8, 12, and 20 µM respectively (Fig.8). Survival 

at 1 µM and 2 µM was the same at 60%, significantly less cells with >15 SAHF foci 

were seen at 1 µM than at 2 µM, indicative of a less senescent population. We also 

observed significant changes in the morphology of the senescent nuclei including 

increased size, fragmentation, and the appearance of holes and multiple micronuclei, 

however not at very high concentrations (12, 20 µM; Fig.9) . The controls can be seen 

to exceed 100 % confluency by D7 (as U2OS do not cease proliferating through contact 

inhibition), demonstrating the retention of their proliferative ability in comparison to 

those treated with etoposide. Positive staining for SA-ß-Gal activity in the control (0 

µM etoposide) and DMSO treated (1 µl/ml DMSO) population is likely an effect of the 

highly over-confluent state, similar to that seen earlier in the MRC-5 cells.  
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FIGURE 7  Incubation with 2 µM 
etoposide induces senescence in 
U2OS cells.  Incubation for 48 hours in 
2 µM etoposide induces senescence in 
the majority of the U2OS population 
with minimal cell death. Cells were 
treated with a range of concentrations 
of etoposide (0-8 µM) for 48 hours 
before being cultured for an additional 
7 days. Cells were analysed on D-2 
(‘young’, untreated cells), D0, D5, and 
D7. Senescent cells were identified via 
immunofluorescent SAHF staining or 
the cytochemical SA-ß-Gal stain, see 
previous figures and methods section. 
DMSO is used as a solvent in the 
etoposide stock and is included as a 
control here. Observed cell death (%) is 
measured using a FIJI macro. 
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FIGURE 9   Etoposide Titration in U2OS WT cells.   U2OS WT cells were treated with a range 
of concentrations (0-20 µM) of etoposide for 48 hours and cultured for an additional 7 days. Cells 
were fixed before treatment (D-2), after 48 hour incubation with etoposide (D0), and after 5 (D5) 
and 7 days (D7). Cells are stained for the senescence-associated heterochromatin foci (SAHF) in 
red, the DNA damage marker y-H2AX in green, and the DNA hoechst stain in blue.  

Survival          ~ 100%             60%             60%             10%            8%         ~ 1%                            

FIGURE 8   Etoposide-induced senescence in U2OS WT cells. U2OS WT cells were treated with a 
range of concentration of etoposide (0-8 uM) for 48 hours and cultured for an additional 7 days. Cells 
were fixed before treatment (D-2), after 48 hours (D0), after 5 days (D5) and 7 days (D7). Cells were 
stained for SA-β-Gal for 24 hours post fixation in a humidified incubator at 37 ˚C. Senescence is 
indicated by the development of a blue stain, visible via light microscopy. 



As previously described in the introduction (Sec. 1.3), the senescence programme typically 

begins with activation of p53/p21 and subsequent activation of p16 which leads to 

permanent cell cycle arrest. It has been reported that persistent serum starvation can induce 

SA-ß-Gal activity and a senescent phenotype (Shi et al., 2012), thus we investigated 

whether SAHF formation and p16 expression occurred in these conditions (Fig.10). 

Persistent serum starvation moderately reduces the proliferation of U2OS cells and induces 

expression of p53 and p21 (Fig.10), however, it fails to force cells  into  a  replication-

incompetent state and form  >15 SAHF and activate p16 in the same manner as incubation 

with 2 μM etoposide, thus likely represents a quiescent state.   This result confirms that 

incubation with etoposide induces a permanent exit from the cell cycle that is distinct from 

quiescence and that SAHF is not formed in serum-starvation.  

These  data  verified  etoposide  as  an  effective  senescence-inducer  in  culture,  with  both 

MRC-5 and U2OS cells presenting similar cytochemical staining for increased SA- β- Gal 

activity and senescence-associated changes in nuclear morphology. Incubation with 

etoposide induces SA-ß-gal activity at pH 6.0 and the formation of >15 SAHF with 
!34

FIGURE 10   Persistent serum starvation activates p53 and p21 but does not induce a 
senescent phenotype.  (A) U2OS WT cells were seem-starved in 1% FBS for 7 days or treated 
with 2 µM etoposide. Cells were fixed on days D-2 (no treatment), D0 (48 hours of etoposide 
treatment), D5, and D7, fixed and stained for the senescence marker SAHF, DNA-damage marker 
H2AX, and nuclear material (hoechst). Scale bar applies to all images. (B) Incubation with 2 µM 
etoposide leads to p53/p21-dependant activation of p16 whereas persistent serum starvation (C) 
fails to activate p16.  
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increasing prevalence with increasing etoposide concentration  but  induces  cells  death  at 

higher concentrations (4 - 8 μM in Fig.8, and 12 and 20 μM in Fig.9). Similar to etoposide-

induced  senescence  in  MRC-5  cells,  higher  incidence  of  cell  death  occurs  with  an 

increasing concentration of etoposide. Optimal induction of senescence with lowest cell 

death was achieved at 2 μM. Having now established the conditions for etoposide-induced 

senescence in U2OS cells, and validating the use of SAHF and SA- β-Gal in identifying 

senescent U2OS cells, experiments to examine the role of G3BP and stress granules in the 

route to senescence was undertaken. 

3.1.3   G3BP and Stress Granules in Senescence 

It has been reported that that the expression of either isoform of G3BP is sufficient to form 

granules thus a G3BP1/2 double KO was used to assess the role of granules in the 

senescence phenotype (and vice-versa). Senescence was induced in both WT and 

∆∆G3BP1/2 U2OS via incubation with 2 µM etoposide following the methodology 

established in the previous section and detailed in the methods section.  After treatment 

with 2 µM etoposide for 48 hours, the cells were cultured for an additional 7 days with 

samples taken at D-2 (before treatment), D0 (after 48-hour incubation with etoposide), D5, 

and D7. The results are shown in figures 11 and 12 . Quantification of SAHF-positive cells 

reveals a greater number of cells with >15 SAHF foci in the D5 and D7 ∆∆G3BP1/2 

population than in the WT. Stable re-constitution with GFP-G3BP1 reduces the number of 

SAHF-positive cells to levels near the WT, although it does not entirely restore it (Fig.12). 

We can also observe much greater staining for SA-ß-Gal activity by D5 in the ∆∆G3BP1/2 

cells than either the WT or ∆∆G3BP1/2+GFP-G3BP1 lines (Fig. 11). These results suggest 

that the loss of granules accelerates the progression of replication-competent cells into 

senescence upon treatment with etoposide. The lack of a complete ‘rescue’ with the add-

back of GFP-G3BP1 line may be due to the continued loss of G3BP2a and G3BP2b.   
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FIGURE 11   KO of both G3BP1 and G3BP2 accelerates the progression into senescence. 
U2OS WT and cells with KO of both G3BP isoforms (∆∆G3BP1/2) and stably reconstituted with 
GFP-G3BP1 were treated with 2 µM etoposide for 48 hours and cultured for an additional 7 
days. Cells were fixed before treatment (D-2), after a 48-hour incubation with etoposide (D0), 
and after 5 (D5) and 7 (D7) days to monitor progression into senescence. Senescent cells were 
identified by SAHF (IF: green-G3BP1, blue-DAPI) in red (A) and staining for SA-ß-gal activity 
(B). SAHF images are representative of SAHF-positive cells in each population, quantification 
of the SAHF-positive population can be seen in figure 12. Stronger staining for SA-ß-Gal 
activity is visible by D5 in the ∆∆G3BP1/2 population compared with the WT or +GFP-G3BP1, 
indicative of an accelerated acquisition of senescence.  
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FIGURE 12   Reconstitution of ∆∆G3BP1/2 U2OS with GFP-G3BP1 slows progression into 
senescence.   KO of G3BP1/2 accelerates the progression of U2OS cells into senescence with 
significantly greater proportion of the population becoming senescent by D5 (WT 47.3 % vs 97.3 
% ∆∆G3BP1), p = 0.000295 where p < 0.05 is considered statistically significant. A greater 
percentage of the ∆∆G3BP1/2 cells are also senescent by D7. Reconstitution with GFP-G3BP1 
delays the development of senescence (∆∆G3BP1/2 97% vs ∆∆G3BP1-GFP 80.36 %), p = 
0.00195. Grey bars depict SA-ß-Gal staining and black bars SAHF staining; bars are shown ± 
standard error.   



We then proceeded to examine how the acquisition of the senescent phenotype affected the 

cells’ ability to form stress granules. First, we examined this in the WT, ∆∆G3BP1/2, and 

∆∆G3BP1/2+GFP-G3BP1 U2OS lines. Each cell line was treated with 2 µM etoposide for 

48 hours and cultured for an additional 7 days. On D-2 (control, no treatment), D0 (after 48 

hours of etoposide treatment), D5, and D7 cells were stressed with either 200 µM sodium 

arsenite (NaAsO2), 20 µM clotrimazole for 1 hour, or 0.4 M D-sorbitol for 30 minutes. In 

line with other reports, we also observe a loss of stress granules in response to NaAsO2 

(oxidative stress) in senescence in the WT, as well as in response to incubation with 

clotrimazole (mitochondrial stress) (Fig.13). The ∆∆G3BP1/2 cells also fail to form 

granules in response to these stresses (note the use of an alternative SG marker (eIF4G) 

due to the loss of G3BP); an expected result given the loss of the fundamental nucleating 

protein G3BP (Fig.14). However, both cell types maintain the ability to form stress 

granules in response to treatment with sorbitol (hyper-osmolar stress). We know that these 

sorbitol-induced granules do not require G3BP1/2 to form and their persistence in 

senescence challenges previous reports that attribute the loss of G3BP1 to the observed 

loss of granules. Re-constitution of ∆∆G3BP1/2 cells with GFP-G3BP1 rescues granule 

formation in the ‘young’ D-2 cells, but exhibit a parallel loss of granules upon the onset of 

senescence to the WT (Fig.15).  
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FIGURE 13   U2OS WT lose their ability to assemble granules in response to treatment with 
NaAsO2 upon entry into senescence.  WT U2OS cells treated with 2 µM etoposide do not form 
granules in response to 200 µM NaAsO2 or clotrimazole once they have acquired a senescent 
phenotype, however assembly in response to hyper-osmotic stress under treatment with 0.4 M D-
sorbitol was unaffected. Stress granules are identified using the established endogenous granule 
marker G3BP1 (red), and the senescent phenotype is identified via staining for SAHF (IF: green), 
DAPI was used to stain nuclear material (blue) (A) and confirmed with SA-ß-Gal staining (B). 
Experiments in Figures 13, 14, and 15 were run in parallel. 
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FIGURE 14   Senescent ΔΔG3BP1/2 U2OS  assemble granules in response to osmotic stress in 
the absence of G3BP1.   ΔΔG3BP1/2 U2OS cells treated with 2 µM etoposide are stressed at 
various time points in the presence of 20 µM clotrimazole (mitochondrial posion) or 200 µM 
sodium arsenite (NaAsO2) (oxidative stress) for 1 hour, or in 0.4 M D-sorbitol (hyper-osmolar 
stress) to test granule assembly. Stress granules were identified via the stress granule marker eIF4G 
(A). Confirmation of the senescent phenotype is achieved via positive SA-β-Gal staining (B). 



