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Abstract

Senescent cells accumulate with age and are defined as the cells that irreversibly lose their
ability to proliferate. They are characterized by an enlarged flat cell phenotype, enlarged
nucleus with persistent DNA damage foci, and an increase in senescence-associated [3-
galactosidase (SA-B-GAL) activity. The accumulation of senescent cells with ageing is

associated with physiological decline and age-related diseases.

Cells experience stress and damage from internal or external sources which induce various
responses ranging from recovery to cell death. They respond to stress by regulating RNA
translation to allow the expression of proteins required for cell viability. During stress,
untranslated mRNAs are re-directed from polysomes to cytoplasmic aggregates known as
stress granules. The assembly of stress granules is promoted by RNA-binding proteins

including G3BP which is the nucleating protein of stress granule assembly.

Mammalian cells have three G3BP proteins: G3BP1, G3BP2a and G3BP2b, encoded by 2
genes G3BP1 and 2. We investigated the formation of stress granules in proliferative, stress
induced premature senescent (SIPS) and replicative senescent cells in primary human dermal
fibroblast cells and U20S cell lines. Senescence phenotype, stress granule formation, lipid
droplet accumulation and differential proteome-wide expression were investigated in WT
U20S cells and in cells lacking G3BP1/2 as well as in cells that were reconstituted with a

single form of G3BP.
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Chapter 1

1 Introduction

1.1 Cellular Senescence

Mammalian cells are exposed to several external and internal stimuli that induce stress and
damage to cells. Normal cells respond to stress or damage by activating signalling pathways
responsible for damage repair. Nevertheless, if the stress or damage is prolonged and severe,
mutation occurs and cells become dysfunctional. Hence, dysfunctional cells are either directed

to apoptosis or cell-cycle arrest (Figure 1.1).

Cellular senescence was first described by Hayflick and colleagues five decades ago. They
showed that normal fibroblast cells have a limited ability to proliferate in culture. Initially, the
cells underwent continuous cell division. However, after a number of divisions, the cell growth
declined gradually. Irreversibly, all cells stopped dividing in culture indicating that human cells
have a finite lifetime in culture. The cells remained viable in culture although they ceased
proliferation (Hayflick, 1965). This type of senescence is called replicative senescence and is

induced by dysfunctional telomere (see section 1.1.1).

The limited cell divisions of cells in culture is known as cellular senescence. Therefore, cellular
senescence is a phenotype of irreversible arrest of cell division. It has been observed in several
kinds of cells including human fibroblasts (Hayflick, 1965), human skin (Dimri et al. 1995),
primate retina (Mishima et al. 1999) and human liver (Paradis et al. 2001). Additionally,

senescence has been observed in mouse embryonic fibroblast cells (Itahana et al., 2004).

19



Senescence
inducer
ﬁ
7 "‘ —
i 5. fN vy
“ \;’ \ Y \
LF o “\ -
3 5 ~/
« N
AN 4
4 V..*% /
RGN, - -
yiL \
red s, » \ A
Proliferative Senescent

Figure 1.1 Schematic of senescence development.
When normal proliferative cells are exposed to senescence inducer, they undergo
structural and morphological changes such as flattened cell shape. Images are of

proliferative and senescent U20S cells (cultured in our lab).

Senescent cells are cells that have lost their ability to proliferate. This process is induced by
various factors including telomere shortening (replicative senescence) and exposure to DNA-
damage agents such as ionizing radiation and oncogenes (stress-induced premature
senescence). Several studies have revealed that senescent cells exist and accumulate at sites of
age-related diseases such as benign hyperplastic prostate (Choi et al., 2000) and atherosclerotic
lesions (Vasile et al., 2001). These observations indicate that senescent cells may contribute to

aging and development of age-related diseases.
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The senescence phenotype is stable and resistant to apoptosis (Campisi, J., 2005). It has been
suggested that senescent cells remain persistent in tissues for years (Michaloglou et al., 2005).
Although they are not functioning as dividing cells, senescent cells remain metabolically active
(Roninson, 2003). Senescent cells and quiescent cells are distinct. Quiescent cells are
responsive to mitogenic stimuli and resume proliferation. However, senescent cells are
unresponsive to stimuli and the growth arrest phenotype is irreversible (Aravinthan, 2015).
Additionally, the irreversible growth arrest phenotype of senescent cells acts as a program that
prevents development of tumours. It prevents multiplication of cells with genetic mutations or

functional defects. Hence, it prevents development of tumour cells.

Cellular senescence is known as the terminal phenotype that primary cells approach after
undergoing a prolonged passage in vitro or multiple divisions in vivo (Schawrze et al., 2005).
Senescent cells cease proliferation losing their ability to divide. Understanding senescence is
crucial as it is implicated in tumour suppression and chronic diseases such as age-related
diseases. Cellular senescence is triggered in response to various stresses including telomere
shortening, DNA damage and oncogene activation leading to replicative senescence, stress-

induced senescence and oncogene-induced senescence, respectively (Aravinthan, 2015).

1.1.1 Replicative Senescence

Replicative senescence is the phenotype of irreversible growth arrest that the cells reach after
multiple passages in culture. This type of senescence is observed in different normal diploid
human cells. Replicative senescence is induced by dysfunctional telomeres. After each cell
division, telomere shortens leading to dysfunctional telomeres (Campisi, 1997). It was
observed that human liver tissue loses 55 base pair of telomeric DNA per year (Takubo et al.,

2000).
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Telomeres are located at terminal regions of chromosomes. They are composed of telomeric
DNA and associated telomeric proteins. The main function of telomeres is to maintain the
stability of the cellular genome (Blackburn, 2001). However, replication of a linear DNA
occurs with impossibility of full reproduction of previous length of DNA ends. Erosion of
several telomere nucleotides (30-200 base pair/ cell division) after each cell division causes
telomere length shortening in daughter cells (Lingner et al., 1995). Several studies have shown
that telomere shortening is correlated to a cell's replicative potential. Following multiple cell
divisions and when the telomere reaches a certain length, cells stop dividing leading to

replicative senescence phenotype (Olovnikov, 1973; Whittemore et al., 2019).

Telomere length may act as a biological clock that determines life span of an organism. Length
of telomeric DNA is affected by several factors including genetic make-up, environment and
habits (smoking and diet). Cells undergo senescence after reaching below the critical limit of
telomere length. Shortening of telomere length is recognised as DNA damage and triggers
DNA damage responses which in turn leads to cell growth arrest and senescence (Figure 1.2).
Furthermore, telomere shortening affects the health and lifespan of individuals. It is associated

with age-related problems such as heart failure, diabetes and osteoporosis (Shammas, 2011).
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Figure 1.2 Schematic of replicative senescence.

Telomere shortening is the major driver of replicative senescence. Following
multiple cell divisions, telomere length is shortened and recognised as DNA
damage. DNA damage responses are triggered which activates p53/p21

pathways and thus cell cycle arrest.

Replicative senescence is characterized by cell growth arrest in response to serial passages in
culture or multiple cell divisions in vivo. Replicative senescent cells exist in all tissues and
organs. Changes associated with this sub-type of senescence includes morphological and
molecular changes such as enlarged cell size and increased expression of tumour-suppressor
proteins such as p21 and pl16. However, the functional significance of the morphological

changes of senescent cells is still unclear (Campisi, 2005; Herranz and Gil 2018).
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Accumulation of senescent cells drives ageing and age-related diseases. The relation of
senescent cells with ageing was originally based on observations of senescent cells
accumulation in aged tissues. However, the development of transgenic models that allow
detection of senescent cells helped in the identification of the role these cells play in ageing
and age-related diseases. Additionally, development and use of genetic and drug strategies in
selective elimination of senescent cells has shown that these cells can play a role in age-related

pathologies (Mufioz-Espin and Serrano, 2014; Van Deursen, 2014).

1.1.2 Stress Induced Premature Senescence (SIPS)

Senescence is a cellular process, similar to replication and differentiation, that can occur at any
time in life. It can occur in normal cells by repeated division cycles (replicative senescence) or
can be accelerated and induced in response to various acute stress. This sub-type of senescence
is known as stress induced premature senescence (SIPS). Under physiological stress, SIPS is
induced to prevent further cell proliferation (Ben-Porath and Weinberg, 2004). Therefore, SIPS

is a term that refers to a rapid senescence phenotype development stimulated by extrinsic stress.

It is well known that any unfavourable environmental factors affecting living organisms are
considered a stress. Moreover, if the limit of stress tolerance exceeds the limit of cell adaptive
capacity, it may lead to permanent damage or death. The first response of stress involves the
decline of cells’ energy and increase of catabolic over anabolic processes. Then cells enter a
phase resistance which includes activation of adaptive and repair processes. However, if the
stress intensity is too high and exposure is for long-term, the damage becomes irreparable
leading to chronic diseases, senescence or even death (Lichtenthaler, 1998; Toussain et al.,

2000).
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SIPS is activated in cells relatively rapidly. It occurs in a manner of days following exposure
to stimuli. An increased level of internal damage and low metabolic activity and adaptive
capacity lead to SIPS. Hence, this accelerated senescence program is induced by multiple
factors such as exposure to ionizing radiation, genotoxic drugs and oncogenes. It was observed
that human fibroblast cells lose their ability to proliferate upon exposure to 20 Gy ionizing
radiation (Cmielova et al., 2012) and high dose of hydrogen peroxide (H202) (Zdanov et al.,
2006). Senescence is accelerated and SIPS phenotype is induced within hours or days upon the

exposure to the stress (Fridlyanskaya et al., 2015).

Cells undergoing SIPS share similar features as those undergoing replicative senescence.
However, they differ in the time at which these features start developing. While replicative
senescence is regulated by progressive shortening of telomere, SIPS is driven by acute stress
exposure. SIPS is not programmed at a specific time and therefore not triggered by telomere

erosion (Frias et al., 2012; Raghuram, and Mishra, 2014).

Cells undergoing SIPS show irreversible senescence-like growth arrest. SIPS is triggered by
activation of DNA-damage responses (DDR). Hence, exposure to a high intensity of a stressor
(such as ionizing radiation) leads to formation of double-strand breaks (DSB) which in turn
leads to activation of DDR. Consequently, ATM-p53-p21-pRb pathway is activated.
Subsequently, p21-mediated G1 growth arrest is induced (Suzuki et al., 2001; Chainiaux et al.,

2002) (Figure 1.3).
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In most cells, DDR activates Ataxia telangiectasia mutated (ATM)/ Ataxia telangiectasia and
Rad3-related (ATR), sensor kinases, that recognize and phosphorylate H2AX histone at sites

of DNA breaks. The resulting YH2AX foci is needed for the recruitment of DDR players.
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ATM/ATR phosphorylate p53 which stimulates transcription of p21, inhibitor of cyclin-
dependent kinases. Furthermore, pl6-pRB pathway is activated through involvement of
p38/MAPK. p21 and p16 promote activation of RB which in turn binds to transcription factor

E2F; a cell cycle progression regulator (Sherr and Roberts, 1999; Firsanov et al., 2011).

Drugs that induce senescence have shown significant effects against cancer development.
Evidence has proven that senescence is a potent anticancer mechanism. Ionizing radiation and
oncogenes have been observed to limit growth of unwanted cells. Therefore, SIPS could act as
tumour suppressor mechanism (Herbig et al., 2004). However, accumulation of SIPS senescent
cells may cause alteration in cell function and differentiation of neighbouring cells which may

be responsible for the development of ageing and age-related diseases (Toussain et al., 2000).

1.1.3 Hallmarks of Senescence

Senescent cells share similar features including morphological changes and increased
expression of certain proteins such as inhibitors of cyclin-dependent kinases p21 and p16.
Moreover, it includes chromatin changes and secretion of different factors, a phenotype known

as senescence-associated secretory phenotype (SASP) (Figure 1.4).

1.1.3.1 Growth Arrest

Cells respond to DNA damage induced by internal or external stress by preventing cell-cycle
progression. Cell proliferation is only resumed when the DNA damage is repaired. The DNA
damage generated by telomere shortening or exposure to stressors activates ATM/ATR
pathway. Following that, the checkpoint kinase CHK?2 is activated spreading the DDR
signalling throughout the nucleus. DNA-damage triggers cell-division cycle 25 (CDC25)

inactivation and p53 activation. Activation of p53 induces p21 which in turn induces rapid cell-
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cycle arrest. Senescent cells show DNA content of G1 phase of cell cycle which indicates that
G1/S transition is the site of cell-cycle arrest (Lukas et al., 2003; Bekker-Jensen et al., 2006;

Mailand et al., 2000).

. Proliferative cell
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* Flattened cell shape

¢ Senescence-associated R-
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¢ Senescence-associated
heterochromatin foci (SAHF)

* Senescence-associated-Secretory
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¢ Activation of p21-p16 pathway
Senescent cell .
SASP
Figure 1.4 Senescence hallmarks.
Senescent cells are characterized by growth arrest and flattened cells shape.
They also are characterized by increased SA-B-Gal activity, SASP and
formation of SAHF. Elevated levels of p53, p21 and p16 are required for the

induction and maintenance of senescence phenotype.
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1.1.3.2 Senescence-Associated B-Galactosidase (SA-B-Gal) Activity

Senescent cells are characterized by elevated senescence-associated B-galactosidase (SA-B-
Gal) activity, permitting identification of senescent cells in mammalian tissues and in culture.
In 1995, Dimri and his colleagues showed that senescent cells express B-galactosidase activity
at only pH 6.0. This activity is not similar to the enzymatic activity of the acidic -galactosidase
that exists in all cells and is detectable at pH 4.0. SA-B3-Gal activity originates from the increase
in the abundance of lysosomal enzymes. An increased expression of GLBI, a gene encoding
the lysosomal enzyme, is responsible for the increased lysosomal enzyme and SA-B-Gal
activity (Lee et al., 2006). SA-B-Gal activity is detected using chromogenic substrate 5-bromo-
4-chloro-3-indoyl B-D-galactopyranoside (X-gal). The hydrolysis process results in an

insoluble blue compound (Dimri et al., 1995).

The increase in lysosomes and lysosomal enzyme activity have been associated with
senescence. Therefore, SA-B-Gal activity is strongly associated with senescent cells but not
quiescent or fully differentiated cells. It can be used for determining abilities of drugs and
genetic manipulation in inducing senescence. Moreover, SA-B-Gal assay has been used
extensively to examine senescence appearance after exposing cells to stressors. The limitation
of this assay is that it is not completely specific. Hence, other senescence markers including
SAHF and expression of p21 protein could be used alongside with SA-B-Gal assay (Debacq-

Chainiaux et al., 2005; Campisi, and Di Fagagna, 2007).

1.1.3.3 Senescence-Associated Heterochromatic Foci (SAHF)
Senescent cells undergo morphological and molecular changes including formation of
senescence-associated heterochromatic foci (SAHF). SAHF are distinct structures that are

formed in cells upon exposure to intrinsic (telomere dysfunction) or extrinsic (ionising
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radiation) stresses. These stresses lead to a permanent cell-cycle arrest and ultimately
senescence. Senescence is associated with global changes in nuclear structure. SAHF are
heterochromatic structures that contain transcriptionally inactive regions packed together into
highly dense chromatic fibres. SAHF sequester genes responsible for promoting proliferation.
SAHEF are detected by several molecular markers such as di- or tri-methylated lysine 9 histone

H3 (H3K9Me?2/3). (Narita et al., 2003; Aravinthan, 2015; Chandra, 2016).

1.1.34 Senescence-Associated Secretory Phenotype (SASP)

Senescent cells remain metabolically active and secrete several factors, a phenotype known as
senescence-associated secretory phenotype (SASP). It is involved in inducing and maintaining
senescence phenotype. Moreover, SASP includes cytokines, growth factors and extracellular
proteins. It includes TNF-a., IL-6, IL-8, MMPs and IGF binding proteins. These proteins were
observed to increase in tissues with chronological ageing. Furthermore, the expression of SASP
components IL-6 and IGF binding protein-2 were observed to be elevated in pl6-positive
senescent cells isolated from older mice (Baker et al., 2011). Hence, it is suggested that SASP
is the main driver of age-related inflammation. SASP cytokines such as IL-6 and IL-8 were
observed to reinforce growth arrest and senescence (Kuilman et al., 2008; Tchkonia et al.,

2013) (Figure 1.5).
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Senescent cells secrete SASP which composed of cytokines that reinforce

growth arrest in neighbouring proliferative cells and promote senescence.
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1.1.3.5 Cyclin-Dependent Kinases

1.1.3.5.1 p53

Senescence phenotype is implemented by the activation of p53 pathway. Persistent DDR
results in irreparable DNA damage which is associated with senescence. Hence, DDR involves
phosphorylation of histone H2AX at Ser193 leading to deposition of YH2AX. Moreover, it
involves an increased p53-binding protein 1 (53BP1) levels in the chromatin resulting in the
activation of ataxia-telangiectasia mutated (ATM) and ataxia-telangiectasia and Rad3-related
(ATR) followed by activation of CHK1 and CHK2. Eventually, it leads to activation of p53-

p21 pathway (di Fagagna, 2008; Herranz and Gil, 2018) (Figure 1.6).

p53 is essential for a remarkable number of cellular processes such as senescence. It is a critical
regulator of senescence phenotype. Inactivation of p53 was observed to be sufficient to increase
the lifespan. Additionally, p53 inactivation is essential for reactivation of DNA synthesis (Shay
et al., 1991; Itahana et al., 2001). Further studies showed that p53 plays a role in tumour
suppression and apoptosis. Activation of p53 in mice was observed to promote cancer
regression and eventually induced premature senescence in vivo (Xue et al., 2007; Ventura et
al., 2007). The levels of p53 determine the programs that cells undergo such as senescence or
apoptosis. It was observed that sublethal doses of hydrogen peroxide induced senescence while
higher doses induced apoptosis. In the induced apoptosis program, the levels of p53 was 2-
times higher than the p53 levels in senescence condition (Chen et al., 2000). Therefore, the
threshold of intensity of stressor determines between senescence condition and apoptosis

condition (Mijit et al., 2020).
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1.135.2 p21

Once p53 protein is stabilized, it proceeds to activate the downstream target; p21. P21 is known
as cyclin-dependent kinase inhibitor 1 (CDKN1A) and encoded by CDKNIA gene. It binds to
cyclin-dependent kinase (CDK) complex to inhibit CDK ability to form complex with cyclins,
thus inhibiting CDK activation. CDK activation drives the transition of cell cycle from G1 to
S phase (DNA synthesis). However, high levels of p21 protein stops cell division by preventing
the cell cycle from entering S phase, arresting cell cycle at G1 phase. Consequently, senescence

phenotype is induced (Xi et al., 2002; Georgakilas et al., 2017).

Elevated levels of p21 is a common feature of senescent cells. Upregulation of p21 is essential
for inducing senescence, although its expression is not persistent (Sharpless and Sherr, 2015).
Inactivation of p21 was observed to retain cells’ ability to overcome cell cycle arrest in
mammalian cells following a DNA damage (Chattopadhyay et al., 2001). P21 was suggested
to play a role in regulating the viability of senescent cells following a DNA damage. Hence, in
a p21-knockdown mouse, senescent cells were observed to be eliminated from fibrotic scars in
the liver (Yosef et al., 2017). The activation of p21 and p53 in senescent cells is transient and

lasts from hours to several weeks until growth arrest is established (Shtutman et al., 2017).

1.1.35.3 plé

Once p21 protein levels decline, p16 protein levels becomes upregulated, maintaining cell
growth arrest (Shtutman et al., 2017). P16 is also known as CDKN2A and encoded by
CDKNZ2A gene. P16 has been studied extensively as it plays a crucial role in senescence. It is
one of the inhibitors of cyclin-dependent kinases that regulates cell growth by slowing cell

cycle progression from G1 phase to S phase. Moreover, senescence is induced by activation of
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pS53-p21 pathway, however, the senescence phenotype is maintained by elevated expression of

pl6 (Rayess et al., 2012).

In senescent cells, p16 mediates senescence through retinoblastoma (Rb) pathway. P16 binds
to CDK4/6 resulting in prevention of its kinase activity and therefore inhibiting
phosphorylation of Rb. Consequently, Rb remains attached to transcription factor E2F1
preventing transcription of its target genes which is essential for G1/S transition. Inhibition of
p16 through inactivation of Rb showed an increase in number of reprogrammed cells and de-
differentiation in dividing cells (Li et al., 1994; Denchi et al., 2005; Li et al., 2009). P16 plays
a critical role in in tumour suppression (Sen et al., 2017). In contrast, controlled expression of

p16 is important for senescence suppression (Rayess et al., 2012).

1.1.3.6 Accumulation of Lipid Droplets

Cells contain diverse lipid molecules with distinct roles in cellular processes. In mammalian
cells, the content of lipids is composed of fatty acids, phospholipids, sterols, glycerolipids and
sphingolipids. Hence, lipids play a crucial role in cell survival and homeostasis such as
structural, storage and signalling. Lipids are involved in the structure of the membrane,
allowing compartmentalization of organelles. Moreover, lipid droplets are considered as
storing sites of cholesterol esters and triacylglycerol which play a crucial role in lipid
homeostasis in cells. Additionally, lipids can stimulate various cellular responses. They can
bind to proteins, activating signalling pathways and thereby cellular processes. Binding of
diacylglycerol to protein kinase C has been observed to affect adhesion, migration and
proliferation of cells (Spitaler and Cantrell, 2004; Casares et al., 2019; Olzmann and Carvalho,

2019).
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Lipids, including fatty acids, act as building blocks for cell membrane and signalling pathways
mediators. Lipid droplets emerged as distinctive organelles that play a role in lipid homeostasis.
They act as storage organelles of neutral lipids. Furthermore, they are dynamic organelles that
are altered in structure and contents as they alternate between growth and consumption stages.
Lipid droplets are synthesized and emerge from endoplasmic reticulum (ER). ER provides the
constituent molecules needed for lipid droplet formation (Tauchi-Sato et al., 2002; Skinner et

al., 2009).

Lipid droplet synthesis involves several steps including neutral lipids synthesis, formation of
nascent lipid and lipid droplet budding and growth. Hence, lipid droplet structure is essentially
composed of a core of neutral lipids enclosed by phospholipid monolayer. The first step in lipid
droplet biogenesis involves triglycerol (TAG) and cholesterol ester synthesis which are the
main components of neutral lipid. Then, lipid droplet biogenesis factors such as seipin facilitate
the development of nascent lipid droplet. Lastly, lipid droplets emerge and bud from the ER.
Lipid droplets grow and increase in size through fusion (Wang et al., 2016; Olzmann and
Carvalho, 2019) (Figure 1.7). In senescence, several signalling pathways are altered leading
to structural and molecular changes. Lipid regulation has been linked to cellular programs as
they are required to control lipid synthesis and metabolism. Several studies have shown that
lipids are required for fundamental cellular processes including cell division and apoptosis
(Storck et al., 2018). Moreover, dysregulation of enzymes required for lipid metabolism has
been linked to ageing and age-related diseases such as neurodegenerative diseases (Agmon,

and Stockwell, 2017; Shaw et al., 2018).

Senescent cells are characterized by morphological changes including membrane remodelling.

Lipids play a major role in the process of membrane remodelling. Transcriptomics and
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lipidomics showed that lipid levels, lipid-regulating genes and lipid-related genes are highly
regulated in senescent cells. Hence, it is suggested that lipid regulation plays a vital role in the

process of senescence (Lizardo et al., 2017; Saitou et al., 2018; Millner et al., 2020).
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Figure 1.7 Lipid droplet synthesis.

Lipid droplet synthesis and emergence occur at ER. The synthesis process
starts with formation of triglycerol (TAG) and cholesterol esters. Nascent
lipids emerge first from ER which then increase in size to mature lipid droplet.
Lipids droplets are enclosed by phospholipid monolayer. Perilipins are located

on the surface of lipid droplets.
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1.2 The Consequences of Senescence

Several studies have shown that senescent cells accumulate in tissues with age leading to
ageing and age-related pathologies such as atherosclerosis. Age is known to be a risk factor for
several diseases such as cardiovascular disease, osteoporosis, diabetes (type 2) and cancer
(Matthews et al., 2006). Although the understanding of the process of ageing and development
of age-related disease remains limited, it has helped in conceptualizing ageing and focus on

age-related diseases (North and Sinclair, 2012).

1.2.1 Ageing

Ageing is a process that is characterised by a gradual decline in functions of body systems. It
causes progressive deterioration in several organs that leads to tissue dysfunction.
Subsequently, ageing increases the risk of diseases such as cardiovascular disease, osteoporosis
and type 2 diabetes (Gunasekaran and Gannon, 2011; North and Sinclair, 2012; McHugh and

Gil, 2018).

Senescence phenotype is the irreversible growth arrest that occurs in mitotic dividing cells.
Hence, cells displaying altered phenotype could impair normal biological functions and is
thought to contribute to ageing. Senescent cells could be detrimental to the tissue they reside
in due to the secretion of extracellular matrix-degrading proteins and pro-inflammatory
cytokines (SASP). Secretion of cytokines occurs in order to attract immune cells in order to
remove senescent cells. However, in the ageing process, immune cell function and its ability
to remove senescent cells are impaired. Elimination of senescent cells is effective in young
organisms however, it gradually declines with age. Moreover, accumulation of senescent cells

has been suggested to play a role in ageing process (Coppe et al., 2006; Burton, 2009).
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Accumulation of senescent cells causes structural and functional alterations that result in
ageing and age-related diseases. Senescent cells were observed to upregulate enzymes such as
matrix metalloproteinases (MMPs) which are capable of degrading collagen and elastin.
Secretion of MMPs by senescent cells was suggested to play a role in development of coronary
heart disease (CAD) and progression of osteoporosis (Campisi, 2005; Nanni et al., 2007; Logar

et al., 2007).

1.2.2 Cancer

Cellular senescence is a double-edged sword. It plays a role in suppressing cancer as it is
controlled by multiple tumour suppressor genes such as TP53 and CDKNIA. p53 and pRb
pathways that control senescence phenotype, are commonly lost in cancer cells. The evidence
from mice studies showed that inactivation of p53 protein led to failure of cells to respond to
senescence signals. Senescence provides a major barrier that cells need to overcome in order
to progress to malignancy. Thus, senescence is one of the cellular mechanisms that are involved
in suppressing growth of cells at risk for tumorigenesis. As they alter the microenvironment of
the tissue, they might stimulate tumorigenesis (Smith and Pereira-Smith, 1996; Campisi, 2000).
Senescence stimuli such as telomere erosion and DNA damage lead to genomic instability,
mutations and chromosomal aberrations. Hence, chromatin disruption such as silencing could
disrupt normal cell differentiation which in turn might lead to unregulated growth of tumour
cells. Furthermore, tumour cells are resistant to senescence signals and apoptosis. Therefore,
senescence is considered as mechanism that irreversibly promotes cell growth arrest with a risk

of inducing tumour (Campisi, 2001).
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1.3 Cellular Response to Stress

Exposure of cells to stress leads to a range of responses varying from damage repair and cell
survival to programmed cell death that eradicates damaged cells. The ability of cells in
controlling the stress determines the fate of the cell. Depending on the type of stress and

duration of exposure, cells mount protective or destructive response pathways.

1.3.1 Ocxidative Stress

During stress, the homeostasis of a tissue is disrupted. Cells can cope with stress if it does not
increase beyond a certain threshold. Hence, cells activate protective response pathways.
However, a stress intensity above the threshold leads to activation of destructive (apoptosis)
pathway. Of these stressors, oxidative stress and how cell respond to this stress have been
studied extensively in the last few decades. In principle, introducing cells to oxidative stress
causes accumulation of unfolded proteins. Consequently, it leads to activation of heat shock
factor 1 (HSF1) which in turn promotes cells survival and inhibits apoptosis (Pirkkala et al.,

2001; Fulda et al., 2010).

Exposure of cells to oxidative stress using sodium arsenite (NaAsO2) causes imbalance redox
status and induces dysregulation of cellular metabolism. It has been observed to be associated
with inhibition of cell proliferation and differentiation of certain types of cells (Dreval et al.,
2018). Low doses of sodium arsenite induces stress response in various cell types. It showed
an effect on mRNA and protein expression in cells such as keratinocytes (Sun et al., 2006).
Additionally, oxidative stress activates the stress response signalling pathway which inhibits
proliferation by promoting phosphorylation of eukaryotic initiator factor 2a (elF2a) (Palangi

et al.,2017).
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Studies have shown that cells are exposed to oxidative stress endogenously. The endogenous
oxidative stress is caused by the free radicals that are derived from mitochondria. The
continuous generation of free radicals increases as an organism age leading to damage of
macromolecules. Hence, calories restriction and a healthy diet have shown a decrease in free

radicals and thus mitochondrial oxidative stress (Barja, 2002).

1.3.2 Stress Granules

Stressed cells undergo multiple changes that start with inhibition of mRNA translation through
the disassembly of polysome-mRNAs complex. Subsequently, protein synthesis is prevented
in order to save the cell's energy and maintain its homeostasis. Hence, granular bodies termed

as stress granules are formed where the untranslated mRNAs are sequestered (Kedersha and

Anderson, 2007).

Stress granules are non-membranous aggregations of mRNA and proteins (mRNPs) that are
formed when the translation is reduced or inhibited. Inhibition of translation occurs when the
cells are under stress and stress responses are activated. Stress granules are suggested to affect
mRNA functions and localization. Moreover, they are thought to affect several cells signalling
pathways. Thus, stress granules are dynamic structures as their formation process is reversible.
The process of stress granule assembly and disassembly depends on the presence or absence

of the stress (Anderson and Kedersha, 2009; Wheeler et al., 2016).

1.3.3 Formation of Stress Granules
Stress granules are membraneless structures. They undergo fusion forming larger and mature
assemblies. The structure of stress granules is composed of an inner core and a surrounding

shell. The core is highly concentrated with proteins and mRNAs compared to the shell, making
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the shell more dynamic than the core. Moreover, stress granules flow in the cytosol and
continually exchange components with the cytoplasm. Stress granule assembly lasts for
minutes to hours fusing with each other forming larger granules (Kedersha et al., 2005; Protter

and Parker, 2016; Wheeler et al., 2016).

Stress granules are involved in several stress-induced signalling cascades. Hence, under stress
conditions, stress granules are formed which selectively downregulate proteins involved in
translation and cell proliferation and upregulate proteins involved in stress-induced response.
Once the stress is removed, stress granules disassemble and the sequestered mRNAs are
released to resume translation and normal cell processes (Anderson and Kedersha, 2009; Chen

and Liu, 2017).

Under stress exposure, stress-sensing kinases such as heme-regulated elF2a kinase (HRI),
protein kinase R (PKR), PKR-like ER kinase (PERK) or general control nonderepressible 2
(GCN2) are activated and lead to phosphorylation of elF2a at serine 51. Phosphorylation of

elF2a inhibits translation and protein synthesis by reducing levels of the ternary complex elF2-

GTP-(RNA" " which is essential in the translation initiation process. Inhibition of translation

leads to run off of translating mRNA preventing polysome elongation and thus resulting in
polysome disassembly. Free 48S-mRNA-polysomes are crucial for the assembly of stress
granules. Primary aggregation of stress granules is mediated by proteins that mediates mRNP
assembly and nucleates stress granule formation. Secondary aggregation is promoted by
protein-protein interactions forming larger and fewer assemblies (Anderson and Kedersha,

2007; 2009) (Figure 1.8).
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Additionally, stress granules are formed when cell is undergoing Endoplasmic Reticulum (ER)
stress, which is the imbalance between protein folding capacity and the demand that is placed
on ER. To restore homeostasis of ER, stress responses are activated, including PERK, which

induces the phosphorylation of elF2a., thereby limiting protein synthesis (Cnop et al., 2017).
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Figure 1.8 Stress granule formation.

Stress granules are structures that are formed in response to stress such as oxidative
stress. Activation of stress-sensing kinases sense results in phosphorylation of elF2a
inhibiting translation and protein synthesis by reducing levels of the ternary complex

elF2-GTP-tRNAi». Release of untranslated mRNAs promotes mRNA-RBP binding

thereby stress granule formation.
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1.3.3.1 RNA Component

The two main components of stress granules are RNAs and RNA-binding proteins. Stress
granules contain a diverse group of mRNAs. Cytoplasmic poly(A) RNA and poly(A)-binding
protein-1 are recruited to stress granules. Moreover, mRNAs encoding B-actin, insulin-like
growth factor II (IGF-II) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are
detected in stress granules (Anderson and Kedersha, 2002; Stohr et al., 2006). Furthermore,
Stalled initiation complexes which are still bound to mRNAs were observed to be recruited to
stress granules. Moreover, RNA-RNA interaction was suggested to help in the process of stress
granule assembly. High availability of RNAs could nucleate interaction between several

mRNAs thereby contribute to stress granule assembly (Van Treeck et al., 2018).

1.3.3.2 Protein Component

A second component of stress granules is RNA-binding proteins which bind to the free
untranslated mRNAs. A class of RNA-binding proteins are linked to mRNA stability and
translational inhibition. T cell internal antigen-1 (TIA1), TIA-1-related (TIAR) and fragile X
mental retardation-related proteinl (FXR1) are involved in translational silencing (Kedersha
etal., 1999; Mazroui et al., 2002). The second class of stress granules-associated RNA-binding
proteins regulates RNA editing, localization and splicing. Moreover, these proteins are known
to nucleate stress granule assembly. Ras-GTPase-activating protein SH3-domain-binding
protein (G3BP), Caprin and survival of motor neurons (SMN) are involved in RN A metabolism
and nucleates stress granule formation when overexpressed (Tourriere et al., 2003; Hua and

Zhou, 2004; Solomon et al., 2007).
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1.3.4 Detection of Stress Granules

RNA-binding proteins provide reliable markers for stress granule detection. G3BP is the
commonly used stress granule marker as it is suggested to nucleate stress granule assembly.
Moreover, TIA1 has been detected in stress granules induced by heat shock and oxidative
stress. Overexpression of these RNA-binding proteins promotes stress granule formation.
FXR1 is another marker of stress granules. It has been observed to be recruited to stress
granules induced by stressors such as oxidative stress (Anderson and Kedersha, 2002; Protter

and Parker, 2016).

Eukaryotic translation initiation factors are proteins that bind to the small ribosomal subunit
during translation initiation. Hence, they are involved in the process of protein biosynthesis.
Stress response in mammalian cells prevents translation initiation and involves stress granule
formation. Translation initiation factors, untranslated mRNAs and proteins regulating mRNA
functions are sequestered in the stress granules. Therefore, translation initiation factors such as
elF3 and elF4G were observed to be recruited to stress granules thereby used as stress granule

markers (Mazroui et al., 2002).

14 Conclusion

Cellular senescence is a phenotype of cell growth arrest. It occurs in response to internal or
external stimuli that cause DNA damage. Consequently, DNA-damage repair signalling
pathways are activated. However, if the damage is irreparable, cells are either directed to cell-
cycle arrest (senescence) or apoptosis. Senescence prevents growth of cells with mutations or

functional defects.
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Cellular senescence is a phenotype that causes several molecular and structural changes.
Senescent cells are characterized with flattened shape and enlarged size. Moreover, senescent
cells show elevated B-galactosidase activity which is detected at pH 6.0. Increased lysosomal
enzyme activity has been detected to be associated with senescence. Additionally, senescence
is associated with global changes in nuclear structure and formation of senescence-associated
heterochromatin foci (SAHF). The elevated senescence-associated secretory phenotype
(SASP) in senescent cells is involved in inducing and maintaining senescence phenotype.
Increased expression of cyclin-dependent kinases including p53, p21 and p16 is crucial for
initiation and maintenance of senescence phenotype. Senescence phenotype occurs following
a finite number of cell divisions, this type of senescence is termed as replicative senescence. It
occurs due to the telomere shortening which occurs after multiple cell divisions. Furthermore,
senescence is induced when cells are exposed to a stress that causes irreparable DNA damage
such as ionizing radiation and genotoxic drugs, termed as stress-induced premature senescence
(SIPS). Senescence program provides a useful system to study alterations associated with
senescence and investigate the role of senescence in ageing and age-related pathologies. Cells’
response to stress such as heat shock and oxidative stress involves formation of stress granules.
Stress granules play a role in maintaining the cell's energy when the cell is under stress by
inhibiting translation and protein synthesis. G3BP is RNA-binding protein that nucleates the
process of stress granule formation. The role of stress granules in senescence and disease

development have been studied extensively.

Senescence involves changes in intracellular process and cell environment. Stress granules are

proposed to play a role in senescence phenotype. The process of stress granule formation

involves regulation of post-transcriptional modification. Hence, there is a need for developing
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more models of human cells that incorporate both stress response and senescence phenotype

and investigate the changes in senescence phenotype.
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1.5 Project Aims and Objectives
1.5.1 Project Aims
The project aims to develop senescence programs in HDF and U20S cells by multiple means

(replicative or SIPS) and compare senescence-associated changes.

We will study primary human diploid fibroblast (HDF) cells through multiple passages
(replicative senescence) and ionizing radiation-induced damage (SIPS). Population doublings
of HDF will be monitored after each passage. Senescence phenotype will be examined using

senescence markers.

Proliferative and senescent HDF cells will be subjected to oxidative stress to examine stress
granule formation. We hypothesise that targeting the stress granule nucleating protein; G3BP,
will provide a model to understand the role of stress granules in senescence phenotype
progression. Due to the reliability and availability of U20S cells with G3BP gene
modifications, U20S cells will be used to set up and optimize the senescence and stress granule
studies including examining senescence progression, lipid accumulation and molecular
alterations associated with senescence and G3BP variants. This study will provide a platform

for many future stress granules and senescence studies.

1.5.2 Project Objectives
e Develop and characterise senescent HDF cells including characterisation of stress
granules.
e Develop and characterize senescence in WT and G3BP modified U20S cells.

e Investigate whether stress granules play a role in senescence phenotype progression.
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Chapter 2

2 Materials and Methods

This chapter lists all materials used for experimental work. Solutions were prepared in type I

laboratory H,O generated by NANOpure Diamond UV/UF TOC water purification system. If

needed, water was sterilized by autoclaving (121 °C, 30 min).

2.1 Materials

2.1.1 Cell Lines

Table 2.1: List of cell lines

Name Description Reference
HDF Human Dermal Fibroblasts Cells were kindly provided by a
colleague at Durham University.

U20S WT Human osteosarcoma cell line Kedersha et al., 2016
GFP-G3BP1 U20S expressing GFP-G3BP1 Kedersha et al., 2005
AAG3BP1/2 U20S cells lacking G3BP1 and | Kedersha et al., 2016

G3BP2 (AAG3BP1/2 cells)

expressing GFP
AAG3BP1/2- AAG3BP1/2 cells expressing Kedersha et al., 2016
GFP-G3BP1 GFP-G3BP1
AAG3BP1/2- AAG3BP1/2 cells expressing Kedersha et al., 2016
GFP-G3BP2a GFP-G3BP2a
AAG3BP1/2- AAG3BP1/2 cells expressing Kedersha et al., 2016
GFP-G3BP2b GFP-G3BP2b
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2.1.2 Antibodies

Table 2.2: List of antibodies

Name Primary / Host | Supplier Dilution | Use Product
Secondary Number
G3BP1 Primary mouse | Santa Cruz 1:500 IF SC-365338
G3PB1 Primary rabbit | Proteintech 1:250 IF 13057-2-AP
CAPRIN Primary rabbit | Proteintech 1:200 IF 15112-1-AP
TIA-1 Primary rabbit | Proteintech 1:250 IF 12133-2-AP
TDP-43 Primary rabbit | Proteintech 1:250 IF 10782-2-AP
HUR Primary rabbit | Proteintech 1:250 IF 11910-1-AP
FXR1 Primary rabbit | Bethyl 1:500 IF A303-892A
EIFAG Primary rabbit | Bethyl 1:500 IF A300-502A
SAHF Primary rabbit | Abcam 1:200 IF ABB8898
CDKNIA | Primary rabbit | Proteintech 1:1000 | WB 10355-1-AP
GAPDH Primary mouse | Sigma 1:2000 | WB G8795
Cy3 Secondary rabbit | Jackson 1:500 IF 711-165-152
ImmunoResearch
AF488 Secondary mouse | Jackson 1:500 IF 115-545-205
ImmunoResearch
Anti-rabbit | Secondary rabbit | Proteintech 1:2000 | WB SA00001-1
IgG HRP-
linked
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2.1.3 Cell Culture Reagents

Table 2.3: List of cell culture reagents

Name Supplier Product number
Dulbecco’s modified Eagle’s medium Sigma D5671
Fetal bovine serum Sigma F7524
200 mM L-Glutamine Sigma P4707
Penicillin (10000 U/ml)/ Streptomycin (10 mg/ml) Sigma P4333
Trypan blue solution 0.4 (w/v) in 0.81% sodium Sigma T8154

chloride and 0.06% potassium phosphate

Trypsin-EDTA Sigma T3924
Phosphate-buffered saline (PBS) Sigma D8537
Dimethylsulphoxide (DMSO) Sigma D2650
Recovery cell culture freezing medium Gibco 12648-010

2.14 Reagents

Table 2.4: List of reagents

Name Supplier Product number

Albumin bovine fraction V Melford A30075
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B-Mercaptoethanol Sigma M3148
Glycerol Sigma G5516
Glycine Sigma G8790
Methanol Sigma 322415
Magnesium chloride Sigma MS8266
Propan-2-ol Sigma 278475
Sodium chloride Sigma S7653
Sodium deoxycholate Sigma D6750
Sodium dodecyl sulphate (SDS) Sigma 71725
Tris(hydroxymethyl) methylamine Sigma 252859
Triton X-100 Sigma X100
Tween-20 Sigma 85114
paraformaldehyde Sigma 158127
Sodium Arsenite (NaAsQ.,) Fluka 7784-46-5
Vectashield mounting medium Vector labs H-1900
Doxorubicin Sigma D1515
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2.1.5 Cell Culture Consumables

All cell culture consumables were supplied by Sarstedt unless it is specified.

2.1.6 Lipid Staining Reagents

Table 2.5: List of lipid staining reagents

Name Supplier Product number
Oil Red O Sigma 00625
Oleate Sigma 07501

2.1.7 Solutions for Protein Work

Table 2.6: List of solutions used for protein work

Solution

Protocol

RIPA buffer

0.3 ml 5 M NaCl, 0.5 ml 1 M Tris-HCI] pH
8.0,0.1 ml Triton X-100,0.1 ml 10% sodium
dodecyl sulphate (SDS), 0.5 ml 10%
deoxycholate were added. Deionized H20
was added to 10 ml.

Store at 4 C.

Complete protease inhibitor was added. Once
the protease inhibitor has been added, it was

stored at -20 C.

Electrotransfer buffer

1.59 g Na2CO3 and 4.40 g NaHCO3 were

dissolved in 5 L deionised water

Semi-dry transfer buffer, 10x

60.6 g Tris-base and 73.19 g Glycine were
dissolved in 300 ml deionized H20.
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Deionized H20 was added to 500 ml

Semi-dry transfer buffer, 1x

50 ml 10x semi-dry transfer buffer and 25 ml
Methanol were added to 425 ml deionized
H20

TBST

80 g NaCl, 24 .2 g Tris-base, and 1 ml Tween
20 were dissolved in 900 ml of deionized
H20. pH was adjusted to 7.6. Deionized H20
was addedto 1 L.

SDS-PAGE sample buffer, 6x

3.78 g glycerol, 1.00 g SDS, 3.50 ml 1 M
Tris-HCI, 500 ul 10 g/l bromophenol blue
and 200 ul B-mercaptoethanol were

dissolved in 10 ml deionized H20

SDS-PAGE running buffer, 10x

30.03 g Tris, 10.00 g SDS and 144.13 g
glycine were added to 800 ml deionized
H20. It was stirred until completely
dissolved. Deionized H20 was added to 1 L.

5% milk powder + TBST

5 g milk powder was dissolved in 80 ml
TBST. Stirred until it completely dissolved.
TBST was added to 100 ml.

Stripping solution

350 ul B-mercaptoethanol and 1 g SDS was
dissolved in 50 ml deionized H20.

2.1.8 Senescence Associated B-Galactosidase Reagents

Table 2.7: List of senescence associated B-galactosidase reagents

Solution

Supplier

Product number

Citric acid

Sigma

C0759
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D-galactopyranoside

Sodium phosphate Sigma S9763
Potassium ferrocyanide Sigma P3289
Potassium ferricyanide Sigma 244023
5-bromo-4-chloro-3-indolyl- | Sigma B4252

2.2 Methodology

2.2.1 Mammalian Cell Culture

2.2.1.1 Culture Conditions

Cells were cultured at 37°C under the following conditions: 95% (v/v) air, 5.0% (v/v) CO, and

95% humidity. All cell culture incubations were performed under these conditions unless

otherwise specified. Cells were maintained by leaving them to grow to >90% confluency and

splitting them afterwards. All cell culture work was performed in a sterile tissue culture flow

hood. All equipment used for cell culture were sterilised with 70% (v/v) Ethanol. Tissue culture

grade plastics were used to grow primary fibroblast cells and U20S cells.

2.2.1.1.1 Primary Cells

Primary fibroblasts HDF cells were cultured in Dulbecco’s Modified Eagle’s Medium with

10% foetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 ug/ml streptomycin.
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2.2.1.1.2 Osteosarcoma U20S Cells
U20S cells were cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10%
foetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin and 100 ug/ml streptomycin

(Kedersha et. al., 2016).

2.2.1.2 Reviving Cells

The cryovial was removed from the -80°C freezer and gently placed in a 37°C water bath and
once the vial content defrosted, the vial was sterilised by spraying it with 70% (v/v) Ethanol
and the cells were transferred from the vial to the prewarmed medium in a 25 cmr culture flask
using a 5-ml serological pipette. The flask was then placed in a 37°C cell culture incubator
(Gibco Opti-MEM, ThermoFisher Cat No. 31985062). Cells were left for approximately 5
hours to enhance cell adherence to the culture flask’s floor. Flasks were examined under the
microscope for cell adherence. Once the majority of the cells had settled on the floor of the
flask, medium was replaced with a new fresh warm growth medium and placed back to the

37°C cell culture incubator.

2.2.1.3 Subculturing Cells

Cells were left to grow to a high confluency before splitting. Cells were fed every 2-3 days
until the culture is confluent. Medium was aspirated from the flask using 10 ml serological
pipette. Enough pre-warmed PBS was added to the cells (~0.1 ml/cm’) to cover the surface of
the culture flask. 10 ml and 2.5 ml PBS was added to 75 and 25 cm flasks, respectively. The
flask was gently rocked to remove the residual FBS that might inhibit the activity of trypsin.
Cell washing was repeated twice, one minute each. Trypsin was then added to the culture flask
to cover the adhering cell monolayer. The culture flask was placed in a humidified 37°C cell

culture incubator for 2-5 min depending on cell confluency and cell line. During the incubation
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period, the cells were regularly checked if a short or longer incubation period is needed. Once
the cells had detached, warm fresh medium was added and pipetted many times to ensure
detachment of the majority of the cells. Cells were re-suspended in a fresh medium and
transferred to a new culture flask depending on the splitting ratio required. In case of HDF
cells, a 5:10 ratio of cells: fresh medium was required whereas 1:10 was used for U20S cells.

Cell counting was performed using a cell haemocytometer.

2.2.1.4 Freezing Cells

Cells were cultured until they reached 70-80% confluency. Cells were trypsinized. Fresh
medium was added to the cells. Then cells were transferred to a 15-ml falcon tube and
centrifuged for 5 min at 1000 rcf/4°C. The supernatant was discarded. Freezing mix was added
to the pellet. Freezing mix contained 50% (v/v) FBS,40% (v/v) DMED, and 10% (v/v) DMSO.
The volume of freezing mix used to suspend the pellet was dependent on cell confluency. In
case of 70-80% cells confluency cultured on 75 cme flask, 3 ml freezing mix was used to
resuspend the cells. 1 ml of freezing mix was added to each new cryovial. Cryovials were then
placed in a Mr Frosty (Thermo Fisher Scientific) which slows freezing in -80°C freezer at a
rate of 1°C/min to reduce ice crystal formation and cell damage. The container was then placed

in the -80°C freezer. Backup cryovials were stored in -140°C freezer for long term storage.

2.2.1.5 Cell Counting

Cells were cultured in the culture flask to reach confluency. After trypsinizing the cells, fresh
medium was added. The fresh medium was pipetted several times to disperse any cell clumps
and obtain a uniform suspension. Haemocytometer slide and coverslip was cleaned with 70%
ethanol. A drop of cell suspension was transferred to the edge of the haemocytometer counting

champers and then covered by the coverslip. Cells were allowed to settle for a few minutes
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before counting. The Haemocytometer slide was observed under the microscope with 10X
magnification. Cells in the four chambers were counted using a hand-held counter. The

following calculations were used to determine the number of cells/ml:

Cells/ml = average count/square*dilution factor* 10

Total number of cells = cells/ml*total volume of original cell suspension

2.2.2 Induction of Senescence
Senescence was induced in primary fibroblast and U20S cells using ionizing radiation and

doxorubicin; a DNA damaging agent.

2.2.2.1 Ionizing Radiation-Induced Senescence

Cells were cultured in a 75 cme culture flask to reach ~70% confluency. Then cells were
trypsinized and diluted to the desired dilution by adding fresh medium. Coverslips were
sterilised by autoclave (121 °C, 30 min). They were left to dry in a 37 °C incubator for ~48 hrs.
Coverslips were placed in each well of the 12-well plate. 1 ml of cell suspension (contains ~0.1
x 10¢ cells/cmr) was added to each well. 24 hrs after seeding, cells were exposed to X-Ray
ionizing radiation. 10 Gy (320 kV, 9 mA, 4 min) was used to induce senescence in primary
fibroblast cells. 4 Gy (320 kV, 8 mA, 110 seconds) was used to induce senescence in U20S
cells. After irradiation, pre-warmed growth medium was added to cells before they were
transferred to the 37 °C tissue culture incubator. Media was changed every 2-3 days. Cells were

harvested 9 days after irradiation exposure.
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2.2.2.2 DNA Damage-Induced Senescence

Cells were cultured in a 75 cmr culture flask before they were trypsinized. Sterilised coverslips
were added to each well of 12-well plate. 1 ml of cells was added to each well. 12-well plate
was transferred to 37 °C tissue culture incubator for 24 hrs before they were treated with
Doxorubicin. Cells were treated with 200 nM Doxorubicin for 48 hrs in 37 °C tissue culture
incubator. Then Doxorubicin was removed. Pre-warmed PBS was added to the cells for 1 min
with gentle rocking. Iml fresh growth medium was added per well and the 12-well plate was
placed in 37 °C tissue culture incubator. Medium was changed every 2-3 days. Cells were

harvested 7 days after first medium change.

2.2.3 Senescence Associated B-Galactosidase Detection

Cells were cultured in 75 cm culture flask to 70% confluency. 24-well plate was prepared and
sterilised coverslips were added to wells. Cells were trypsinized and diluted before they were
transferred to 24-well plate adding 1ml (contains ~0.05 x 10:cells/cm’) to each well. After 24
hrs, cells were exposed to senescence inducing treatment and kept in 37 °C tissue culture
incubator for 7-9 days depending on the senescence induction method. Medium was then
removed and PBS was added twice for 1 min with rocking. Cells were fixed with 4%
paraformaldehyde for 15 min at room temperature. Fresh SA B-Gal staining solution was made
consisting of 150 mM NaCl, 200 mM MgClI2, 40 mM citric acid, 12 mM sodium phosphate,
adjusted to pH 6.4, 1 ml Potassium Solution (5 mM potassium ferrocyanide and 5 mM
potassium ferricyanide) and 0.2ml 5-bromo-4-chloro-3-indolyl-fD-galactopyranoside (X-gal)
20 mg/ml stock solution). Fixed cells were incubated with senescence associated B-
Galactosidase staining solution overnight at 37 °C. The fixed cells were checked for blue

staining before removing the staining solution. SA-B-Gal staining solution was removed and
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PBS was added to fixed cells twice before they were mounted in Vectashield mounting

medium. Cells were imaged using a bright field Evos XL Core Cell Imaging microscope.

2.24 Induction of Oxidative Stress

Oxidative stress was induced in primary fibroblast cells and U20S cells through incubating
them with sodium arsenite (NaAsQ,). Cells were seeded in 12-well plate for 24 hrs before
sodium arsenite treatment. 0.5 mM — 1.0 mM sodium arenite was added to fresh medium and
mixed thoroughly. Old media was removed from the cells and replaced with sodium arsenite
medium. Fibroblast cells were incubated with 1.0 mM sodium arsenite for 45 min in 37 °C
tissue culture incubator. U20S cells were incubated with 0.5 mM sodium arsenite for 30 min
in 37 °C tissue culture incubator. Sodium arsenite was removed and PBS was added to cells
twice 3 min each. Cells were fixed in 4% paraformaldehyde for 15 min at room temperature.

Fixed cells were stained and imaged for oxidative stress markers.

2.2.5 Cell Treatment with Puromycin and Cycloheximide

Cells that were grown on coverslips in a 12-well plate were treated with Puromycin or
Cycloheximide. 20 ug/ml Cycloheximide was used to prevent polysome dissociation and
inhibit stress granule assembly. 5 ug/ml puromycin was used to promote polysome dissociation
and stress granule assembly. Following cycloheximide or puromycin treatment cells were

exposed to oxidative stress as described in 2.2 4.

2.2.6 Immunofluorescence

Cells were cultured on sterilised coverslips in 12-well plate until they reach 70-80%
confluency. After cells were exposed to the required treatment, cells were washed twice with
PBS. Cells were then fixed in 4% paraformaldehyde for 15 min at room temperature and

61



washed twice in PBS. Cells were permeabilized in 0.5% Triton X-100 for 20 min at room
temperature. Coverslips were washed twice with 0.01% Tween-20 PBS. Coverslips were then
blocked by incubating them in 3% BSA dissolved in PBS for 30 min. Primary antibodies were
diluted in 3% BSA added to PBS (see table 2.) and coverslips were incubated in primary
antibodies 1-2 hrs depending on the recommended incubation time of each antibody.
Coverslips were washed with 0.01% Tween-20 PBS for 15 min before incubation in secondary
antibodies. 15 min of 0.01% Tween-20 PBS washing was performed after secondary antibody

incubation.

2.2.7 DAPI Staining

DAPI (4',6-diamidino-2-phenylindole) staining solution was made consisting of 40 ng/ml
DAPI in PBS and 0.02% sodium azide. Following the secondary antibody incubation and PBS
washes, coverslips were incubated with DAPI staining for 10 min. Coverslips were then

washed twice with PBS and mounted in Vectashield mounting medium.

2.2.8 Mitotracker

Live cells were cultured on coverslips in 12-well plate until they reach 70-80% confluency.
Cells were then exposed to growth medium mixed carefully with 0.02% mitotracker. Then,
coverslips were washed in PBS for 15 min before they were used for immunofluorescence

labelling or mounted in Vectashield mounting medium.

229 Oleate Medium Preparation

1.5 mg of oleate was weighed on a piece of parafilm to avoid sticking of oleate in weighing
boat. Oleate was added to 50 ml DMEM growth medium. Medium was mixed carefully with
oleate by pipetting several times using P1000 pipette. Oleate medium was then filter sterilised

62



in a sterile flow hood. It was stored at 4 °C and left for 24 hrs before being used. 24 hrs after
cell incubation on coverslips in growth medium, pre-warmed oleate medium was added to
coverslips. Coverslips were then placed in a 37 °C tissue culture incubator overnight. Oleate
medium was removed and coverslips were washed twice with PBS before they were fixed with

4% paraformaldehyde for 15 min at room temperature.

2.2.10 Oil Red O Staining

After cells were fixed and permeabilized with 0.5% Triton X-100, they were incubated in 60%
isopropanol for 20 min. Isopropanol was removed. Oil Red O was diluted to 2:3 ratio and was
added to coverslips for 20 min. Then, coverslips were washed in PBS for 15 min before they

were used for immunofluorescence labelling or mounted in Vectashield mounting medium.

2.2.11 Western Blotting

2.2.11.1 Protein Extraction

Cells were cultured in 25 cnm culture flask to 70% confluency. Media was removed from cells.
Ice-cold PBS was prepared and was used to wash cells three times. The washing was done with
extra care to avoid disturbing the cells. Lysis RIPA buffer containing complete protease
inhibitors was added to cells. Cells were scraped and lysate was collected in 1.5 ml falcon tube.
Lysates were then centrifuged at 20,000 g for 20 min at 4 °C. Supernatant containing proteins
was collected to a new falcon tube and pellet (cell debris) was discarded. Protein lysates were

quantified or stored at -20 °C until quantification.

2.2.11.2 Protein Quantification
Protein lysates were quantified using the DC Protein Assay following the manufacturer’s

guide. BSA protein standards were used for protein quantification. 2 mg/ml BSA was dissolved
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in water. A serial 1:2 dilution of BSA protein standards was made to make a standard curve
range from 2 to 0.0625 mg/ml. BSA protein standards were stored at -20 °C. After quantifying

protein samples, they were all diluted to the same concentration.

2.2.11.3 SDS-PAGE

SDS-PAGE was used to separate proteins. SDS-PAGE gels were prepared and electrophoresis
unit was assembled according to manufacturer’s instructions. The gel was prepared and
injected into the gap between the glass sheets. Once the gel had polymerized, tanks were filled
with 1x SDS-PAGE running buffer. 6x SDS-PAGE sample buffer was added to protein
samples so each protein sample contained 5-fold diluted SDS-PAGE sample buffer. Samples
were then incubated at 100 °C for 5 min. Following boiling, samples were spun for a short time
at room temperature to collect all of the sample at the bottom of the tube. Samples were then
loaded onto SDS-PAGE gel and run at a voltage appropriate for gel concentration. Running off

of bromophenol blue dye front was always used as an indicator to stop gel running.

2.2.11.4 Semi-Dry Electro-Transfer

SDS-PAGE gel was removed from the two glass sheets of the electrophoresis unit. It was
incubated in a container containing semi-dry transfer buffer for 15 min at room temperature
with gentle rocking. PVDF membrane and Whatman 3 MM filter papers were cut to the size
of the gel. PVDF membrane was incubated in 100% methanol for 5 min with rocking before it
was transferred to semi-dry transfer buffer. Whatman filter papers were also soaked in semi-
dry transfer buffer for 15 min with gentle rocking. Four pieces of Whatman filter paper were
placed on the semi-dry transfer apparatus. The PVDF membrane was then placed on top of the
filter papers. Then the gel was placed and finally the four filter papers were stacked on top of

the gel. A small tube was used to remove bubbles by rolling it over the stack. The transfer
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apparatus was then set transferring 2mA/cm for ~75- 90 min. PVDF membrane was then

transferred to tray containing 5% (w/v) milk powder in TBST overnight at 4 °C with shaking.

2.2.11.5 Antibody Staining

After blocking the membranes, they were placed into a 50-ml falcon tube. Primary antibodies
were prepared in 5% milk powder in TBST. Membranes were incubated with primary
antibodies on a roller overnight at 4 °C. Membranes were then washed for 15 min in TBST
with gentle agitation. Secondary antibodies were prepared in 5% milk powder in TBST and
incubated for 1-2 hrs at room temperature on a roller. Membranes were then washed in TBST

for 15 min at room temperature.

2.2.11.6 Detection

Pierce ECL Plus Western Blotting Substrate was used for signal detection of the proteins. CL-
XPosure ™ film was used to expose the membranes to. Exposure time was adjusted for each
antibody and films were developed (Xograph imaging systems, Compact X4, Model: X4A).

Imagel was used to quantify the signals.

2.2.11.7 Blot Stripping
The blots were re-probed to detect non-phosphorylated proteins. They were washed in TBST
for 10 min before being stripped with stripping buffer for 20 min at 65 °C with agitation. Blots

were then incubated with primary and secondary antibodies as in 2.2.10.5.
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2.2.12 Microscopy

2.2.12.1 Senescence Associated B-Galactosidase

Bright field microscopy of primary and U20S cells was used to monitor B-galactosidase
activity as a marker for senescence. Cells grown on sterilised coverslips were treated with
senescence inducing agents before being incubated with SA-B-Gal staining solution. SA-B-

Gal staining was detected using 20X objective lense.

2.2.12.2 Stress Granules and Senescence-Associated Heterochromatin Foci

Confocal microscopy of cells treated with sodium arsenite was used to detect G3BP1, elF4G
and FXR1 as markers of stress granules. SAHF was used as a marker of senescence. Zeiss 880
confocal microscope was used in this experiment. Alexa flour 844 secondary antibody was
used and a green fluorescence was excited at 488 nm with 10% laser power. Green fluorescence
between 500-550 nm was collected. Cy3 secondary antibody was used and orange fluorescence

between 590-620 nm was collected.

2.2.12.3 Lipid Droplets

Cells incubated with oleate medium and stained with Oil Red-O was used to detect lipid droplet
accumulation in proliferative and senescent U20S cells. Zeiss 880 confocal microscope was
used in this experiment. Red fluorescence between 650-670 nm was collected with HyD 5

detector.

2.2.13 Quantification and Statistical Analysis
To quantify stress granule markers, SAHF and lipid droplets, images were processed and

analysed using ImageJ software. The average and standard error are used to present the data of
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the experiments. For multiple comparisons, two-way analysis of variance (ANOVA) and t-test

were used.

2.2.14 Proteomics Analysis

Cells were lysed and the protein was extracted and quantified as in 2.2.10.1 and 2.2.10.2.
Protein samples have been run and data was processed against the 10,000-human protein
SWATH library made available by Aebersold and co-workers (DOI:10.1038/sdata.2014.31).
Data was processed using Sciex software: PeakView with the SWATH MicroApp plugin and
MarkerView for data manipulation/output. R was used to perform FDR correction of t-test and
for generation of graphics. Enrichment of GO terms was performed using tools available on

pantherdb.org.
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Chapter 3

3 Senescence in Primary Cells and Cancer Cell Lines
3.1 Cellular Senescence in Primary Cells

3.1.1 Introduction

Replicative senescence has been reported in many cell types including liver cells (Aikata et al.,
2000), skin cells (Lindsey et al., 1991), lymphocytes (Pan et al., 1997) and colona mucosa
(Hastie et al., 1990). Hence, several studies have investigated the mechanism behind replicative
senescence and techniques to delay/prevent senescence and aging-associated disorders (Baker
et al., 2011, 2016; Munoz-Espin & Serrano, 2014; Xu et al., 2015). In addition to replicative
senescence, stress-induced premature senescence (SIPS) is induced by exposing cells to
multiple factors including ionizing radiation, drug treatments and overexpression of activated
oncogenes (such as RAS) (Chen et al., 1995; Toussaint et al., 2000; Dumont et al., 2001;

Schauble et al., 2012) (Figure 3.1).
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Figure 3.1. Senescence inducing factors and cell response.
Senescence phenotype is induced in proliferative cells when they undergo telomere
shortening or are exposed to exogenous factors such as ionizing radiation and

genotoxic drugs leading to replicative senescence and SIPS, respectively.

It has been previously shown that exposure to ionizing radiation induces damage to the DNA
resulting in DNA lesions. In mammalian cells, ionizing radiation induces ~1000 single-
stranded breaks and ~20-40 double-stranded breaks (Lomax et al., 2013). The formation of
double-stranded breaks increases linearly with the dose of the radiation. They are considered
the most deleterious lesions induced by ionizing radiation. In response to the DNA damage
induced by the radiation, the DNA damage repair mechanisms (non-homologous end joining)

are activated. However, when the damage is irreparable, cells either undergo apoptosis or
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senescence, which is partly decided by the magnitude of stress (Noda et al., 2012; Sabin and

Anderson, 2011; Lomax et al., 2013) (Figure 3.2).
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Figure 3.2 Ionizing radiation promotes senescence.
When cells are exposed to ionizing radiation, they activate DNA damage

repair pathway. If the damage is irreparable, cells undergo apoptosis or

senescence.



In addition to the ionizing radiation, senescence could be induced in cells by DNA-damaging
drugs such as doxorubicin, etoposide and cisplatin. Doxorubicin is a chemotherapy drug known
as anthracycline (Figure 3.3) which has been used as an anticancer drug for the last four
decades. It acts by slowing/preventing the growth of cells. Thus, it is used to induce senescence
in cultured cells. Furthermore, it is believed that doxorubicin induces senescence via several
mechanisms including: DNA intercalation which leads to inhibition of macromolecules
synthesis, free radical generation leading to DNA damage and lipid peroxidation, DNA cross-
linking, separation of DNA strand, alteration of helicase activity and inhibition of
Topoisomerase II (Gewirtz, 1999; Bielak-Zmijewska et al., 2014; Goodnow, 2017; Nair et al.,

2017).
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‘O‘
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Figure 3.3 Chemical structure of (N-(5,5-Diacetoxypent-1-yl))
doxorubicin.
This compound shows anti-tumour activity by stabilizing DNA-topoisomerase

IT complex and thereby preventing cell growth (Lyu et al., 2012).

In addition to the irreversible growth arrest, senescent cells are characterized as giant, flattened,
and multinucleate cells. Moreover, they show high activity of B-galactosidase at pH. 6.0

(Campisi, 2005; Lee et al., 2005; Dimri et al., 1996). GLBI, a gene encoding lysosomal 3-D
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galactosidase, is the gene that express senescence associated B-galactosidase (SA-B-Gal)
activity (Lee at al., 2006; Schauble et al., 2012). SA-B-Gal activity is detectable in young
proliferative cells and senescent cells at pH 4.0 and pH 6.0, respectively. Furthermore, SA-B3-
Gal activity has been detected in replicative and stressed induced senescent cells (Dimri et al.,
1995). It also has been detected in organs of old humans and animals (Melk et al., 2003;

Mishima et al., 1999).

The activity of SA-B-Gal is measured by staining cells with X-gal (5- bromo-4-chloro-3-
indolyl-B-D-galactopyranoside), a chromogenic substrate. X-gal is hydrolysed by B-D
galactosidase to galactose and 5- bromo-4-chloro-3-hydroxyindole forming blue precipitate
5,5’-dibromo-4 4'-dichloro-indigo (Figure 3.4). The positive cells develop blue stain which can

be observed and quantified under a bright-field microscope (Lumba et al., 2017).

NH galactose

HO | +

CHOH O beta-Gal {4

%QA/O — 0]
HO OH +H,0 L8
Cl \ Br
Br HO &
5-bromo-4-chloro-3-indolyl- 5-bromo-4-chloro- 5,5'-dibromo-4,4'-dichloro-indigo
p-D-galactopyranoside 3-hydroxy-indole (Blue precipitate)

(X-Gal)

Figure 3.4 X-gal is used for in situ staining to measure activity of SA-B-Gal.
Senescent cells express B-galactosidase activity which is detected by X-gal. X-gal

forms a blue precipitate upon cleavage at pH. 6.0 (Dimri et al., 1996).
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In addition to the morphological and structural features, senescent cells exhibit mitochondrial
changes including impaired biogenesis and metabolic shifts (Correia-Melo et al., 2016;
Vasileiou et al., 2019). At cellular level, mitochondrial dysfunction has been observed to be
associated with senescence and aging (Correia-Melo et al., 2016). Kinetic studies showed that
the increase of the mitochondrial mass occurs within 2-3 days after the peak of DNA damage
(Passos et al., 2010). In senescence, the increased mass of mitochondria is reflected by a higher
oxygen consumption per cell. Furthermore, Mitochondrial dysfunction has been observed to
drive and maintain cellular senescence (Passos et al., 2007; Correia-Melo et al., 2016; Wiley

et al.,2016).

Human fibroblast cells provide a good experimental model to study the mechanism and
markers of senescence. Senescence features are well-expressed in fibroblast cells within a well-
defined time course. Most fibroblast cells develop senescence features 7-14 days’ post
treatment (Stanulis-Praeger, 1987; Muifioz-Espin and Serrano, 2014; Jun and Lau, 2017).
IMR90, HDF and MRCS5 are the most commonly used fibroblast cells in experiments as they

have shown detectable and defined senescence features (Chen et al., 2004).

3.1.1.1 Population Doubling

Cell replication is controlled by the cell cycle. Cell cycle provides a regulatory mechanism to
protect the organism from any mutation development or growth of unwanted cells.
Furthermore, cell cycle is divided into four individual phases (Figure 3.5). Synthesis (S) phase
is the phase during which DNA is replicated. Mitosis (M) phase where DNA is packed and
distributed to two daughter cells. To ensure transfer of the appropriate DNA copy to daughter
cells, Gap phases (G) separate S phase and M phase providing cells with a proofreading time.

G1 phase separates M phase from S phase whereas G2 phase separates S phase from M phase.
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Gap 0 (GO) phase is the phase where no cell division is occurring and cell exit the growth cycle
due to absence of growth factors or presence of pro-differentiation factors (Kastan and Bartek,

2004; Barbash and Diehl, 2008).

Figure 3.5 A simplified scheme of cell cycle.
The phases and duration of cell cycle are controlled by presence/absence of
growth factors. Cell cycle is regulated by checkpoints leading to cell cycle

progression or cell cycle arrest (GO).

As cells grow and divide, they follow a growth pattern that is composed of three phases. It
includes lag phase, exponential phase, and stationary phase. During the lag phase, cells show
little or no division as they recover from sub-culturing stress. Hence, cells are not dormant at
this phase. At the exponential stage, the cells start growing and keep dividing until the surface
of the vessel is occupied. During exponential growth, cell mass increases over time. Following
the exponential cell growth, cells enter the stationary phase where they slow or stop dividing.
To ensure viability and genetic stability, cells need to be maintained in the exponential phase

(Assanga et al., 2013; Freshney, 2006).
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A proliferating cell population grows exponentially and cell growth time is estimated at
population level by counting cell number and measuring the growth curve. Thus, the cell
population doubles in number during the exponential phase. The number of times the cell
population has doubled since their primary isolation is known as population doubling.