Previous reports have demonstrated sorbitol-induced granules to contain the established 

granule marker eIF4G (confirmed and utilised in this study) . In order to further confirm 

that the observed sorbitol-induced granules are indeed bona fide stress granules and not 

another form of stress-induced foci we tested whether they may be assembled in the 

presence of a known promoter (puromycin) of granule assembly, and a compound known 

to prevent granule formation (cycloheximide). Puromycin promotes the disassembly of 

polysomes, facilitating the liberation of excessive free mRNA in the cytoplasm (David  et 

al.,  2013). Cycloheximide has the opposite effect by preventing the run-off of ribosomes 

and thus inhibiting polysome disassembly and granule formations (Kedersha, 2016). It is a 

fundamental property of granules that they exist in equilibrium with polysomes; thus, this 

approach enables us to manipulate this equilibrium to test how granule assembly is 

affected. Our results in figure 16 confirmed that the addition of puromycin with either 

NaAsO2, CZ, or sorbitol exacerbated granule formation than with stress alone, and that the 
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FIGURE 15  Reconstitution of ∆∆G3BP1/2 U2OS cells with GFP-G3BP1 rescues granule 
formation in young cells and delays the onset of senescence. ∆∆G3BP1/2 U2OS cells 
reconstituted with a GFP-G3BP1 construct assemble granules in a manner identical to WT U2OS, 
exhibiting the same stress-dependant loss of granule assembly. (A) Cells were challenged with 20 
µM clotrimazole (CZ) (mitochondrial poison) or 200 µM NaAsO2 (oxidative stress) for 1 hour, or 
0.4 M D-sorbitol (hyper-osmolar stress). Stress granules are identified via expression of GFP-
G3BP1 construct (green), and the senescent phenotype was identified via the presence of SAHF 
(red) and confirmed with SA-ß-Gal staining (B). Nucelar material is stained with DAPI and visible 
here in blue.  
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presence of cycloheximide significantly impairs granule formation. Granules did not form 

in the presence of puromycin treatment alone, or any of the controls (Fig.16).   
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FIGURE 16   Granules assembled in response to clotrimazole and osmotic stress are bona fide 
stress granules.  (A) U2OS WT cells were treated with 200 µM NaAsO2, 20 µM clotrimazole, and 
0.4 M D-sorbitol to induce oxidative, mitochondrial, and osmotic stress respectively. Cells were 
also treated with puromycin to promote polysome disassembly or cycloheximide to inhibit it. Cells 
were stained for known stress granule markers G3BP1 (red) and eIF4G (green) and nuclear DAPI 
stain (blue). (B) The average number of granules per field of view with puromycin or 
cycloheximide treatment in the presence of 0.4 M D-sorbitol. (C) Controls were also treated with 
H2O (D-Sorbitol solvent), DMSO (CZ solvent), or cultured in Opti-MEM (CZ preparation) in the 
presence of puromycin and cycloheximide. None of these conditions induced granules alone. 
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Finally, we also examined whether our observations were an artefact of etoposide 

treatment and whether they can be replicated in an additional modal and cell line. We 

incubated MRC-5 cells in 20 µM etoposide for 48 hours, sampling and stressing cells with 

NaAsO2, CZ, and sorbitol on days D-2, D0, D5, and D7 as previously described (Sec. 

2.4/5). ‘Young’ D-2 MRC-5 cells were able to form granules in response to all treatments 

however lost this ability by D0, except in the case of sorbitol where granules persisted 

through to D7 (Fig. 17). These results parallel the observations in U2OS cells suggesting 

that our observed loss of granules is not cell-line exclusive. We then turned to evaluate 

whether these observations were the result of etoposide. For this we incubated cells with 

200 µM of the DNA-damaging agent doxorubicin (Dox). Doxorubicin has been used as an 

anti-cancer drug for nearly 50 years, acting via several DNA-damaging mechanisms 

(Fornari et al., 1994). It has also been reported to induce senescence in culture, and the 

conditions for doing so in U2OS cells have previously been established in unpublished 

work from our group. Doxorubicin induces DNA damage through several independent 

pathways to etoposide, including the generation of free radicals, DNA cross-linking, DNA 

binding and alkylation, and altered helicase activity (Bielak-Zmijewska et al., 2014). We 

observed that granule assembly was impaired in response to NaAsO2 and CZ with 

comparable levels between etoposide and doxorubicin treatment (Fig.18). In both cases, 

the response to sorbitol persisted into senescence, confirming the phenomena is not 

exclusive to, or an artefact of,  etoposide treatment.  
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FIGURE 18  Stress granule competence in doxorubicin-induced senescence in WT U2OS cells. 
Senescence was induced via incubation with 200 µM doxorubicin for 48 hours and cultured for an 
additional 7 days. Cells were challenged with different stresses on days -2 (untreated), 0, 5, and 7. 
Stress was induced with sodium arsenite (NaAsO2), clotrimazole (CZ), or with D-sorbitol. Cells were 
stained for the SG marker G3BP1 (red) and senescence-associated heterochromatin foci (SAHF) 
(green), and for nuclear material with DAPI (blue). (B) SA-ß-Gal staining was also used to confirm 
the senescent phenotype. (C) Both etoposide and doxorubicin induce senescence in a comparable 
manner and time scale in WT U2OS (D) Etoposide and doxorubicin induce similar changes in granule 
assembly upon the one of senescence. 
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FIGURE 17   Stress granule competence in senescent MRC-5 cells. MRC-5 cells were treated with 
20 µM etoposide for 48 hours and cultured for an additional 7 days to develop a senescent phenotype. 
Cells were fixed on days D-2 (before treatment), D0 (after 48 hours of treatment) and on D5 and D7; 5 
and 7 days later respectively. (A) Cells were stained for the endogenous stress granule marker G3BP1 
(red), SAHF to identify senescent cells (green). Cells were also stained with DAPI (blue). (B) The 
senescent phenotype was also confirmed via staining for SA-ß-galactosidase. Scale bar applies to all 
images in respective panels. 
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3.1.4  Caprin-1 and Stress Granules in Senescence 

Caprin-1 (often referred to as RNA granule protein 105 or RNG105) is a major 

RNA-binding protein (RBP) with significant reported roles in the development of neuronal 

networks. Experimental evidence has shown that in vitro KO of Caprin-1 can impair 

neuronal network and synapse formation, as well as the overall development of dendrites 

(Shiina, 2005). A recent study has implicated nonsense mutations in Caprin-1 to an 

increased risk of Asperger’s syndrome, supported by others that demonstrated that 

Caprin-1 heterozygous KO mice exhibit reduced social interaction and preference towards 

familiarity rather than novelty in behavioural tests (Shiina, 2005). Caprin-1 has also been 

reported to bind to G3BP1, and in doing so, blocks the binding of the SG-inhibiting protein 

USP10. Caprin-1 and USP10 work antagonistically and compete for the limited availability 

of G3BP. KO of Caprin-1 results in the loss of stress granules due to a loss of competing 

caprin-1 to bind G3BP, thus allowing USP10 to bind exclusively and inhibit SG assembly. 

To assess the role of stress granules in the development of senescence, independent of 

G3BP1/2, we utilised ∆Caprin-1 U2OS cells. ∆Caprin-1 cells exhibit an accelerated 

progression into senescence (Fig. 19), potentially to a greater extent than ∆∆G3BP1/2 with 

41.2% of the population developing a senescent phenotype by D0, compared to 2.5% for 

the WT U2OS (p = 0.0072). By D5, 75.6% of the ∆Caprin-1 cells are senescent compared 

to 54.1% of the WT population (p = 0.0041). Again,  we examined stress granule 

competence via treatment with a range of known stressors including sodium arsenite 

(NaAsO2), clotrimazole, and D-sorbtiol and. We observe that in response to oxidative 

stress, granules do not form in these cells, however the response to clotrimazole is 

unaffected (Fig.19). Like the WT and ∆∆G3BP1/2 cells that came before, these cells do not 

show a significant impairment in their ability to form granules in response to sorbitol.  
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Interestingly, it was observed that granule assembly in ∆Caprin-1 U2OS cells is 

significantly improved in senescence compared to WT U2OS. At D-2 (young, no 

treatment) ~84.2 % of WT and ~91.1% of ∆Caprin-1 cells assemble granules in response to 

clotrimazole however this decreases dramatically for the D7 WT (upon the acquisition of 

senescence), down to ~28% (Fig. 20); however, this is still greater than the near complete-

ablation observed in response to sodium arsenite in earlier experiments (Fig. 13 & 15). In 

comparison, ∆Caprin-1 cells maintain nearly the same ability to assemble granules in 

response to clotrimazole with ~78.3% of cells with granules, significantly greater than the 

WT (p = 0.0041) (Fig. 20). To ensure this was not an artefact of etoposide-induced 

senescence, we repeated these experiments in our doxorubicin-induced model (Fig. 20). 