Therefore, population doubling is determined using the following formula:

PD =3.32 (log UCY - log 1) + X

Where UCY = the cell yield at that point, | = the cell number used as inoculum to begin that

subculture, and X = the doubling level of the inoculum used to initiate the subculture being

quantitated (Hayflick, 1973).
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3.1.2 Aims and Objectives

3.1.2.1 Aims

The chapter aims to develop an understanding of the changes in HDF and U20S cells when
induced to senescence. Hence, HDF cells will be cultured in vitro in a growth chamber. Cell
growth will be monitored and cell number will be counted. The population doubling will be
calculated using the formula described earlier. Thus, cells reaching replicative senescence will
be tested using senescence markers: structural changes and SA-B-Gal activity. Therefore,
senescence phenotype associated with replicative senescence in HDF cells will be detected.
SIPS will be studied in HDF by exposing cells to high doses of ionizing radiation. Cell growth
will be tracked over 21 days. Cells will be collected at several time points and tested for
senescence markers: structural changes and SA-B-Gal activity. Thus, replicative senescence

and SIPS in HDF cells will be compared.

We hypothesize that HDF cells reach senescence following continual passaging in culture.
Moreover, senescence phenotype can be induced in HDF cells by exposing them to ionizing
radiation which causes DNA breaks and eventually activates pathways leading to cell growth

arrest.

3.1.2.2 Objectives

1. Induce senescence in HDF cells replicatively and by SIPS.

2. Characterize the changes associated with replicative senescence and SIPS.
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3.1.3 Materials and Method

3.1.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

3.1.3.2 Method

As described in chapter 2.

77



3.14 Results

3.14.1 Replicative Senescence in Primary Human Fibroblast Cells

In the current study, we investigated cellular senescence in primary human fibroblast cells
(HDF). During cell culture, it is necessary to keep track of cellular growth and age. Therefore,
a starting cell density of ~1*10"4 cells/ml of young HDF cells were seeded in a T75 tissue
culture flask. During cell culturing, cell number was counted before seeding and after
harvesting at ~80% confluency. Subsequently, population doubling was measured using the
above PD formula. Figure 3.6(A) shows the cell growth curve of HDF cells which manifest all
the cellular growth phases. It clearly shows that the pattern of cell growth is exponential. The
behaviour of the curve is as follows: lag phase (0-~50 days), exponential phase (~50-75 days)

and stationary phase (~75-250 days). Day 0 is the time of cell splitting.
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Figure 3.6 Cell growth pattern and population doubling curves of human
fibroblast (HDF) cells.

At ~50 days, cells start exponential phase. At ~75 days, cells show a steady growth
known as stationary phase (A). At PD= 21 cellular growth starts an exponential
pattern. Cells stops dividing (early senescence) at PD=28. The flat line is a state of

late senescence (B). Cells were cultured and monitored in triplicates (Cells A, B, C).
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Following cell seeding, cells take up to 48 hrs to adhere to the culture vessel and start dividing
(lag phase). As cells grow, more cytoplasmic mass is produced resulting in cell division and
continuous increase of cell number (exponential phase). It is shown in figure 3.6(B) that after
the first 50 days of incubation (PD= 21), cellular growth starts an exponential pattern.
However, as human primary cells have shown limited proliferation capacity (Hayflick limit),
HDF cells showed a steady cell growth after ~75 days of incubation, where the input (number
of cells at seeding) and output (number of cells at harvesting) of cells is maintained (stationary
phase). Figure 3.6(B) shows that cells reach early senescence at PD=28. Furthermore, at higher
population doublings (flat line), cells showed no increase in cell number which is a state of late
senescence (GO phase). This is happening due telomere shortening after every cell division

(Uzbecov, 2003).

3.1.4.2 Senescence Hallmarks

3.14.2.1 Replicative Senescence

Primary cells are known to initially proliferate but irreversibly enter senescence. Senescence
phenotype includes more than irreversible cell division arrest. In addition to the growth arrest,
it comprises morphological and metabolic changes (Campisi, 2005; Nakagawa and Opitz,

2007; Rodier and Campisi, 2011).

Thus, in the current study, cells’ progression towards senescence was monitored and
senescence phenotype was studied. SA-B-Gal assay was used to examine senescence phenotype
in HDF cells. Therefore, cells were collected and fixed at early passage (PD= 10) and late
passage (PD= 28). Then, cells were stained with SA-B-Gal staining. As expected, cells of late
passage developed a blue stain at pH. 6.0 which indicates an increase in SA-B-Gal activity.

Accordingly, SA-B-Gal positive cells are considered as fully-developed senescent cells. In
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contrast, cells of early passage did not develop blue staining, indicating that cells are young
and still proliferating (Figure 3.7A). The dark blue staining of SA-B-Gal positive cells express
the highest activity of lysosomal 3-Galactosidase hydrolase which express the late senescence

state of cells (Lee et al., 2006).
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Figure 3.7 Human fibroblast cells developed senescence-associated phenotypes by
continual passaging.

Cells were passaged until they stop proliferating, developing a state replicative
senescence. Cells were tested for SA-B-Gal activity. ~90% of senescent cells were positive

to the staining. Scale bar= 100 um. Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.
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Furthermore, the positive cells were scored and data was analysed using Imagel.
Approximately, 90% of late passage cells were positive to SA-B-Gal staining. Whereas, cells
of early passage did not show any blue staining indicating that cells are proliferating (Figure

3.7B).

In addition to molecular changes (at levels of proteins including p21), senescence phenotype
encompasses structural changes such as enlarged cell size. While running an experiment for
other studies in the lab where J2 (a double-stranded RNA antibody) was used, we observed the
structural difference between senescent and proliferative cells. The experiment involved
staining late passage cells (PD= 28) and early passage cells (PD= 10) with J2 antibody. Cells
were imaged using a confocal microscope. The size difference was clearly detected between
proliferative and senescent cells. Proliferative cells were detected to have elongated and spindle

shape. However, senescent cells were flattened and enlarged (Figure 3.8A). Size of

proliferative cells was measured to range from 100-300 um’ (Figure 3.8B). In contrast, the size

of replicative senescent cells range between 3000-5000 um’ (Figure 3.8C). Therefore, our

observations are consistent with observations of studies carried by other research groups

(Rodier and Campisi, 2011).
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Figure 3.8 The structural changes
in senescent HDF cells.

Early and late passage cells were
fixed, stained with J2 and observed
under confocal microscope.
Proliferative cells were showed
elongated and spindle  shape.
Whereas, senescent cells were
flattened and enlarged. The size of
proliferative cells range from 100-
300 um2 (B). In contrast, the size of
replicative senescent cells range form
3000-5000 um2 (C). Scale bar= 20

um. Red arrow shows dsRNA.
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In addition to the increased cell size, senescent cells display other structural changes including
expanded mitochondria. Using a mitochondrial marker (mitotracker) alongside double
stranded RNA (J2) antibody, which was used for other studies in the lab, showed interesting
changes in senescent HDF cells. Mitotracker is a stain specified for the mitochondria. Early
and late passages of HDF cells were stained with mitotracker and J2 antibody. A difference in
the appearance of the mitochondria was noticeably detected between proliferative and
senescent cells (Figure 3.9). An increase in the size of mitochondria was detected in senescent
cells. The change in mitochondrial size and shape is suggested to be due to the higher oxygen
consumption per senescent cell (Passos et al., 2010). Surprisingly, dsSRNAs were observed to
be located in the nuclei of senescent cells (red arrow) (Figure 3.8, 3.9). Hence, we propose that

dsRNAs could be used as a marker for senescent cells.

Proliferative Senescent

Figure 3.9 Mitochondrial mass in proliferative and senescent cells.

HDF cells developed senescence-associated phenotypes by continual passaging including
mitochondrial mass increase. Mitotracker was used stain mitochondria and J2 was used to
stain dsRNAs. Senescent cells showed an increase in the mass of mitochondria and

assembly of dsRNAs in the nuclei. Scale bar=20 um. Red arrow shows dsRNA.
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3.14.2.2 Stress-Induced Premature Senescence

As we discussed previously, when cells reach senescence, they develop senescence-associated
phenotype such as structural changes and elevated SA-B-Gal activity. Stress-induced premature
senescence (SIPS) is a distinct senescence program through which cells become senescent by
exposing them to DNA-damage inducing agents including ionizing radiation and mitogenic
drugs (Schauble et al., 2012). High doses of ionizing radiation are known to inhibit unwanted
growth of cells (Moding et al., 2013). Hence, SIPS senescent cells stop dividing after a limited
time following irradiation. Thus, in this study, senescence phenotype was monitored in HDF

cells following their exposure to ionizing radiation.

Prior to exposing cells to IR, cells were cultured in culture vessels to ~90% confluency. Media
was frequently changed to provide cells with required nutrients and minimize culturing stress.
Subsequently, cells were exposed to 10 Gy ionizing radiation followed by adding fresh media
and placing cells in a cell growth incubator. Thus, cells were grown and monitored for 21 days.

Samples were collected every 7 days and stained with SA-B-Gal staining.

SA-B-Gal activity has not been detected in proliferative (Day 0) cells. However, as cells
progress towards senescence, they showed an increase in the activity of SA-B-Gal (Figure
3.10A). The number of SA-B-Gal positive cells started to increase from Day 7 post-irradiation.
Hence, at 7 days post-IR exposure, 15% of the population was senescent. Whereas, 35% of the
population were detected to be positive to SA-B-Gal by Day 14 post-irradiation. As we
expected, an increase in SA-B-Gal positive cells was observed 21 days post-IR exposure. It

rose to 65% (Figure 3.8B).
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Similar to replicative senescent cells, SIPS cells showed structural changes including enlarged

cell shape and expanding mitochondria (Figure 3.11A). Hence, cells of Day 0 and Day 21 post-

IR were stained with J2 antibody and mitotracker. SIPS senescent cells were flattened. An
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increase in mitochondrial mass was detected in these cells. In contrast, Day 0 cells
(proliferative) were showing elongated spindle structure. Our observations suggest that Day 21

cells are well-developed senescent cells.

The size of SIPS senescent cells was detected to be bigger than proliferative cells. The area of
Day 0 and Day 21 cells was measured in Imagel]. The size of SIPS senescent cells was
measured to range from 3000-4000 um2. Whereas, Day 0 (proliferative) cell size was detected
to be from 100-300 um2 (Figure 3.11B). This data indicates that Day 21 cells are senescent

cells that harbour senescence phenotypes such as increased cell size and mitochondrial mass.

Furthermore, both replicative and SIPS senescent cells exhibited senescence markers.
However, the intensity of the markers differs between the two systems. The time required for
the cells to reach senescence is significantly different. SIPS cells require weeks to reach
senescence. Whereas, replicative senescent cells require 6-7 months to become fully senescent.
Moreover, replicative senescent cells showed a higher SA-B-Gal activity (80%) compared to
IR-induced senescent cells (65%). Collectively, our data indicates that both senescence

programs lead to fully-developed senescent cells exhibiting senescence associated phenotypes.
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Figure 3.11 Structural changes in
SIPS senescent cells.

Cells were exposed to IR and stained
with J2 antibody and mitotracker.
Senescent (Day 21) cells showed an
increase in  cell size  and
mitochondrial size (A). Proliferative
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3.2 Induction of Cellular Senescence in Osteosarcoma Cells (U20S)

3.2.1 Introduction

In contrast to normal human fibroblast cells, cancer cells possess an indefinite ability to
proliferate. Until recently, cancer cells were believed to have lost their ability to senesce.
Senescence has been induced in cancer cells using several stimuli including oxidative stress,
DNA damage, and DNA methylation alteration. Senescence phenotype in cancer cells is known
as stress-induced premature senescence. Thus, therapy-induced senescence in cancer cells in
vitro and in vivo has been considered as one of the possible responses to anticancer treatments
(Collado et al., 2007; Lee and Lee, 2019). Moreover, it has been reported that Oncogene
induced senescence was triggered by expressing oncogenes RAS<> or BRAF«* (Acosta and

Gil, 2012).

Radiation and chemotherapy are of the possible anticancer treatments that are widely used to
treat cancerous cell growth. Furthermore, using low doses of radiation and DNA-damaging
drugs have been observed to induce senescence in vitro (Kahlem et al., 2004; Schawrze et al.,
2005). Senescent cells originated from cancer cells showed structural and molecular changes
including increased cell size and high SA-B-Gal activity at pH. 6.0 (Campisi, 2013; Kim and

Park, 2019).
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3.2.2 Aims and Objectives

3.2.2.1 Aims

The chapter aims to develop an understanding of the changes in HDF cells and U20S when
induced to senescence. To determine senescence phenotype in U20S cells, cells will be
induced to senescence using ionizing radiation and the DNA-damage inducing agent:
Doxorubicin. The optimal dose of ionizing radiation and doxorubicin that are required to
induce senescence will be examined. Therefore, cells will be exposed to ionizing radiation or
doxorubicin and monitored for 14 days. Senescence phenotype will be tracked using SA-B-Gal

assay. Percentage of SA-B-Gal positive cells will be counted using ImagelJ.

We hypothesize that senescence phenotype could be induced in the cancerous U20S cells and

provide a reliable system to study senescence and stress granules.

3.2.2.2 Objectives
3. Induce senescence in U20S cells by testing the optimal dose of ionizing radiation and
doxorubicin.

3. Determine the changes associated with senescence in HDF and U20S cells
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3.2.3 Materials and Method

3.2.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

3.2.3.2 Method

As discussed in chapter 2.
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3.3 Results

3.3.1 Ionizing Radiation-Induced Senescence

Ionizing radiation has been widely used to induce senescence and stop growth of cancer cells
(Bentzen, 2006; Durante and Loeffler, 2010; Baskar et al., 2012). Cancerous cells are known
to be more sensitive to DNA damage caused by ionizing radiation than normal cells. High dose

of ionizing radiation induces DNA damage and subsequently cell death (Baskar et al., 2014).

Hence, in this study, the cancerous U20S cells were exposed to low doses of ionizing radiation
in order to optimize senescence induction. Therefore, U20S cells were cultured in a culture
vessel to ~90% confluency. Subsequently, cells were exposed to variable doses of ionizing
radiation: 0 Gy, 2 Gy, 4 Gy, 6 Gy, and 8 Gy. Cells were then monitored for 14 days’ post-
irradiation to examine cell growth and senescence phenotype. Cells were then collected at Day
0,3,5,7,10 and 14 and examined for SA-B-Gal activity (Figure 3.12A). Hence, low SA-B-Gal
activity was detected using 2 Gy dose. A 2 Gy dose is low and insufficient to induce senescence
within 14 days. It might need a longer time to develop senescence phenotype. Additionally, 8
Gy was detected to induce senescence however, U20S cells are sensitive to irradiation and
thus cell number was observed to decline. Furthermore, cells exposed to 4 Gy and 6 Gy showed

elevated SA-B-Gal activity by Day 14 post-IR while maintaining cell number.

A percentage of ~10%,27%, 12%, and 5% of SA-B-Gal activity was detected in cells exposed
to 2 Gy, 4 Gy, 6 Gy, and 8 Gy, respectively (Figure 3.12B). The highest activity of SA-B-Gal
was detected in cells exposed to 4 Gy. Moreover, 2 Gy is a very low dose and induced
senescence phenotype in only 10% of the cells. Whereas, 8 Gy is an extremely high dose that

might lead to low cell survival. 4 Gy was shown to induce senescence phenotype while
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maintaining cell number. Therefore, for future experiments with U20S cells, 4 Gy ionizing

radiation was considered as the optimal dose.
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Figure 3.12 Stress-induced premature senescence in U20S cells using ionizing
radiation.

U20S cells were treated with different doses of ionizing radiation and were monitored for
14 days. Cells were stained for SA-B-Gal activity (A). Cells exposed to 0 Gy continued to
grow and the culture vessel was confluent after few days (Control). 4 Gy showed high SA-
B-Gal activity (B). Scale bar= 100 um . Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.
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3.3.1.1 DNA Damage-Induced Senescence

Doxorubicin is a DNA-damaging chemotherapy agent. It has been used in cellular senescence
and cancer research. Doxorubicin slows or stops cell growth by blocking the enzyme
topoisomerase 2 (Jackson and Pereira-Smith, 2006). Doxorubicin can induce three different
cell responses depending on the dose. In addition to apoptosis and necrosis, cells acquire

senescence phenotype when exposed to low doses of doxorubicin (Zhang et al., 2011).

Therefore, in our study, U20S cells were treated with different doses of doxorubicin: 0 nM, 25
nM, 50 nM, 100 nM and 200 nM for 48 hrs. Doxorubicin was removed and replaced with a
fresh media. Cells were then monitored for 7 days subsequent to the treatment. Cells showed
elevated activity of SA-B-Gal. However, the number of SA-B-Gal positive cells varied when
applying different doses of doxorubicin. Hence, cells started showing blue staining 5 days’
post-treatment. When using 25 and 50 nM doxorubicin, few cells developed blue staining and
were positive to SA-B-Gal staining. However, the number of SA-B-Gal positive cells increased

when using 100 and 200 nM (Figure 3.13A).

Furthermore, at 200 nM, 45% of cells were positive to SA-B-Gal staining. Moreover, a
percentage of 22%, 15% and 11% of cells were positive to SA-B-Gal staining at 100 nM, 50
nM and 25 nM, respectively (Figure 3.13B). Thus, the following doxorubicin concentrations:
25 and 50 nM were not sufficient to induce senescence in all cells. However, 200 nM induced
the highest number of senescent cells: 45%. Therefore, 200 nM doxorubicin was used as the

optimal dose to induce senescence in U20S in the following experiments.
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Figure 3.13 Doxorubicin-induced senescence in U20S cells.

Cells were treated by a series of four exposures to doxorubicin. Senescent cells
were positive to SA-B-Gal staining and stained blue (A). 200 nm doxorubicin

induced senescence in 45% of the population (B). Scale bar= 100 um. Data represents

mean + SEM n=3, statistical significance was assessed using ANOVA t-test.
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34 Conclusion

Senescence is a state during which cells lose their ability to proliferate. Senescent cells show
multiple senescence phenotypes including growth arrest, increased size of cell and
mitochondria and high activity of SA-B-Gal (Campisi, 2005). Hence, SA-B-Gal staining has
been used widely as a marker for senescent cells. Hydrolysis of X-gal results in synthesis of
galactose and 5- bromo-4-chloro-3-hydroxyindole forming blue precipitate 5,5’-dibromo-4 4'-

dichloro-indigo (Lumba et al., 2017).

Primary human fibroblast (HDF) cells reach senescence by multiple divisions in vivo or by
continual passaging in vitro. The resulting state is known as replicative senescence. Population
doubling reflects the total number of times the cells in a population have doubled. Cells growth
curve represents three phases including lag phase, exponential phase and stationary phase.

During the stationary phase, cells stop dividing and become senescent.

In this study, HDF cells were cultured and cell number was counted before and after passaging.
Cells proliferation was terminated at PD= 28 (early senescence). Furthermore, at this PD, cells
number dropped as cells stopped dividing. Therefore, cells replicatively senesce at ~75 of
continual passaging. IMR90 (Marthandan et al., 2014) and MRC-5 (Lambert and Pirt, 1979;
Ma et al., 2015) cells showed similar growth pattern (log, exponential and stationary phases)
to HDF cells. The population doubling curve and cell growth curve are reliable indications of

cells steady state of division (cellular senescence).

Moreover, SA-B-Gal staining provides an indication of cells’ growth status. Formation of blue
precipitate that results from X-Gal hydrolysis in a cell population indicates that cells are
senescent. Thus, HDF cells that were stained blue at pH. 6.0 indicates that cells are senescent.
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Replicative and IR-induced premature senescent cells showed similar structural changes such
as increase of cell size and mitochondria while proliferative cells show elongated spindle-like
shape. Continual passaging of cells for ~75 days, resulted in 80% SA-B-Gal positive cells
(replicative senescent) while exposing cells to 10 Gy ionizing radiation resulted in 65% SA-B-

Gal positive cells (stress-induced premature senescence).

Previous studies showed that although stress-induced premature senescence displays similar
senescence features to those in replicative senescence, they are not alike. Stress induced
premature senescence showed differential expression of genes coding for proteins implicated
in growth arrest (PTEN, IGFBP-3 and LRP-1) and senescent morphogenesis (TGF- bl and
LOXL2) (Doggett et al., 1992; Debacq-Chainiaux et al., 2005; Pascal et al., 2005). Thus,
whether senescence is induced replicatively or prematurely, it is complex and many cellular

functions are affected through multiple signalling pathways.

U20S cancer cells have been used extensively in senescence studies (Bihani et al., 2004; Lin
etal.,2014; Nakano et al., 2013). Therefore, senescence has been induced in these cells through
H-ras-oncogene (Bihani et al., 2004), etoposide (Nagano et al., 2016), and doxorubicin (Anwar
et al., 2016). In the recent study, senescence was induced in U20S cells through ionizing
radiation and doxorubicin treatment. IR-induced DNA damage resulted in senescence of 27%
of the population. However, exposure to doxorubicin resulted in development of senescence
phenotype (high SA-B-Gal activity) in 45% of the population. Cell survival improved in
Doxorubicin-induced senescence in relative to IR-induced senescence. Nevertheless, the
percentage of SA-B-Gal positive cells is low and this is due to the loss of cells during the

process of becoming senescent.
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Chapter 4

4 Stress Granules in Senescence

4.1 Introduction

As discussed previously, senescent cells display structural and molecular changes in
comparison to proliferative cells. Hence, senescent and proliferative cells respond differently
to stressors. Constitutive exposure to stress leads to assemblies of granular structures known
as stress granules. Moreover, aging, of which senescence is one characteristic, impairs cellular

homeostasis, limiting their response to internal and external stressors (Liu et al., 2011; Lépez-

Otin et al., 2013; Moujaber et al., 2017).

Cell

. A
N

Stress-sensor Phosphorylation

Activation
of stress
response
pathways

Inhibition of
protein
synthesis

of effector
protein
(elF2a)

Figure 4.1 Schematic of cell response to stress.

Exposure of cells to stress results in detection of stress by stress-sensors. It then leads to

activation of stress response pathways and consequently inhibition of protein synthesis.




Stress granules are non-membranous compartments that are formed upon exposure to stress.
They are transient as they assemble in the presence of stress and disassemble when the stress
diminishes (Anderson and Kedersha, 2008; Bounedjah et al., 2014; Protter and Parker, 2016;
Wheeler et al., 2016). Stress granules are formed when translation initiation is prevented due
to stress exposure (Kedersha et al., 1999). In contrast, they fail to form when untranslated

mRNAs are associated with ribosomes (Buchan and Parker, 2009).

Stress granules are dynamic structures, showing liquid-like behaviour and are dependent on
RNA and proteins for their assembly (Spector, 2006). They contain various RNA-binding
proteins, non-RNA-binding proteins and translation initiation factors (Jain et al., 2016). During
stress, such as oxidative stress, heat shock, nutrient starvation and osmotic stress, translation

initiation is inhibited through phosphorylation of translation initiation factor e[F2a leading to

the reduction of availability of eIF2—GTP—tRNAMet ternary complex. In the absence of the

ternary complex, formation of 48S preinitiation complex is disrupted producing translationally
stalled 48S complex. Subsequently, translating ribosomes run-off polysomes converting them
to mRNPs which therefore lead to stress granule assembly (Bordeleau et al., 2005; Anderson

and Kedersha, 2009; Kedersha et al., 2013; Van Treeck et al., 2018).

Furthermore, RNA-binding proteins control the localization of untranslated mRNPs to stress
granules. G3BP is one of several RNA-binding proteins that regulate stress granule assembly.
G3PB plays a major role in the assembly of stress granules when cells are exposed to stress
such as oxidative stress. Phosphorylation of G3BP at serine 149 (amino acids 142-205) impairs
its ability to nucleate stress granule assembly (Tourriere et al., 2003) suggesting that G3BP is

a crucial element in the process of stress granule assembly. In addition to translationally stalled
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48S complex that contains untranslated mRNAs, stress granules are composed of poly-A RNA
bound to initiation factors (including elF4A, elF4G, elF3, eIF4E), small ribosomal subunits,
transcription factors, nucleases, RNA helicases, kinases and molecules involved in signalling

(Anderson and Kedersha, 2009; Jain et al., 2016; Moujaber et al., 2017, Youn et al., 2019).
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Figure 4.2 Schematic of regulatory components of stress granule assembly.
The untranslated free mRNAs and RNA binding proteins are the essential components

of stress granule formation.
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Stress granules are important and of interest for many reasons including: 1) their assemblies
and dynamics can affect mRNAs translation, localization and degeneration, 2) they share
similar mechanism of mRNP compartmentalization as they show similar components to
neuronal granules and maternal mRNP, mutations in stress granules, 3) either increase or limit
their formation, are causative of some neurodegenerative diseases 4) understanding their
assemblies and role represent an exciting and new area to be investigated (Barbee et al., 2006;
Li et al., 2013; Ramaswami et al., 2013). Hence, stress granules are formed as a cellular
response to environmental stressors including oxidative stress, cold shock, amino acid
starvation, heat shock, viral infection, and UV irradiation. However, exposure to X-irradiation
or DNA-damaging agents do not promote stress granule assembly (Anderson and Kedersha,

2009).

Senescent cells are persistent and escape elimination. They showed many intracellular
bioprocesses disruption such as changes of cellular environment, mitochondrial dysfunction
and reduction in protein quality (Cao et al., 2020). These changes affect stress granule
formation, explaining the significant reduction in stress granules as cells reach senescence
(Moujaber et al., 2017). Senescent cells respond to stressors, however, their response showed
impaired stress granule biogenesis (Lian and Gallouzi, 2009; Omer et al., 2018). Loss of proper
stress granule formation in senescent kidney cells was suggested to be used as a marker for

evaluation of age-related decline of cell function (Moujaber et al., 2017).
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4.2 Aims and Objectives

421 Aims

The chapter aims to examine the response of proliferative and senescent HDF cells to oxidative
stress. Hence, the optimal dose and exposure time of cells to the stressor was investigated. To
obtain the knowledge on this topic, HDF cells will be cultured in vitro in a growth chamber.
Cells reaching 90% confluency will be exposed to different doses of Sodium Arsenite (SA).
Moreover, they will be treated for different time lengths. Next, cells will be stained with a
stress granule marker: G3BP to count the number of stress granules per cell. Furthermore,
recruitment of other RNA-binding proteins to SA-induced stress granules will be examined.
Additionally, IR-senescent HDF cells will be treated in a way similar to proliferative cells.
However, higher doses and longer exposure time will be applied as senescent cells are
persistent and suggested to form improper stress granules. Hence, two stress granule markers:
G3BP and elF4G will be used to detect and count stress granules per cell. Moreover,
recruitment of other RNA-binding proteins to SA-induced stress granules in senescent cells

will be examined.

Furthermore, response of U20S cells to SA will be examined. The optimal dose and exposure
time of cells to SA will be tested. Stress granule marker: G3BP will be used to detect and count
the number of stress granules per cell. Moreover, recruitment of RNA-binding proteins: eIF4G

and FXR1 will be investigated.

We hypothesize that proliferative HDF cells form stress granules in response to SA exposure.
Moreover, senescent HDF cells form stress granules at higher dose and longer exposure time.

SA-induced stress granules showed different composition of RNA-binding proteins.
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Additionally, U20S cells form stress granules in response to oxidative stress. RNA-binding

proteins are recruited to the sites of stress granules.

4.2.2 Objectives

1. Induce stress granule formation in HDF cells through using sodium arsenite (SA).

2. Characterize SA-induced stress granules and detect the RNA-binding proteins recruited to
stress granules.

3. Induce stress granule formation in U20S cells.

4. Examine the RNA-binding proteins recruited to SA-induced stress granules.
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4.3 Materials and Methods

4.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

4.3.2 Methods

As described in chapter 2.
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4.4 Results
4.4.1 Stress Granules in Proliferative and Senescent HDF Cells
44.1.1 Optimal Dose and Exposure Time of SA in Proliferative HDF Cells

44.1.1.1 Dose

Stress granules are formed when cells are exposed to stressors such as viral infection, oxidative,
heat and starvation stress (Anderson and Kedersha, 2002, 2006, 2009; Buchan and Parker,
2009; White and Lloyd, 2012). To investigate the response of HDF cells to oxidative stress,
sodium arsenite (SA) was introduced to proliferative HDF cells. Several concentrations of SA
were used to monitor the optimal dose for stress granule assembly. Therefore, the following
SA concentrations: 0 (control), 0.5, 1.0, 2.0, 4.0, and 6.0 mM were used. Subsequently, cells
were fixed and stained with a stress granule marker: G3BP1 which is the commonly used
marker for stress granules as it plays a critical role in stress granule assembly. Hence, control
cells (0 mM SA) showed no aggregation of stress granules. Furthermore, cells started showing
formation of stress granules at dose 0.5 mM SA. Number of stress granules increased at 1.0
mM SA. However, when the dose was increased (2.0-6.0 mM), the number of stress granules
decreased gradually. At 6.0 mM SA, stress granules started to disassemble in most cells (Figure

4.3).

Number of observed stress granules per cell was counted using Imagel. Thus, proliferative
HDF cells showed an average of 9 and 10 SGs/cell when exposed to 0.5 and 1.0 mM SA,
respectively, for 30 min. However, cells showed a decrease in the number of stress granules as
SA dose increased. An average of 6, 5, and 4 SGs/cell was detected in cells when exposed to
2.0, 4.0, and 6.0 mM, respectively, for 30 min (Figure 4.4). Therefore, 1.0 mM SA will be used

as the optimal dose for studying stress granules in proliferative HDF cells.
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Figure 4.3 Sodium arsenite optimal dose to induce stress granules in proliferative
HDF cells.

HDF cells were treated with different SA doses. Cells exposed to 1.0 mM SA showed
the highest aggregation of G3BP1 granules. The number of granules decreased as SA
concentration increased to 2.0-6.0 mM. 1.0 mM SA was used as the optimal dose for SG

induction in proliferative HDF cells. Scale bar= 20 um.
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Figure 44 1.0 mM SA induces the highest number of stress granule
aggregation in proliferative HDF cells.

A range of SA concentrations (0-6 mM) was used to test stress granule formation.
Cells started forming stress granules at dose 0.5 mM, however, 1.0 mM showed
the highest aggregation of stress granules. Data represents mean + SEM n=3,

statistical significance was assessed using ANOVA t-test.

4.4.1.1.2 Exposure Time

To test the optimal exposure time, proliferative HDF cells were treated with the optimal SA
dose 1.0 mM (see section 4.4.1.1.1) for the following time periods: O (control), 10, 15, 30, 45,
60, 90 and 120 min. Cells were then fixed and stained with G3BP1 antibody. Hence, control
cells did not show any aggregation of stress granules. At 10 and 15 min following SA treatment,
cells did not show formation of stress granules. 30 min post-SA exposure, mature well-defined
stress granules were detected in the cytoplasm of cells. Under long exposure to stress, cells are
suggested to lose their ability to form/maintain stress granules. Therefore, at 45 and 60 min of
SA exposure, the number of stress granules decreased significantly. Unexpectedly, 90 min of
SA exposure showed an increase in the number of stress granules. However, they were detected

to disassemble at 120 min in most cells (Figure 4.5).
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Number of stress granules per cell was counted using ImagelJ. Therefore, no stress granules
were formed at 0, 10 and 15 min of SA exposure. At 30 min of SA exposure, an average of 11
SGs/cell were detected. However, the number of stress granules were observed to reduce to 8
SGs/cell and 3 SGs/cell at 45 and 60 min, respectively. Moreover, at 90 min post-SA exposure,
a slight increase in stress granules was detected (4 SGs/cell) which then decreased significantly
to ~1 SGs/cell. G3BP1 was used as a marker for stress granules in treated cells (Figure 4.6).
Considering the above results, 30 min is used as the optimal exposure time to SA. Thus, in
proliferative HDF cells, stress granules require 30 min of SA exposure to be formed and

detected.
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Figure 4.5 Proliferative HDF cells exposed to 1.0 mM SA for different time periods.
HDF cells were exposed to 1.0 mM SA for 0, 10, 15, 30, 45, 60, 90 and 120 min. G3BP1
(red) was used as a marker for stress granules. Cells showed the highest assembly of stress
granules after 30 min of SA exposure. Whereas, the lowest number of stress granules was
detected at 120 min. 30 min was used as the optimal time of SA exposure in HDF cells.

Scale bar= 20 um.
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Figure 4.6 Proliferative HDF cells treated with SA at different exposure time.
30 min of SA exposure (1.0 mM) showed the highest assembly of stress granules. Whereas
at 120 min most of cells lost their ability to form/maintain stress granules. Data represents

mean + SEM n=3, statistical significance was assessed using ANOVA t-test.
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4.4.1.2 Optimal Dose and Exposure Time of SA in IR-Senescent HDF Cells

44.1.2.1 Dose

Several studies have detected that proliferative and senescent cells respond differently to stress
(Lian and Gallouzi, 2009). Hence, to investigate the response of senescent HDF cells to
oxidative stress, cells were treated with SA. First, to examine the required SA dose, senescent
HDF cells were exposed to the following concentrations: O (control), 0.5, 1.0 and 2.0 mM for
40 min (Figure 4.7). G3BP1 was used as a marker for stress granules (Red). Thus, G3BP1 was
detected to be diffused in the cytoplasm at 0 mM SA while a partial aggregation was detected
at 0.5 mM SA. Moreover, aggregation of stress granules was detected at 1.0 and 2.0 mM SA.
However, the highest aggregation was observed when using 1.0 mM SA suggesting that 1.0
mM SA is sufficient to induce formation of stress granules in senescent HDF cells (Figure

4.7A).

Furthermore, the number of stress granules was counted using ImagelJ. Thus, control cells (0
mM SA) showed no assembly of stress granules. The G3BP1 protein was observed to be diffuse
in the cytoplasm. Hence, when cells were exposed to 0.5 mM, few aggregates of stress granules
(~3 SGs/cell) were detected. This observation shows that upon exposure to 0.5 mM SA,
senescent HDF cells start to show assembly of stress granules. Additionally, exposure of
senescent cells to higher doses: 1.0 and 2.0 mM showed assembly of an average of ~9 SGs/cell
and 3 SGs/cell, respectively (Figure 4.7B). Thus, G3BP1 is still observed diffused in the
cytoplasm at 1.0 and 2.0 mM. It indicates that stress granules are not properly formed in
senescent cells. Indeed, as the higher aggregation of stress granules was detected at 1.0 mM, it
was considered as the optimal dose for the induction stress granules in IR-induced senescent

HDF cells.
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4.4.1.2.2 Exposure Time

To test the optimal time of SA exposure required to induce stress granule formation in IR-
induced senescent HDF, cells were exposed to SA for different time intervals. Therefore, cells
were exposed to 1.0 mM SA for the following time periods: 0, 30, 45, 60, 90 and 120 min.
Cells were then stained with G3BP1 (Green) and elF4G (Red) (Figure 4.8). eIF4G has been
used as a marker for stress granules induced by oxidative stress. It is eukaryotic translation
initiation factor 4 G which is involved in translation initiation. Thus, eIF4G has been detected
to localize to stress granules when exposed to oxidative stress (Kedersha et al., 2016).
Therefore, in addition to G3BP1, elF4G is used in our study as a marker for stress granules in
senescent HDF. Therefore, assembly of G3BP1 was first detected in cells following 30 min of
SA exposure. However, after 45, 60, 90 and 120 min, assembly of G3BP1 was detected.
Localization of elF4G was also observed following 45, 60, 90 and 120 min of SA exposure.
Hence, this explains the main role of G3BP1 in the assembly of stress granules in cells as it
was detected as soon as the stress granules started to form. Moreover, the recruitment of eI[F4G
to stress granules was observed 15 min following the formation of stress granules. This
indicates that mature stress granules which involve G3BP1 and elF4G, form in senescent HDF

cells 45 min following SA exposure.

Moreover, 45 min post SA exposure, cells showed the highest assembly of stress granules: ~10
SGs/cell. However, they showed ~4, 3, 3, and 5 SGs/cell after 30, 60, 90 and 120 min of
exposure to 1.0 mM SA (Figure 4.9). Therefore, 45 min is used as the optimal exposure time

of SA in senescent HDF cells.
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Figure 4.8 Senescent HDF cells were exposed to SA at different exposure time.
Cells were exposed to SA at different time periods and then stained with G3BP1 and
elF4G. It was observed that after 45 min of SA exposure, G3BP1 and elF4G were

observed to locate at sites of stress granules. Scale bar= 20 um.
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Figure 4.9 Senescent HDF cells were exposed to SA at different time length.

Cells stained with G3BP1 and elF4G showed that after 45 min of SA exposure,
G3BP1 and elF4G SGs were observed. An average of 10 SGs/cell were formed
after 45 min. Therefore, 45 min was used as the optimal exposure time in senescent
cells. Data represents mean + SEM n=3, statistical significance was assessed using

ANOVA t-test.
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4.4.2 Stress Granules in U20S Cells

44.2.1 SA Optimal Dose and Exposure Time in U20S Cells

44.2.1.1 Dose

Response of cells to stress depends on the type of cell (primary cells or cancerous cell lines)
and stressor (such as oxidative stress and heat shock) (Anderson and Kedersha, 2002; White
and Lloyd, 2012). U20S cells have been used widely in stress granules studies as they provide
a good system in culture. They are easy to grow and harvest. The doubling time of U20S cells
1s ~24 hours (Russo et al., 2006). Moreover, U20S cells are reliable and have been introduced
to different stimuli (oxidative stress, viral infection and heat shock). Additionally, changes at
gene level have been introduced in U20S cells in order to examine the role of certain
gene/protein (Kedersha et al., 2008; 2016). Hence, in this study U20S cells are used as they
provide a reliable system to study stress granules and role of G3BP in stress response and

senescence mechanism.

Therefore, in the recent study, U20S cells were used to provide a clear understanding of stress
granules and their role in senescence. To start this study, the optimal dose of SA was examined.
Hence, U20S cells were exposed to the following concentrations of SA: 0, 0.1, 0.2, 0.5, 1.0
and 2.0 mM SA for 30 min. The cancerous U20S cells are delicate and therefore we used less
concentrated SA (Kedersha et al., 2005). Cells were then stained with G3BP1 antibody (Green)
(Figure 4.10A). Control (0 mM) cells did not show any formation of stress granules. Moreover,
stress granules were first detected in few cells when they were exposed to 0.2 mM SA. When
0.5 mM SA was applied to cells, the number of stress granules increased significantly.
However, stress granule number decreased at 1.0 and 2.0 mM SA. This indicates that 0.5 mM

SA is the optimal dose for the induction of stress granules in U20S cells.
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Figure 4.10 WT U20S cells treated with different concentrations of SA.

WT U20S cells were treated with 0, 0.1, 0.2, 0.5, 1.0 and 2.0 mM SA. Cells were
stained with G3BP1 (Green). The first detection of stress granules was at 0.2 mM SA.
At 0.5 mM SA, number of stress granules increased significantly. The number of

stress granules reduced at 1.0 and 2.0 mM SA. Scale bar=20 um.

To count the number of stress granules per cell, ImageJ was used. The average number of stress

granules per cell (SGs/cell) was calculated. Hence, control cells (0 mM SA) and cells treated
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with 0.1 mM SA showed no formation of stress granules. Moreover, an average of ~1, 18, 10
and 7 SGs/cell were detected in cells when exposed to 0.2, 0.5, 1.0 and 2.0 mM SA,
respectively (Figure 4.11). Thus, 0.5 mM SA induced the highest assembly of stress granules.
Furthermore, the decrease in number of stress granules at 1.0 and 2.0 mM SA is suggested to
result from fusion of smaller granules forming bigger ones. Therefore, 0.5 mM SA was used

as the optimal dose of SA to induce SGs assembly in U20S cells.
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Figure 4.11 The optimal dose of SA to induce stress granule assembly in
U20S cells.

The following concentrations: 0,0.1,0.2,0.5, 1.0 and 2.0 mM of SA were used
to test the optimal dose of SA for the induction of stress granule formation in
U20S cells. Cells exposed at 0.5 mM SA showed the highest number of stress
granule assembly (18 SGs/cell). The number of stress granules reduced at 1.0
and 2.0 mM SA to 10 and 7 SGs/cell, respectively. Data represents mean +

SEM n=3, statistical significance was assessed using ANOVA t-test.
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4.4.2.1.2 Exposure Time

Following the determination of the optimal SA dose, time length of SA exposure was
examined. Thus, U20S cells were treated with 0.5 mM SA (section 4.4.2.1.1) for: 0 (control),
15, 30, 45, 60, 90 and 120 min. Cells were then stained with G3BP1 (Green) and elF4G (Red)
antibodies (Figure 4.12). G3BP1 is known to nucleate stress granules and thus it is used as a
marker for stress granules. Therefore, in addition to G3BP1, elF4G was used in this experiment
as a second marker for stress granules. Control (0 min of SA exposure) cells did not show
assembly of stress granules. G3BP1 and elF4G were observed diffused in the cytoplasm.
Hence, after 15 min of SA exposure, cells showed no/few assembly of stress granules.
Following 30 min of SA exposure, cells showed a significant increase in the number of stress
granules. Both G3BP1 and elF4G showed localization to the site of stress granule assembly.
Surprisingly, the number of stress granules decreased after 45 min of SA exposure.
Furthermore, the number of stress granules was detected to rise after 60 min of SA exposure.
At 90 and 120 min of SA exposure, cells showed a consistent number of stress granules. G3BP1

and elF4G showed localization to the sites of stress granule assembly.
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Figure 4.12 Determination of the optimal time length of SA exposure in U20S
cells. U20S cells were exposed to 0.5 mM SA for different time periods: 0, 15, 30,
45, 60, 90 and 120 min. Cells were harvested and stained with stress granules
markers G3BP1 (Green) and elF4G (Red). Control cells (0 min) showed no
assembly of stress granules. Number of stress granules increased significantly after
30 min of SA exposure. The number of stress granules decreased at 45 min
following SA exposure. The number of stress granules increased after 60 min and

remained consistent at 90 and 120 min. Scale bar=20 um.

120



Furthermore, the number of stress granules formed upon exposure to 0.5 mM at different time
periods was counted using ImageJ. Hence, control cells (0 min) showed no formation of stress
granules. At 15 min after SA exposure, an average of ~2 SGs/cell was detected. The highest
assembly of stress granules was observed after 30 min of SA treatment. An average of ~26
SGs/cell was detected. Unexpectedly, a reduction in stress granule number was observed at 45
min of SA exposure. The number declined to ~11 SGs/cell. Thus, at 60 min, the number of
stress granules rose to 22 SGs/cell. Moreover, at 90 and 120 min, an increase in stress granules
was counted. Exposure of cells to SA for 90 and 120 min was observed to induce formation of
24 SGs/cell (Figure 4.13). Therefore, exposure time of 30 min was used as the optimal SA

exposure time required for the induction of stress granules in U20S cells.
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Figure 4.13 WT U20S cells exposed to 0.5 mM SA for different time periods. Cells
exposed to SA for 0, 15, 30, 45, 60, 90 and 120 min. Control cells (O min) showed no
assembly of stress granules. ~2 SGs/cell was detected in cells at 15 min of SA exposure.
SA exposure for 30 min showed the highest assembly of 27 SGs/cell. After 45 min,
stress granule number reduced to 10 SGs/cell. The number of stress increased to 22
SGs/cell after 60 min of SA exposure. Stress granule number rose at 90 min to 24
SG/cell and remained consistent at 120 min. Data represents mean + SEM n=3,

statistical significance was assessed using ANOVA t-test.
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4.4.2.2 Stress Granule Factors in HDF Cells

44.22.1 G3BP1

The RNA-binding protein G3BP1 is one of the main components of stress granules. It is
essential for the assembly process of stress granules. Hence, studies have shown that
knockdown of G3BP1 reduced the assembly of stress granules in differentiating erythroid cells
(Ghisolfi et al., 2012). Furthermore, knockout of G3BP1 and G3BP2 prevents the assembly

events of stress granules (Kedersha et al., 2016).

In this study, we investigate the assembly of stress granules in HDF cells and the recruitment
of different RNA-binding proteins to stress granules. Hence, proliferative HDF cells were
treated/untreated with 1.0 mM SA for 30 min. Additionally, IR-induced senescent HDF cells
and replicative senescent HDF cells were treated/untreated with 1.0 mM SA for 45 min. Cells
were then fixed and stained with G3BP1 antibody (Figure 4.14, 4.15). In the untreated
proliferative (Day 0) cells, G3BP1 was detected diffused in cytoplasm. Treated cells showed
assembly of stress granules and recruitment of G3BP1 to sites of stress granules. Moreover,
untreated Day 7, Day 14 and Day 21 (post-IR exposure) cells did not show assembly of stress
granules. G3BP1 was observed diffused in the cytoplasm. Thus, SA-treated Day 7, Day 14 and
Day 21 cells showed formation of stress granules and localization of G3BP1 at sites of stress
granule assembly. However, Day 14 and 21 cells showed reduction in number and size of stress
granules (Figure 4.14). Therefore, stress granule assembly is suggested to be impaired in IR-

induced senescent cells and consequently G3BP1 recruitment to stress granules.

Furthermore, replicative senescent HDF cells were treated/untreated with SA. They were then
stained with G3BP1 antibody (Figure 4.15). Untreated cells did not show formation of stress
granules. G3BP1 was observed diffused in the cytoplasm. Hence, SA-treated replicative
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senescent cells showed reduced assembly of stress granules and thus localization of G3BP1 to
stress granule sites. It is suggested that the stress granule formation process is impaired in
senescent cells. The improper size and number of stress granules is suggested to be a feature

of the persistent senescent cells.
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Figure 4.14 G3BP1 recruitment to SA-induced stress granules in HDF
proliferative and IR-induced senescent cells.

Proliferative and IR-induced senescent cells were treated/untreated with 1.0 mM SA
and stained with G3BP1 antibody (Green). G3BP1 was observed diffused in untreated
cells. Stressed cells showed formation of stress granules. Day O (proliferative) cells
showed formation of stress granules. At Day 7, 14, and 21 post IR exposure, number

of stress granules reduced. Scale bar= 20 um.
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Figure 4.15 Stress granule formation and recruitment of G3BP1 in replicative
senescent HDF cells.

Replicative senescent cells were treated/untreated with 1.0 mM SA for 45 min. Cells were
stained with G3BP1 antibody (Green). G3BP1 was detected diffused in untreated cells.
Treated cells showed formation of small stress granules. G3BP1 was detected to be

localized to stress granules sites. Scale bar= 20 um.

Furthermore, the number of stress granules in proliferative, IR-induced senescent and
replicative senescent HDF cells was counted and compared using ImagelJ. The number of stress
granules per cell (SGs/cell) was used as representative of SA-induced stress assemblies in each
cell group (Figure 4.16). Accordingly, SA-treated proliferative (Day 0) cells showed an
average of ~26 SGs/cell. Moreover, treated Day 7 cells showed a reduced stress granule
number: ~17 SG/cell. At Day 14 and Day 21 post-IR exposure, ~15 and 12 SGs/cell were
detected, respectively. Thus, a reduction in the number of stress granules was detected as cells
progress to senescence. Additionally, replicative senescent cells showed a significant reduction

in the number of stress granules: ~6 SGs/cell. Therefore, the impaired stress granule assembly
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and thus recruitment of G3BP1 to stress granules was observed in IR-induced and replicative
senescent cells. This data suggests that as cells progress to senescence, their ability to form
stress granules is impaired and hence the recruitment of RNA-binding proteins such as G3BP1

to the locations of stress granule assembly.
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Figure 4.16 Stress granule number in SA-treated proliferative, IR-induced and
replicative senescent cells.

The number of stress granules per cell was counted using ImagelJ. Proliferative (Day 0)
cells showed ~26 SGs/cell. IR-treated cells showed a reduction of stress granule number
as they progress towards senescence (Day 14 and 21). They showed ~17, 15 and 12
SGs/cell at Day 7, 14 and 21, respectively. Replicative senescent cells showed ~6
SGs/cell. Data represents mean £+ SEM n=3, statistical significance was assessed using

ANOVA t-test.
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4.4.2.2.2 Stress Granule Factors Other Than G3BP1

442221 TIA-1

Several RNA-binding proteins have been studied and observed to play a crucial role in the
initiation process of stress granule assembly. Hence, components such as T-cell intracellular
antigen-1 (TIA-1), Caprin and fragile X mental retardation syndrome-related protein 1 (FXRI)
can also initiate stress granule assembly depending on the type of the cells and stressor. Thus,
TIA-1 is known to promote translation arrest when cells are exposed to an assault. TIA-1 is an
RNA-binding protein that has been detected at sites of stress granules. It consists of three
domains that are required for the assembly of stress granules (Dember et al., 1996). Hence,
lacking of RNA-binding domains (TIA-1ARRM) but Overexpression of a mutant encoding
PRD domain which is essential for the assembly of stress granules prevents the assembly

process of stress granules in COS transfectants (Kedersha et al., 1999).

Hence, in our study, we investigate the stress granule assembly and recruitment of TIA-1 to
SA-induced stress granules. Therefore, proliferative (Day 0), IR-induced senescent and
replicative senescent cells were treated with/without 1.0 mM SA for 30 (replicative cells) and
45 (senescent cells) min. Cells were then fixed and stained with TIA-1 antibody (Figure 4.17).
In SA-untreated proliferative cells, TIA-1 was observed to locate at the nuclei (Figure 4.17A).
Moreover, in treated proliferative cells, TIA-1 remained at the nuclei. Additionally, when IR-
induced senescent cells were untreated with SA, TIA-1 was detected at the nuclei. Similarly,
SA-treated IR-induced senescent cells (Day 7 and Day 14 post-IR exposure) did not show
localization of TIA-1 to sites of stress granule assembly. Replicative senescent cells were
observed to form stress granules but did not show recruitment of TIA-1 at sites of stress granule
assembly. The SA-untreated replicative HDF cells showed localization of TIA-1 at the nuclei
of cells (Figure 4.17B). This data might indicate that TIA-1 has no observed role in stress-
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induced translational arrest, stress granule assembly in proliferative, IR-induced and replicative

senescent cells.

A TIA-1 L/TIA- 1/DAPI

Figure 4.17 TIA-1 recruitment

. to SA-induced stress granules

Day0 —| in HDF proliferative, IR-
e

3

H H . Stressed cells showed formation
. of stress granules. Day 0

. (proliferative)  cells  showed

Day14 _] = formation of stress granules.
- TIA-1 was still located at the

E E . nuclei. At Day 7 and 14 post IR
- exposure, TIA-1 was observed at

TIA-1 G3BP1/TIA-1/DAPI

Untreated

induced senescent cells and

replicative  senescent cells.

! Treated

Proliferative and IR-induced

senescent cells (A) were
treated/untreated with 1.0 mM
SA and stained with G3BPI
(Green) and TIA-1 (Red)

Untreated !

Day7 _|

antibodies. TIA-1 was observed

at nuclei of untreated cells.

! Treated

Untreated

l Treated

the nuclei. Replicative senescent
cells were treated with 1.0 mM

SA for 45 min. Cells stained

Untreated

with TIA-1 showed localization
of TIA-1 at the nuclei. Scale

bar= 20 um.

Treated

128



44.2.2.2.2 Caprin-1

Of the RNA-binding proteins that has been detected in stress granules is Caprin-1. The
cytoplasmic activation/proliferation-associated protein-1 (Caprin-1) is suggested to be
involved in cell cycle regulation as it is required for progression of cell from G1 phase to S
phase (Wang et al., 2005). Moreover, Caprin-1 has been observed to play a role in stress
granule assembly either by self-interaction or by interaction with other RNA-binding proteins
depending on the type of stimulus. Hence, under oxidative stress, interaction of Caprin-1 with
G3BP1 was observed in cells. Overexpression of Caprin-1 induced phosphorylation of elF-20
and therefore inhibition of protein synthesis resulting in formation of stress granules (Solomon
et al., 2007). Collectively, Caprin-1 involvement in stress granule assembly varies depending

on type of stress.

In the current study, we investigate the involvement of Caprin-1 protein in stress granules in
HDF cells. Hence, the proliferative (Day 0) and IR-induced senescent (Day 7 and 14) cells
were treated/untreated with 1.0 mM SA for 30 and 45 min, respectively. Cells were then fixed
and stained with Caprin-1 antibody (Figure 4.18). In the untreated cells, Caprin-1 was observed
diffused in the cytoplasm. However, the treated proliferative cells showed assembly of Caprin-
1 at sites of stress granules. Moreover, Day 7 and Day 14 (IR-induced senescent) cells showed
assembly of Caprin-1 at sites of stress granules. These observations indicate that under
oxidative stress, Caprin-1 is involved in the assembly of stress granules in proliferative and IR-

induced senescent HDF cells.
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Figure 4.18 Caprin-1 recruitment to sites of stress granule assembly in
proliferative and IR-induced senescent HDF cells.

Proliferative and IR-induced senescent HDF cells were treated with/out 1.0 mM SA
for 30 and 45 min, respectively. Cells were stained with Caprin-1 antibody (Green).
SA-untreated cells showed Caprin-1 diffused in the cytoplasm. Treated proliferative
(Day 0) cells showed involvement of Caprin-1 at sites of stress granules. IR-induced
senescent (Day 7 and 14) cells showed localization of Caprin-1 at sites of stress

granules. Scale bar=20 um.

Additionally, replicative senescent HDF cells were examined for the recruitment of Caprin-1
at sites of stress granules. Hence, cells were treated/untreated with 1.0 mM SA for 45 min.
Cells were then fixed and stained with Caprin-1 antibody (Figure 4.19). SA-untreated cells
showed Caprin-1 diffused in the cytoplasm. Nevertheless, SA-treated cells showed formation

of few and small stress granules and recruitment of Caprin-1 to sites to stress granule assembly.
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Figure 4.19 Replicative senescent HDF cells showed formation of few small
stress granules and localization of Caprin-1 at sites of stress granule: assembly.
Replicative senescent cells were treated with/out 1.0 mM SA for 45 min. Cells were
then stained with Caprin-1 antibody (Green). SA-untreated cells showed Caprin-1
diffused in the cytoplasm. SA-treated cells showed formation of few stress granules

and involvement of Caprin-1 at sites of stress granules. Scale bar= 20 um.

Figure 4.20 shows that young cells formed ~29 Caprin-1 positive granules/cell. Day 7, Day 14
and Rep-senescent cells showed assembly of 26, 18 and 6 Caprin-1 positive granules/cell. Day
14 cells and Rep-senescent cells show significant reduction in Caprin-1 positive granules. Day
14 and Rep-senescent cells lose their ability to form Caprin-1 positive granules compared to

Day 0 and 7.
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Figure 4.20 Count of Caprin-1 in HDF cells.

Proliferative (Day 0), IR-induced senescent (Day 7 and 14) and replicative
senescent (RS) cells were treated with SA. Number of Caprin-1 was counted
using Imagel software. Day O cells showed the highest assembly of stress
granules and localization of Caprin-1 at sites of stress granules. Day 7, 14 and
RS cells showed a gradual decrease in number of stress granules and number of
Caprin-1 localized to sites of stress granules. Day 0 cells showed formation and
localization of ~29 Caprin-1/cell. Day 7 and 14 showed formation and
localization ~25 and 19 Caprin-1/cell. An average of ~6 Caprin-1/cell was
detected in SA-treated RS cells. Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.

442223 TDP-43

Transactive response DNA-binding protein 43 (TDP-43) is a DNA/RNA binding protein
involved in RNA processing (Colombrita et al., 2009). It is a multifunctional protein that
regulates gene expression in nucleus and cytoplasm (Dewey et al., 2011). Several studies have
indicated that TDP-43 localizes to stress granules in response to heat shock and oxidative stress
(Colombrita et al., 2009; Freibaum et al., 2010). Thus, the stress granule composition is known

to depend on the cell type and stressor (Guil et al., 2006; Anderson and Kedersha, 2008).
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Hence, in response to sorbitol stress, TDP-43 has been suggested to be associated with
cytoplasmic stress granules. Moreover, WT and mutant TDP-43 showed different responses to
oxidative stress and heat shock. Furthermore, mutant TDP-43 was detected to form fewer and

bigger stress granules compared to WT TDP-43 (Dewey et al., 2011).

In our study, we investigate the involvement of TDP-43 to stress granules which are induced
by SA. Therefore, proliferative (Day 0), IR-induced (Day 7 and 14) senescent and replicative
senescent cells were exposed to 1.0 mM SA for 30 min (Day 0) and 45 min (Day 7, 14, and
replicative senescent). Cells were then fixed and stained with TDP-43 antibody (Figure 4.21).
SA-untreated proliferative cells (Day 0) showed TDP-43 diffused in the cytoplasm.
Surprisingly, SA-treated cells showed similar behaviour as untreated cells. No assembly of
TDP-43 was detected upon SA exposure. IR-induced senescent (Day 7 and 14) cells (Figure
421A) and replicative senescent cells (Figure 4.21B) did not show assembly of TDP-43
following SA treatment. Hence, it is suggested that TDP-43 is not recruited to stress granules

following SA treatment in HDF cells.
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Figure 4.21 Assembly of TDP-
43 in proliferative, IR induced
senescent and replicative
senescent cells.

Proliferative (Day 0), IR-induced
senescent (Day 7 and 14) (A) and
Replicative senescent (B) cells
were untreated/treated with 1.0
mM SA for 30 min (proliferative)
and 45 min (senescent). Cells
were fixed and stained with TDP-
43 antibody (Green). Cells did not
show assembly of TDP-43 upon

SA treatment. Scale bar= 20 um.
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4.4.2.3 Stress Granule Factors in U20S Cells

44.23.1 G3BP1

It has been shown by many studies that G3BP1 is crucial for stress granule assembly.
Moreover, it has been shown that knockdown of G3BP1 reduces/stops the formation of stress
granules (Ghisolfi et al., 2012; Kedersha et al., 2016). Cells lacking G3BP1 lose their ability
to form stress granules when exposed to stressors. Additionally, Tourriere et al (2003) showed
that exposure of cells to oxidative stress induces dephosphorylation of G3BP1 at Ser-149

leading to multimerization of G3BP1 and initiation of SGs assembly.

Following examination of stress granules in HDF cells, we asked a question of the response of
U20S cells to oxidative stress. Hence, the ability of U20S cells to form stress granules was
examined in proliferative U20S cells. Therefore, U20S cells were treated with 0.5 mM SA for
30 min. Cells were then fixed and stained with G3BP1 antibody (Figure 4.22). SA-untreated
cells showed G3BP1 diffused in the cytoplasm. Whereas, SA-treated cells displayed assembly
of stress granules. This data indicates that the dividing U20S cells are capable of forming stress
granules upon exposure to oxidative stress. G3BP1 is suggested to play a role in stress granule

assembly.
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Figure 4.22 Assembly of stress granules in U2OS cells.
Cells were treated/untreated with 0.5 mM SA for 30 min. Cells were then fixed and
stained with G3BP1 antibody (Green). G3BP1 was observed diffused in the cytoplasm

of untreated cells. Treated cells showed assembly of stress granules. Scale bar= 20 um.

Furthermore, response of senescent U20S cells to oxidative stress was explained previously.
Hence, here we compare the response of proliferative and senescent U20S cells to oxidative
stress. Ability of senescent cells to form stress granules was examined. Thus, doxorubicin-
induced senescent cells were exposed to 0.5 mM SA for 30 min. This was followed by cell
fixation and G3BP1 immunostaining (Green). Untreated senescent cells did not show assembly
of stress granules. Moreover, treated senescent cells showed no/few stress granules (Figure

4.23). Our data suggests that assembly of proper stress granules is impaired in senescent cells.
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Figure 4.23 G3BP1 in senescent U20S.

Senescence was induced in U20S cells using 200 nM Doxorubicin. Senescent cells
were treated/untreated with 0.5 mM SA for 30 min. Cells were than fixed and stained
with G3BP1 (Green). Untreated cells showed no assembly of stress granules. Treated

cells showed no/few stress granules. Scale bar= 20 um.

Furthermore, the number of stress granules between treated/untreated proliferative and
senescent cells was compared. Imagel was used to quantify the number of stress granules. The
data was then analysed and plotted using Excel (Figure 4.24). Untreated proliferative U20S
cells showed no assembly of stress granules (Figure 4.22) and thus 0 SGs/cell was obtained.
Nevertheless, treated proliferative cells showed assembly of stress granules (Figure 4.22). An
average of 17 SGs/cell was counted. Moreover, senescent U20S cells was observed to form
no/few stress granules upon SA exposure (Figure 4.23). An average of 4 SGs/cell was detected
in treated senescent cells (Figure 4.24). Therefore, our data shows that senescent U20S form
less stress granules compared to proliferative cells. It is suggested that senescent cells lose their

ability to form stress granules and thus form small impaired stress granules.
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4.4.2.3.2 Stress Granule Factors Other Than G3BP1

44.2.3.2.1 EIF4G

Formation of stress granules is considered as a protective response during which translation
and protein synthesis are inhibited (Kedersha et al., 2002). Moreover, several eukaryotic
translation initiation factors are involved in process of translation initiation. Of these translation
initiation factors, the eukaryotic initiation factor eIF4G, is an essential scaffold protein which
facilitates ribosome binding to mRNA (Gingras et al., 1999; Kahvejian et al., 2005). Many
studies have shown that stress granules contain most translation regulation proteins and mRNA

including 48S complex and elF4G (Kedersha et al., 2002).

In our study, we examine the recruitment of eIF4G to stress granules in U20S cells. Therefore,
proliferative U20S cells were treated/untreated with 0.5 mM SA for 30 min. Cells were then
fixed and stained with G3BP1 (Green) and elF4G (Red) (Figure 4.25). Untreated cells did not

show assembly of stress granules. G3BP1 and eIFAG were observed diffused in the cytoplasm.
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Additionally, treated cells showed assembly of stress granules. e[F4G was observed to be
colocalized with G3BP1.The colocalization of G3BP1 and elF4G was mostly detected at sites
of the mature stress granules. At sites of no colocalization, G3BP1 is detected but not e[F4G.
This observation suggests that G3BP1 is essential in stress granule assembly. Subsequent to

the aggregation of stress granules, eIF4G is translocated to the sites of stress granules.

G3BP1 elF4G

G3BP1/elF4G/DAP

Untreated

Treated

Figure 4.25 eIF4G in proliferative U20S cells.

Cells were treated/untreated with 0.5 mM SA for 30 min. Cells were then fixed and
stained with G3BP1 (Green) and elF4G (Red). Untreated cells did not assembly of stress
granules. Treated cells showed assembly of stress granules and colocalization of G3BP1

and elF4G. Scale bar= 20 um.

To count the number of stress granules in proliferative U20S cells, Image] was used.

Furthermore, a quantitative comparison of the number of G3BP1 and elF4G was performed.
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The average number of stress granules per cell (SGs/cell) was calculated (Figure 4.26).
Untreated cells showed 0 SGs/cell. They did not show assembly of G3BP1 or elF4G. On the
other hand, the treated cells showed assembly of stress granules. This was detected using the
stress granules nucleating protein: G3BP1. Thus, an average of 8 SGs/cell were counted. The
number of elF4G was counted separately. The detected number of el[F4G was 6 SGs/cell.
G3BP1 and elF4G showed a colocalization of 75%. This data suggests that eIF4G is recruited

to stress granules, however, its translocation is a subsequent event to G3BP1 assembly.
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Figure 4.26 Quantitative representation of eIF4G and G3BP1 in proliferative
U20S cells.

SA-untreated cells showed assembly of no G3BP1 and e[F4G. Under SA treatment, an
average of 8 G3BP1 and 6 elF4G per cell were detected. A colocalization of 75% was
detected between G3BP1 and elF4G. Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.
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44.23.2.2 FXR1

Fragile X retardation factor 1 (FXR1) is mRNA binding protein encoded by FMR gene. Lack
of FXR1 protein is known to cause fragile X syndrome, a genetic condition causing
developmental disorders (Turner et al., 1996). Moreover, FXR1 has been observed to locate at
sites of stress granule assembly. Mazouri et al (2002) has shown that FMRP (FXRI1 is
homologue gene of FMRP) moves into stress granules during heat stress in cultured fibroblast
cells. Additionally, FXR1 was detected to assemble in IDH4 when exposed to oxidative stress
(Lian and Gallouzi, 2009). Thus, it has been suggested that FXR1 is recruited to stress granules

when cells are exposed to stress such as heat shock and sodium arsenite.

Hence, in our study, we examine the localization of FXRI1 to stress granules in proliferative
U20S cells when treated with SA. Therefore, U20S cells were treated/untreated with 0.5 mM
SA for 30 min. Cells were then fixed and stained with G3BP1 (Green) and FXR1 (Red)
antibodies (Figure 4.27). Untreated cells did not show assembly of stress granules. G3BP1 and
FXR1 were observed diffused in the cytoplasm. Moreover, assembly of stress granules was
observed in the treated cells. FXR1 was observed to colocalize with G3BP1 at sites of mature
stress granules. G3BP1 was only observed at sites of no colocalization. This observation
suggests that G3BP1 nucleates stress granule assembly. Moreover, FXR1 translocation is a

subsequent event to stress granule aggregation.
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Figure 4.27 FXR1 in proliferative U20S cells.
Cells were un/treated with 0.5 mM SA for 30 min. Cells were then fixed and stained
with G3BP1 (Green) and FXR1 (Red). Untreated cells did not show assembly of stress

granules. Treated cells showed assembly of stress granules and colocalization of G3BP1

and FXR1. Scale bar= 20 um.

To count the number of FXR1 in proliferative U20S cells, ImageJ was used. A quantitative
comparison of the number of FXR1 and G3BP1 was performed. The average number of stress
granules per cell (SGs/cell) was counted using Excel (Figure 4.28). Untreated cells showed 0
SGs/cell. They did not show assembly of FXR1 or G3BP1. As shown previously, SA-treated
cells show assembly of stress granules. This was detected using the stress granule nucleating
protein: G3BP1. Thus, an average of 9 SGs/cell were counted. The number of FXR1 was

counted individually. An average of 5 SGs/cell was detected. Seemingly, G3BP1 and FXR1
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shows a colocalization of 55%. Therefore, our observations suggest that FXR1 is recruited to

stress granules. Nevertheless, its translocation is a subsequent event to G3BP1 assembly.
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Figure 4.28 Quantitative representation of FXR1 and G3BP1 in proliferative
U20S cells.

SA-untreated cells did not show assembly of FXR1 and G3BP1. Under SA
treatment, an average of 9 G3BP1 and 5 FXRI1 per cell were counted. A
colocalization of 55% was detected between G3BP1 and FXR1. Data represents

mean + SEM n=3, statistical significance was assessed using ANOVA t-test.
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44.3 Puromycin and Cycloheximide Treatment

Cycloheximide is known as a protein biosynthesis inhibitor in eukaryotic cells. It has been used
widely in studies of mRNA and stress granules as it leads to polysome stabilization.
Cycloheximide traps mRNAs in polysomes preventing stress granule assembly (Mollet et al.,
2008). Hence, under cold shock, cycloheximide was observed to block stress granule assembly.
It was also detected to disassemble the pre-formed stress granules (Hofmann et al., 2012).
Puromycin is a translational inhibitor in both prokaryotic and eukaryotic cells. It inhibits
protein synthesis by destabilizing polysomes and releasing mRNAs from polysomes.
Therefore, puromycin promotes stress granule assembly by making free mRNAs available
(Kedersha et al., 2000; Basu et al., 2017). Hence, cycloheximide and puromycin are used to

classify stress granules from other granular structures in the cells (Kedersha et al., 2000).

44.3.1 HDF Cells

In our recent study, we examine the response of proliferative and senescent HDF cells to
cycloheximide and puromycin. Therefore, proliferative HDF cells were exposed to 1.0 mM SA
for 30 min. It was then followed by cycloheximide or puromycin treatments. Cells were fixed
and stained with G3BP1 antibody (Red) (Figure 4.29). SA-untreated cells did not show
assembly of stress granules. Hence, when SA-treated cells were exposed to cycloheximide,
stress granule formation was prevented. This was expected as cycloheximide acts as stress
granule assembly inhibitor (Kedersha et al., 2013). Furthermore, puromycin treatment was
detected to promote stress granule assembly in SA-treated cells. It was observed to form proper
mature stress granules. This data indicates that stress granules are prevented/disassembled by

cycloheximide and promoted by puromycin treatment.
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Figure 4.29 Cycloheximide (CHX) and puromycin shows counteract effect on stress
granulrs in proliferative HDF cells.

HDF cells were treated/untreated with 1.0 mM SA for 30 min. CHX or puromycin was
added to cells. SA-untreated cells did show assembly of stress granules. CHX was
observed to inhibit stress granule assembly. Puromycin was detected to promote stress

granules formation. Scale bar= 20 um.

Furthermore, the effect of cycloheximide and puromycin on the formation of stress granules
was then examined in senescent HDF cells. Therefore, senescent HDF cells were
treated/untreated with 1.0 mM SA for 45 min. Subsequently, cycloheximide or puromycin was

added to cells. Cells were then fixed and stained with G3BP1 (Red) (Figure 4.30). SA-untreated

145



cells did not show assembly of stress granules. Expectedly, cycloheximide was detected to
inhibit stress granule formation. On the other hand, puromycin promotes stress granule
formation in SA-treated cells. However, the formed stress granules in senescent cells are
smaller than stress granules in proliferative cells. This observation indicates that under
oxidative stress and puromycin treatments, formation of stress granules is impaired in

senescent cells.