We did not observe any significant difference between the two treatments.  
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FIGURE 19  Loss of Caprin-1 accelerates progression into senescence. Senescent D7 U2OS 
∆Caprin-1 (treated with 2 µM etoposide) assemble granules in response to clotrimazole (20 µM; 
1h) as well as sorbitol (0.4 M; 30 minutes) but do not form granules in response to oxidative insult 
(200 µM NaAsO2;1h). Stress granules are identified via staining for endogenous G3BP1 (red) (A) 
and senescence is confirmed via the presence of SAHF (green) and (B) SA-ß-Gal staining (B). (C) 
KO of caprin-1 accelerates the senescence programme, with 41.2% of cells senescent by D0 p = 
0.0072)*, and 75.6% by D5 (p = 0.0041)*, compared to 2.5% and 54.1% for the WT respectively. 
Cells were also stained with DAPI to visualise nuclear material (blue)



It was also observed that the senescent U2OS cells (from both the etoposide and 

doxorubicin-induced senescence) accumulate large ‘vacuole’-like structures within the 

cytoplasm which become more numerous in later senescence (D7) (Fig. 21). Additionally, 

a significantly greater number of these structures were found in a significantly higher 

percentage of the senescent (D7) ∆∆G3BP1/2 (percentage: p = 0.0019) and ∆Caprin-1 

(number: p = 0.00125, percentage: p = 0.00423) population than the WT (Fig. 21). No 

significant difference between the size of the structures was found between the mutants. 
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FIGURE 20  Loss of caprin-1 significantly improves granule assembly in response to 
clotrimazole compared to WT U2OS in senescence.  Knock out of caprin-1 results in a greater 
number of granules assembled in response to clotrimazole in senescent U2OS cells. Senescence 
was induced through incubation with 2 µM etoposide (A) or 200 µM doxorubicin for 48 hours. 
Cells were then cultured for an additional 7 days and stressed with 20 µM clotrimazole for 1 hour 
before fixation. Cells are stained for senescence-associated heterochromatin foci (SAHF) and the 
stress granule marker G3BP1. DAPI was used to stain nuclear material (blue). (C) ∆Caprin-1 
U2OS significantly maintain granule assembly in response to clotrimazole independent of the drug 
used to induce senescence. At etoposide D7; 28% of WT and 84.6 % of ∆Caprin-1 U2OS 
assembled granules in response to clotrmimazole (p = 0.007)*, at doxorubicin D7, 35.1% of WT 
and 78.3% of ∆Caprin-1 assembled CZ-mediated granules (p = 0.0002)*. There was no significant 
difference between the number of cells with granules between the two treatments (p = 0.1402). P < 
0.05 is considered statistically significant. 
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FIGURE 21   Senescent cells accumulate large “vacuoles” in the cytoplasm.  Senescent 
(D7) WT, ∆Caprin-1, and ∆∆G3BP1/2 + GFP cells (where senescence is induced via incubation 
with 2 µM etoposide) show the increasing presence of vacuoles within the cytoplasm on the 
onset of senescence. (A) Cells are stained for G3BP1 (red), SAHF (green), and DAPI (blue). 
(B) ∆∆G3BP1/2 cells expressing free GFP are stained for DAPI (blue). Insets indicate vacuoles. 
(C) A greater number pf “vacuoles” appear in senescent D7 cells compared to D-2 WT (p = 
0.0009)*, ∆∆G3BP1/2 (p = 0.00001)*, and ∆Caprin-1 (p = 0.00004)*. Significantly more 
vacuoles are found in ∆Caprin-1 cells and in a greater percentage of the population than the WT 
(Number: p = 0.00125. Percentage: p = 0.00423) U2OS cells. KO of G3BP1/2 also significantly 
increases the percentage population with vacuoles from 30 % to 55 % in senescence (p = 
0.0019).
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3.1.5  FXR1/2/FMRP, PKR, LARP1, AND YB1 KO alter Progression into Senescence 

 To further investigate the potential link between stress granules and senescence, we 

investigated additional targets with known roles in granule formation/physiology or that 

are known to interact with granule components. We chose to investigate proteins involved 

in SG formation (FXR1/2/FMRP), mitochondrial function (YB1), an mTOR-associated 

protein (Larp1), and a protein involved in the sensing of viral-stress (PKR). Fragile X 

mental retardation protein (FMRP) is highly conserved RNA binding protein present in 

high abundance in neural tissue. The absence of FMRP leads to the development of the 

mental retardation disorder Fragile X syndrome (from where its name is derived); the most 

common heredity mental retardation disorder (Lefebvre and Staels, 2014). FMRP and 

related proteins FXR1 and FXR2 are known to nucleate RNA granules in neurones and 

stress granules in response to oxidative stress (and over-expression) in most cell lines. 

FMRP acts to translationally repress specific mRNA transcripts in SGs (as all SGs are 

proposed to function) and facilitate their transport from the soma to neurites in neural 

tissues (Vanderweyde et al., 2013) (Lefebvre and Staels, 2014). In addition to neuronal 

pathologies, FMRP is also found to be abundant in cancer cells (Huang et al., 2016); 

inviting a considerable volume of research. KO of FMRP leads to a loss of granules in 

response to oxidative stress in (an unknown) a manner unrelated to the G3BP1-Caprin1-

USP10 condensation model investigated previously. Here we ask if stress granule KO, 

irrespective of Caprin-1 and G3BP expression, promotes the progression of senescence in 

our etoposide-induced senescence U2OS model. 

We also investigated the role of Y-box binding protein 1 (YB1), a known mitochondrial 

factor which localises to stress granules, in the progression to senescence. We also evaluate 

whether loss of the RNA-binding protein Larp1, an established mTOR regulator and YB-1 

interactor, which also localises to stress granules, with an apparent preferential binding to 

oncogenic transcripts, affects cellular senescence. Neither YB1 or Larp1 are required for 

granule formation, and thus KO of either protein does not lead to granule loss in contrast to 

our previous investigations which have mainly focused on proteins which, when lost, 

prevent granule formation. YB1 and Larp1 KO provides the opportunity to begin to 

separate the generic translational-repression (and related) effects of stress granule assembly 

from the role that many SG-sequestered proteins may play and may elucidate some 
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mechanistic understanding of our previous results.   Lastly, we also track the progression of 

senescence in a protein kinase R (PKR) KO. Stress granules are recognised as an anti-viral 

mechanism, sensing viral infection (via binding to viral double-stranded RNA) and 

subsequently phosphorylating eIF2-alpha (White et al., 2007). Here we briefly examine 

how the loss of a significant “phosphorylator” of eIF2-alpha and thus a primary “sensing” 

pathway for granule assembly may affect the development of senescence. PKR is also a 

particularly attractive target when one considers the possibility that both granules and 

senescence may have evolved as an anti-viral mechanism (discussed in the introduction). 

For all these experiments, we utilise Crispr-KO U2OS cell lines of FXR1/FXR2/FMRP 

(∆∆∆FXR1/2/FMRP), PKR (∆PKR), Larp1 (∆LARP1), and YB-1 (∆YB1) where 

senescence is induced as previously described using etoposide (Fig. 22). 
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FIGURE 22   Induction of senescence in Δ Δ ΔFXR1/2FMRP, ΔPKR, ΔLARP1, and ΔYB1 
U2OS lines.  Δ Δ ΔFXR1/2FMR, ΔPKR, ΔLARP1, and ΔYB1 U2OS cells were treated with 2 µM 
etoposide for 48 h and cultured for an additional 7 days. Cells were fixed on days D-2 (no 
treatment), D0 (48 hours of treatment), D5 and D7 (5 and 7 days after treatment respectively). (A) 
Cells were staining for the senescence marker SAHF (red), DNA damage marker H2AX (green), 
and the Hoechst DNA stain (blue). (B) Percentage of senescent cells in the population at days -2, 0, 
5, 7. At D5, a significantly greater percentage of the population was senescent in the ∆PKR (p = 
0.0231)*, ∆Larp1 (p = 0.003816)*, and ∆∆∆FXR1/2/FMRP (p = 0.002891)* cells than the WT, but 
not in the ∆YB1 (p = 0.274). 
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Our results suggested that KO of FXR1/2/FMRP accelerated progression into senescence, 

with an average of 66.1% of the cellular population senescent by D5, compared to 45.3% 

for the WT U2OS line; statistical analysis generated a p-value of 0.002891. Loss of granule 

formation here generated similar results to the loss of G3BP1/2 observed previously, but 

the progression does not advance as rapidly as loss of Caprin-1. Loss of Larp1 also 

accelerated the progression of U2OS cells into senescence, by day 5, 68 % of the 

population was identified as SAHF-positive; p = 0.00381. However, loss of YB-1 did not 

yield similar results, with 48% of cells senescent by D5, similar to the 45.3% observed in 

the WT ( p = 0.2745). Interestingly, a significant increase in the senescent population was 

observed by D5 in the ∆PKR cells; 72% compared to WT 45.3%, p = 0.0231. In all the 

above, significance was defined as p < 0.05. A much greater number of H2AX foci was 

also observed in the ∆PKR line at all time points after treatment (D0, D5, and D7), 

indicative of greater DNA-damage than in other KO cells; p = 0.00214, where p < 0.05 

was considered statistically significant. 

3.1.6 Translational Dynamics in Senescence 

Given the underlying equilibrium between stress granules and polysomes/

translation, we asked if senescent cells developed defects in their  translational  dynamics 

and if this may provide a potential explanation for the loss of granule formation. U2OS 

WT cells were brought into senescence once again via incubation with 2 μM etoposide and 

stressed with sodium arsenite using conditions which previously demonstrated impaired 

granule formation (200 µM; Fig.16) . In addition, cells were simultaneously treated with 0, 

5,  or  10  μg/ml  puromycin,  an  established  promoter  of  polysome  disassembly/granule 

formation (David et al., 2013), the effect of which in granule formation is demonstrated 

above (Fig. 16). We found that upon simultaneous treatment with puromycin, granule 

assembly improved in response to both NaAsO2 and puromycin; however, it was not 

wholly rescued to the level observed in ‘young’ D-2 U2OS. In response to treatment with 

sodium arsenite and 0, 5, and 10 μg/ml puromycin, an increase from 0.5, to 18.2, to 38.5% 

(respectively) in the population of cells assembling granules was observed. Neither 5 or 10 

μg/ml  puromycin  significantly  induced  granule  formation in the absence of stress in the 

young or senescent cells. Stress granules exist in dynamic equilibrium with polysomes (re-

capped above) and are dependant on the concentration of mRNPs released upon their 
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disassembly. We also note from all of our above experiments that senescent cells exhibit a 

significant increase in size from their ‘young’ counterparts. We theorise that senescent cells 

may be less translationally active than ‘young’ cells and thus liberate less mRNA upon the 

disassembly of polysomes, impeding granule formation.  

We investigate this possibility by utilising polysome profiling; a technique that can provide 

a measurement of global translation by measuring the sedimentation of mRNPs through a 

sucrose gradient. A greater OD260, and therefore a more significant presence of polysomes 
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Figure 23  Treatment with puromycin partially restores 
granule formation in senescence.  (A) U2OS WT cells 
were induced intro premature senescence via incubation with 
2 µM etoposide for 48 hours, and cultured for an additional 7 
days. Cells were challenged with 200 µM NaAsO2 for 1 hour 
prior to fixation. Cells were simultaneously treated with 0, 5 , 
and 10 µg/ml puromycin during these periods. Young cells do 
not show any impairment in granule formation in response to 
sodium arsenite alone and assemble more granules in 
response to treatment with puromycin. (B) The senescence 
phenotype was confirmed using the SA-ß-Gal assay. 
Significantly greater blue colouration can be observed in the 
D7 panel, indicative of a senescent phenotype. Cells were 
stained for the stress granule marker G3BP1 (red) and with 
DAPI nuclear stain (blue). (C) Polysome profile analysis 
suggests that senescent D7 cells exhibit a lower basal level of 
translation in comparison to the D-2, (D&E) and do not 
exhibit the same level of translational perturbation when 
challenged with 200 µM NaAsO2 for 1 hour.  (F) Treatment 
of D7 senescent U2OS cells significantly improves but does 
not completely rescue granule assembly in response to SA. 
SA and increasing puromycin concentration results in a 
significantly greater increase in the percentage of cells 
assembling granules (5 µg/ml, p = 0.0352; 10 µg/ml, p = 
0.0253)**. 
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is indicative of a highly translationally-active state.  Results from our polysome profiling 

suggest that the D7 senescent cells have a reduced level of translation compared to the 

‘young’ D-2 cells (Fig.23C). When challenged with 200 μM NaAsO2 for 1 hour, the trace 

of the control  D-2’ young’ cells  does not  show polysome peaks as can be seen in the 

unstressed sample (Fig.23D), inferring a loss of polysomes and translational repression. 

The  same  effect  is  not  observed  to  the  same  extent  in the senescent cells (Fig.23E), 

potentially indicating that polysomes are not disassembled to the same extent in senescence 

than in the young cells, at least not at a level detectable with this technique. This could be 

either due to a lack of polysomes due to a low basal level of translation or an additional 

mechanism that may act to stabilise polysomes in periods of stress. 

3.1.7 Sin-1 Induced Senescence and Granule Loss 

To further corroborate our findings, we investigated a novel model for the induction 

of premature senescence using the peroxynitrite (ONOO-) generator Sin-1. Sin-1 has been 

utilised in several studies to induce DNA damage, specifically by introduction single-

strand breaks (SSB), which it achieves via direct attack of hydroxyl radical-like 

intermediates or peroxynitrous acids on the DNA (Doulias et al., 2001). In most studies, 

the DNA damage was induced and investigations are immediately performed. However, 

the cells in these studies do not immediately undergo apoptosis or necrotic death, despite 

the reported high level of DNA damage (Hemanth Kumar et al., 2013)(Graham et al., 

2013). We investigated if treatment with Sin-1 was able to induce senescence by incubating 

U2OS cells for 6 hours in varying concentrations of Sin-1 ranging from 0.5 mM to 5 mM. 

The optimum conditions of inducing senescence in WT U2OS was determined to be 2.5 

mM. 

Interestingly, when ∆∆G3BP1/2 cells were treated with 2.5 mM, we observed much greater 

cells death (68.2 % compared to WT 40.1 %; p = 0.0325). We tested whether this effect 

was replicated over the concentrations used in the U2OS titrations and observed a 

consistent effect; the ∆∆G3BP1/2 cell line exhibits heightened sensitivity to ONOO- -

induced toxicity. Similar to our etoposide and doxorubicin induced premature senescence 

models, ∆∆G3BP1/2 cells progress faster into senescence than the WT upon a 6-hour 

incubation with 2.5 mM Sin-1 (p = 0.0481). The progression into senescence was 
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accompanied with a concurrent loss of stress granule assembly in the WT cells in response 

to treatment with SA or CZ; however, the response to incubation in 0.4 M D-sorbitol was 

mostly unaffected. 
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Figure 24 Sin-1 induces senescence in U2OS cells and 
impairs granule formation.   U2OS WT and ∆∆G3BP1/2 
cells were incubated with 2.5 mM Sin-1 for 6 hours and 
cultured for an additional 7 days. (A) Immunofluorescent 
staining identifies the senescence phenotype via identification 
of SAHF (red), and the DNA damage marker H2AX (green), 
the senescent phenotype was confirmed by staining for SA-B-
Gal activity. (B) G3BP1 (red) highlights granule formation in 
WT cells. Nuclear material is stained with DAPI (blue) 
Granule formation in response to sodium arsenite (NaAsO2) 
and clotrimazole is significantly impaired whereas the 
response to sorbitol is unaffected. SA-ß-Gal activity becomes 
more prevalent by D2 in the ∆∆G3BP1/2 population 
compared to the WT (p = 0.0426)*, and remains significantly 
greater at D5 (p = 0.0481). (C) ∆∆G3BP1/2 enter senescence 
quicker than the WT U2OS cells. The percentage of cells that 
assemble granules in response to SA (orange) or CZ (SA) 
decreases as the cells enter senescence in a similar way. The 
percentage of cells assembling granules in response to hyper-
osmotic stress (sorbitol (gray line)) remains relatively stable. 
(D) 2.5 mM Sin-1 was used to induce senescence in U2OS 
WT by D7 cells as it induced senescence in the majority of 
cells with the minimal cell death. When treated with 2.5 mM 
Sin-1, a much greater proportion of ∆∆G3BP1/2 cells had 
died compared to the WT (orange line). A titration on 
∆∆G3BP1/2 cells demonstrated a greater sensitivity of 
∆∆G3BP1/2 cells to Sin-1 -induced toxicity at 0.5 (p = 
0.0414)*, 2.5 (p = 0.0325)*, and 5.0 mM (p = 0.0332)*. Scale 
bar in (B) applies to all IF panels, and scale bar in (A) 
similarly applies to all SA-ß-Gal panels.
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PART 2: 

 The Role of IGD Peptidomimetics in the Migration of Young and 

Senescent Cells 

3.2.1  The Migratory Effect of IGD Peptidomimetic on Wound Healing  

U2OS, MRC-5, and HDFa cells were used to investigate the migratory ability of 

senescent cells and the potential migratory stimulus of a (R)- methyl IGD peptidomimetic 

on both young and senescent cells. These cells were plated onto 24-well plates and 

cultured in serum-free media (to negate proliferation as a factor for scratch-closure). 

We observed little difference between the control and IGD-treated MRC-5 cells with an 

insignificant average difference of a 27.8 % and 30.5% decrease in control and treated 

samples respectively (p=0.9862). It was considered that the MRC-5 cells, which are of a 

foetal lineage, could already express high levels of MSF and therefore the addition of the 
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Cell	Motility	Studies	
	

	
Studies were completed to examine the effect of adding a synthetic MSF mimetic on the motility of 
different cell types, these were the oncogenic U2OS line, primary foetal lung MRC5, and primary adult 
dermal fibroblasts HDFa. In all the experiments described, cells were plated in 24 or 12 well plates at 
1x105 or 2x105 cells per well respectively, cultured overnight and allowed to grow to ~80-90% 
confluency. The next day each well was scratched with a P200 pipette tip, washed with PBS twice and 
1ml of serum free DMEM containing L-glutamine and Pen-Strep made to the appropriate concentration 
of R-mimetic. Cells were kept at 37 degrees C, 5% CO2 during live microscopy and monitored for 48 
hours. Images were analysed using FIJI/ImageJ where the area of the scratch is determined and 
measured at each time point. A reducing scratch area due to the invasion of cells is measured and 
analysed.  
	
	

	
	

We observed little difference between the MRC5 cells treated with 0.1 ug/mL and the controls, an 
average decrease of 27.8% and 30.5% respectively. A two-tailed paired T-Test produced a P value of 

Figure 1  MRC5 Scratch Assay + 0.1 ug/mL in 0% FBS.  MRC5 cells scratched and monitored for 48 
hours without mimetic in complete serum free media. Over 48 hours there was an average 27.8 % 
decrease in the area of the scratch.  

Figure 2  MRC5 Scratch Assay + 0.1 ug/mL in 0% FBS.  MRC5 cells scratched and monitored for 48 
hours in the presence of 0.1 ug/mL mimetic in complete serum free media. Over 48 hours there was an 
average 30.5 % decrease in the area of the scratch. 
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Figure 25  Young MRC-5 cells + 0 µg/ml IGD R-Mimetic    Young MRC-5 cells were cultured 
in 0% FBS media for 48 hours in the presence of  no mimetic.  A vertical scratch was created 
with a P200 pipette and the site was monitored with a phase contrast microscope for 48 hours. 
Over 48 hours, there was an average 27.8 % decrease in the area of the scratch. The centre of the 
scratch is annotated by the dashed line. 
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Figure 1  MRC5 Scratch Assay + 0.1 ug/mL in 0% FBS.  MRC5 cells scratched and monitored for 48 
hours without mimetic in complete serum free media. Over 48 hours there was an average 27.8 % 
decrease in the area of the scratch.  