Puromycin

Untreated
1dva/1d9€eo

Treated
1dvVa/1d9€9

Figure 4.30 Cycloheximide (CHX) and puromycin treatments in senescent HDF cells.
Cells were treated/untreated with 1.0 SA for 45 min. This was followed by CHX or
puromycin treatments. Cells were fixed and stained with G3BP1 (Red).SA-untreated cells
did not show assembly of stress granules. Upon SA exposure, CHX was observed to
inhibit stress granules formation while puromycin was detected to induce stress granules

assembly. Scale bar= 20 um.
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Cycloheximide and puromycin effect on stress granules was observed in proliferative and
senescent cells. Thus, cycloheximide inhibited stress granule assembly by trapping mRNAs in
polysomes. On the other hand, puromycin promoted stress granule formation by releasing
mRNAs from polysomes and making them available to start the events of stress granule
formation. Hence, to quantitatively compare the number of stress granules in
stressed/unstressed proliferative and senescent HDF cells treated with cycloheximide or
puromycin, Imagel] was used. Images were processed using ImageJ to count the number of
stress granules. The obtained data was then analysed and plotted in Excel. SA-untreated cells
showed no formation of stress granules. Hence, this data was not involved in the comparison
plot below. Moreover, SA/CHX-treated proliferative HDF cells showed 0 SGs/cell. Whereas,
SA/Puromycin-treated proliferative cells showed formation of 20 SGs/cells. SA/CHX
treatment inhibited stress granule formation in senescent cells. 0 SGs/cell was obtained. Thus,
SA/Puromycin treatment promoted stress granules in senescent cells. An average of 6 SGs/cell
was counted (Figure 4.31). Therefore, our data suggests that upon oxidative stress,
cycloheximide inhibits stress granule assembly while puromycin promotes stress granule

assembly in proliferative and senescent HDF cells.
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Figure 4.31 Quantitative comparison of stress granules in HDF cells treated with
Cycloheximide (CHX) and puromycin (Puro.).

Upon SA exposure, CHX inhibits stress granule assembly while Puro. induces stress
granule assembly in proliferative and senescent HDF cells. In SA/CHX-treated cells,
0 SGs/cell was counted. Under SA/Puro-treatment, an average of 20 SGs/cell was
detected in proliferative cells, while only 6 SGs/cell were detected in senescent cells.
Data represents mean + SEM n=3, statistical significance was assessed using

ANOVA t-test.

44.3.2 U20S Cells

In order to examine the effect of cycloheximide and puromycin on stress granule formation in
U20S cells, proliferative U20S cells were treated with cycloheximide or puromycin. Cells
were exposed to 0.5 mM SA for 30 min. SA treatment was then followed by cycloheximide or
puromycin. Cells were then fixed and stained with G3BP1 (Green) and eIF4G (Red) antibodies
(Figure 4.32). As expected, SA/CHX treatment was observed to inhibit stress granule
assembly. It is also suggested to disassemble the pre-formed stress granules. SA/puromycin

treatment was observed to promote the assembly of stress granules.
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Figure 4.32 Treatment of proliferative U20S cells with Cychloheximide
(CHX) and Puromycin.

Cells were treated/untreated with 0.5 mM SA for 30 min. This was followed by
Cycloheximide (CHX) or puromycin treatment. Cells were than fixed and stained
with G3BP1 (Green) and elF4G (Red). SA-untreated cells did not assembly of
stress granules. SA/CHX treatment was observed to inhibit assembly of stress
granules. SA/puromycin treatment was detected to promote stress granule

assembly. Scale bar= 20 um

Furthermore, the number of stress granules formed under oxidative stress and cycloheximide
or puromycin treatments was counted using ImagelJ and plotted using Excel. As described
before, cycloheximide inhibits stress granule assembly and disassembles the pre-formed stress
granules. We detected O SGs/cell under SA/CHX treatments. An average of 14 SGs/cell was
detected in cells upon SA/puromycin treatment (Figure 4.33). Therefore, our data is consistent
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with previous studies (Kedersha et al., 2000). Cycloheximide inhibits stress granule formation

while puromycin promotes their formation.
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Figure 4.33 Quantitative representation of stress granules in U20S
under Cycloheximide (CHX) and Puromycin (Puro.) treatments.

Number of stress granules was quantified using ImageJ. An average of 14
cells were counted in cells treated with SA/puromycin. Cells that were
treated with SA/CHX showed 0 SGs/cell. An average of 13 SGs/cells were
counted. Data represents mean * SEM n=3, statistical significance was

assessed using ANOVA t-test.
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4.5 Comparison of Different Routes to Senescence in HDF Cells

Stress granules are cytoplasmic entities that are formed upon exposure to environmental
stressors such as oxidative stress, heat and cold shock. Stress granules play a protective role as
it stops translation and protein synthesis by relocating untranslated mRNAs to their assembly
sites (Kedersha et al., 1999; Anderson and Kedersha, 2008). They are composed of
translationally stalled 48S complex, free untranslated mRNAs and RNA-binding proteins.
RNA-binding proteins are essential in the process of stress granule assembly such as G3BP1,
TIA-1, eIF4G and FXRI1. It has been suggested that the recruitment of RNA-binding proteins
to stress granules is dependent on the cell type and stress (Buchan and Parker, 2009; Bounedjah

et al.,2014).

Proliferative and senescent cells were observed to respond distinctly to stress (Lian and
Gallouzi, 2009; Omer et al., 2018). Senescent cells’ response showed formation of impaired
stress granules. Loss of proper stress granule formation in senescent cells was considered as a
marker for evaluation of age-related diseases (Moujaber et al., 2017). In our study, the
difference in stress response between proliferative and senescent cells was studied. Under
oxidative stress, proliferative HDF cells were observed to form stress granules. It was detected
by staining them with G3BP1 antibody which is an essential component of stress granules.
Replicative senescent cells showed few/no stress granule assembly suggesting that senescent
cells lose their ability to form stress granules. Other stress granule components: TIA-1 and
TDP-43 were observed not to be recruited to stress granules in both proliferative and senescent
cells. However, Caprin-1 was observed to be recruited to stress granules in proliferative cells
but no/few Caprin-1 were observed in senescent cells. This data suggests that G3BP1 is

essential in promoting stress granule assembly in HDF cells under oxidative stress.
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Replicative senescent cells and IR-induced senescent cells show similar senescence markers
(discussed in chapter 3). However, their response to stress is different. IR-induced senescent
cells (Day 14) maintain their ability of stress granule formation, although the number of stress
granules is few compared to proliferative cells (Day 0). G3BP1 was detected in IR-induced
senescent cells suggesting its importance in stress granule formation when exposed to oxidative
stress. Moreover, Caprin-1 was observed to be recruited to stress granules in IR-induced
senescent cells. There was no difference observed in the recruitment of TIA-1 and TDP-43 in
replicative and IR-induced senescent cells. Therefore, this data suggests that replicative
senescent cells lost their ability of forming stress granules, while it is maintained in IR-induced
senescent cells. Additionally; Caprin-1 is suggested to be a component of stress granules in

HDF cells.

4.6 Conclusion

Stress granule assembly is induced by exposure to stressors such as oxidative stress. G3BP1,
TIA-1 and FXR-1 are of the stress granule components that are essential/recruited to stress
granules. The conditions required for induction of stress granules differ depending on the type
of the cell. In our study, we examined stress granules induction in primary fibroblast (HDF)
cells and U20S cells. Both systems are distinct and therefore stress granule stimulation

conditions were different.

To induce stress granule assembly in HDF cells, a range of SA concentrations (0-6.0 mM) were
used for 30 min. Proliferative and senescent HDF cells showed an increase in stress granule
assembly when exposed to 1.0 mM SA. However, the optimal exposure time was observed to
be 30 min and 45 min for proliferative and senescent cells, respectively. In the case of U20S

cells, the working conditions were detected as following: 0.5 mM SA for 30 min. Under these
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conditions, the translation was ceased and the highest aggregation of stress granules was
observed. Several studies have used variable concentrations and exposure time depending on

cell type and research purpose (Lian and Gallouzi, 2009; Kedersha et al., 2013).

RNA-binding proteins are essential components of stress granules. They promote assembly of
stress granules as they bind to untranslated mRNAs and translocate to stress granule sites.
Therefore, it is a protective mechanism to save cells energy until the insult is removed. Of the
RNA-binding proteins, G3BP1 is suggested to be an essential stress granule component that
initiates the assembly events (Matsuki et al., 2013). Hence, in our recent study, G3BP1 was
studied in proliferative and senescent HDF cells. G3BP1 was detected in proliferative cells.
No/few G3BP1 was observed in senescent cells suggesting the impaired ability of stress
granule formation in senescent cells. Moreover, U20S cells showed recruitment of G3BP1 to
stress granules suggesting its crucial role in stress granule formation. Collectively, under
oxidative stress, proliferative HDF and U20S cells showed assembly of stress granules and
recruitment of G3BP1 to stress granule sites. However, senescent HDF cells showed no/few

G3BPI1 located at stress granules as stress granule assembly is impaired.

Stress granules contain multiple factors that are involved in the process of their assembly. TIA-
1, FXR-1 and Caprin-1 are of the stress granule components that were observed to locate to
stress granules under variable stressors. In our study, TIA-1 and TDP-43 were not detected to
locate to stress granules under oxidative stress in proliferative and senescent HDF cells.
Whereas, Caprin-1 was detected at sites of stress granule assembly in proliferative cells and
no/few in senescent cells. FXR-1 and elF4G were examined in U20S cells and observed to

locate to stress granule sites under oxidative stress suggesting their involvement in stress
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granule assembly. As G3BP is known to nucleate stress granule assembly, it could be used as

a control for future studies in HDF cells.

Additionally, the effect of cycloheximide and puromycin was investigated in HDF and U20S
cells. Both drugs are inhibitors of protein synthesis, however, cycloheximide prevents stress
granule assembly by stabilizing polysomes while puromycin induces stress granule assembly
by destabilizing polysomes and release of untranslated mRNAs. Cycloheximide showed
inhibition of stress granules in proliferative and senescent cells. Whereas, puromycin induced
stress granule assembly in cells. Therefore, these results provide a framework for future studies

of stress granules in HDF and U20S cells.
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Chapter 5

S Senescence in WT U20S and G3BP Knock-out Cells

5.1 Introduction

Mammalian stress granules are assemblies of mRNAs and proteins. They are formed through
interactions of RNA binding proteins with the free untranslated mRNAs (Protter and Parker,
2016). Stress granules are known to contain a large population of proteins. Of these proteins,
G3BP is an essential protein that is recruited to stress granules. It is known to initiate the

process of stress granule assembly in presence of stress (Tourriere et al., 2003).

G3BPl e NTF2  wm Acidic _I_ RAM  wm RGG wmmCQOH
G3BP2a wm NIF2 wu Acidic .I.I_I.I_ RRM  mm RGG mmCOOH

G3BP2hmm NTF2  wm Acidic RRM  wm RGG memCOOH

I P-x-x-P motif

Figure 5.1 Schematic representation of G3BP domains.

G3BP1 and G3BP2 are homologous proteins. G3BP1 and G3BP2 share
common domains: NTF2 domain, RRM and RRG domains. G3BP2 is
alternatively spliced to G3BP2a and 2b.
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The two forms of G3BP: G3BP1 and G3BP2 are homologous proteins that were observed to
play an essential role in stress granule assembly (Tourriere et al., 2003; Gétte et al., 2019).
G3BP1 contains five regions: N-terminal NTF2-like domain, the acidic region, the PXXP
motif, RRMs domain and C-terminal RGG domain. RGG and NTF2-like domains are required
for SGs assembly (Tourriere et al., 2003; Matsuki et al., 2012; Kedersha et al., 2016). G3BP2
has similar domains as G3BP1 including NTF2-like domain, RRMs and RGG domains (Irvine

et al., 2004) (Figure 5.1).

Both G3BP1 and G3BP2 are essential for stress granule formation. Knockdown of G3BP1
and/or G3BP2 in HeLa cells showed a reduction in stress granule number. Thus, double
knockdown (G3BP1 and G3BP2) showed a much more significantly reduced number of stress
granules compared to single knockdown (G3BP1 or G3BP2) (Matsuki et al., 2012). These
observations indicate that G3BP1 and G3BP2 are required for stress granule formation under
oxidative stress (Matsuki et al., 2012). Additionally, Kobayashi et al. (2012) showed that
endogenous G3BP2 is recruited to stress granules when cells are exposed to sodium arsenite

or heat shock. Furthermore, stress granule formation can be induced by overexpression of

G3BPI1 (Tourriere et al., 2003).
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5.2 Aims and Objectives

521 Aims

This chapter aims to examine the role of G3BP1/2 in stress granule formation and development
of senescence phenotype. Thus, WT U20S cells, where G3BP1/2 exists, will be used as a
control for this study. Double-knockout (hereafter referred as AAG3BP1/2) cells were
developed (and provided to us by Dr. Nancy Kedersha, Boston, US) to study cells’ processes
such as stress response and senescence in absence of G3BP1/2. To obtain the knowledge on
this topic, WT U20S and AAG3BP1/2 cells will be cultured in vitro in a growth chamber. Cells
reaching 90% confluency will be exposed to 0.5 mM SA for 30 min. Next, cells will be stained
with stress granule markers: G3BP1 or G3BP2, EIF4G and FXR1 to count the number of stress
granules per cell. Furthermore, senescence phenotype is monitored in WT U20S and
AAG3BP1/2 cells upon doxorubicin (200 nM) treatment. doxorubicin-treated cells will be
stained with senescence markers: SA-B-Gal, SAHF and p21 to compare progression of cells

towards senescence.

Furthermore, the role of each form of G3BP (G3BP1, G3BP2a and G3BP2b) on stress granule
formation and senescence is examined. Thus, GFP-tagged-G3BP1, GFP-tagged-G3BP2a,
GFP-tagged-G3BP2b were genetically reconstituted to AAG3BP1/2 cells individually through
transient transfection forming GFP-G3BP1, GFP-G3BP2a, GFP-G3BP2b cells (provided to us
by Dr. Nancy Kedersha, Boston, US). Hence, these cells will be treated in a way similar to WT
U20S cells to develop an understanding of the role G3BP1, G3BP2a and G3BP2b in stress
response and senescence. Stress granule markers: G3BP1 or G3BP2, EIF4G and FXR1 will be
used to count the number of stress granules per cell. Senescence markers: SA-B-Gal, SAHF

and p21 will be used to compare progression of cells towards senescence.
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We hypothesize that AAG3BP1/2 lose their ability to form stress granules due to absence of

G3BP1/2. Moreover, they show accelerated progression towards senescence. Re-constitution

of cells with G3BP1, G3BP2a or G3BP2b individually rescue cells’ ability of stress granule

formation. It also slows cells’ progression to senescence.

522

Objectives

. Investigate stress granule formation in double-knockout (AAG3BP1/2) cells.

Examine senescence markers: SA-8-Gal, SAHF and p21 in AAG3BP1/2 cells.
Compare stress granules and senescence phenotype in WT U20S and AAG3BP1/2
cells.

Examine stress granule formation in GFP-G3BP1, GFP-G3BP2a, and GFP-G3BP2b
cells.

Observe senescence phenotype in GFP-G3BP1, GFP-G3BP2a, and GFP-G3BP2b cells

using senescence markers: SA-B-Gal, SAHF and p21.
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5.3 Materials and Methods

5.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

5.3.2 Methods

As described in chapter 2.
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54 Results

5.4.1 Loss of G3BP1/2 Significantly Reduced Stress Granule Formation

G3PB is known to nucleate stress granule assembly when cells are exposed to stressor such as
oxidative stress (Kedersha et al., 2016). The two forms of G3BP: G3BP1 and G3BP2 coexist
as they are expressed in most cells (Matsuki et al., 2013). Phosphorylation of G3BP1 at
Serine 149 impairs its ability to nucleate stress granules and therefore stress granule formation
(Tourriere et al., 2003). Moreover, it has been shown that G3BP interacts with other RBPs such
as FXR1 and Caprin-1 promoting stress granule assembly (Soloman et al., 2007; Kedersha et
al., 2016). Hence, these studies have suggested that G3BP1/2 plays a crucial role in stress
response and stress granule formation. Therefore, in our study, we show that knockout of
G3BP1 and G3BP2 (AAG3BP1/2) inhibits stress granule assembly in proliferative and
senescent cells. Additionally, AAG3BP1/2 cells showed an increased number of senescent cells

(Day 9) when compared to WT U20S cells.

In our recent study, we used genetically modified U20S cells developed based on
CRISPR/Cas9 technology. The developed cells were genetically ablated for the RNA binding
proteins G3BP1 and G3BP2 (Kedersha et al., 2016). The resulting cells were then tagged with
Green Fluorescent Protein (GFP) to enable visualization of any assembly of stress granules

(Figure 5.2).
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Figure 5.2 WT U20S were used to generate cells lacking G3BP1 and
G3BP2 (AAG3BP1/2).

Endogenous G3BP1 and G3BP2 play a role in stress granule formation.
CRISPR/Cas9 technology was used to develop cells lacking G3BP1 and
G3BP2 (AAG3BP1/2). The double knockout cells were then tagged with GFP.
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5.4.2 Stress Granule Markers

54.2.1 G3BP1

In our study, we investigate formation of stress granules in WT U20S and AAG3BP1/2 cells
under oxidative stress. Therefore, cells were exposed to 0.5 mM SA for 30 min. WT U20S
were then stained with G3BP1. AAG3BP1/2 cells are tagged with GFP protein, a fluorescence
marker used for visualization of cells. Expectedly, WT U20S that were untreated with SA
showed no formation of stress granules. Exposure of WT U20S cells to SA stimulated
formation of stress granules. G3BP1 was detected to be recruited to sites of stress granules
(Figure 5.3). On the other hand, SA-untreated AAG3BP1/2 showed no formation of stress
granules. When AAG3BP1/2 cells were treated with SA, they also did not show formation of
stress granules (Figure 5.3). Our data showed that stress granules are stimulated upon SA
exposure in WT U20S. It also showed that knockout of G3BP1/2 inhibits stress granule

formation in AAG3BP1/2 cells which is consistent with other studies (Kedersha et al., 2016).

A quantitative comparison of stress granule number per cell was performed in WT U20S and
AAG3BP1/2 cells. Hence, SA-untreated WT U20S cells showed no stress granules (0
SGs/cell). However, when WT U20S cells were treated with SA, they showed formation of
stress granules. They showed formation of an average 8 SGs/cell. In contrast, SA-untreated
AAG3BP1/2 cells revealed no formation of stress granules. Exposure of AAG3BP1/2 cells with

SA did not stimulate stress granules. Thus, 0 SGs/cell were detected (Figure 5.4).

Collectively, our data shows that SA promoted stress granule formation in WT U20S cells.
G3BP1 was observed to be recruited to the sites of stress granule assembly. Additionally,
knockout of G3BP1 and G3BP2 significantly reduced stress granule formation. Therefore, it is

suggested that G3BP1 and G3BP2 play an essential role in stress granule formation.
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Figure 5.3 Knockout of G3BP1 and G3BP2 inhibited stress granule: formation in
AAG3BP1/2 cells.

WT U20S and AAG3BP1/2 cells were treated/untreated with 0.5 mM SA for 30 min.
G3BP1 was used as a marker for stress granule: formation. WT U20S cells showed
assembly of stress granules under SA treatment. While AAG3BP1/2 did not show

formation of stress granules. Scale bar= 20 um.
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Figure 5.4 Sodium arsenite induced formation of stress granules in WT U20S but
not AAG3BP1/2 cells.

SA-treated WT U20S showed formation of 8 SGs/cell, whereas the untreated cells did
not show stress granule formation. AAG3BP1/2 cells showed 0 SGs/cells when treated
with SA. Data represents mean + SEM n=3, statistical significance was assessed using

ANOVA t-test.

5422 FXR1

It has been reported previously that several RNA-binding proteins locate to the sites of stress
granule assembly. Of these RNA-binding proteins, FXR1 and elF4G which are suggested to
bind to the free mRNAs and translocate them to stress granules. Therefore, in our recent study,
WT U20S and AAG3BP1/2 cells were treated/untreated with 0.5 mM SA for 30 min. Cells
were then fixed and stained with G3BP1 and FXR1 antibodies to observe FXR1 recruitment to
stress granules. Hence, SA-untreated WT U20S cells were not observed to form stress
granules. FXR1 was observed to be diffused in the cytoplasm. On the other hand, SA-treated
cells showed formation of stress granules. FXR1 was detected to be recruited to stress granules.

Co-localization of G3BP1 and FXR1 was seen at sites of mature stress granules (Figure 5.5).
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Thus, this data suggests involvement of FXR1 is stress granule formation in WT U20S cells

upon exposure to oxidative stress.

Furthermore, AAG3BP1/2 cells did not show formation of stress granules when they were
untreated with SA. FXR1 was observed to be diffused in the cytoplasm. Similarly, SA-treated
AAG3BP1/2 cells did not show formation of stress granules. FXR1 was detected diffused in
the cytoplasm (Figure 5.5). Thus, our data shows that exposure of AAG3BP1/2 cells to SA did
not stimulate FXR1 assembly suggesting the essential role of G3BP1 and G3BP2 in stress

granule formation and recruitment of FXR1 to stress granules.
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Figure 5.5 FXR1 is recruited to stress granules in WT U20S cells and detected
to be diffused in AAG3BP1/2 cells.

WT U20S and AAG3BP1/2 were treated/untreated with 0.5 mM SA for 30 min and
stained with FXR1 (Red) and G3BP1 (Green). WT U20S cells showed assembly of
stress granules. G3BP1 and FXR1showed co-localization at sites of stress granules.
SA-treated and untreated AAG3BP1/2 did not show formation of stress granules.

FXR1 was detected to be diffused in the cytoplasm. Scale bar= 20 um.
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Furthermore, a quantitative comparison of G3BP1 and FXR1 localized to stress granules was
performed. Image] was used to count G3BP1 and FXR1 per cell separately. SA-treated WT
U20S cells showed formation of stress granules. G3BP1 and FXR1 were detected at sites of
stress granule assembly. Hence, the number of G3BP1 recruited to stress granule sites was
higher than FXR1. G3BP1 showed an increase of 2.6-fold change compared to FXR1. Thus,
the percentage of G3BP1 and FXR1 that showed co-localization at sites of stress granules was
40%. This observation indicates that G3BP1 is first recruited to stress granules followed by
FXRI1. In contrast to WT U20S, AAG3BP1/2 cells did not show formation of stress granules

under oxidative stress. G3BP1 and FXR1 were not detected to aggregate (Figure 5.6).
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Figure 5.6 G3BP1 and FXR1 were detected at sites of stress granule assembly in
WT U20S cells.

WT U20S cells showed assembly of stress granules and recruitment of G3BP1 and
FXRI to sites of stress granules. Whereas, AAG3BP1/2 cells did not show formation of
stress granules under SA exposure. G3BP1 recruited to stress granules was observed to
increase (2.6-fold change) compared to FXR1in WT U20S cells. Data represents mean
+ SEM n=3, statistical significance was assessed using ANOVA t-test.
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5423 EIF4G

EIF4G is a translation initiation factor that has been observed to be recruited to stress granules
under oxidative stress (Kedersha et al., 2016). Therefore, in our study, WT U20S and
AAG3BP1/2 cells were treated/untreated with 0.5 mM SA for 30 min. Cells were then fixed
and stained with G3BP1 and EIF4G antibodies to observe EIF4G recruitment to stress granules.
Hence, SA-untreated WT U2O0S cells were not detected to form stress granules. EIF4G was
observed to be diffused in the cytoplasm. Nevertheless, SA-treated cells showed formation of
stress granules. EIF4G was detected to be recruited to stress granules. Co-localization of
G3BP1 and elF4G was observed at sites of fully-developed stress granules (Figure 5.7). Thus,
this data suggests involvement of e[F4G is stress granule formation in WT U20S cells upon

SA exposure.

Furthermore, AAG3BP1/2 cells did not show formation of stress granules upon SA treatment.
EIF4G was detected to be diffused in the cytoplasm. Similarly, SA-treated AAG3BP1/2 cells
did not show formation of stress granules and thus eIF4G was observed to be diffused in the
cytoplasm (Figure 5.7). Therefore, our data indicates that exposure of AAG3BP1/2 cells to SA
do not stimulate eIF4G assembly suggesting the essential role of G3BP1 and G3BP2 in stress

granule formation and recruitment of e[F4G to the sites of stress granule assembly.
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Figure 5.7 EIF4G is involved in stress granule formation in WT U2O0S cells and
detected to be diffused in AAG3BP1/2 cells.

WT U20S and AAG3BP1/2 cells were treated/untreated with 0.5 mM SA for 30 min
and stained with EIF4G (Red) and G3BP1 (Green). WT U20S cells showed
assembly of stress granules. Co-localization G3BP1 and EIF4G was observed at sites
of stress granule. assembly. SA-treated and untreated AAG3BP1/2 did not show
formation of stress granules. EIF4G was detected to be diffused in the cytoplasm.

Scale bar= 20 um.
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Additionally, a quantitative comparison of G3BP1 and eIF4G recruitment to stress granules
was performed. ImageJ was used to count G3BP1 and elF4G per cell distinctly. Formation of
stress granules was observed in SA-treated WT U20S cells. G3BP1 and elF4G were localized
at sites of stress granules. Thus, the number G3BP1 recruited to stress granules was higher than
elF4G. G3BP1 showed an increase of 3-fold change compared to eIF4G. Thus, the percentage
of G3BP1 and elF4G that showed co-localization at sites of stress granules was 33%. Similar
to FXR1, G3BP1 is suggested to first be recruited to stress granules and then followed by
elF4G. Furthermore, AAG3BP1/2 cells did not show formation of stress granules when treated
with SA. G3BP1 and eIlF4G were not observed to aggregate in AAG3BP1/2 cells (Figure 5.8).
Thus, this finding indicates the crucial role of G3BP1 and G3BP2 in nucleating stress granule

assembly and the recruitment of eIF4G to the sites of stress granules.
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Figure 5.8 EIF4G was detected at sites of stress granule assembly in WT U20S

cells.

WT U20S cells showed formation of stress granules and recruitment of G3BP1 and
elF4G to stress granules. In WT U20S cells, G3BP1 recruited to stress granules was
observed to increase (3-fold change) compared to elF4G. AAG3BP1/2 cells did not
show formation of stress granules upon SA treatment. Data represents mean + SEM

n=3, statistical significance was assessed using ANOVA t-test.

170



5.4.3 G3BP Knockout Promotes Senescence in Most of the Population

Senescence, the irreversible cell-cycle arrest, acts as a safeguard to prevent the growth of
unwanted or sick cells which are then eliminated by the immune system (Dimri, 2005; Campisi,
2007). Several studies have suggested that, in aged individuals, senescent cells escape the
immune system and accumulate in different tissues for a long time causing age-related diseases
such as cancer (Campisi and d'Adda di Fagagna, 2007; Campisi and Yaswen, 2009). This
functional duality of senescent cells raises questions that are still unanswered. Frequent
exposure of senescent cells to stress has been observed to make changes in expression of key
genes involved in the anti-proliferative effect of senescent cells towards unwanted/sick cells

(Campisi, 2005).

Repeated exposure of senescent cells to external assaults causes changes in genes involved in
promoting and maintaining senescence and therefore, preventing tumour cells growth
(Gallouzi, 2009; Lian and Gallouzi, 2009). Stress granules are protective bodies that are formed
in stressed cells to enhance cells’ viability (Kedersha and Anderson, 2002; Lavut and Raveh,
2012). Stress granules help cells to cope with external stressors and reprogram RNA
metabolism and protein synthesis (Kedersha et al., 1999). Senescent cells were observed to
form stress granules when exposed to oxidative stress (SA) or heat shock (Lian and Gallouzi,
2009). However, senescent cells’ capacity of forming stress granules was observed to decrease
compared to exponentially growing cells. The impaired ability of stress granule formation and
slow recovery from stress were detected in senescent cells. This could indicate the impaired
protective mechanism and delay in the synthesis of proteins required for the maintenance of

senescence phenotype (Gallouzi, 2009; Lian and Gallouzi, 2009).
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G3BP is essentially required for stress granule formation in proliferative cells. G3BP has been
detected in stressed proliferative and senescent cells with a significant reduction in senescent
cells (Omer et al., 2018). Stress granules are important for the pro-survival of senescent cells.
However, whether G3BP plays a role in senescence by modulating signalling pathways that

enhance cell proliferation and delay senescence is still unclear.

Several senescence promoting proteins such as p21 and plasminogen activator inhibitor-1
(PAI-1) were observed to be recruited to stress granules (Lian and Gallouzi, 2009; Omer et al.,
2018). It was suggested that localization of senescence proteins to these entities maintains cell
proliferation state (Omer et al., 2018). Therefore, in our study, we examine the role of G3BP
(G3BP1 and G3BP2) in modulating senescence signalling pathways in U20S cells. We
investigate the consequences of disrupted stress granule assembly on delaying, maintaining or

accelerating senescence phenotype.

Thus, in this study, we induced senescence in WT U20S and AAG3BP1/2 cells through using
doxorubicin; a DNA-damage inducing drug. Therefore, cells were treated with 200 nM
doxorubicin for 48 hours. Cells were then monitored for 7 days and tested using senescence

markers: SA-B-Gal staining, SAHF and p21antibodies.

5.4.3.1 Senescence Associated B Galactosidase Activity (SA-B-Gal)
SA-B-Gal activity is a commonly used marker of senescence. Senescent cells stain blue at pH
6.0. The blue stain is produced due to the activity of B-Galactosidase enzyme that catalyses the

hydrolysis of [(-galactosides into monosaccharides (Dimri et al., 1995; Morgunova et al.,

2015).
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In our study, SA-B-Gal assay was used to examine senescence in WT U20S and AAG3BP1/2
cells. Therefore, cells were cultured until they reached 90% confluency. Then, cells were
treated with 200 nM doxorubicin for 48 hours. Cells were collected at Day 0 (when
Doxorubicin was added), Day 2 (when Doxorubicin was removed), Day 5, Day 7 and Day 9.
SA-B-Gal assay was performed through incubating the fixed cells with staining solution
overnight at 37°C. Cells were observed under the bright microscope. WT U20S cells showed
development of blue stain at Day 2 post-doxorubicin treatment. An increased intensity of blue
stain was observed at Day 7 and 9. SA-B-Gal positive cells (blue) are senescent cells. Hence,
senescent cells were detected at Day 2. The intensity of the stain increased at Day 7 and 9
indicating that most cells are senescent by Day 7 (Figure 5.9). Furthermore, AAG3BP1/2 cells
showed production of blue stain at Day 2 post-doxorubicin treatment. A gradual increase in the
intensity of blue stain was detected in cells from Day 2 to Day 9 (Figure 5.9). This observation
indicates that the number of senescent cells (blue stain) increases following doxorubicin

treatment.

173



WT U20S

AAGBBPl/Z

Figure 5.9 SA-B-Gal positive cells were detected in WT U20S and AAG3BP1/2 cells. 200 nM Doxorubicin was used to
induce senescence in WT U20S and AAG3BP1/2 cells. Cells were fixed and incubated with SA-B-Gal staining solution
overnight at 37°C. Blue stain was detected in WT U20S and AAG3BP1/2 cells at Day 2 post-doxorubicin treatment. Gradual
increase in the intensity of blue stain was observed in WT U20S and AAG3BP1/2 cells. The blue stain indicates SA-B-Gal

positive (senescent) cells. Scale bar= 100 um.
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The percentage of SA-B-Gal positive cells was counted in WT U20S and AAG3BP1/2 cells
using ImageJ. The development of blue staining was monitored. WT U20S cells showed a
gradual increase in the intensity of blue staining. Hence, at Day 0, cells did not show production
of blue stain which indicates that they are not yet senescent. At Day 2, cells showed the
development of blue SA-B-Gal positive staining. At Day 5, an increase of 2.5-fold change was
detected in SA-B-Gal positive cells. Moreover, cells showed a significant increase in SA-B-Gal
staining at Day 7. They showed a fold change of 4 compared to Day 5. A decline of 1.25-fold
in the SA-B-Gal positive cells was detected in Day 9 cells compared to Day 7. This might be

due the loss of positive cells that underwent apoptosis (Figure 5.10).
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Figure 5.10 Knockout of G3BP1/2 accelerates development of senescence
phenotype in AAG3BP1/2 cells.

WT U20S and AAG3BP1/2 cells showed development of blue stain at Day 2 post-
doxorubicin treatment. At Day 9, AAG3BP1/2 showed an increase in SA-B-Gal
positive cells compared to WT U20S. Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.
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Furthermore, AAG3BP1/2 cells showed development of blue stain at Day 2 post-doxorubicin
treatment. At Day 5, a minor increase was observed. Thus, a significant increase in SA-B-Gal
positive cells was observed at Day 7 compared to Day 5. An increase of 8-fold change was
observed at Day 7. Moreover, at Day 9, AAG3BP1/2 cells showed an increase of 2.4-fold
change compared to Day 7 cells (Figure 5.10). Thus, SA-B-Gal staining showed that at Day 9,
AAG3BP1/2 cell cultures are enriched in SA-B-Gal positive cells compared to WT U20S cells.
Therefore, our data suggests that WT U20S cells reach senescence faster (Day 5) compared to
AAG3BP1/2 cells; however, knockout of G3BP1/2 promotes senescence in most of the

population by Day 9.

5.4.3.2 Senescence-Associated Heterochromatin Foci (SAHF)

In addition to the expression of SA-B-Gal activity, formation of SAHF is one of the
characteristic of senescent cells. SAHF are formed when the chromatin in the nucleus of
senescent cells undergoes remodelling by forming domains of heterochromatin (Zhang et al.,
2007). In our recent study, we examined SAHF formation in WT U20S and AAG3BP1/2 cells
following their treatment with doxorubicin. SAHF formation was monitored at Day 0, Day 2,
Day 5, Day 7 and Day 9 post-doxorubicin treatment. Cells forming 5 or more SAHF were
considered to be senescent cells. WT U20S cells showed few (less than 5) granular structures
at Day 0,2 and 5. At Day 7 and 9, WT cells showed an increased number of SAHF (more than
5). On the other hand, AAG3BP1/2 cells showed few foci at Day 0 and 2. At Day 5, they showed
high formation of the foci (more than 5) with a dramatic increase at Day 7 and 9 (Figure 5.11).
Thus, our data suggests that AAG3BPI1/2 cells are displaying increased formation of

senescence-associated phenotype: SAHF compared to WT U20S cells.
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Figure 5.11 WT U20S and AAG3BP1/2 cells showed gradual formation of SAHF. WT U20S and AAG3BP1/2 cells were
treated with 200 nM doxorubicin for 48 hours. Cells were collected at Day 0, 2, 5, 7 and 9, fixed and stained with SAHF

antibody (Red). WT U20S cells showed no/few SAHF (less than 5 foci per cell) at Day 0, 2 and 5. At Day 7 and 9, they
showed increased number of SAHF. AAG3BP1/2 cells showed few SAHF (less than 5 foci per cell) at Day 0 and 2. At Day S,

AAG3BP1/2
Idva/4HvS

they showed high formation of the SAHF (more than 5 foci per cell) which then showed a dramatic increase at Day 7 and 9.