Figure 2  MRC5 Scratch Assay + 0.1 ug/mL in 0% FBS.  MRC5 cells scratched and monitored for 48 
hours in the presence of 0.1 ug/mL mimetic in complete serum free media. Over 48 hours there was an 
average 30.5 % decrease in the area of the scratch. 
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Figure 26  Young MRC-5 cells + 1 µg/ml IGD R-Mimetic    Young MRC-5 cells were cultured 
in 0% FBS media for 48 hours in the presence of 0.1 µg/ml IGD R-mimetic.  A vertical scratch 
was created with a P200 pipette and the site was monitored with a phase contrast microscope for 
48 hours. Over 48 hours, there was an average 30.5 % decrease in the area of the scratch. The 
centre of the scratch is annotated by the dashed line. 



mimetic would not generate a significant effect. To investigate this further, experiments 

were repeated with the adult human dermal fibroblast line (HDFa) which were isolated 

from a 9-year-old male. 

Scratch assays in young HDFa cells did not generate statically significant differences in the 

migration of cells with or without the (R)- mimetic. In the control cells, an average 

decrease of 61.5% of the scratch area was observed, compared to 59.8% in the treated 

cells. Statistical analysis identifies this difference as insignificant (p = 0.9282). 

Experiments proceeded to examine the effect of the peptidomimetic on senescent MRC-5 

and HDFa cells. 
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0.9862. It was considered that these foetal cells may already express high levels of MSF as investigated 
in the studies with U2OS. An alternative primary dermal fibroblast line adult cell line was used from a 
9 y/o male. 	
	

	
	
	
	
	
	

Scratch assays using the HDFa cell line treated with the same concentrations of the mimetic did not 
show a significant difference between treated and control cells. A two-tailed paired T-Test produced an 
output of P= 0.9282.  
	

Figure 3  HDFa Scratch Assay + 0 ug/mL in 0% FBS.  HDFa cells scratched and monitored for 48 
hours in the absence of mimetic in complete serum free media. Over 48 hours there was an average 61.5 
% decrease in the area of the scratch. 

Figure 4  HDFa Scratch Assay + 0.1 ug/mL in 0% FBS.  HDFa cells scratched and monitored for 48 
hours in the presence of 0.1 ug/mL mimetic in complete serum free media. Over 48 hours there was an 
average 59.8 % decrease in the area of the scratch. 
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Figure 27  Young HDFa cells + 0 µg/ml IGD R-Mimetic  Young HDFa cells were cultured in 
0% FBS media for 48 hours in the presence of no IGD mimetic.  A vertical scratch was created 
with a P200 pipette and the site was monitored with a phase-contrast microscope for 48 hours. 
Over 48 hours, there was an average 61.5 % decrease in the area of the scratch. Centre of scratch 
is annotated by the dashed line. 
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output of P= 0.9282.  
	

Figure 3  HDFa Scratch Assay + 0 ug/mL in 0% FBS.  HDFa cells scratched and monitored for 48 
hours in the absence of mimetic in complete serum free media. Over 48 hours there was an average 61.5 
% decrease in the area of the scratch. 

Figure 4  HDFa Scratch Assay + 0.1 ug/mL in 0% FBS.  HDFa cells scratched and monitored for 48 
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Figure 28  Young HDFa cells + 1 µg/ml IGD R-Mimetic   Young HDFa cells were cultured in 
0% FBS media for 48 hours in the presence of 1 µg/ml IGD R-mimetic IGD mimetic.  A vertical 
scratch was created with a P200 pipette and the site was monitored with a phase-contrast 
microscope for 48 hours. Over 48 hours, there was an average 59.8 % decrease in the area of the 
scratch. Centre of scratch is annotated by the dashed line. 



3.2.2  The migratory effect of IGD peptidomimetic in senescence 

MRC-5, HDFa, and U2OS cells were induced into senescence via incubation with 

etoposide for 48 hours. Experiments were performed after 7 days when the cells had 

developed a senescent phenotype. There was no significant difference between the 

migration observed between young and senescent cells or between the cell types when 

treated with the IGD mimetic. For the HDFa cells, there was a 64.3% decrease in the size 

of the scratch, compared to a 27.5% decrease for MRC-5, and a 13.6% decrease in U2OS 

cells. None of these demonstrated a significant difference from young samples in the 

presence of mimetic; HDFa, p = 0.785; MRC-5, p = 0.978; and U2OS, p = 0.798. All the 

results discussed in this section are summarised here in figure 32. No statistically 

significant results were found between treatments in any of the cell lines. Treatment with 

the (S)- mimetic was toxic to all cell lines and resulted in their death within 48 hours (Fig. 

32). 
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FIGURE 29 Senescent HDFa Scratch Assay + 0.1 ug/mL R-mimetic in 0% FBS.    HDFa 
cells were treated with 20 uM etoposide for 48 hours and cultured for an additional 7 days. A 
vertical scratch was created with a P200 pipette tip and the media was exchanged for 0% FBS 
DMEM containing the required concentration of the IGD mimetic. Images were taken at the same 

FIGURE 30 Senescent MRC5 Scratch Assay + 0.1 ug/mL R-mimetic in 0% FBS.    MRC5 
cells were treated with 20 uM etoposide for 48 hours and cultured for an additional 7 days. A 
vertical scratch was created with a P200 pipette tip and the media was exchanged for 0% FBS 
DMEM containing the required concentration of the IGD mimetic. Images were taken at the 
same site, identified via marking on the bottom of the dish, at 0, 24, and 48 hours. Centre of 
scratch is annotated by the dashed line. 



Although we did not observe any effect on migration in the presence of the IGD 

peptidomimetic, our results did confirm that the migration of senescent cells is 

significantly slower in MRC-5 and U2OS cells (figures 29 & 30). For MRC-5 cells, a 

significantly greater 32% average decrease in the scratch area of the young cells was 

observed compared to 21% for senescent MRC-5 cells  (p = 0.0426). A significant result 

was also observed in U2OS cells were the scratch decreased by 70% in young and by 51% 

in senescence (p = 0.001) (Fig. 31). 
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FIGURE 31   Senescent cells migrate slower 
than “young” cells.    MRC-5 and HDFa cells 
were treated with 20 µM etoposide for 48 hours 
and cultured for an additional 7 days. U2OS cells 
were treated with 2 µM etoposide and cultured in 
the same manner. After 7 days, the media was 
exchanged for a low-serum alternative to remove 
the effects of proliferation and a vertical scratch 
was made in the well using a P200 pipette tip. The 
scratch are was then monitored for 48 hours. The 
decrease in the area of the scratch size was 
measured and calculated using a FIJI macro. The 
induction of senescence significantly reduced the 
ability of the cells to close the scratch area in 
MRC-5 (p = 0.0426)*, and U2OS cells (p = 
0.0010)*, but not in HDFa cells (p = 0.0176).  

0

10

20

30

40

50

60

70

80

Young Senescent Young Senescent Young Senescent 

MRC5 HDFa U2OS

Pe
rc

en
ta

ge
 D

ec
re

as
e 

in
 S

cr
at

ch
 A

re
a

Cell Line

FIGURE 32   Summary of scratch assay results. Data from the above experiments is collated and 
summarised here. Cells were treated with either no mimetic, with 0.1 µg/ml (R)- or the (S)- 
mimetic, or with DMSO at the same concentration (peptidomimetic solvent) in low-serum media. 
The (S)- mimetic is consistently toxic  in all the cell lines tested. No other statistical significance 
was observed between any sample group. 
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4 
DISCUSSION 
 

 

Despite a great deal of research, very little is known of the effects of an accumulating 

cellular senescent population in health and disease, or the cellular mechanisms that 

differentiate these cells from the surrounding ‘young’ cells. Even less is known on how these 

senescent cells respond to various types of stress, and how this could also affect the health 

of an organism. Previous work, cited in the initial sections of this thesis, described the loss 

of granules in senescence and presented evidence that the expression of G3BP1 was reduced 

in senescence to such a level that prevented the nucleation of stress granules in two drug-

induced senescence models, similar to the etoposide- and doxorubicin-induced senescence 

models utilised in this work. Stress granules were induced via incubation with sodium 

arsenite (canonical; p-eIF2α-dependent) or with pat A (non-canonical; p-eIF2α -

independent) (Moujaber et al., 2017). The study observed a loss of both canonical and non-

canonical granules in these sodium butyrate- and lopinavir-induced senescence models in 

response to stressful stimuli and demonstrated a significant reduction in G3BP1 and TIA-

1/TIAR as the causative mechanism. We began our study by analysing expression data from 

our studies as well as other published data to investigate these claims. 

 

We intended to address the question of whether granules are lost in senescence by targeting 

the Caprin1-G3BP-USP10 axis described in the introductory section and first analysed the 

expression of these proteins. Differential expression analysis revealed a statistically 

significant decrease only in the age-related differential expression of G3BP2 and Caprin-1 

(Fig.4). Expression of TIAR/TIA-1 was also not statistically significant. This presents two 

immediate questions: was this a result of their drug-induced model (they do report 

discrepancies between the sodium butyrate- and lopinavir-induced regimes), or if this result 

represents a genuine mechanism and whether the reduction is enough to prevent granule 

formation or if there is some post-translational mechanism preventing the generation of 

protein from the mRNA transcript. A result that immediately challenged the observations of 

(Lian and Gallouzi, 2009) was the maintenance of granule assembly in response to 

hyperosmotic conditions, induced via incubation in 0.4 M D-sorbitol. In all the cells types 

(WT, ∆∆G3BP1/2, ∆∆G3BP1/2 + GFP-G3BP1, ∆Caprin-1, and MRC-5) granule assembly 

was lost in response to sodium arsenite upon the acquisition of senescence, but unaffected 
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by incubation in D-sorbitol. These non- canonical, p-eIF2α independent granules, exhibit 

differing morphology to those generated in response to SA or CZ. They are typically much 

smaller, and of greater number, but remain bona fide granules as confirmed in this work and 

other published studies; demonstrated by the dynamic equilibrium existing between them 

and polysomes (Kedersha et al., 2016). A possible explanation may lie with the 

phosphorylation of eIF2α, required for canonical SA-induced granule formation but not for 

granules assembled in response to osmotic stress and potentially clotrimazole. 

Phosphorylation of eIF2α is required in canonical granule assembly to initiate translational 

arrest by limiting the availability of the initial eIF2-GTP-tRNAiMet ternary complex 

(Anderson and Kedersha, 2009). If in senescence, eIF2α is not phosphorylated, or 

phosphorylation is reduced, this would subsequently prevent granule formation in the above 

manner, providing a potential mechanism for granule loss that would not affect the action of 

clotrimazole or D-sorbitol. 

 

A second explanation could be a reduction in the translational activity of the senescent cells. 

Stress granule assembly is limited by two parameters: the number and speed of mRNPs 

released from polysome during translational arrest, and the aggregation of RNA binding 

proteins such as G3BP1/TIAR/TIA-1. If senescent cells become less translationally active, 

which could make sense given their (predicted) lesser metabolic state, and have a lower basal 

rate of translation, there would be fewer polysomes to disassemble than in younger cells and 

therefore less mRNPs to nucleate granules. Indeed our polysome profile results in figure 23 

support this by demonstrating a lower basal level of translation in senescent cells, and a 

reduced response to treatment with 200 μM NaAsO2 than observed in the ‘young’ cells that 

were not treated with etoposide. We began to investigate the translational dynamics of 

senescent cells in figure 23. U2OS cells induced into premature senescence were stressed 

with SA and simultaneously treated with 0, 5, or 10 μg/ml puromycin. Puromycin is an 

aminonucleoside antibiotic that acts by entering a ribosome via the A site, leading to 

puromycylation of the nascent chain and subsequent premature release, thus acting to 

promote the disassembly of polysomes (David et al., 2013). We tested whether this could 

act to disassemble a greater number of polysomes in senescent cells, facilitating the 

nucleation of granules. Results showed that treatment promoted granule assembly in the 

presence of stress (puromycin treatment alone was not sufficient in the young or senescent 

cells), restoring a significant level of granule assembly, albeit not wholly rescuing it. This 

could also suggest that there are additional mechanisms in place to stabilise polysomes in 
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senescent cells to prevent their disassembly, and therefore granule formation, or that act to 

prevent granule assembly downstream of polysome disassembly, such as that reported in the 

case of USP10 overexpression (Kedersha et al., 2016) 

 

Upon the acquisition of senescence, we observe a striking increase in the size of the cells, to  

4x their original size. There is very little published data on what drives this change in 

morphology, but it can be seen to occur consistently in our U2OS mutants, as well as in the 

MRC-5 cells. Based on our above data, we propose an interesting hypothesis linking 

senescence-related volume increase to granule loss. It may be possible that if the senescent 

cells’ increase in size, and therefore cytoplasmic volume, is not accompanied by a 

proportional increase in the production of proteins or RNA/mRNA, these components may 

become diluted in the cytoplasm to such an extent that interaction between even aggregation-

prone peptides does not occur at a sufficient rate to nucleate granules, despite the 

disassembly of polysomes. A low basal translation rate, and therefore fewer polysomes to 

disassemble, would also contribute to this modal, by further diluting the volume of free 

mRNA to which RNA-binding proteins such as G3BP1 may bind. Indeed, treatment with 

puromycin may somewhat rescue granule formation in the senescent cells by increasing the 

concentration of free mRNA available in the cytoplasm, such that it exceeds a threshold limit 

not typically reached in the presence of SA alone. If this was the case, it may even be possible 

that the increase in cell size upon senescence is a genetically programmed event in order to 

modulate translation (including to prevent stress granule-induced translational repression in 

an already translationally-slow system) in a manner that prioritises different environmental 

challenges (oxidative stress compared to ATP depletion) and/or to support the senescence 

phenotype. Additionally, dilution of the transcriptional and translational 

machinery/factors/components could significantly affect protein production and gene 

regulation, and thus could provide a potential explanation for why we observe no difference 

in the expression of G3BP1 at an mRNA level with ageing, yet others report a decrease in 

the protein level. However, further investigation is required to determine whether the 

increase in the observed 2D size we observe is indeed accompanied by an increase in volume 

and not, for example, due to flatter morphology that inhabits a greater area but not 

necessarily a greater volume.  

 

Clotrimazole acts by damaging the mitochondria such that the cell becomes starved of 

energy in the form of ATP, therefore inactivating protein chaperones required to maintain 
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protein solubility and thus leading to their condensation into stress granules (Liu et al., 

2010)(Zancan et al., 2007)(Meira et al., 2005)(Glass-Marmor and Beitner, 1997). Our results 

demonstrate that G3BP is required for this function as the ∆∆G3BP1/2 KO prevents the 

formation of clotrimazole-induced granules; however, KO of Caprin-1 alone does not 

significantly reduce non-canonical CZ- granule assembly. In contrast to both SA- and CZ-

induced granules, granules that assemble in response to D-sorbitol are not significantly 

affected by the loss of G3BP1/2 or Caprin-1 or the acquisition of senescence. Granules 

assembled in response to hyperosmotic stress typically occur as a result of molecular-

crowding which subsequently promotes protein aggregation, allowing a distinction between 

granules formed via a biological or physical process (Dewey et al., 2011). Despite this, 

evidence exists to suggest a targeted biological programme for the accumulation of specific 

proteins in such granules. Specifically, sorbitol-granules are enriched in the Fused in 

Sarcoma (FUS/ hnRNP P2) and TDP-43 (hnRNP P1) proteins but not other heterogeneous 

ribonuclear proteins (hnRNPs) (Sama et al., 2013), suggesting a functional role of these 

localised proteins in the stress response. FUS is known to shuttle between the nucleus and 

cytoplasm in normal conditions (Ishigaki et al., 2012), yet is translocated to the cytoplasm 

almost entirely upon hyper-osmolar stress. Such observations are reported in a wide range 

of cell types, indicating a non-cell-type specific effect, however it is also reported that FUS 

does not always translocate in response to oxidative stress (induced with sodium arsenite or 

hydrogen peroxide), endoplasmic reticulum (ER) stress using thapsigargin, or heat shock 

(Sama et al., 2013). These observations indicate a specific role of FUS in hyperosmotic stress 

rather than other stressful insults, and also that granules assembled in osmotic stress differ 

in their physiological function to those that occur in oxidative, and potentially also in our 

case of clotrimazole-induced granules. This is further corroborated by reports that knock-

down of FUS does not impede granule assembly but significantly increases the sensitivity 

of cells to hyper-osmolar toxicity (Sama et al., 2013). It is essential for cells to regulate their 

translational activity to maintain/restore homeostasis during and after a stressful insult, and 

these observations may suggest that senescent cells may lose their ability to respond to 

oxidative stress, but maintain the ability to respond to both acute energy starvation and 

hyper-osmolar conditions. A possible mechanism includes that discussed above regarding a 

lack of phosphorylation of eIF2α after becoming senescent, essential for SA-induced granule 

assembly (Kedersha et al., 2005). 
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Our results suggest that the loss of G3BP1/2 forces an acceleration in the senescence 

programme, such that a significantly higher proportion of cells are identified as senescence 

earlier in the ageing model than those with granules. There is very little published evidence, 

other than already discussed, of a role G3BP may play in ageing, only reports that its reduced 

expression may explain granule loss in senescence (Moujaber et al., 2017). G3BP was first 

identified as a rather unusual signal transduction molecule, acting through binding to 

RasGAP in a RAS-GTP- dependant complex, as it possesses two C-terminal RNA-binding 

motifs, and a RRM and RGG motif (Gallouzi et al., 1998) (Schoenberg, 2011). If it does 

indeed act as a single integrator, potentially acting through stress granules, the loss of 

G3BP1/2 may cause irregular signalling of DNA damage or stress signalling, acting to 

accelerate the rate at which the senescent phenotype is achieved. Evidence of the importance 

of G3BP as a signalling integrator in cellular proliferation can be observed in KO mouse 

studies. KO of both copies of G3BP was shown to be lethal in the majority of embryos, with 

significant neurodegenerative disruption occurring in any that progressed to the neonatal 

stage, also, the fibroblasts extracted from G3BP-/- mice grew much slower and demonstrated 

no response to the presence of growth factors (Zekri et al., 2005). Additionally, the study 

identified 4 genes up-regulated in G3BP-/- mice, including IGF- II, which is interesting as 

G3BP1 has been shown to bind IGF-II mRNA (Schoenberg, 2011). An independent study 

presented data that the similar insulin growth factor I (IGF-I) induced senescence in several 

cell lines, including human fibroblasts, by activating p53 via the reactive oxygen species-

DNA damage-p53 pathway (ROS-DNA-p53) (Handayaningsih et al., 2012). Based on this 

evidence alone, it is possible to theorise a mechanism through which G3BP can modulate 

signalling pathways and how its loss may perturb them. 