Scale bar= 20 um.
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Furthermore, ImageJ was used to perform quantitative comparison of SAHF formation in WT
U20S and AAG3BP1/2 cells. In WT U20S cells, SAHF staining showed formation of no/few
SAHF at Day 0, 2 and 5. At Day 7, cells showed an increase in the number of SAHF-forming
cells of a 3.75-fold change compared to Day 5 cells. Moreover, at Day 9, cells revealed elevated
formation of SAHF. An increase of 2.5-fold change was detected in SAHF-forming cells at
Day 9 compared to Day 7. In contrast, AAG3BP1/2 cells did not show formation of >5 SAHF
per cell at Day 0 and 2. Therefore, the percentage of SAHF-forming cells was counted to be
0%. At Day 5, cells showed a significant increase in SAHF formation. By Day 7, cells showed
an increase in SAHF-forming cells. They revealed an increase of 2.6-fold change compared to
Day 5 cells. At Day 9, cells showed an increased number of SAHF-forming cells compared to

Day 7. They showed an increase of 1.2-fold change (Figure 5.12).
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Figure 5.12 Absence of G3BP1/2 promotes senescence phenotype in mostly all
AAG3BP1/2 cells.

WT U20S and AAG3BP1/2 cells showed gradual increase in the SAHF foci. WT U20S
cells showed formation of SAHF by Day 2 whereas, AAG3BP1/2 cells showed FAHF
formation by Day 5. At Day 9, approximately 100% of AAG3BP1/2 cells showed
formation of SAHF. However, only 47% of WT U20S cells were detected to form SAHF.
Data represents mean + SEM n=3, statistical significance was assessed using ANOVA t-

test.

Collectively, WT U20S and AAG3BP1/2 cells showed gradual increase in SAHF foci.
However, the number of SAHF varied between the two cell types. WT U20S cells showed
formation of SAHF by Day 2 whereas, AAG3BP1/2 cells showed SAHF formation by Day 5.
By Day 9, approximately 100% of AAG3BP1/2 cells showed formation of SAHF. However,
only 47% of WT U20S cells were detected to form SAHF (Figure 5.12). Thus, our data

suggests that absence of G3BP1/2 promotes senescence phenotype.
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5433 P21

Senescence phenotype is associated with high expression of p21 protein which is known to
promote senescence in cells. The transcriptional activation of p21, a cyclin-dependent kinase
induces cell cycle arrest (Shtutman et al., 2017). p21 mRNA was observed to be localized to
stress granules, which in turn interferes with its translation in senescent IDH4 cells (Lian and
Gallouzi, 2009). Therefore, in our study we tested expression of p21 protein in WT U20S and

AAG3BP1/2 cells.

Thus, cells were induced to senescence through incubating them with 200 nM doxorubicin for
48 hours. Cells were then collected at Day 0 and Day 9. Following protein extraction, protein
samples were incubated with p21 antibody. At Day 9, WT U20S and AAG3BP1/2 cells showed
an increase in the expression of p21 protein compared to Day O (control) (Figure 5.13). The

levels of p21 protein is studied and quantified in chapter 7.
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Figure 5.13 High p21 protein level was detected in AAG3BP1/2 cells.

Senescence was induced in WT U20S and AAG3BP1/2 cells through incubating
cells with 200 nM doxorubicin for 48 hours. Western blots were performed using
cell extracts from cells at Day O (control) and Day 9 post-doxorubicin treatment.

p21 and GAPDH (loading control) antibodies were used.
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5.4.4 Stress in Cells Re-Constituted with G3BP1

The importance of G3BP, an essential driver of stress granule formation has been studied in
the development of senescence phenotype (Omer et al., 2018). It was shown that repeated
exposure to SA stress in the presence of G3BP delays senescence. Additionally, knockdown of
G3BP1 in IDH4 cells through using G3BP1-specific siRNA increased the percentage of SA-
B-Gal positive cells compared to the control cells (Omer et al., 2018). Therefore, it has been

suggested that G3BP plays a role in senescence phenotype development (Omer et al., 2018).

As we have shown previously that knockout of G3BP1/2 (AAG3BP1/2) increased the
percentage of senescence markers (SA-8-Gal, SAHF and p21)-positive cells compared to WT
U20S (where endogenous G3BP1 and G3BP2 are present). This finding indicates that
depletion of G3BP1/2 accelerates the development of senescence phenotype suggesting the
importance of G3BP1/2 in senescence and the signalling pathways that lead to senescence. To
address the role of G3BP1 on stress granule formation and senescence, we assessed whether
adding G3BP1 to the double-knockout cells (AAG3BP1/2) rescues stress granule competence

and effects senescence phenotype development (see section 5.7).

In order to answer the questions asked above, GFP-tagged G3BP1 was genetically re-
constituted to AAG3BP1/2 cells through transient transfection of cells with GFP-G3BP1
protein (Kedersha et al., 2016) (Figure 5.14). AAG3BP1/2+GFP-G3BP1 (hereafter referred as
GFP-G3BP1) cells were developed and tested for stress granule assembly and senescence

phenotype development.
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Figure 5.14 Schematic diagram shows the development of AAG3BP1/2+GFP-
G3BP1 through transient transfection of AAG3BP1/2 with GFP-G3BP1.

To test the effect of G3BP1 on stress granule competence and senescence
phenotype development, G3BP1/2 knockout cells (AAG3BP1/2) were transiently
transfected with GFP-tagged G3BP1 forming AAG3BP1/2+GFP-G3BP1 cells.
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5.4.4.1 Stress Granule Markers

544.1.1 G3BP1

The process of stress granule formation in knockout cells (AAG3BP1/2) was observed to be
depleted due to the ablation of G3BP1 and G3BP2. Hence, AAG3BP1/2 cells were incapable
of stress granule formation under oxidative stress (see section 5.4). Therefore, we examine here

whether stress granule formation is rescued in transfectant GFP-G3BP1 cells.

Therefore, GFP-G3BP1 cells were treated with/out 0.5 mM SA for 30 min. GFP-G3BP1 cells
are tagged with GFP protein, a fluorescence marker used for visualization of G3BP1 and stress
granule assembly. Expectedly, GFP-G3BP1 cells that were untreated with SA showed no
formation of stress granules. Exposure of GFP-G3BP1 cells to SA stimulated formation of
stress granules. G3BP1 was detected to be recruited to sites of stress granules (Figure 5.15).
On the other hand, exposure of WT U20S cells to SA stimulated formation of stress granules.
G3BP1 was detected to be recruited to sites of stress granules. Moreover, when AAG3BP1/2
cells were treated with SA, they did not show formation of stress granules (Figure 5.15). Thus,
our observations indicate that re-constitution of cells with G3BP1 rescues stress granule
formation. G3BP1 is recruited to sites of stress granules. Our data is consistent with other
studies (Kedersha et al., 2016) where it has been shown that double knockout of G3BP1/2

inhibited stress granules, however, presence of G3BP1 only promoted stress granule formation.
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Figure 5.15 Stress granule formation is rescued in GFP-G3BP1 cells. WT
U20S, AAG3BP1/2 and GFP-G3BP1 cells were treated with 0.5 mM SA for
30 min. WT U20S and GFP-G3BP1 showed assembly of stress granules while

AAG3BP1/2 did not show formation stress granules. Scale bar=20 um.
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A quantitative comparison of stress granule number per cell was performed in SA-treated GFP-
G3BP1, WT U20S and AAG3BP1/2 cells. Hence, SA-treated WT U20S cells showed
formation of stress granules. They showed formation of an average 8 SGs/cell. In contrast, SA-
treated AAG3BP1/2 cells revealed no formation of stress granules. Exposure of AAG3BP1/2
cells with SA did not stimulate stress granules. Thus, 0 SGs/cell were detected. Moreover, SA-
treated GFP-G3BP1 cells showed formation of stress granules. SA stimulated formation of 5
SGs/cells in GFP-G3BP1 cells (Figure 5.16). Hence, the number of stress granules was
observed to decline in GFP-G3BP1 when compared to WT U20S. They showed a decrease of
1.6-fold change. Our observation suggests that presence of only one form of G3BP: G3BP1

rescues formation of 62.5% of stress granules.

Collectively, our data shows that SA promoted stress granule formation in WT U20S cells.
G3BP1 was observed to be recruited to the sites of stress granule assembly. Additionally,
knockout of G3BP1 and G3BP2 significantly reduced stress granule formation. Re-constitution
of cells with G3BP1 rescues formation of stress granules in GFP-G3BP1 cells. It promoted
formation of 62.5% of stress granules. Therefore, it is suggested that G3BP1 plays an essential

role in stress granule formation.
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Figure 5.16 G3BP1 promotes formation of stress granules in
GFP-G3BP1 under oxidative stress.

WT U20S, AAG3BP1/2 and GFP-G3BP1 cells were treated with
0.5 mM SA for 30 min. WT U20S showed assembly of stress
granules while AAG3BP1/2 did not show stress granule formation
Re-constitution of cells with G3BP1 promoted formation of stress
granules in GFP-G3BP1 cells under oxidative stress. It promoted
formation of 62.5% of stress granules. Data represents mean £+ SEM

n=3, statistical significance was assessed using ANOVA t-test.
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544.1.2 FXR1

The RNA-binding proteins FXR1 and elF4G were detected to localize at stress granules in WT
U20S cells (see section 5.4). Therefore, in our recent study, WT U20S and AAG3BP1/2 cells
were treated/untreated with 0.5 mM SA for 30 min. Cells were then fixed and stained with
FXR1 antibody to observe FXRI1 recruitment to stress granules. Hence, SA-untreated GFP-
G3BP1 cells were not observed to form stress granules. FXR1 was observed to be diffused in
the cytoplasm. On the other hand, SA-treated cells showed formation of stress granules. FXR1
was detected to be recruited to stress granules. Co-localization of G3BP1 and FXR1 was seen
at sites of mature stress granules (Figure 5.17A). Thus, this data suggests that FXR1 is recruited

to stress granules upon oxidative stress exposure.

Furthermore, a quantitative comparison of G3BP1 and FXR1 that were localized at stress
granule sites was performed. ImageJ was used to count G3BP1 and FXR1 per cell separately.
SA-treated GFP-G3BP1 cells showed formation of stress granules. G3BP1 and FXR1 were
detected at sites of stress granule assembly. Hence, the number G3BP1 recruited to stress
granule sites was higher than FXR1. G3BP1 showed an increase of 1.3-fold change compared
to FXR1. The percentage of G3BP1 and FXR1 co-localization was detected as 67% (Figure
7.17B). This observation indicates that G3BP1 is first recruited to stress granules followed by
FXRI1. It also indicates that presence of G3BP1 only promotes FXR1 assembly under oxidative

stress.
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Figure 5.17 FXRI1 is recruited to stress granules in GFP-G3BP1 cells.
GFP-G3BP1 cells were treated/untreated with 0.5 mM SA for 30 min and stained with
FXR1 antibody. Cells showed assembly of stress granules (A). The percentage of G3BP1

and FXR1 that showed co-localization at sites of stress granules was 67% (B). Scale bar=

20 um. Data represents mean + SEM n=3, statistical significance was assessed using ANOVA t-test.
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5.44.1.3 EIF4G

The translation initiation factor EIF4G has been detected to localize at stress granule sites under
oxidative stress (Kedersha et al., 2016). Therefore, in our study, GFP-G3BP1 cells were
treated/untreated with 0.5 mM SA for 30 min. Cells were then fixed and stained with elF4G
antibody to observe elF4G recruitment to stress granules. Hence, SA-untreated GFP-G3BP1
cells were not detected to form stress granules. e[F4G was observed to be diffused in the
cytoplasm. Nevertheless, SA-treated cells showed formation of stress granules. EIF4G was
detected to be recruited to stress granules. Co-localization of G3BP1 and eIF4G was observed
at sites of fully-developed stress granules (Figure 5.18A). Thus, this data suggests involvement

of elF4G in stress granule formation in WT U20S cells upon SA exposure.

Additionally, a quantitative comparison of G3BP1 and eIF4G recruitment to stress granules
was performed. ImageJ was used to count G3BP1 and eIF4G per cell distinctly. Formation of
stress granules was observed in SA-treated GFP-G3BP1 cells. G3BP1 and elF4G were
observed to localize at sites of stress granules. Thus, the number G3BP1 recruited to stress
granules was higher than eIFAG. G3BP1 showed an increase of 4-fold change compared to
elFAG (Figure 5.18B). Thus, the percentage of G3BP1 and elF4G that showed co-localization
at sites of stress granules was 25%. Therefore, it is suggested that presence of only one form

of G3BP reduces the recruitment of eIF4G to stress granules.
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Figure 5.18 EIF4G is recruited to stress granules in GFP-G3BP1 cells.
GFP-G3BP1 cells were treated/untreated with 0.5 mM SA for 30 min and stained with
EIF4G antibody. Cells showed assembly of stress granules (A). The percentage of G3BP1

and EIF4G that showed co-localization at sites of stress granules was 25% (B). Scale bar=

20 um. pata represents mean = SEM n=3, statistical significance was assessed using ANOVA t-test.
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5.4.5 Senescence in GFP-G3BP1 Cells

5.4.5.1 Senescence Associated B-Galactosidase Activity (SA-B-Gal)
SA-B-Gal activity is used as a marker for senescence. Senescent cells stain blue at pH 6.0. The
blue stain is produced due to the activity of B-Galactosidase enzyme that catalyses the

hydrolysis of [(-galactosides into monosaccharides (Dimri et al., 1995; Morgunova et al.,

2015).

Thus, in our study, SA-B3-Gal assay was used to examine senescence phenotype in GFP-G3BP1
cells. Therefore, cells were cultured until they reached 90% confluency. Then, cells were
treated with 200 nM doxorubicin for 48 hours. Cells were collected at Day, Day 2, Day 5, Day
7 and Day 9. SA-B-Gal assay was performed through incubating the fixed cells with staining
solution overnight at 37°C. Cells were observed under the bright microscope. GFP-G3BP1
cells showed development of blue stain at Day 2 post-doxorubicin treatment. An increased
intensity of blue stain was observed at Day 5 and 7. SA-B-Gal positive cells (blue) are senescent
cells. However, SA-B-Gal positive cells in GFP-G3BP1 were significantly low compared to
WT U20S cells indicating that G3BP1 only does not promote senescence phenotype (Figure

5.19).

The percentage of SA-B-Gal positive cells was counted in GFP-G3BP1 cells using ImagelJ. The
production of blue stain was monitored. GFP-G3BP1 cells showed a gradual increase in the
intensity of blue stain. Hence, at Day 0, cells did not show production of blue stain which
indicates that cells are still proliferating. At Day 2, cells showed development of blue stain.
This observation indicates that cells possess senescence associated changes; SA-B-Gal positive

staining. At Day 5, an increase of 1.6-fold change was detected in SA-B-Gal positive cells. The
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percentage of SA-B-Gal positive cells was maintained at Day 7. A decline of 3-fold change in
the SA-B-Gal positive cells was detected in Day 9 cells compared to Day 7. This might be due
to the loss of SA-B-Gal positive cells that underwent apoptosis (Figure 5.20A). When we
compare GFP-G3BP1 cells to WT U20S cells, SA-B-Gal positive GFP-G3BP1 cells was
significantly reduced. It showed a decline of 16-fold change (Figure 5.20A). This data indicates

that presence of only one form of G3BP reduces cells’ progression towards senescence.

5.4.5.1.1 Senescence-Associated Heterochromatin Foci (SAHF)

Moreover, we examined SAHF formation in GFP-G3BP1 cells following doxorubicin
treatment. SAHF formation was monitored at Day 0, Day 2, Day 5, Day 7 and Day 9 post-
doxorubicin treatment. Cells that are forming 5 or more SAHF are counted and considered as
senescent cells. Therefore, GFP-G3BP1 cells showed few (less than 5) granular structures at
Day 0 and 2. Thus, at Day 5, 7 and 9, they showed increased number of SAHF (more than 5)
(Figure 5.19). Furthermore, Image] was used to quantify SAHF formation in GFP-G3BP1
cells. Cells showed formation of no/few SAHF at Day O and 2. At Day 3, cells revealed an
increase of 5-fold change in SAHF-forming cells. At Day 7, cells showed an increase in the
number of SAHF-forming cells of a 1.5-fold change compared to Day 5 cells. Moreover, cells
maintained a similar number of SAHF-forming cells at Day 9 compared to Day 7 (Figure
5.20B). When we compare GFP-G3BP1 cells to WT U20S cells, SAHF-forming cells in GFP-

G3BP1 cells were significantly reduced. It showed a decline of 2-fold change (Figure 5.20B).
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Figure 5.19 GFP-G3BP1 cells showed gradual formation of SA--Gal and SAHF. GFP-G3BP1 cells were treated with 200

nM doxorubicin for 48 hours. Cells were collected at Day 0, 2, 5, 7 and 9, fixed and stained with SA-B-Gal staining or SAHF
antibody (Red). GFP-G3BP1 cells showed development of blue stain at Day 2 post-doxorubicin treatment. An increased
intensity of blue stain was observed at Day 5 and 7. Cells showed no/few SAHF (less than 5 foci per cell) at Day 0 and 2. At
Day 5, 7 and 9, they showed increased number of SAHF. Scale bar = 20 um. SA-B-Gal (scale bar= 100 um). SAHF (scale bar=
20 um).
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Figure 5.20 G3BP1 slows cells’ progression towards senescence.

SA-B-Gal positive cells in GFP-G3BP1 cells was significantly reduced (16-fold
change) compared to WT U20S cells (A). When we compare GFP-G3BP1 cells
to WT U20S cells, SAHF-forming cells in GFP-G3BP1 cells was reduced. It
showed a decline of 2-fold change (B). Data represents mean + SEM n=3,

statistical significance was assessed using ANOVA t-test.
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54512 P21
Senescence phenotype is associated with increased expression of p21 protein which is known
to promote senescence in cells. The transcriptional activation of p21, a cyclin-dependent kinase

induces cell cycle arrest (Shtutman et al., 2017).

Thus, GFP-G3BP1 cells were induced to senescence through incubating them with 200 nM
doxorubicin for 48 hours. Cells were then collected at Day 0 and Day 9. Following protein
extraction, protein samples were incubated with p21 antibody. At Day 9, GFP-G3BP1 cells
showed an increase in the expression of p21 protein compared to Day O (control) (Figure 5.21).
Presence of G3BP1 resulted in a decline in p21 protein when compared to WT U20S cells of
Day 9. Hence, our observations indicate that presence of only one form of G3BP, i.e. G3BP1,

potentially slows development of senescence phenotype in GFP-G3BP1 cells.

WT U20S GFP-G3BP1

Day Day Day Day
0 9 0 9

21 kDa

GAPDH

Figure 5.21 Low p21 protein level was detected in GFP-G3BP1 cells.

Senescence was induced in GFP-G3BP1 cells through incubating cells with
200 nM doxorubicin for 48 hours. Western blots were performed using cell
extracts from cells at Day 0 (control) and Day 9 post-doxorubicin treatment.

p21 and GAPDH (loading control) antibodies were used.
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5.4.6 Stress Granules in GFP-G3BP2a and GFP-G3BP2b Cells

As explained previously, G3BP plays a crucial role in stress granule formation (see section
5.4). Double-knockout cells (AAG3BP1/2) did not show formation of stress granules when
treated with SA. However, re-constitution of cells with G3BP1 promoted stress granule
formation under oxidative stress (see section 5.6). Thus, in addition to G3BP1, G3BP2 is also
required for stress granule formation. Endogenous G3BP2 was observed to be recruited to
stress granules in response to oxidative stress and heat shock (Kobayashi et al. 2012; Kedersha
et al., 2016). Therefore, to address the role of G3BP2 on stress granule formation, we assessed
whether adding G3BP2a or G3BP2b to the double-knockout cells (AAG3BP1/2) rescues stress

granules competence.

In our study, we investigate the role of G3BP2a and G3BP2b in stress granule formation and
development of senescence phenotype. Therefore, exogenous G3BP2a and G3BP2b were
genetically re-constituted individually to G3BP knockout (AAG3BP1/2) cells through transient
transfection of cells with GFP-G3BP2a or GFP-G3BP2b (Figure 5.22). Then,
AAG3BP1/2+GFP-G3BP2a (hereafter referred as GFP-G3BP2a) and AAG3BP1/2+GFP-
G3BP2b (hereafter referred as GFP-G3BP2b) cells were tested for stress granule formation and

senescence phenotype development (see section 5.9).
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Figure 5.22 Schematic diagram shows the development of
AAG3BP1/2+GFP-G3BP2a and AAG3BP1/2+GFP-G3BP2b cells.

To test the effect of G3BP2a and G3BP2b on SGs competence and
senescence phenotype development, G3BP1 and G3BP2 knockout cells
(AAG3BP1/2) were transiently transfected with GFP-tagged G3BP2a or
GFP-tagged  G3BP2b  forming  AAG3BP1/2+GFP-G3BP2a  or
AAG3BP1/2+GFP-G3BP2b cells.
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5.4.6.1 Stress Granule Formation

54.6.1.1 G3BP2a or G3BP2b

The formation of stress granules in the double-knockout cells (AAG3BP1/2) was observed to
be inhibited due to the lack of G3BP1 and G3BP2a/b. Hence, AAG3BP1/2 cells were incapable
of stress granule formation under oxidative stress (see section 5.4). To address the role of
G3BP2a/b in stress granule formation, cells transfected with G3BP2 or G3BP2b are exposed

to oxidative stress and examined whether stress granule formation is rescued.

Therefore, GFP-G3BP2a and GFP-G3BP2b cells were treated with/out 0.5 mM SA for 30 min.
GFP-G3BP2a and GFP-G3BP2b cells are tagged with GFP protein, a fluorescence marker used
for visualization of G3BP2a and G3BP2b. Thus, SA-untreated GFP-G3BP2a cells did not show
formation of stress granules. Exposure of GFP-G3BP2a cells to SA stimulated formation of

stress granules. G3BP2a was detected to be recruited to sites of stress granules (Figure 5.23).

On the other hand, exposure of GFP-G3BP2b cells to SA stimulated formation of stress
granules. G3BP2b was also detected to be recruited to sites of stress granules. SA-untreated
cells showed no formation of stress granules (Figure 5.23). Thus, our observations indicate that
re-constitution of cells with G3BP2a or G3BP2b rescues stress granule formation. Both
G3BP2a and G3BP2b are recruited to sites of stress granules which indicates that they play a

major role in stress granule formation.
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Figure 5.23 Stress granule formation is rescued in GFP-G3BP2a and GFP-
G3BP2b cells.

WT U20S, GFP-G3BP2a and GFP-G3BP2b cells were treated with/out 0.5 mM SA
for 30 min. WT U20S, GFP-G3BP2a and GFP-G3BP2b cells showed assembly of

stress granules under SA treatment. Scale bar= 20 um.
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A quantitative comparison of stress granule formation was performed in GFP-G3BP2a, GFP-
G3BP2b and WT U20S cells. Hence, cells that were not treated with SA did not show
formation of stress granules. On the other hand, SA-treated WT U20S cells showed formation
of an average 8 SGs/cell. When GFP-G3BP2a cells were treated with SA, they showed
formation of an average 3 SGs/cell. SA-treated GFP-G3BP2b cells revealed formation of 3.8
SGs/cell (Figure 5.24). Thus, GFP-G3BP2a cells showed a significant decline (2.6-fold
change) in stress granule formation. Additionally, GFP-G3BP2b cells revealed a reduction of
2-fold change in the number of stress granules. Therefore, our observations suggest that
presence of G3BP2a or G3BP2b promotes stress granule formation. The number of the
assembled stress granules in GFP-G3BP2a and GFP-G3BP2b cells is lower than in WT U20S

cells.

Therefore, re-constitution of cells with G3BP2a rescued the formation of 37.8% of stress
granules when compared to WT U20S cells. Moreover, presence of G3BP2b induced
formation of 47.5% of stress granules. Hence, G3BP2b is suggested to play an important role
in stress granule formation as it showed increased stress granule formation (1.3-fold change)

in GFP-G3BP2b cells compared to GFP-G3BP2a cells.
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Figure 5.24 G3BP2a and G3BP2b promotes formation of stress granules.
WT U20S, GFP-G3BP2a and GFP-G3BP2b cells were treated with 0.5 mM
SA for 30 min. Re-constitution of cells with G3BP2a rescued formation of
37.8% of stress granules when compared to WT U20S cells. Presence of
G3BP2b induced formation of 47.5% of stress granules. Data represents mean

+ SEM n=3, statistical significance was assessed using ANOVA t-test.
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54.6.1.2 FXR1

We have shown previously that stress granule formation was depleted in AAG3BP1/2 cells and
therefore FXR1 was observed to be diffused in the cytoplasm. Here we examine the recruitment
of FXRI1 to stress granules in GFP-G3BP2a and GFP-G3BP2b cells. Therefore, in our recent
study, GFP-G3BP2a and GFP-G3BP2b cells were treated/untreated with 0.5 mM SA for 30
min. Cells were then fixed and stained with FXR1 antibody to observe FXR1 recruitment to

stress granules.

Hence, SA-untreated GFP-G3BP2a and GFP-G3BP2b cells did not show formation of stress
granules. FXR1 was observed diffused in the cytoplasm. On the other hand, SA-treated GFP-
G3BP2a cells showed formation of stress granules. FXR1 was detected to be recruited to stress
granules. Co-localization of G3BP2a and FXR1 was seen at sites of mature stress granules
(Figure 5.25A). Thus, this data suggests that FXR1 is recruited to stress granules upon

oxidative stress exposure in GFP-G3BP2a cells.

In contrast, GFP-G3BP2b cells showed formation of stress granules upon SA exposure.
G3BP2b was observed to be recruited to stress granule sites. Additionally, FXR1 was detected
at sites of stress granule assembly (Figure 5.26A). G3BP2b and FXR1 were observed to co-
localize at sites of mature stress granules. This data indicates that FXR1 is involved in stress

granules in GFP-G3BP2b cells upon oxidative stress.

Furthermore, a quantitative comparison of G3BP2a or G3BP2b and FXR1 that were localized
at stress granule sites was performed. ImageJ was used to count G3BP2a or G3BP2b and FXR1
per cell separately. G3BP2a and FXR1 were detected at sites of stress granule assembly. Hence,

the number G3BP2a recruited to stress granule sites was higher than FXR1. G3BP2a showed
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an increase of 1.2-fold change compared to FXR1. The percentage of G3BP2a and FXR1 co-
localization was detected as 86.2% (Figure 5.25B). This observation indicates that G3BP2a is
first recruited to stress granules followed by FXR1. It also indicates that presence of only one

from of G3BP: G3BP2a promotes assembly of FXR1 under oxidative stress.

On the other hand, G3BP2b promoted formation of stress granules. Both G3BP2b and FXR1
were detected at sites of stress granule assembly. Thus, the detected G3BP2b recruited to stress
granule sites was higher than FXR1. G3BP2b revealed an increase of 2-fold change compared
to FXR1. Consequently, 50% of G3BP2b and FXR1 showed co-localization at sites of stress
granules (Figure 5.26B). This observation indicates that G3BP2b is required to promote
assembly of FXRI1. It also indicates that presence of G3BP2b induces FXR1 assembly under

oxidative stress.

Collectively, FXR1 was observed to be recruited to stress granules in GFP-G3BP2a and GFP-
G3BP2b cells. G3BP2a and G3BP2b showed an increase of 1.2 and 2-fold change compared
to FXR1 in GFP-G3BP2a and GFP-G3BP2b, respectively. 86.2% of G3BP2a and FXRI1
revealed co-localization, whereas 50% of G3BP2b and FXR1 showed co-localization at sites
of stress granules. Hence, GFP-G3BP2a cells showed a decrease of 1.7-fold change in FXR1

compared to GFP-G3BP2b cells.

54.6.13 EIF4G

The recruitment of translation initiation factor e[F4G has been studied in cells exposed to
oxidative stress (Kedersha et al., 2016). Therefore, we examined elF4G recruitment to stress
granules in GFP-G3BP2a and GFP-G3BP2b cells. Thus, cells were treated/untreated with 0.5

mM SA for 30 min. Cells were then fixed and stained with eIF4G antibody.
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Thus, SA-untreated GFP-G3BP2a and GFP-G3BP2b showed no formation of stress granules.
FXR1 was observed to be diffused in the cytoplasm. Nevertheless, SA-treated GFP-G3BP2a
and GFP-G3BP2b cells showed formation of stress granules. However, few/no EIF4G was
detected to assemble. Co-localization of G3BP2a or G3BP2b and elF4G was not observed at
sites of stress granules (Figure 5.25A, 5.26A). Thus, this data suggests that e[F4G is not
recruited to stress granules upon oxidative stress exposure in GFP-G3BP2a and GFP-G3BP2b

cells.
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5.4.7 Senescence in GFP-G3BP2a and GFP-G3BP2b Cells

5.4.7.1 Senescence Associated B-Galactosidase Activity (SA-B-Gal)

The role of G3BP2a and G3BP2b in senescence was investigated in GFP-G3BP2a and GFP-
G3BP2b cells. Hence, in our study, SA-B-Gal assay was used to examine senescence phenotype
in GFP-G3BP2a and GFP-G3BP2b cells. Therefore, cells were cultured until they reached 90%
confluency. Then, cells were treated with 200 nM doxorubicin for 48 hours. Cells were
collected at Day 0, Day 2, Day 5, Day 7 and Day 9. SA-B-Gal assay was performed through
incubating cells with staining solution overnight at 37°C. Cells were then observed under the
bright microscope. GFP-G3BP2a cells showed development of blue stain at Day 5 post-
doxorubicin treatment. A gradual increase in the intensity of blue stain was observed at Day 7
and 9. On the other hand, GFP-G3BP2b cells showed development of SA-B-Gal positive cells
at Day 2. Cells then showed a gradual increase in the intensity of blue stain. Hence, GFP-
G3BP2a and GFP-G3BP2b cells showed low percentage of SA-B-Gal positive cells compared
to WT U20S cells indicating that G3BP2a or G3BP2b only slows development of senescence

phenotype (Figure 5.27A).

The percentage of SA-B-Gal positive cells was counted in GFP-G3BP2a and GFP-G3BP2b
cells using ImageJ. GFP-G3BP2a cells showed a gradual increase in the intensity of blue stain.
Hence, at Day 0 and 2, cells did not show production of blue stain which indicates that cells
are still proliferating. At Day 5, cells showed development of blue stain. This observation
indicates that cells possess senescence associated changes; SA-B-Gal positive staining. At Day
7, an increase of 2.4-fold change was detected in SA-B-Gal positive cells. The percentage of
SA-B-Gal positive cells was nearly maintained at Day 9. In contrast, GFP-G3BP2b cells
showed development of blue stain at Day 2. It showed an increase of 4.7-fold change in SA-3-

Gal positive cells at Day 5 compared to Day 2. At Day 7, cells showed increased (1.2-fold
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change) SA-B-Gal positive cells. An increase of 1.2-fold change was detected at Day 9 (Figure

5.27B).

Collectively, SA-B-Gal positive cells showed a gradual increase in GFP-G3BP2a and GFP-
G3BP2b cells. Hence, GFP-G3BP2a showed a slow progression towards senescence when
compared to GFP-G3BP2b cells. At Day 9, GFP-G3BP2a cells showed a decrease of 1.7-fold
change in SA-B-Gal positive cells compared to GFP-G3BP2b cells. Nevertheless, WT U20S
cells revealed the highest percentage of SA-B-Gal positive cells. Thus, our observation
indicates that presence of one form of G3BP: G3BP2a or G3BP2b slows cells’ progression

towards senescence.
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Figure 5.27 Senescence phenotype in GFP-G3BP2a and GFP-
G3BP2b cells.

Senescence was induced in GFP-G3BP2a and GFP-G3BP2b cells
using 200 nM Doxorubicin for 48 hrs. SA-B-Gal staining was
performed to monitor senescence phenotype for 9 days. GFP-
G3BP2a and GFP-G3BP2b cells showed development of blue stain
at Day 5 and 2, respectively (A). At Day 9, GFP-G3BP2a cells
showed a decrease of 1.7-fold change in SA-B-Gal positive cells
compared to GFP-G3BP2b cells. WT U20S cells revealed the
highest percentage of SA-B-Gal positive cells (B). Scale bar= 100

um. Data represents mean + SEM n=3, statistical significance was
assessed using ANOVA t-test.
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54.7.2 SAHF

Furthermore, we examined SAHF formation in GFP-G3BP2a and GFP-G3BP2b cells
following doxorubicin treatment. SAHF formation was monitored at Day 0, Day 2, Day 5, Day
7 and Day 9 post-doxorubicin treatment. Cells that are forming 5 or more SAHF are counted
and considered as senescent cells. Therefore, GFP-G3BP2a cells showed few (less than 5)
granular structures at Day 0 and 2. Thus, at Day 5, 7 and 9, they showed an increased number
of SAHF (more than 5). In contrast, GFP-G3BP2b showed formation of SAHF at Day 5. The

number of SAHF was detected to increase at Day 7 and 9 (Figure 5.28A).

Hence, ImagelJ was used to quantify SAHF formation in GFP-G3BP2a and GFP-G3BP2b cells.
GFP-G3BP2a cells showed formation of no/few SAHF at Day 0 and 2. At Day 5, cells revealed
an increase of 10-fold change in SAHF-forming cells. At Day 7, cells showed an increase in
the number of SAHF-forming cells of a 3-fold change compared to Day 5 cells. Moreover,
cells showed a minor decrease in the number of SAHF-forming cells at Day 9 compared to
Day 7 (Figure 5.28B). On the other hand, GFP-G3BP2b cells showed an increase of 2-fold
change at Day 2. Hence, cells showed a gradual increase of 7.5, 10 and 17.5-fold change at
Day 5, 7, and 9, respectively. When we compare GFP-G3BP2a to GFP-G3BP2b cells, SAHF-
forming cells in GFP-G3BP2b cells were increased. It showed a rise of 1.4-fold change (Figure

5.28B).

Collectively, SAHF-forming cells revealed an increase in GFP-G3BP2a and GFP-G3BP2b
cells. Thus, GFP-G3BP2b showed an increased cells’ progression towards senescence when
compared to GFP-G3BP2a cells. At Day 9, GFP-G3BP2b cells showed an increase of 1.4-fold
change in SAHF-forming cells compared to GFP-G3BP2a cells. However, WT U20S cells

revealed the highest number of SAHF-forming cells compared to GFP-G3BP2a and GFP-
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G3BP2b cells. Thus, our observation indicates that G3BP2a or G3BP2b slows cells’

progression towards senescence.
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5473 P21

GFP-G3BP2a and GFP-G3BP2b cells were induced to senescence through incubating them
with 200 nM doxorubicin for 48 hours. Cells were then collected at Day 0 and Day 9. Following
protein extraction, protein samples were incubated with p21 antibody. At Day 9, GFP-G3BP2a
cells showed an increase in the expression of p21 protein compared to Day O (control).
Moreover, GFP-G3BP2b cells revealed increased p21 levels at Day 9 compared to Day 0
(Figure 5.29). G3BP2b showed a decline in p21 protein compared to G3BP2a. However, WT
U20S cells showed an increased p21 levels compared to GFP-G3BP2a and GFP-G3BP2b
cells. Thus, our observations indicate that G3BP2a or G3BP2b slows cells’ progression towards

senescence, but G3BP2b cells are slightly faster than G3BP2a.

GFP-G3BP2a GFP-G3BP2b
Day Day Day Day

GAPDH

0 9 0 9

Figure 5.29 Low p21 protein level was detected in GFP-G3BP2b cells.
Senescence was induced in GFP-G3BP2a and GFP-G3BP2b cells through
incubating cells with 200 nM doxorubicin for 48 hours. Western blots were
performed using cell extracts from cells at Day O (control) and Day 9 post-
doxorubicin treatment. p21 and GAPDH (loading control) antibodies were

used.
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5.5 Conclusion

Cellular senescence is a state of cell cycle arrest that is activated in response to a cell's exposure
to external stimuli. Senescence has been studied extensively during the last decades with the
discoverer of senescence in 1965 Dr. Leonard Hayflick (and Moorhead, 1961; He and
Sharpless, 2017). It has been established that cellular senescence is involved in certain
physiological and pathological states (Sharpless and Sherr, 2015). Repeated exposure of cells
to external assaults was observed to cause changes in genes involved in promoting and
maintaining senescence (Gallouzi, 2009; Lian and Gallouzi, 2009). Senescent cells are
characterized with changes in cellular structures and protein expression. They exhibit increased
cell size, increased SA-B-Gal activity, and increased p21 protein expression. Other markers
involve increased SAHF and SASP markers (Campisi, 2007; Campisi and d'Adda di Fagagna,

2007; He and Sharpless, 2017).

In mammalian cells, RNA-binding proteins including G3BP are involved in translation
repression during stress. It is associated with the assembly of stress granules that contain free
untranslated mRNAs. During stress exposure, translation inhibition occurs as a result of
phosphorylation of initiation factor elF2-a (Kedersha and Anderson, 2002; Wek et al., 2006).
G3BP is an important component of stress granules that is conserved in eukaryotes. Presence
of G3BP are essential for stress granule formation. However, overexpression of G3BP is
sufficient for stress granule assembly in absence of stress (Tourriere et al., 2003). G3BP
interacts with several protein partners under stress conditions such as Caprin-1 and FXR1 (Lian
and Gallouzi, 2009; Kedersha et al., 2016). The three forms of G3BP: G3BP1, G3BP2a and
G3BP2b were detected in stressed cells. They are required to nucleate the formation and

condensation of stress granules (Tourriere et al., 2003; Gotte et al., 2019).
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G3BP was observed in proliferative and senescent cells that underwent stress such as oxidative
stress and heat shock. G3BP expression was significantly reduced in senescent cells (Omer et
al.,2018). Stress granules are protective structures but whether they are involved in senescence,
either progression or inhibition; is still unclear. To understand the function of G3BP in
senescence, we performed several experiments that involved SA-B-Gal, SAHF staining and
quantification of p21 protein expression in WT U20S and stably transfected cells with different
GFP-fused G3BP genes. The resulting cells are: AAG3BP1/2 (knockout of both G3BP1 and
G3BP2). GFP-G3BP1 (transient transfection with exogenous G3BP1), GFP-G3BP2a (transient
transfection with exogenous G3BP2a) and GFP-G3BP2b (transient transfection with

exogenous G3BP2b) cells.

To investigate WT U20S (control) cells' response to oxidative stress, cells were treated with
SA. Thus, SA exposure induced stress granule assembly in WT cells. Other stress granule
markers such as elF4G and FXR1 were also detected to be recruited to stress granules. As a
result of G3BP1/2 knockout, AAG3BP1/2 cells were incapable of stress granule formation
under SA exposure. Stressed GFP-G3BP1 cells showed a decrease in stress granule assembly
compared to WT U20S. Additionally, they showed few/no recruitment of elF4G to stress
granules. In contrast, FXR1 localization to stress granule sites was observed to increase
compared to elF4G. Moreover, stressed GFP-G3BP2a and GFP-G3BP2b showed decrease in
stress granules compared to WT U20S cells. eIF4G assembly decreased significantly in both
GFP-G3BP2a and GFP-G3BP2b cells. Whereas, FXR1 showed localisation to sites of stress

granule assembly.

Senescence phenotype was studied in cells using doxorubicin, a DNA-damage inducing agent.

Senescence was induced in WT U20S and AAG3BP1/2 cells. AAG3BP1/2 cells showed an
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increase (4-fold) in senescent cells compared to WT U20S cells. When GFP-G3BP1 cells were
induced to senescence, they showed a decrease of 3-fold change in senescent cells compared
to WT U20S cells. GFP-G3BP2a and GFP-G3BP2b cells showed a decrease of 1-fold and 1.5-

fold change, respectively, in senescent cells compared to the WT cells

Taken together, our data confirm that loss of G3BPs (G3BP1, G3BP2a, G3BP2b) accelerates
senescence phenotype. Re-constitution of cells with G3BP1 solely, delayed senescence
phenotype suggesting that G3BP1 plays a role in delaying senescence. Additionally, G3BP2a
and G3BP2b individually reduced cells’ progression to senescence. Briefly, knockout of G3BP
accelerates senescence. It indicates that G3BP plays a major role in delaying senescence as it

slows senescence progression significantly.
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Chapter 6

6 Lipid Droplets in WT U20S and Knockout Cells

6.1 Introduction

Lipid droplets are the main store of lipids in mammalian cells. Excessive fatty acid synthesis
leads to a process of fatty acids conversion to neutral lipids and deposition of these lipids in
cytoplasmic inclusions. Subsequently, neutral lipids are sequestered in lipid droplets (Martin
and Parton, 2006). Lipid droplets consist of fatty acids and sterols. It has been conserved from
prokaryotic to eukaryotic cells (Murphy, 2001). They have a crucial role in storing cholesterol

to maintain intracellular lipid homeostasis (Martin and Parton, 2005).

Lipid droplets are formed due to the elevated levels of fatty acids and cholesterol. Maintenance
of cholesterol levels in cells is essential for maintaining cell functions. The extra free
cholesterol is converted to cholesterol esters and stored in lipid droplets (Kuerschner et al.,
2008; Brasaemle and Wolins, 2012). Endoplasmic reticulum (ER) is the origin of nascent lipid
droplets. Lipid droplet biogenesis is regulated by multiple enzymatic reactions. The enzymes
required for the synthesis of neutral lipids reside in ER such as glycerol-3-phosphate
acyltransferases, phosphatidic acid phosphohydrolase and diacylglycerol acyltransferase (Pol
et al., 2014). In mammalian cells, once sufficient neutral lipid accumulates, lipid droplets
dissociate from ER (Champan et al., 2012). It was observed that the protein composition of
lipid droplets is distinct from proteins of ER membrane. The budding mechanism requires lipid
droplets coat protein such as perilipins (Murphy, 2001; Martin and Parton, 2006; Yang et al.,

2012).
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Lipid droplets are organelles that are conserved in almost all organisms from prokaryotes to
eukaryotes (Mak, 2012, Walther and Farese, 2012). They are inclusions that are surrounded by
a phospholipids monolayer and associated proteins. They consist of neutral lipids,
triacylglycerols or cholestryl esters. Lipid droplets are formed through two major pathways:
the Kennedy pathway and the Lands cycle (Butler and Mallampalli, 2010; Krahmer et al.,
2011). Proteins are involved in the synthesis of lipid droplets. ER proteins: seipin and fat-
storage-inducing transmembrane protein, are suggested to play structural role in lipid droplet
formation (Gross et al., 2010). Moreover, they contribute to loading lipid droplets with neutral
lipids, phospholipids and proteins (Gross et al., 2011). Additionally, perilipins (termed as Plin)
are a family of five related proteins that are involved in regulation of neutral lipid lipolysis
(Kimmel et al., 2010). They regulate lipolysis by controlling access of lipases to lipid droplets
(Bickel et al., 2009). Fully differentiated lipid droplets (10-100 um diameter) are associated
with phospholipid monolayer membranes and Plin covering their surfaces (Fujimoto and

Parton, 2011).

Lipid droplets are linked to many cellular processes including protein degradation, and are
increased following cellular damage and lipid overload. The distribution and size of lipid
droplets are linked to many cellular processes and served as biomarkers for metabolic
responses and diseases such as obesity, non-alcoholic steatohepatitis and type 2 diabetes
(Agarwal and Garg, 2006; Anderson and Borlak, 2008; Bostrom et al., 2009). Accumulation
of lipid droplets could have implications and cause syndromes such as Chanarin-Dorfman
syndrome, where triacylglycerol is stored in different tissues but not adipose tissue (Fujimoto
et al., 2008; Rohwedder et al., 2014). A decrease in the average size of lipid droplets was
observed in human cells following weight loss and physical activity (He et al., 2004).

Additionally, lipid droplets are important for the replication of hepatitis type C virus (HCV).
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The viral particles target lipid droplets resulting in HCV assembly in lipid droplets (Sato et al.,

2006).

Human aging is associated with an increase of physical disability, loss of muscle strength due
to decrease in muscle mass and accumulation of adipose tissue in muscles. PLIN2 has been
observed to increase with age. It was reported that the expression of PLIN2 increases with age
(Conte et al., 2013). The increased PLIN2 expression is associated with a decrease of muscle
strength. Additionally, PLIN2 expression was observed to correlate with the activation of p53
(senescence promoter) (Conte et al., 2005; Conte et al., 2016; Kaushik and Cuervo, 2016). In
humans, loss of muscle quality was associated with increased lipid droplet deposition in

muscles (Goodpaster et al., 2008; Marcus et al., 2010).

To address the functional organization of lipid droplets in senescent cells, we performed
microscopic analysis of lipid droplets in WT U20S and G3BP knockout cells. Lipid droplets
were induced by incubating cells with Oleate enriched cell culture medium for 24 hours. Cells
were then fixed and stained with Oil Red O to visualise lipid droplets using fluorescent
microscopy. Moreover, SA-stressed/unstressed cells were exposed to oleate media and stained

with Oil Red O to observe the role of oxidative stress on lipid droplet accumulation.

220



6.2 Aims and Objectives

6.2.1 Aims

This chapter aims to examine the formation of lipid droplets in proliferative and senescent
U20S cells. Hence, the number of lipid droplets per cell was observed and counted under oleate
and/or oxidative stress exposure. To obtain the knowledge on this topic, proliferative WT
U20S, AAG3BP1/2, GFP-G3BP1, GFP-G3BP2a and GFP-G3BP2b cells will be cultured in
vitro in a growth chamber. Cells reaching 90% confluency will be incubated with/out oleate
(3%) overnight. Subsequently, they will be treated with/out 0.5 mM SA for 30 min. Then, cells
will be stained with a lipid droplet marker: Oil Red O to count the number of lipid droplets per
cell. Furthermore, to induce senescence phenotype, WT U20S, AAG3BP1/2, GFP-G3BP1,
GFP-G3BP2a and GFP-G3BP2b cells with 90% confluency will be incubated with 200 nM
Doxorubicin for 48 hours. Then, senescent (Day 9-post doxorubicin treatment) cells will be
treated in a way similar to proliferative cells in order to induce and detect formation of lipid
droplets. G3BP1 or G3BP2 will be used as a marker for stress granule formation in stressed
cells. Number of small and large lipid droplets under oleate and/or SA will be counted using

ImagelJ and analysed using Excel.

Furthermore, response of WT U20S, AAG3BP1/2, GFP-G3BP1, GFP-G3BP2a and GFP-
G3BP2b cells to oleate will be examined. Formation and accumulation of lipid droplets will be
tested. Lipid droplet marker: Oil Red O will be used to detect and count the number of lipid
droplets per cell. Moreover, formation of large and small lipid droplets and stress granules will

be investigated.
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6.2.2

Objectives

. Induce lipid droplet formation in WT U20S, AAG3BP1/2, GFP-G3BP1, GFP-G3BP2a

and GFP-G3BP2b cells through incubation with oleate.

Expose cells to SA stress.

Characterize and detect small and large lipid droplets based on their size.

Induce senescence phenotype in cells.

Examine lipid droplet formation in senescent cells.

Compare lipid droplet formation in proliferative and senescent cells under oleate and/or

SA.
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6.3 Materials and Methods

6.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

6.3.2 Methods

As described in chapter 2.
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64 Results

6.4.1 Lipid Droplets in WT U20S Cells

Lipid droplets are fat storage organelles that exist in most cells (Athenstaedt et al., 1999).
Multiple staining methods have been used to visualise, localise and quantify lipid droplets in
cells such as Perilipin2/ADRP staining (Londos et al., 1999; Ohsaki et al., 2005), Oil Red O
(Koopman et al., 2001; Escorcia et al., 2018) and Nile Red (Greenspan et al., 1985; Deye et
al., 1990). Oil Red O (1-([4-(Xylylazo)xylyl]azo)-2-naphthol) staining is a widely-used lipid
droplet marker as it accumulates in lipid-containing compartments such as lipid droplets. It can

be visualised under bright field and fluorescent microscopes.

Oleate (C18H3302) (Figure 6.1) has been observed to induce the formation of lipid droplets
in Huh-7 cells (Rohwedder et al., 2014). Following oleate treatment, the high amount of newly
formed lipid droplets came from the increased synthesis of lipids from the existing cellular
lipids rather than oleate incorporation (Rohwedder et al., 2014). Lipid generation is due to
involvement of fatty-acid-stimulated signalling pathways including phosphoinositide 3-kinase
(PI3-kinase). It is proposed that the PI3-kinase pathway is crucial for lipid droplet synthesis in
oleate-stimulated cells. Inhibition of PI3-kinase inhibited lipid droplet synthesis (McDermott
et al., 2004; Rohwedder et al., 2014). Therefore, in our study, oleate is used as an inducing

agent for lipid droplet synthesis in WT U20S and G3BP-knockout cells.

I Figure 6.1 Oleate (C18H3302).
_~ Oleate is used as a lipid droplet
[ inducer in mammalian cells.
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6.4.1.1 Lipid Droplets in Proliferative WT U20S Cells

6.4.1.1.1 Oleate Induces Lipid Droplet Formation

To induce and visualise lipid droplet formation in WT U20S cells, cells were treated with
oleate (0.3%) and stained with Oil Red O. Cells were then visualized using fluorescent
microscope. Oleate-treated cells showed an increase in the number of lipid droplets (LDs)/cell.
Small (=200 um2) and large (250-1000 um2) LDs were observed to increase in oleate-treated
cells. On the other hand, oleate-untreated cells revealed accumulation of fewer LDs/cell. They

showed accumulation of small LDs only (Figure 6.2).

To perform a quantitative comparison of the number and size of LDs under oleate treatment,
ImageJ was used. Hence, Oleate-untreated cells showed accumulation of an average 12
LDs/cell. However, oleate-treated cells showed accumulation of 20 LDs/cell. The total number
of LDs was observed to increase (2.2-fold) under oleate treatment. Moreover, the number of
large LDs increased under oleate treatment (3-fold) compared to untreated cells (Figure 6.3).
Therefore, our data suggests that oleate treatment induces accumulation of both small and large

LDs in proliferative WT U20S.
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Figure 6.2 Oleat induced formation of lipid droplets in WT U20S cells.
Cells were incubated with/out oleate (0.3%) for 24 hrs. Cells were then fixed and
stained with Oil Red O. Lipid droplets (LDs) were detected in oleate-untreated

cells. Oleate-treated cells accumulation of small and large LDs. Scale bar=20 um.
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Figure 6.3 Oleate induced lipid droplet accumulation in WT U20S cells.

Cells were incubated with/out oleate (0.3%) for 24 hrs. Oleate-untreated cells
showed accumulation of small (<200 um2) LDs whereas large (250-1000 um?2) LDs
were not detected. Oleate was observed to induce accumulation of small and large
LDs. The number of small LDs increased 2.2.-fold change. Large LDs increased 3-
fold change compared to untreated cells. Data represents mean + SEM n=3, statistical

significance was assessed using ANOVA t-test.
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6.4.1.1.2 Sodium Arsenite Induces Accumulation of Lipid Droplets

Lipid droplets act as energy storage organelles. They respond to cell stress such as starvation,
viral infection and oxidative stress (Henne et al., 2018). Lipid droplets are suggested to
contribute to stress response and cell survival. To investigate the effect of oxidative stress on
lipid droplet formation in WT U20S cells, cells were incubated with/out oleate overnight.
Then, cells were treated with/out 0.5 mM SA for 30 min followed by fixation and Oil Red O
staining. As expected, SA-treated cells showed assembly of stress granules. Moreover, under
oxidative stress, lipid droplets were observed to locate at one side of the cell. This indicates
that they are synthesized and generated from ER. Lipid droplets were observed to be connected
to ER tubules forming ER/droplet bridges (Wilfling et al., 2014). Additionally, oleate-
untreated/SA-treated cells revealed accumulation of lipid droplets. Hence, the number of lipid
droplets increased under oleate/SA treatments (Figure 6.4). Thus, our data suggests that
oxidative stress induces lipid droplet accumulation in WT U20S which is consistent with

observations of other studies (Amen and Kaganovich, 2021).
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Figure 6.4 WT U20S cells formed stress granules and lipid droplets under
SA treatment. WT U20S were incubated with/out oleate overnight and exposed
to 0.5 mM SA for 30 min. O1l Red O was used to stain lipid droplets. SA-treated
cells showed assembly of stress granules (GFP-G3BP1). Treatment with oleate

showed an increase in LDs (Oil Red O). Scale bar= 20 um.
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To address whether oleate affects the number of lipid droplets in stressed cells, we performed
quantitative comparison of lipid droplet number using ImageJ. Hence, under SA exposure
(+SA/-Oleate), small LDs (>200 um2) were detected. An average of 10 LDs/cell were counted.
On the other hand, large LDs (250-1000 um?2) were not observed to be formed, suggesting that
small LDs are formed and utilised as energy reservoir rather than accumulating to form large
LDs. Incubation of cells with oleate overnight followed by SA treatment (+SA/+Oleate)
induced accumulation of small LDs but not large ones. An increase of 1.5-fold change was

detected (Figure 6.5). Hence, our data reveals that oleate treatment induces lipid droplet

formation in SA-treated WT U20S cells.
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Figure 6.5 Oleate induced lipid droplet accumulation in SA-treated WT
U20S cells.
WT U20S were incubated with/out oleate overnight and exposed to 0.5 mM
SA for 30 min. SA induced formation of small LDs but not large LDs.
Treatment of cells with oleate and SA (+SA/+QOleate) showed an increase (1.5
fold) in small LDs but not large LDs. Data represents mean + SEM n=3,

statistical significance was assessed using ANOVA t-test.
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To quantitatively answer the question whether the number of lipid droplets increases upon SA
exposure, lipid droplets in SA-treated and untreated cells were counted. As shown previously,
oleate induces lipid droplet accumulation. Thus, when we compare lipid droplets in cell treated
with (Figure 6.4) and without (Figure 6.2) SA, we observed a slight decrease (1.3-fold) in lipid
droplets in SA-treated cells. Hence, our data suggests that lipid droplets are consumed as an

energy source in stressed cells to maintain cell’s homeostasis.
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Figure 6.6 Oxidative stress reduced lipid droplet accumulation in WT
U20S cells.
WT U20S were incubated with oleate overnight and treated with/out 0.5
mM SA for 30 min. SA-treated cells (+O/+SA) showed a reduction of 1.3-
fold change in LDs number compared to SA-untreated cells (+O/-SA).
Data represents mean + SEM n=3, statistical significance was assessed

using ANOVA t-test.
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6.4.1.2 Lipid Droplets in Senescent WT U20S Cells

Senescent cells are metabolically active cells in absence of cell division. Accumulation and
modification of lipids were observed to be associated with aging and age-related diseases
(Schroeder et al., 2015). Triglycerides were observed to accumulate in replicative senescent BJ
fibroblast cells due to the active regulation of lipid-regulating genes and abundance of specific
families of lipids (Lizardo et al., 2017). Moreover, senescent cells showed accumulation of
lipid droplets due to activation of multiple lipid metabolic pathways. Proteomic analysis of
therapy-induced senescent cells displayed an increase in annexin phospholipid binding protein,
triglyceride synthesis enzyme and glycolipid processing enzymes (Flor et al., 2017). Therefore,

we here investigate lipid droplet accumulation in senescent WT U20S cells.

In our recent study, lipid droplet accumulation was examined in senescent WT U20S.
Therefore, cells were treated with doxorubicin (200 nM) for 48 hours to induce senescence
phenotype. Senescent cells were then incubated with/out oleate for 24 hours. Subsequently,
cells were treated with/out 0.5 mM SA for 30 min. Then, cells were fixed and stained with Oil
Red O to visualize lipid droplets. Senescent cells are characterized as enlarged, multinucleate
cells (Figure 6.7). Moreover, oleate-untreated senescent cells showed accumulation of small
LDs. However, incubating cells overnight with oleate was observed to induce accumulation of
small and large LDs. Small LDs showed a significant increase of 7-fold change. Whereas large

LDs showed an increase of 9-fold change compared to oleate-untreated cells (Figure 6.7).
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Figure 6.7 Oleate induced lipid droplet accumulation in senescent WT U20S cells.
Doxorubicin-induced senescent cells were treated with/out oleate for 24 hrs. Cells were
fixed and stained with Oil Red O (red) to visualize lipid droplets. Oleate-untreated cells
showed accumulation of lipid droplets. Oleate was observed to induce lipid droplet
accumulation. Small LDs were observed to significantly increase (7-fold change) upon
oleate treatment. Large LDs showed an increase of 9-fold change. Data represents mean

+ SEM n=3, statistical significance was assessed using ANOVA t-test. Scale bar=20 um.
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Oxidative stress was observed to reduce accumulation of lipid droplets in proliferative WT
U20S cells (Figure 6.4). Hence, we examined lipid droplet accumulation in senescent cells
under oxidative stress and oleate treatment. Senescent cells showed formation of small-size
stress granules in response to SA exposure. As expected, it was observed that accumulation of
small LDs is affected by oleate incubation. It showed an increase of 2-fold change compared
to oleate-untreated cells (Figure 6.8). This data indicates oleate induced accumulation of lipid

droplets in SA-treated senescent cells.

Moreover, senescent cells displayed an increase (6-fold) in lipid droplets compared to
proliferative (Figure 6.4) WT U20S cells. Under oxidative stress, proliferative and senescent
cells showed a decrease in lipid droplet accumulation (Figure 6.9). Collectively, lipid droplet
accumulation is suggested to increase in senescent WT U20S compared to proliferative cells.
Hence, our observations suggest that oxidative stress regulates lipid droplet accumulation in

proliferative and senescent cells.
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Figure 6.8 Oleate induced lipid droplet accumulation in SA-treated senescent WT
U20S cells.

Senescent cells were treated with/out oleate for 24 hrs and exposed to SA for 30 min.
Cells were then fixed and stained with Oil Red O (red) to visualize lipid droplets. Stress
granules were observed to aggregate in SA-treated cells. Oleate treatment induced lipid

droplet accumulation in SA-treated cells. Scale bar=20 um.
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Figure 6.9 Lipid droplet accumulation is reduced in senescent and
proliferative cells in response to oxidative stress.

WT U20S were incubated with oleate overnight and treated with/out 0.5 mM
SA for 30 min. Senescent cells showed an increase in LDs compared to
proliferative cells. SA-treated proliferative and senescent cells (+O/+SA)
showed a reduction in LDs number compared to SA-untreated cells (+O/-SA).
Data represents mean + SEM n=3, statistical significance was assessed using

ANOVA t-test.
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6.4.2 Lipid Droplets in G3BP Knockout (AAG3BP1/2) Cells

6.4.2.1 Inhibition of Lipid Droplets in Proliferative AAG3BP1/2 Cells

Our recent data showed that G3BP1/2 knockout (AAG3BP1/2) cells display a significant
decrease in stress granule formation (discussed in chapter 4). Additionally, they showed an
increased progression towards senescence (discussed in chapter 5). Hence, it is suggested that
G3BP plays a role in development of senescence phenotype in U20S cells. Accumulation of
lipids has been observed to increase in senescent cells. Thus, we here investigate whether lipid
droplets increase in senescent AAG3BP1/2 cells and whether it could be used as a senescence

marker along with other markers.

We here investigate lipid droplet formation in G3BP1/2 knockout cells. AAG3BP1/2 cells were
incubated with/out oleate for 24 hours followed by SA exposure (0.5 mM for 30 min). Cells
were then fixed and stained with Oil Red O to visualise lipid droplets. Thus, oleate-untreated
(control) cells did not show formation of lipid droplets. Moreover, oleate treatment did not
induce lipid droplet formation in AAG3BP1/2 cells (Figure 6.10). This observation suggests
that inhibition of stress granules by knocking out G3BP1/2 prevents lipid droplet formation.
Oxidative stress is known to induce stress granule formation. However, in AAG3BP1/2 cells
and due to absence of G3BP1/2, stress granules were inhibited. On the other hand, few/no lipid
droplets/cell were formed under SA stress. SA and oleate treatment induced formation of small
lipid droplets (Figure 6.10). Our data shows that inhibition of stress granules inhibits lipid
droplet formation suggesting that G3BP might play a role in lipid droplet formation.

Additionally, oxidative stress induces formation of small lipid droplets in AAG3BP1/2 cells.
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Figure 6.10 Inhibition of stress granules inhibits lipid droplet formation in
AAG3BP1/2 cells.

Cells were incubated with/out 3% oleate overnight and then treated with 0.5 mM SA
for 30 min. Cells were then fixed and stained with Oil Red O to visualize lipid droplets.
Oleate did not induce lipid droplets in AAG3BP1/2 cells. Cells exposed to SA showed

no/few formation of lipid droplets/cell. Scale bar= 20 um.

To quantitatively compare lipid droplet formation under oleate and/or SA treatment in
AAG3BP1/2 cells, ImagelJ was used to count lipid droplets/per cell. Hence, no lipid droplets
were detected in control (-O/-SA) cells. Additionally, incubation of cells with oleate (+O/-SA)
showed 0 LDs/cell. Exposure of AAG3BP1/2 cells to SA showed an increase of 3-fold change
in LDs/cell. However, the increase was observed in small LDs (>200 um?2) but not large LDs
(250-1000 um?2). Moreover, incubation of cells with oleate followed by SA exposure (+O/+SA)
induced formation of small LDs. An increase of 4-fold change was detected (Figure 6.11).
Nevertheless, large LDs are suggested to form as a result of accumulation/fusion of small LDs
under certain conditions. Hence, in AAG3BP1/2 cells, large LDs were not detected and this

could be due to the unavailability of small LDs originally in control (-O/-SA) cells.
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Figure 6.11 Oxidative stress induces formation of small lipid droplets in
AAG3BP1/2 cells.

Oleate-treated (+0O/-SA) and -untreated (-O/-SA) cells showed no lipid droplet
formation. SA (-O/+SA) exposure showed an increase of 3-fold change in small
LDs number. SA and oleate (+O/+SA) treatment led an increase of 4-fold
change. Data represents mean + SEM n=3, statistical significance was assessed

using ANOVA t-test.
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6.4.2.2 Lipid Droplets in Senescent AAG3BP1/2 Cells

Proliferative AAG3BP1/2 cells showed inhibition of lipid droplet formation (see section
6.4.2.1) However, oxidative stress induced lipid droplet formation. Hence, we ask a question
whether senescent AAG3BP1/2 cells form lipid droplets under oleate and/or oxidative stress.
Therefore, cells were treated with doxorubicin (200 nM) for 48 hours to induce senescence
phenotype. Senescent cells were then incubated with/out oleate for 24 hours. Subsequently,
cells were treated with/out 0.5 mM SA for 30 min. Then, cells were fixed and stained with Oil
Red O to visualize lipid droplets. Senescent cells are characterized with the multinucleate and
enlarged size (Figure 6.12). Moreover, oleate-untreated senescent cells showed formation of
few LDs. However, incubating cells overnight with oleate was observed to induce formation
of small LDs (Figure 6.12A). Hence, we examined lipid droplet accumulation in senescent
cells under oxidative stress and oleate treatment. Senescent cells did not show formation of
stress granules in response to SA exposure. This is due to absence of G3BP1/2. Moreover,
accumulation of small LDs was observed to increase under oleate incubation (Figure 6.12B).
Hence, our data indicates that oleate and/or SA induce accumulation of lipid droplets in

senescent AAG3BP1/2 cells.
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Figure 6.12 Formation of lipid droplets in senescent AAG3BP1/2 cells. Cells
were incubated with 3% oleate overnight and then treated with 0.5 mM SA for 30
min. Cells were then fixed and stained with Oil Red O to visualize lipid droplets.
Oleate induced lipid droplets in senescent AAG3BP1/2 cells (A). Cells exposed to
SA showed formation of lipid droplets (B). Scale bar= 20 um.
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To quantitatively compare lipid droplet formation in senescent AAG3BP1/2 cells under oleate
and/or SA treatment, ImageJ was used. Oleate-untreated cells (-O/-SA) showed formation of
small LDs but not large LDs. An increase of 1.5-fold change was observed under oleate
treatment (+O/-SA). Hence, it is suggested that oleate induces formation of lipid droplets.
Under oxidative stress (-O/+SA), cells showed formation of small (<200 um?2) and large (250-
1000 um2) LDs. An increase of 1-fold change and 9-fold change was detected in small and
large LDs, respectively. Furthermore, SA and oleate treatments (+O/+SA) induced formation
of small LDs and large LDs. Small LDs showed an increase of 1.6-fold change while large LD
revealed an increase of 5-fold change (Figure 6.13). Collectively, lipid droplet formation is
suggested to be inhibited in proliferative AAG3BP1/2 cells but increased in senescent

AAG3BP1/2 cells.
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Figure 6.13 Oxidative stress induced formation of small and large
lipid droplets in senescent AAG3BP1/2 cells.

Oleate-treated (+O/-SA) and -untreated (-O/-SA) cells showed formation
of small lipid droplets. An increase of 1.5-fold change was observed
under oleate treatment (+O/-SA). SA (-O/+SA) exposure showed an
increase of 1- and 9-fold change in small and large LDs, respectively. SA
and oleate (+O/+SA) treatment induced formation of lipid droplets. Small
LDs showed an increase of 1.6-fold change while large LD revealed an
increase S-fold change compared to control (-O/-SA) cells. Data
represents mean + SEM n=3, statistical significance was assessed using

ANOVA t-test.
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6.4.3 Lipid Droplets in GFP-G3BP1 Cells

6.4.3.1 Lipid Droplet Formation in Proliferative GFP-G3BP1 Cells

Absence of G3BP was observed to reduce stress granule formation (Kedersha et al., 2016).
Previously, we detected the inability of AAG3BP1/2 cells of forming stress granules when
exposed to oxidative stress (discussed in chapter 4). Re-constitution of AAG3BP1/2 cells with
one form of G3BP; G3BP1 (GFP-G3BP1 cells), rescued cells’ ability of stress granule
formation (discussed in chapter 4). Our previous data revealed that proliferative AAG3BP1/2
cells appeared to lose the ability of forming lipid droplets. Thus, this data suggests that G3BP

is required for lipid droplet formation.

We here investigate the formation of lipid droplets in GFP-G3BP1 cells. Hence, we assessed
G3BP1 role in lipid droplet formation in GFP-G3BP1 cells. Proliferative GFP-G3BP1 cells
were incubated with/out oleate to for 24 hours followed by SA exposure (0.5 mM for 30 min).
Then, cells were fixed and stained with Oil Red O to visualise lipid droplets. Hence, oleate-
untreated (control cells) showed no/few lipid droplet formation. However, oleate-treated cells
revealed formation of lipid droplets (Figure 6.14A). Thus, our observation suggests that
presence of G3BP1 promotes formation of lipid droplets. Additionally, re-constitution of cells
with G3BP1 was observed to rescue stress granule formation under oxidative stress. Thus,
oxidative stress solely revealed formation of lipid droplets. Moreover, incubation of GFP-
G3BP1 cells with oleate and SA exposure stimulated formation of lipid droplets (Figure
6.14B). ER-droplet bridges were observed in GFP-G3BP1 cells upon oleate and SA treatment
indicating that lipid droplets remain in contact to their mother organelle; Endoplasmic
Reticulum (ER). Nevertheless, our data shows that presence of G3BP1 rescues stress granules

and lipid droplet formation in GFP-G3BP1 cells.
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Figure 6.14 Re-constitution of cells with G3BP1 promotes lipid droplet formation.
GFP-G3BP1 cells were incubated with/out 3% oleate for 24 hours and then un/treated
with 0.5 mM SA for 30 min. Cells were stained with Oil Red O to visualize lipid
droplets. Oleate was observed to induce lipid droplet formation in GFP-G3BP1 cells

(A). Cells treated with SA showed formation of lipid droplets (B). Scale bar= 20 um.
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To quantitatively compare lipid droplet formation under oleate and/or SA treatment in GFP-
G3BP1 cells, ImageJ was used to count lipid droplets/per cell. Thus, few small LDs were
detected in control (-O/-SA) cells, whereas, large LDs were not detected. Incubation of cells
with oleate (+O/-SA) showed an increase of 3-fold change in small LDs but not large LDs.
Exposure of GFP-G3BP1 cells to SA showed an increase of 4-fold change in LDs/cell
compared to control cells. The increase was observed in small LDs but not large LDs.
Moreover, incubation of cells with oleate followed by SA exposure (+O/+SA) induced
formation of small LDs. An increase of 5.5-fold change was detected compared to -O/+SA

cells. Small number of large LDs was detected under oleate/SA (+O/+SA) treatment (Figure

6.15).
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Figure 6.15 Formation of lipid droplets increased under oxidative stress in GFP-
G3BP1.