 

Loss of G3BP has (at least) one very well established effect: The loss of stress granules  

(Matsuki et al., 2013). As discussed previously and recapped in our results, KO of both 

G3BP1/2 results in a loss of stress granule assembly, apart from in response to hyperosmolar 

stress (as previously established). This generates an additional line of enquiry; whether the 

accelerated senescence programme in ∆∆G3BP1/2 cells is due to the loss of G3BP, or due 

to the loss of stress granules and their associated physiology. It is a well-established theory 

that stress granules act as points of ‘triage’, where selected mRNA transcripts are stored for 

translation at a later time, or sent to P-bodies for degradation (mRNA-cycle 

model)(Anderson and Kedersha, 2008). Stress granules could, in principle, store transcripts 

for pro-senescent proteins within them during stressful insults etc... thus preventing their 
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translation. Such a mechanism would not exist in the ∆∆G3BP1/2 cells, allowing their faster 

progression into senescence. It is also possible that SG sequester proteins known to play a 

role in senescence such as in the case of plasminogen activator inhibitor 1 (PAI-1), which is 

known to be upregulated at both the mRNA and protein level in ageing mouse fibroblasts, 

and its overexpression has been shown to induce premature senescence (Vaughan et al., 

2017). It is reported that PAI-1, a vital regulator of the fibrinolytic system and established 

bona fide senescence marker, is sequestered by stress granules as a mechanism to counter 

senescence (Omer et al., 2018). The effect of stress granules to modulate senescence was 

shown in (Omer et al., 2018) by stressing the cells with a sub-lethal dose of oxidative stress 

(NaAsO2) every day whilst the cells were undergoing a senescence-induction protocol 

similar to our etoposide/doxorubicin model. Subsequent stressful insults induced granule 

formation in the early stages of senescence and this treatment resulted in a slower 

progression into senescence. The authors conclude that the formation of stress granules 

during early senescence, and subsequent recruitment of PAI-1, was sufficient to suppress 

commitment to the senescence programme. They tested this by siRNA KD of only G3BP1 

(Omer et al., 2018) and although we know that total loss of granule assembly is only 

achieved via KO of both G3BP1 and G3BP2, our data can align with their conclusion; 

granule-incompetent ∆∆G3BP1/2 cells enter senescence quicker than the granule-competent 

WT. Perhaps WT cells lose their ability to respond to oxidative stress once committed to the 

senescent phenotype as this pathway, in terms of senescence, is no longer required to mediate 

the senescence-induction pathway. However, this theory not account for the loss of other 

potential roles of stress granules in the physiology of senescent cells. To dissect whether the 

observed effects are mediated by G3BP or granule assembly, we tested the progression of 

the senescence phenotype in a ∆Caprin-1 mutant line. 

 

As described in this work and previous reports, loss of Caprin-1 prevents the formation of 

stress granules in response to oxidative stress as it is proposed to induce a necessary 

conformational change in G3BP, allowing it to condense into granules (Kedersha et al., 

2016). Caprin-1 (pro-granule condensation) competes with USP10 (anti-granule 

condensation) for limited G3BP; thus KO of Caprin-1 would tip this balance towards the 

formation of the soluble USP10-G3BP complexes and preventing granule condensation. KO 

of Caprin-1 does not significantly affect the ability of cells to form granules in response to 

clotrimazole; however G3BP remains critical for their assembly (Kedersha et al., 2016), 

suggesting a G3BP-dependant, Caprin-1 (and potential USP10)-independent mechanism of 
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assembly. KO of Caprin-1, and therefore no SA-inducible granules, accelerated the 

progression into senescence, supporting the theory that granule assembly is responsible for 

the observed effect, rather than G3BP. Surprisingly, however, we observed an accelerated 

senescence progression in the ∆Caprin-1 cells to a greater extent than ∆∆G3BP1/2 alone. 

This raises two additional interesting questions: whether Caprin-1 is playing an extra-

granular role that could affect the senescence programme, or potentially that granules 

induced in response to different stressful insults promote or suppress a commitment to the 

senescent phenotype to different degrees. ∆∆G3BP1/2 cells do not form granules to respond 

to oxidative stress or energy starvation; however, ∆Caprin-1 cells only lack the ability to 

respond to the former. There is currently little to no published work investigating the 

implications of Caprin-1 in senescence and ageing, or DNA damage, however it has been 

linked in one study to amyotrophic lateral sclerosis (ALS), a condition in which stress 

granules have also reported to be involved in a number of studies (Bakkar et al., 

2018)(Monahan et al., 2016)(Li et al., 2013). KO of caprin-1 has been shown to prolong G1 

phase in the cell cycle (with its phosphorylation required for progression into S phase), and 

as such, its role in cellular proliferation has been investigated in a number of cancers 

including breast, osteosarcoma, and hepatocellular cancer; data from all of these studies 

revealed an up-regulation in Caprin-1 expression, often correlating higher expression with a 

poorer prognosis (Wang et al., 2005)(Tan et al., 2017). Caprin-1 possesses a carboxyl-

terminal able to bind c-Myc or cyclin D2 mRNAs, suggesting that it may sequester 

proliferation and migration-related mRNA transcripts into stress granules thus regulating 

their transport and translation in the cytoplasm based on the cellular conditions. This is in 

keeping with the model that in times of stress, stress granules sequester transcripts such as 

those promoting survival are repressed and stored for later translation. Considering this, 

Caprin-1 may also bind transcripts related to a cell’s commitment to developing a senescent 

phenotype in the same way, which it would sequester in stress granules thus acting to counter 

senescence like that described with PAI-1 above. This effect would be seen in the 

∆∆G3BP1/2 cells as they would be unable to assemble granules however Caprin-1 may still 

be able to bind its related transcripts, which may play more critical roles than those bound 

by G3BP1/2, to regulate its transport/translation. Surprisingly, we also observed that a 

significantly higher proportion of senescent ∆Caprin-1 U2OS cells assembled granules in 

response to clotrimazole by D7 than the WT. We know from our initial analysis that the 

expression of Caprin-1 is significantly reduced in senescence; to a much greater extent than 

G3BP1/2 or USP10 and that WT cells also maintain the ability to assemble granules in 
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response to clotrimazole to a greater extent than to oxidative stress. Given this data, it may 

be possible that a reduction in the expression of Caprin-1 in senescence is required to 

maintain granule assembly. How Caprin-1 could elicit this effect requires investigation. 

Lastly, we examined the rate of senescence in a granule-incompetent ∆∆∆FMRP/FXR1/2 

line as an extra method of examining the effect of granule loss, as KO of these components 

prevents granule formation (Didiot et al., 2009). Senescence in this line progressed similarly 

to the ∆∆G3BP1/2 line. Although this supports the theory that the loss of stress granules is 

responsible for the observed effect, we can not rule out the possible effects FMRP/FXR1/2 

may play in other cellular processes that may be linked to senescence. 

 

Once cells have committed to the senescence phenotype, we observe the accumulation of 

large ‘vacuole’ -like assemblies in the cytoplasm of the cells. A greater number of 

∆∆G3BP1/2 cells exhibit these assemblies and an even greater number of ∆Caprin-1 cells 

(Fig.21). Mitochondrial dysfunction is one of the primary hallmarks of ageing and is 

required to maintain the senescence phenotype, which is also required to maintain 

mitochondrial dysfunction (via persistent DNA-damage signalling) however the 

mechanisms that drive this interaction is not clear (Korolchuk et al., 2017). The number of 

mitochondria in senescent cells increases 72-hours after the peak DNA damage; however, 

they differ from ‘young’ mitochondria. Mitochondria from senescent cells exhibit a reduced 

membrane potential and generate increased amounts of reactive oxygen species (ROS) 

compared to young cells (Korolchuk et al., 2017)(Finkel, 2015) and these changes in 

mitochondrial physiology have a profound effect on the bioenergetics of the cell. Although 

the increased number of mitochondria is accompanied by increased oxygen consumption, 

the volume of ATP generated by these mitochondria through oxidative phosphorylation is 

significantly lower than in ‘young’ cells. A compensatory increase in glycolysis is, therefore, 

typically evident in senescent cells in order to generate sufficient ATP (Rubinsztein et al., 

2011)(Korolchuk et al., 2017). Given the link between the mechanism of clotrimazole-

induced granules (ATP starvation and protein chaperones) and perturbations in ATP 

generation in senescence, it may be possible that energy production acts as an additional 

factor in granule assembly that is not examined in this work but suggests an interesting 

avenue for future studies. Evidence to further validate such a hypothesis exists through in 

vitro phase separation studies. Such studies demonstrate ATP to act as a biological 

hydrotrope, solubilising the normally insoluble components of the cytoplasm such as highly 

disordered proteins like G3BP/Caprin-1 (Patel et al., 2017). In the absence of ATP, phase 
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separation occurs in solution, and the addition of ATP disassembles these droplets (Alberti 

et al., 2018); this may be linked to the ideas of Jain et al. and the models of granule formation 

discussed in the introduction (Sec.1.1). The large ‘vacuole’ assemblies demonstrate similar 

morphological characteristics to lipid droplets, a not atypical finding in cells, but it is 

interesting that they increase in number and size with senescence, particularly that their 

number increases in the absence of G3BP1/2 and Caprin-1 (Thiam et al., 2013). Lipid 

droplets are known to associate with mitochondria to meet the energy demands of the cell, 

with a higher number of junctions between these two organelles occurring with greater 

energy demand (Wang et al., 2011)(Gao and Goodman, 2015). A possible explanation for 

the accumulation of lipid droplets in senescent cells may stem from their dysfunctional 

mitochondria, as an inability to efficiently utilise the lipids could lead to their accumulation 

within the cells. We may observe larger and more numerous lipid droplets in ∆∆G3BP1/2 

and ∆Caprin-1 cells as they are further into the senescence programme at the time points 

collected due to the accelerated senescence progression previously established. Further 

experimentation would be required to fully establish whether the observed ‘vacuoles’ are 

lipid droplets, and if ∆∆G3BP1/2 or ∆Caprin-1 significantly affects lipid metabolism. 

 

Lastly, we chose to test whether the senescence programme was affected by three proteins 

with known effects in either senescence, cell cycle regulation, or granule formation. These 

were Larp1 and YB1, and double-stranded RNA-dependant protein kinase (PKR). Larp1 is 

an RNA binding protein reported to regulate cell cycle progression. Previous reports noted 

that RNAi KD of Larp1 resulted in cell cycle arrest and apoptosis (Burrows et al., 2010), 

however, the stable KO line did not demonstrate any obvious impairment in cell cycle 

progression compared to the WT U2OS. However, upon treatment with etoposide, a 

significantly greater percentage of the ∆Larp1 population was senescent by D5, indicative 

of an accelerated rate of senescence progression. Larp1 is reported to potentially play a role 

early in translation initiation by binding to PABP, which promotes translation initiation by 

indirectly interacting with eIF4E, circularising mRNA, and associating with polysome-

associated mRNA (Burrows et al., 2010). It is possible that the incorporation of Larp1 into 

stress granules may therefore help kick-start translation and restore cellular homeostasis 

upon the dissolution of a stressful stimuli. How this could contribute to the quicker onset of 

senescence is unclear and would require further investigation. YB-1, which is frequently up-

regulated in cancer, co-localises to stress granules and is known to bind to and repress p16 

(Kotake et al., 2013). siRNA KD of YB-1 has been shown to induce expression of p16, and 
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its levels have also been shown to be decreased in senescence (Kotake et al., 2013). Despite 

this, stable KO of YB-1 in U2OS cells treated with etoposide did not enter senescence 

significantly quicker than the WT. 

 

Interestingly, stable KO of YB-1 led to a significant proportion of the cells to develop very 

large nuclei, similar to senescent cells; however, they do not stain positive for either SAHF 

or SA-ß-Gal activity. PKR is one of several eIF2α kinases that acts to sense double-stranded 

RNA in the cytoplasm (Reineke et al., 2015). Such RNA is the product of viral infection, 

and thus the ability to sense its presence is required to prevent the propagation of the virus. 

Activation of PKR (via its auto-phosphorylation) leads to the phosphorylation of eIF2α, and 

the formation of canonical stress granules (as previously discussed). Although a well-

established theory, how stress granules play an anti-viral role is not entirely clear however 

many viruses have been shown to perturb granule assembly such as enteroviruses and 

flaviviruses which target G3BP1, or the Japanese encephalitis virus which targets Caprin-1 

(White et al., 2007). As stress granules repress the translational activity of the cell, the ability 

to remove this ‘block’ would be evolutionarily advantageous to the virus, and thus presents 

a plausible theory as to why they may interfere with granule assembly. Additional work has 

also shown that PKR is activated by heat shock and UV exposure (Aulas et al., 2017) thus it 

may act as a more generic sensor of stress. We induced senescence in this line to investigate 

if the loss of an eIF2α kinase, required for efficient canonical stress granule assembly, could 

affect the rate at which the cells enter senescence. We found that loss of PKR did indeed 

accelerate the progression of these cells into senescent, with a significantly higher 

percentage of the population staining positive for SAHF. We propose that a lack of this 

eIF2α kinase, and therefore a potential reduced efficiency in the formation of granules 

facilitated the onset of senescence in these cells, how exactly the loss of PKR could elicit 

this effect remains elusive, as PKR has no reported role in DNA-damage signalling or the 

cell cycle; thus it is an avenue of further research. 

 

We also validate our findings in a novel method of senescence-induction using the 

peroxynitrite donor (ONOO-) Sin-1. We observed a similar senescence progression in the 

U2OS WT and ∆∆G3BP1/2 cells as in the etoposide and doxorubicin-induced model, with 

a consistent loss of granules in response to clotrimazole and sodium arsenite. No differences 

were observed in the results obtained from etoposide, doxorubicin, or sin-1 induced 

senescence in either the U2OS (or MRC-5 cells where applicable), suggesting our findings 
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can be universally applied regardless of the cell type or method of premature senescence 

induction. However, interestingly, we observed a higher level of cell death at almost every 

concentration of Sin-1 in the ∆∆G3BP1/2 cells compared to the WT. In addition to 

introducing SSBs into the genome, Sin-1 acts to inhibit mitochondrial respiration. At low 

concentrations (nM), only reversible inhibition of cytochrome oxidase occurs, however at 

high concentrations such as those we have used, irreversible inhibition of the mitochondrial 

respiratory chain complex occurs as a result of oxidation-induced damage of mitochondrial 

components including complexes I, II, IV, and V, superoxide dismutase, the mitochondrial 

membrane, and mitochondrial DNA (Brown, 1999) (Doulias et al., 2001). These defects are 

reported to lead to swelling, depolarisation, and the release of Ca2+ from the mitochondria 

and a general decrease in the respiratory- ability of mitochondria (Brown, 1999). This draws 

interesting parallels to the changes in mitochondrial morphology and function reported in 

senescence (Korolchuk et al., 2017). As briefly discussed above, mitochondrial dysfunction 

can drive the cell to develop a senescent phenotype, and act to maintain it, whilst at the same 

time, the resulting DNA-damage signalling promotes the senescence-associated 

mitochondrial dysfunction (SAMD), indicative of a close link between the two. We have 

established that granules that assemble in response to a reduction in ATP, induced 

experimentally here by the use of clotrimazole, cannot form in the ∆∆G3BP1/2 cells. As a 

result, it could be assumed that these cells do not respond efficiently to ATP depletion 

leading to the death via apoptosis, providing a potential mechanism to why we observe 

significantly greater cell death in the ∆∆G3BP1/2 cells when compared to U2OS WT. It is 

also worth noting that dysfunctional mitochondria generate a high amount of reactive oxygen 

species which can cause and aggravate DNA-damage and DNA-damage signalling pathways 

(Korolchuk et al., 2017), which may provide a sufficient stimulus to induce senescence 

alone. Also, dysfunctional mitochondria have been reported to release several danger-

associated molecular patterns (DAMPs) such as NLRP3, which induce inflammasome 

assembly via activation of NOD-like receptors, and subsequent activation of pro-

inflammatory cytokines (e.g. IL-18) (Korolchuk et al., 2017). These functions may place the 

mitochondria at the centre of the pro-inflammatory phenotype of senescent cells, and the 

generation of SASP. Indeed, we know that dysfunctional mitochondria are cleared via 

mitophagy from existing reports, and it is now shown that the experimental enhancement of 

mitophagy reduces pro-inflammatory NLRP3 signalling, as well as ROS production 

(Korolchuk et al., 2017), presumably by removing dysfunctional mitochondria more 

efficiently. 
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We previously mentioned the importance of senescent cells in wound healing and the role 

migratory simulating factor may play in this. Published work has shown that the elimination 

of senescent cells delays the kinetics of wound healing in mice studies as reviewed in the 

introduction (Demaria et al., 2014). Despite the role senescent cells are known to play in 

wound healing, it is interesting that MRC-5 and U2OS cells show a significant decrease in 

their motility upon the induction of senescence. We investigated whether the motility of 

these cells could be restored via treatment with a peptidomimetic of human MSF. Initial 

results in both MRC-5 and  U2OS did not show any effect when incubated with the mimetic. 

A possible theory was that these cells, being highly proliferative oncogenic (U2OS) or foetal 

(MRC-5) cells, already express high levels of MSF and other growth factors, such that they 

are already migrating at their maximum level. Investigations in the adult human dermal 

fibroblast line, however, did not reveal any differences either. It can be deduced from this 

data that senescent cells show significantly reduced migration compared to ‘young’ cells 

suggesting that the role of senescent cells in wound healing is independent of their migratory 

ability. It seems logical that, as an anti-malignancy mechanism, senescent cells should 

exhibit less migration than ‘young’ cells to prevent metastasis. In fact, in one study it was 

even shown that treatment of senescent glioma cells with fibronectin (from which our 

peptidomimetic was derived) promoted the expression of senescence-related genes including 

p21 and p16 via providing excessively high PI3K/ AKT signalling downstream of mTOR, 

suggesting that a strong external mitogenic signal is sufficient to induce senescence in cells 

(Liao et al., 2018)(Demidenko and Blagosklonny, 2008)(Muñoz-Espín and Serrano, 2014). 

It could be possible that such a signal was induced in our experiments, to which the cells 

responded by reducing their motility. It would be interesting to investigate whether high 

doses of MSF IDG induced a pro-oncogenic effect in our cells and whether p21 and p16 

expression persisted after the 48-hour treatment window. As cells did not migrate in response 

to the IGD mimetic, we hypothesise that the primary role of senescent cells in wound healing 

is to provide the inflammatory stimulus, via secretion of SASP, required to recruit cells to 

the site of injury and promote wound closure, and eventually leading to the clearance of 

senescent cells, as widely reported in the literature. 
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Conclusions and Further Work  

 

We determine that a loss of granules results in an accelerated progression into senescence 

and that distinct differences exist between the assembly of granules in response to different 

stressful challenges. We describe these results in an in vitro ageing model using etoposide 

or doxorubicin-induced senescence, and present Sin-1 as a new novel inducer of senescence, 

which may act through perturbing mitochondrial function, a methodology not previously 

reported in the literature. We conclude that the observed loss of granules in senescence 

occurs universally across cell types but regardless of the inducer of premature senescence. 

It Is important to note that a previous study described an increase in the number of granules 

per senescent cell upon oxidative insult, induced here with sodium arsenite (Lian and 

Gallouzi, 2009). This result directly contradicts the data in this work where we describe an 

overall decrease in the number of granules generated in response to sodium arsenate or 

clotrimazole. However, (Lian and Gallouzi, 2009) induced premature senescence via 

exposure to ionising radiation, unlike our drug-induced model. Data from a range of reports 

cite different results based on the induction of senescence, with some work claiming that 

granule assembly is not impaired in replicative senescence. Although we confirm our results 

are not the result of an individual treatment regime by inducing senescence via treatment 

with etoposide, doxorubicin, and Sin-1, we have not accounted for differences that may 

occur in irradiation or replicative-senescence. In our case, to do so would involve generating 

G3BP1/2 and Caprin-1 KO mutants in a non-oncogenic line capable of undergoing 

replicative senescence, and this would be the next step in this experiment to account for 

possible differences.  

 

We did not focus on the pathways that lead to granule formation in senescence, such as 

phosphorylation of eIF2α and other kinases responsible (although we do present preliminary 

data with PKR), and this may play a significant role and requires investigation. We present 

novel hypotheses for the impairment of granule assembly in senescence based on disrupted 

translational dynamics, mitochondrial function and ATP depletion, and cytoplasmic volume, 

challenging published data that the reduced protein expression of G3BP1 and other RNA-

binding proteins such as TIAR etc... are responsible for impaired granule formation. Further 

experimentation to examine the translational dynamics of senescent cells is required to 

understand the effect it may have on granule assembly. Larger scale transcriptomic analysis 

such as RNA-seq would allow the identification of candidates that could explain the 
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differences we describe between stress-dependant granule assembly in WT, ∆∆G3BP1, and 

∆Caprin-1 mutant U2OS, and how their loss results in an accelerated senescence 

programme. Overall, these data reveal the relationship between granule assembly and 

senescence to be complex and context-dependent and further supports the important 

physiological role of granules. 
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