Oleate-untreated (-O/-SA) cells showed formation of no/few lipid droplets. oleate-
treated (+0O/-SA) cells showed formation of small LDs (3-fold change). SA exposure (-
O/+SA) showed an increase of 4-fold change in small LDs number. SA and oleate
(+0O/+SA) treatment led an increase of 5.5-fold change compared to -O/+SA cells. Data

represents mean * SEM n=3, statistical significance was assessed using ANOVA t-test.
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6.4.3.2 Accumulation of Lipid Droplets in Senescent GFP-G3BP1 Cells

Proliferative GFP-G3BP1 cells showed formation of lipid droplets under oleate and/or SA
treatment (see section 6.6.1). Thus, we ask the question whether senescent GFP-G3BP1 cells
form lipid droplets under control, oleate and/or SA treatment. Therefore, cells were treated
with doxorubicin (200 nM) for 48 hours to induce senescence phenotype. Senescent cells were
then incubated with/out oleate for 24 hours. Subsequently, cells were treated with/out 0.5 mM
SA for 30 min. Then, cells were fixed and stained with Oil Red O to visualize lipid droplets.
The enlarged cells phenotype was detected in cells indicating that cells are senescent (Figure
6.16). Additionally, oleate-untreated cells showed formation of no/few lipid droplets.
Incubation of cells with oleate stimulated lipid droplet formation (Figure 6.16A). We then
examined lipid droplet formation under oxidative stress. Thus, treatment of cells with 0.5 mM
SA induced formation of stress granules and lipid droplets. Moreover, Oleate and SA treatment
led to an increased formation of lipid droplets (Figure 6.16B). Hence, our observations suggest
that G3BP1 somewhat rescues stress granule formation in senescent GFP-G3BP1 cells, but not
to WT U20S levels. It also induces formation of lipid droplets under oleate and/or SA

treatment.
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Figure 6.16 Formation of lipid droplets in senescent GFP-G3BP1 cells.
Cells were incubated with 3% oleate overnight and then treated with 0.5 mM
SA for 30 min. Cells were then fixed and stained with Oil Red O to visualize
lipid droplets. Oleate induced lipid droplet formation in senescent GFP-
G3BP1 cells (A). Cells exposed to SA showed increased formation of lipid
droplets (B). Scale bar= 20 um.
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To quantitatively compare lipid droplet formation in senescent GFP-G3BP1 cells under oleate
and/or SA treatment, ImageJ was used. Oleate-untreated cells (-O/-SA) showed formation of
small and large LDs. Under oleate incubation (+O/-SA), an increase of 3-fold change was
observed in small LDs. A minor increase in large LDs number was detected. Thus, it indicates
that oleate treatment induces lipid droplet formation. Oxidative stress was detected to induce
lipid droplet formation. An increase of 4-fold change was detected in cells treated with SA (-
O/+SA). This increase was observed in small LDs. Large LDs showed an increase of 2-fold
change. Treatment of cells with SA and oleate (+O/+SA) induced lipid droplet formation.

Small LDs showed an increase of 3-fold compared to -O/+SA cells (Figure 6.17).
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Figure 6.17 Oxidative stress induced formation of lipid droplets in senescent
GFP-G3BP1 cells.

Oleate-untreated (-O/-SA) cells showed formation of small and large LDs.
Oleate-treated (+O/-SA) cells showed increase in small lipid droplets. An
increase of 3-fold change was observed under oleate treatment (+O/-SA). SA (-
O/+SA) exposure showed an increase of 4- and 2-fold change in small and large
LDs, respectively. SA and oleate (+O/+SA) treatment induced formation of
small LDs. They showed an increase of 3-fold change compared to -O/+SA
cells. Data represents mean + SEM n=3, statistical significance was assessed

using ANOVA t-test.
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Collectively, our data suggests that G3BP1 somewhat restored cells' ability to form lipid
droplets. Lipid droplets were observed to be formed in senescent GFP-G3BP1 cells. Moreover,
oleate treatment induced formation of lipid droplets in senescent cells. Oxidative stress
stimulated lipid droplet formation in senescent cells. Interestingly, stressed senescent cells
revealed a significant increase in lipid droplets compared to proliferative cells, though these

are still lower than the number previously observed in the WT senescent cells in figure 6.7.

6.4.4 Lipid Droplets in GFP-G3BP2a Cells

6.4.4.1 G3BP2a Somewhat Restore Cells’ Ability of Forming Lipid Droplets in
Proliferative GFP-G3BP2a Cells

In addition to G3BP1, G3BP2 is required for the formation of stress granules. G3BP2a and
G3BP2b are two forms of G3BP2. They have been examined for their involvement in stress
granule assembly. G3BP2a and G3BP2b have been observed to be recruited into stress granules
(Kedersha et al., 2016; Matsuki et al., 2013). Thus, absence of G3BP2 alongside G3BP1 was
observed to reduce stress granule formation in AAG3BPI1/2 (discussed in chapter 4).
Nevertheless, re-constitution of G3BP knockout (AAG3BP1/2) cells with one form of G3BP2:
G3BP2a (GFP-G3BP2a cells) somewhat restored cells’ ability of forming stress granules.
However, the number of stress granules in GFP-G3BP2a cells was reduced compared to the
WT cells (discussed in chapter 5). On the other hand, proliferative AAG3BP1/2 cells were
observed to lose the ability to form lipid droplets (see section 6.3). Thus, this data suggests that

G3BP1/2 is required for lipid droplet formation.

We here examine the role of G3BP2a in lipid droplet formation by monitoring lipid droplets in
GFP-G3BP2a cells. Proliferative GFP-G3BP2a cells were incubated with/out oleate to for 24

hours followed by SA exposure (0.5 mM for 30 min). Next, cells were fixed and stained with
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Oil Red O for visualisation of lipid droplets. Oleate-untreated (control cells) showed no/few
lipid droplet formation. Additionally, oleate-treated cells revealed formation of no/few lipid
droplets per cell indicating that G3BP2a promotes formation of lipid droplets (Figure 6.18A).
Oxidative stress was observed to induce stress granule formation in GFP-G3BP2a cells. Thus,
oxidative stress solely induced formation of lipid droplets. Incubation of GFP-G3BP2a cells

with oleate followed by SA exposure stimulated formation of lipid droplets (Figure 6.18B).

To quantitatively compare lipid droplet formation under oleate and/or SA treatment in GFP-
G3BP2a cells, ImageJ was used. Thus, few small LDs were detected in control (-O/-SA) cells,
whereas, large LDs were not detected. Incubation of cells with oleate (+O/-SA) showed no
change in the number of small LDs. Large LDs were not detected. Exposure of GFP-G3BP2a
cells to SA showed an increase of 3.5-fold change in LDs/cell compared to control cells. The
increase was observed in small LDs but not large LDs. Moreover, incubation of cells with
oleate followed by SA exposure (+O/+SA) induced formation of small LDs. An increase of 4-
fold change was detected compared to -O/+SA cells. Small number of large LDs was detected

under oleate/SA (+O/+SA) treatment (Figure 6.19).
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Figure 6.18 Re-constitution of cells with G3BP2a promotes lipid droplet formation.
GFP-G3BP2a cells were incubated with/out 3% oleate for 24 hours and then un/treated
with 0.5 mM SA for 30 min. Cells were stained with Oil Red O to visualize lipid droplets.
Oleate was not observed to induce lipid droplet formation in GFP-G3BP2a cells (A). Cells
treated with SA showed formation of lipid droplets (B). Scale bar= 20 um.
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Figure 6.19 Formation of lipid droplets increased under oxidative stress in GFP-
G3BP2a.

Oleate-untreated (-O/-SA) cells showed formation of no/few lipid droplets. oleate-treated
(+0/-SA) cells showed formation of small LDs. SA exposure (-O/+SA) showed an
increase of 3.5-fold change in small LDs number. SA and oleate (+O/+SA) treatment led
an increase of 4-fold change compared to -O/+SA cells. Data represents mean + SEM n=3,

statistical significance was assessed using ANOVA t-test.

6.4.4.2 Oxidative Stress Reduced Lipid Droplets in Senescent GFP-G3BP2a Cells

Proliferative GFP-G3BP2a cells showed formation of lipid droplets under oleate and/or SA
treatment (see section 6.4.4.1). We then ask the question whether senescent GFP-G3BP2a cells
form lipid droplets under control, oleate and/or SA treatment. Therefore, cells were treated
with doxorubicin (200 nM) for 48 hours to induce senescence. Senescent cells were then
incubated with/out oleate for 24 hours. Subsequently, cells were treated with/out 0.5 mM SA

for 30 min. Afterwards, cells were fixed and stained with Oil Red O to visualize lipid droplets.

254



The multinucleate, enlarged cell phenotype was detected in cells indicating that cells are

senescent (Figure 6.20).

Furthermore, oleate-untreated cells showed formation of lipid droplets. Incubation of cells with
oleate stimulated lipid droplet formation (Figure 6.20A). We then examined lipid droplet
formation under oxidative stress. Thus, treatment of cells with 0.5 mM SA induced formation
of stress granules but reduced formation of lipid droplets when compared to control cells.
Moreover, Oleate and SA treatment led to an increased formation of lipid droplets (Figure
6.20B). Hence, our observations suggest that G3BP2a rescues stress granule formation in
senescent GFP-G3BP2a cells. It also induces formation of lipid droplets under oleate and/or

SA treatment.
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Figure 6.20 Formation of lipid droplets in senescent GFP-G3BP2a cells. Cells were
incubated with/out 3% oleate overnight and then un/treated with 0.5 mM SA for 30 min.
Cells were then fixed and stained with Oil Red O to visualize lipid droplets. Oleate induced
lipid droplet formation in senescent GFP-G3BP2a cells (A). Cells exposed to SA/oleate

showed formation of lipid droplets (B). Scale bar= 20 um.
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To perform a quantitative comparison of lipid droplet formation in senescent GFP-G3BP2a
cells under oleate and/or SA treatment, Image] was used. Oleate-untreated cells (-O/-SA)
showed formation of small LDs. Under oleate incubation (+O/-SA), an increase of 1.6-fold
change was observed in small LDs. Cells did not show formation of large LDs. Thus, it
indicates that oleate treatment induces lipid droplet formation in senescent GFP-G3BP2a cells.
Oxidative stress was detected to induce lipid droplet formation. Small LDs were detected but
not large LDs. However, a decrease of 1-fold change was detected in cells treated with SA (-
O/+SA) when compared to control (-O/-SA) cells. Moreover, treatment of cells with SA and
oleate (+O/+SA) induced lipid droplet formation. Small LDs showed an increase of 1.6-fold

compared to -O/+SA cells (Figure 6.21).
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Figure 6.21 Oxidative stress reduced formation of lipid droplets in senescent GFP-
G3BP2a cells.

Oleate-untreated (-O/-SA) cells showed formation of small LDs. Oleate-treated (+O/-SA)
cells showed increase in small lipid droplets. An increase of 1.6-fold change was observed
under oleate treatment (+O/-SA). SA (-O/+SA) exposure showed a decrease of 1-fold change
in small LDs. SA and oleate (+O/+SA) treatment induced formation of small LDs. They
showed an increase of 1.6-fold change compared to -O/+SA cells. Data represents mean *

SEM n=3, statistical significance was assessed using ANOVA t-test.
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6.4.5 Lipid Droplets in GFP-G3BP2b Cells

6.4.5.1 Oxidative Stress Induced Lipid Droplet Formation in GFP-G3BP2b Cells

G3BP2b is one form of G3BP2 protein. It plays a role in stress granule formation. G3BP2b
was observed to be recruited into stress granules under oxidative stress (Matsuki et al., 2013).
Re-constitution of cells with G3BP2b restored cells’ ability to form stress granules upon SA
exposure. However, the number of stress granules in GFP-G3BP2b cells was observed to

reduce when compared to the WT cells (discussed in chapter 5).

It was previously shown that lipid droplet formation is affected by presence or absence of G3BP
(G3BP1 and G3BP2). Hence, AAG3BP1/2 cells revealed a reduction in the cells’ ability of
forming lipid droplets (see section 6.4.2). However, presence of G3BP1 or G3BP2a
individually promoted lipid droplet formation in proliferative and senescent cells (see sections
6.4.3 and 6.4.4). This data indicates that G3BP is required for the process of lipid droplet

synthesis.

Therefore, we here examine the role of G3BP2b in lipid droplet formation by monitoring lipid
droplet formation in GFP-G3BP2b cells. Proliferative GFP-G3BP2b cells were incubated
with/out oleate to for 24 hours followed by SA exposure (0.5 mM for 30 min). Then, cells were
fixed and stained with Oil Red O for visualisation of lipid droplets. Hence, oleate-untreated
(control cells) showed no/few lipid droplet formation. Moreover, oleate-treated cells revealed
elevated formation of lipid droplets per cell indicating that oleate promotes formation of lipid
droplets in GFP-G3BP2b cells (Figure 6.22A). Oxidative stress was observed to induce stress
granule formation in GFP-G3BP2b cells. However, the number of lipid droplets was observed
to decrease when compared to control cells. Incubation of GFP-G3BP2b cells with oleate

followed by SA exposure stimulated formation of lipid droplets. The number of lipid droplets
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per cell showed a significant increase indicating that oleate alongside with oxidative stress

exposure induced lipid droplet formation (Figure 6.22B).
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Figure 6.22 Re-constitution of cells with G3BP2b promotes lipid droplet formation.
GFP-G3BP2b cells were incubated with/out 3% oleate for 24 hours and then un/treated
with 0.5 mM SA for 30 min. Cells were stained with Oil Red O to visualize lipid droplets.
Oleate was not observed to induce lipid droplet formation in GFP-G3BP2b cells (A). Cells
treated with SA showed formation of lipid droplets (B). Scale bar= 20 um.
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To quantitatively compare lipid droplet formation under oleate and/or SA treatment in GFP-
G3BP2b cells, Image] was used to count lipid droplets per cell. Thus, few small LDs were
detected in control (-O/-SA) cells, whereas, large LDs were not detected. Incubation of cells
with oleate (+O/-SA) showed an increase of 1.6-fold change in the number of small LDs. Large
lipid droplets were not detected. Exposure of GFP-G3BP2b cells to SA (-O/+SA) showed a
decline of 2-fold change in small LDs compared to control cells. Large LDs were not detected
under SA treatment. Moreover, incubation of cells with oleate followed by SA exposure
(+0O/+SA) induced formation of small LDs. An increase of 4.25-fold change was detected

compared to -O/+SA cells. Large LDs were not detected under oleate/SA (+O/+SA) treatment

(Figure 6.23).
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Figure 6.23 Formation of lipid droplets increased under oleate and oxidative
stress in GFP-G3BP2b cells.

Oleate-untreated (-O/-SA) cells showed formation of few lipid droplets. oleate-treated
(+0/-SA) cells showed formation of small LDs (1.6-fold change). SA exposure (-
O/+SA) showed a decline of 2-fold change in small LDs number. SA and oleate
(+0O/+SA) treatment led an increase of 4.25-fold change compared to -O/+SA cells.
Data represents mean + SEM n=3, statistical significance was assessed using ANOVA

t-test.
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6.4.5.2 Oxidative Stress Reduced Lipid Droplet Formation in Senescent GFP-G3BP2b
Cells

It was detected previously that presence of G3BP2b in proliferative cells promoted formation
of lipid droplets under oleate and/or SA treatment (see section 6.4.5.1). We then ask the
question whether senescent GFP-G3BP2b cells form lipid droplets under control, oleate and/or
SA treatment. Therefore, cells were treated with doxorubicin (200 nM) for 48 hours to induce
senescence phenotype. Senescent cells were then incubated with/out oleate for 24 hours.
Subsequently, cells were treated with/out 0.5 mM SA for 30 min. Then, cells were fixed and
stained with Oil Red O to visualize lipid droplets. The multinuclear, enlarged cells were

detected indicating that cells are senescent (Figure 6.24).

Furthermore, oleate-untreated senescent cells showed formation of lipid droplets. Oleate-
untreated cells showed formation of lipid droplets. Moreover, incubation of senescent cells
with oleate induced formation of lipid droplets (Figure 6.24A). We then examined lipid droplet
formation under oxidative stress. Thus, treatment of cells with 0.5 mM SA induced formation
of stress granules but reduced formation of lipid droplets when compared to control cells.
Moreover, Oleate and SA treatment led to an increased formation of lipid droplets (Figure
6.24B). Hence, our observations suggest that G3BP2b rescues stress granule formation in
senescent GFP-G3BP2b cells. It also induces formation of lipid droplets under oleate and/or

SA treatment.
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Figure 6.24 Formation of lipid droplets in senescent GFP-G3BP2b cells. Cells were
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incubated with/out 3% oleate overnight and then un/treated with 0.5 mM SA for 30 min.
Cells were then fixed and stained with Oil Red O to visualize lipid droplets. Oleate induced
lipid droplet formation in senescent GFP-G3BP2b cells (A). Cells exposed to SA/oleate

showed a decline in lipid droplets (B). Scale bar= 20 um.
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To perform quantitative comparison of lipid droplets in senescent GFP-G3BP2b cells under
oleate and/or SA treatment, ImageJ was used. Oleate-untreated cells (-O/-SA) showed
formation of small LDs. Large LDs were not detected indicating that under control conditions,
cells only form small LDs. Under oleate treatment (+O/-SA), an increase of 2-fold change was
observed in small LDs. Cells showed formation of large LDs. Hence, our observation indicates
that oleate treatment induces lipid droplet formation in senescent GFP-G3BP2b cells.
Furthermore, oxidative stress was detected to induce lipid droplet formation. Small LDs were
observed to be formed but not large LDs. When cells treated with -O/+SA are compared to
control (-O/-SA) cells, a decline of 3-fold change was. Moreover, treatment of cells with SA
and oleate (+O/+SA) induced lipid droplet formation. Small LDs showed an increase of 4.8-

fold compared to -O/+SA cells (Figure 6.25).

Collectively, our data suggests that G3BP2b somewhat restored cells' ability to form lipid
droplets. Lipid droplets were observed to be formed in senescent GFP-G3BP2b cells.
Moreover, Oleate treatment induced formation of lipid droplets in cells. Oxidative stress was

observed to reduce formation of lipid droplets in senescent GFP-G3BP2b cells.
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Figure 6.25 Oxidative stress reduced formation of lipid droplets in senescent GFP-

G3BP2b cells.

Oleate-untreated (-O/-SA) cells showed formation of small LDs. Oleate-treated (+O/-SA)
cells showed increase in small lipid droplets. An increase of 2-fold change was observed
under oleate treatment (+O/-SA). SA (-O/+SA) exposure showed a decrease of 3-fold
change in small LDs. SA and oleate (+O/+SA) treatment induced formation of small LDs.
They showed an increase of 4.8-fold change compared to -O/+SA cells. Data represents

mean + SEM n=3, statistical significance was assessed using ANOVA t-test.

6.4.6 Proteomics Analysis of Lipid Proteins (Perilipin)

Mammalian cells produce and store lipids in cytosolic lipid droplets. Lipid droplets are coated
with members of a family of protein known as Perilipin. Perilipin group is composed of
multiple proteins including perilipin-1 (PLIN1), perilipin-2 (PLIN2), perilipin-3 (PLIN3) and
perilipin-4 (PLIN4). Furthermore, PLIN proteins were detected to locate on the surface of lipid
droplets. However, PLIN2 is the commonly used marker for lipid droplets and has been
detected in several cell types (Blanchette-Mackie et al., 1995; Brasaemle, D., 2007;). In our
current study, the proteomics data (shown in chapter 7) revealed a change in PLIN2, PLIN3

and PLIN4 from proliferative to senescent cells. PLIN2 showed an increase of 1.2(log2)-fold
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change whereas the change in PLIN3 and PLIN4 was slight and insignificant (Figure 6.26).

Previous studies have suggested that the increase in lipid droplet proteins such as PLIN2

associates with ageing and age-related disorders. Therefore, it is suggested that the rise in

PLIN?2 protein associates with senescence phenotype in WT U20S cells.
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Figure 6.26 Levels of lipid
proteins in WT U20S cells.

PLIN2 protein was detected to
significantly increase (1.2 (log2)
fold change) in senescent cells
compared to proliferative cells.
The change in PLIN3 and PLIN4
between

proliferative and

senescent cells was insignificant.

The levels of PLIN2 and PLIN3 proteins were investigated in proliferative and senescent

AAG3BP1/2 cells. Proteomics analysis (shown in chapter 7) revealed an increase in levels

PLIN2 (1.4-(log2) fold change) in senescent cells compared to proliferative ones. Level of

PLIN3 protein was detected to increase slightly (0.6-(log2) fold change) from proliferative to

senescent cells (Figure 6.27).
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Figure 6.27 Levels of Perilipin
proteins in proliferative and
senescent AAG3BP1/2 cells.

Level of PLIN2 protein was detected to
rise  (1.4(log2)-fold change) in
senescent  cells  compared  to
proliferative cells. A slight change in
the levels of PLIN3 protein was
detected between proliferative and

senescent cells.

The levels of PLIN2 and PLIN3 proteins were investigated in proliferative and senescent GFP-

G3BP1 cells. Proteomics analysis (shown in chapter 7) revealed an increase in levels PLIN2

(1.2-(log2) fold change) in cells when becoming senescent. Levels of PLIN3 protein showed

insignificant change (0.6-(log2) fold change) from proliferative to senescent cells (Figure

6.28).
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Figure 6.28 Levels of Perilipin proteins in

proliferative and senescent GFP-G3BP1

cells.

Level of PLIN2 protein was detected to rise

(1.2 (log2) fold change) in senescent cells

when compared to proliferative cells. A

minor change (0.3 (log2) fold change) in the

levels of PLIN3 protein was detected

between proliferative and senescent cells.
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The levels of PLIN2 and PLIN3 proteins were investigated in proliferative and senescent GFP-
G3BP2a cells. Proteomics analysis revealed an increase in levels PLIN2 (1 (log2) fold change)
in senescent cells compared to proliferative ones. Level of PLIN3 protein was detected to

increase from proliferative to senescent cells, however, the change was insignificant (Figure

6.29).
Figure 6.29 Levels of Perilipin
. proteins in proliferative and senescent
PLIN3
GFP-G3BP2a cells.

Level of PLIN2 protein was detected to
rise (1 (log2) fold change) in senescent
e _ cells compared to proliferative cells. A

minor change in the levels of PLIN3

0 0.2 0.4 0.6 0.8 1 12 X
Log(2) fold change protein ~ was  detected  between

proliferative and senescent cells.

The levels of PLIN2 and PLIN3 proteins were investigated in proliferative and senescent GFP-
G3BP2b cells. Proteomics analysis revealed an increase in levels PLIN2 (1.1 (log2) fold
change) in senescent cells compared to proliferative ones. PLIN3 protein was not detected in

the lysates of GFP-G3BP2b cells (Figure 6.30).

Figure 6.30 Levels of Perilipin
proteins in GFP-G3BP2b cells.

PLIN3
Level of PLIN2 protein was
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Collectively, proteomics data revealed a change of 1.2(log2)-fold in PLIN2 from proliferative
to senescent cells suggesting that the rise in PLIN2 protein associates with senescence
phenotype in WT U20S cells. AAG3BP1/2 cells showed the increase of 1.2-fold in levels
PLIN2 compared to WT U20S cells. Change in PLIN2 was insignificant from proliferative to

senescent GFP-G3BP1, GFP-G3BP2a and GFP-G3BP2b cells.
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6.5 Conclusion

Lipid droplets are the main store of lipids in mammalian cells. They have a crucial role in
storing cholesterol to maintain intracellular lipid homeostasis (Martin and Parton, 2005).
Endoplasmic reticulum (ER) is the origin of nascent lipid droplets. Lipid droplet biogenesis is
regulated by multiple enzymatic reactions. Moreover, Proteins are involved in the synthesis of
lipid droplets. ER proteins: seipin and fat-storage-inducing transmembrane protein, are
suggested to play a structural role in lipid droplet formation (Gross et al., 2010). perilipins
(termed as Plin) are a family of five related proteins that are involved in regulation of neutral

lipid lipolysis (Kimmel et al., 2010).

Lipid droplets are linked to many cellular processes including protein degradation, and are
increased following cellular damage and lipid overload (Agarwal and Garg, 2006).
Additionally, human aging is associated with an increase of physical disability, loss of muscle
strength due to decrease in muscle mass and accumulation of adipose tissue in muscles. PLIN2
has been observed to increase with age. It was reported that the expression of PLIN2 increases

with age (Conte et al., 2013).

Hence, in our study we examine the formation of lipid droplets in proliferative and senescent
WT U20S and G3BP knockout cells. Therefore, lipid droplet formation was observed and
counted under oleate and/or oxidative stress exposure. Oleate is used as an inducing agent for
lipid droplet synthesis. Oil Red O staining is a widely-used lipid droplet marker as it

accumulates in lipid-containing compartments such as lipid droplets.

WT U20S cells were treated with/out oleate and stained with Oil Red O staining to visualise

lipid droplet formation. The number of LDs was observed to increase (2.2-fold) under oleate
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treatment indicating that oleate induces lipid droplet formation. To investigate the effect of
oxidative stress on lipid droplet formation in WT U20S cells, cells were incubated with/out
oleate followed by SA exposure. The number of lipid droplets increased under oleate/SA
treatments. Thus, our data suggests that oxidative stress induced lipid droplet accumulation in
WT U20S cells which is consistent with observations of other studies (Amen and Kaganovich,
2021). Accumulation of lipid droplets was examined in senescent WT U20S. Incubation of
cells with oleate was observed to induce accumulation of LDs. Lipid droplets are suggested to
increase in senescent WT U20S compared to proliferative cells. Our observations suggest that

oxidative stress regulates lipid droplet accumulation in proliferative and senescent cells.

We then investigated lipid droplet formation in AAG3BP1/2 cells. Hence, proliferative cells
did not show formation of lipid droplets suggesting that inhibition of stress granules by
knocking out G3BP1/2 prevents lipid droplet formation. Moreover, oxidative stress was
observed to induce lipid droplet formation in proliferative AAG3BP1/2 cells. On the other hand,
senescent cells showed formation of few LDs. Treatment of senescent AAG3BP1/2 cells with
Oleate and SA was detected to induce accumulation of lipid droplets. Collectively, lipid droplet
formation is suggested to be inhibited in proliferative AAG3BP1/2 cells but increased in

senescent AAG3BP1/2 cells.

Re-constitution of cells with one form of G3BP1 (GFP-G3BP1 cells) was observed to rescue
cells’ ability of stress granule formation. Presence of G3BP1 was detected to promote
formation of lipid droplets. Oxidative stress was seen to stimulate formation of lipid droplets.
Additionally, incubation of senescent cells with oleate stimulated lipid droplet formation. SA

induced formation of stress granules and lipid droplets.
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G3BP2 is required for the formation of stress granules. Proliferative GFP-G3BP2a cells that
were incubated with oleate followed by SA treatment stimulated formation of lipid droplets.
Additionally, oleate and SA treatment led to an increased formation of lipid droplets. On the
other hand, incubation of GFP-G3BP2b cells with oleate followed by SA exposure stimulated
formation of lipid droplets. The number of lipid droplets per cell showed a significant increase
indicating that oleate alongside oxidative stress exposure induced lipid droplet formation.
Moreover, Oleate and SA treatment led to an increased formation of lipid droplets in senescent

GFP-G3BP2b cells.

Proteomics data showed the increase in levels of PLIN2 protein in senescent cells compared to
proliferative ones. This observation is consistent with other studies that show an increase in
lipid accumulation in senescence (Conte et al., 2013). Furthermore, the levels of PLIN2 vary
depending on the presence and/or absence of G3BP. AAG3BP1/2 cells showed the highest
increase in PLIN2 levels compared to WT U20S, GFP-G3BP1, GFP-G3BP2a and GFP-
G3BP2b cells. This indicates that G3BP might play a role in the regulation of lipid synthesis

and accumulation.

Collectively, lipid droplet formation is induced in proliferative and senescent WT U20S cells
under oxidative stress. Knockout of G3BP inhibits formation of lipid droplets as well as stress
granules indicating that G3BP plays a role in lipid droplet formation. Re-constitution of
knockout cells with G3BP1 rescues lipid droplet formation. G3BP2a or G3BP2b promotes lipid
droplet formation. Hence, we suggest that G3BP is required for the process of lipid droplet

formation.
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Chapter 7

7 Proteomics Analysis of Stress Granules and Senescence Proteins in U20S Cell
Lines

7.1 Introduction

Living cells have several coordinated biological processes that occur simultaneously. These
processes encompass different functions such as regulatory, catalytic and synthetic functions.
Through biochemical and biophysical studies, it’s well known that the biological process
functions are carried out by proteins. However, protein and proteome properties and behaviour
remained elusive until the development of mass spectrometry-based technologies which help
provide a clear understanding of proteome function, composition and structure (Aebersold and

Mann, 2016).

The proteins of the living cell collectively form the proteome; which is the full set of proteins
expressed by the cell. The proteome network enables the cell to adapt to any internal or external
perturbations. Therefore, it enables the cell to define the functional state and determines its

phenotype (Feng et al., 2014; Aebersold and Mann, 2016).

Proteome of cells and the mediated molecular mechanisms have been studied by large-scale
measurements of proteome that have become possible by development of mass spectrometry

based methods such as LC-MS/MS and SWATH-MS.

To answer many research questions in fields such as drug screening and discovery, consistent

and quantitatively accurate proteomics data from several samples are required. The mass
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spectrometry-based method: Sequential Windowed Acquisition of All Theoretical Fragment
Ion Mass Spectra (SWATH-MS) has been developed to address the need of delivering high
quality and consistent quantification of large-scale projects (Ludwig et al., 2018). The major
advantage of SWATH-MS is enabling the quantitative analysis of 1,000s of proteins with high
accuracy and quantitative consistency. The research fields that require these properties include

clinical drug studies (Tan et al, 2017) and genetic association studies (Williams et al, 2016).

To perform SWATH-MS analyses, protein samples that are non-labelled are digested with
trypsin. The resulting peptides are processed and analysed by liquid chromatography coupled
to a tandem mass spectrometer. The acquisition mode operated is called data-independent
acquisition (DIA) where all ionized molecules that fall in a specified mass range are fragmented

in a systematic style. The resulting multiplexed fragment spectrum is interpreted by

Digestion
Protein Peptide

2 “E

o
1

Peptide separation

4

Data- Time-of-flight Data
independent - mass ‘ interpreted by

acquisition spectrometer OpenSWATH

Figure 7.1 Schematic of SWATH-MS workflow.

SWATH-MS workflow starts by sample preparation where the proteins are extracted and
digested. Peptides are then separated and introduced into mass spectrometer. In data-
independent acquisition, a specific range of m/z values are selected for fragmentation.
Fragments are acquisitioned in a time-of-flight mass spectrometer. The resulting

fragment spectrum is interpreted by OpenSWATH software.
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OpenSWATH software (Figure 7.1) (Aebersold and Mann, 2016; Ludwig et al., 2018).

Furthermore, multiple steps are involved in the preparation of samples for mass spectrometry
analysis. It involves the following steps: proteins extraction, fractionation, digestion,
separation and ionization. Consequently, it is well-suited for the detection of proteins in cells

exposed to treatment or chemicals.

Preparation of samples for LC-MS based proteomic experiments requires multiple steps. The
first step is cell collection which is performed by adding a lysis buffer to cells in order to break
the cell membrane. Next, cells are homogenized and centrifuged to separate cell debris and
membrane from cell lysate which contains the proteins. Then, proteins are chemically or
enzymatically cleaved/digested into fragments to facilitate protein identification. Digestion of
proteins results in peptide fragments that are reduced in size making them more tractable and
amenable to mass spectrometry analysis. Moreover, separation techniques used in MS based
proteomics analysis such as high-performance liquid chromatography, enables reducing the
simultaneous introduction of identical/similar peptide masses into the mass spectrometer (see
chapter 2) (Pitt, 2009; Karpievitch et al., 2010). Mass spectrometers contain ion source, mass
analyser and ion detector. The charge of each peptide is assigned by ion source. Mass analyser
is responsible for measuring the mass-to-charge (m/z) ratio of each ion which is then captured
by an ion detector and the intensity of each ion is measured. In a mass spectrum, mass analyser
generates m/z information on the x-axis and the detector generates peak intensity information

on the y-axis (Ye e al., 2008; Karpievitch et al., 2010).
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7.2 Aims and Objectives

721 Aims

The chapter aims to develop an understanding of the changes associated with senescence under
different G3BP backgrounds. Hence, WT U20S and AAG3BP1/2 cells will be used to
investigate the changes in protein levels following senescence induction. Proliferative (Day 0)
cells will be used as control. To determine the role of each form of G3BP in senescence process,
G3BP1-, G3BP2a- or G3BP2b-reconstituted cells will be induced to senescence and protein
changes will be visualized using SWATH-MS, interpreted using OpenSWATH. RStudio

software will be used to quantify and generate plots of protein changes.

We hypothesize that changes at the protein level will be associated with senescence in WT
U20S. Knockout of G3BP (AAG3BP1/2) will cause changes in proteins thereby it will affect
senescence phenotype development. Re-constitution of cells with G3BP forms individually
will provide a clear view of how G3BP is affecting other proteins and hence the senescence

process.

7.2.2 Objectives
1. Characterize the protein changes associated with senescence in WT U20S and compare
it with changes in AAG3BP1/2 cells.
2. Determine the alterations of proteins associated with senescence (p21 and p16) and
RNA-binding proteins involved in stress granule formation in control and G3BP

mutant cell-lines.

275



7.3 Materials and Method

7.3.1 Materials

All chemicals were purchased from Sigma unless stated otherwise.

7.3.2 Methods

Preparation of peptide samples for proteomics analysis and mass spectrometry was performed
by a department facility. Briefly, samples were prepared using FASP Protein Digestion Kit and
sequencing grade-modified trypsin. Next, samples were freeze-dried and re-suspended in 3%
acetonitrile, 0.1% TFA followed by de-salting step. Sample fractions (5 ug peptides) were
analysed using ekspert TM nanoLC 425 coupled to a quadrupole Time-Of-Flight mass
spectrometer. Subsequently, samples were filtered using TriArt C18 Capillary guard column
with 5 um, 5 x 0.5 mm trap column. At separation step, samples were loaded on TriArt C18
Capillary column, 12 nm, S-3 um, 150 x 0.3 mm for 57 min at a flow rate 5 ul/min. Afterwards,
SWATH acquisition was performed for 55 min. The time of each scan cycle was 3.2 second.
Data acquired from each scan cycle (400-1250 m/z) were processed using SCIEX version 1.7.1

software.
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7.4 Results

74.1 WT U20S Cells

Senescence occurs when DNA damage response proteins are activated which in turn activate
pS3. Cyclin-dependent kinase inhibitors including p21 (CDKN1A) is a target for p53.
Activation of p21 leads to the activation of p16 (CDKN2A) (Campisi, 2005). Furthermore, the
altered pattern of gene expression and cell shape, high activity of B-galactosidase, SASP, and
secretion of factors such as growth factors and insoluble extracellular matrix components are

the hallmarks of senescence phenotype (Cho and Hwang, 2012).

During senescence, cells irreversibly lose their ability to proliferate. Moreover, several proteins
are known to regulate cell-cycle progression at G1-S phase promoting senescence phenotype
(Fridlyanskaya et al., 2015). Hence, in our study, exposure of WT U20S cells to 200 nM
doxorubicin for 48 hours was observed to induce senescence phenotype (discussed in chapter
4). Cells were observed to display multiple senescence markers such as elevated SA-B-Gal

activity, formation of SAHF and high expression of p21 protein (discussed in chapter 5).

To investigate the molecular changes in senescent cells, a quantitative proteome analysis of
day O (proliferative) and day 9 (senescent) WT U20S cells was performed using SWATH-MS.
A total of 5358 proteins were identified in WT U20S lysates. Approximately 2715 proteins
were identified at a rate of adjusted p-value < 0.05. Moreover, proteomics analysis revealed
that 175 proteins were showing an absolute fold change higher than 2 and smaller than -2.
Hence, I discuss these 175 significantly changing proteins with regard to senescence and stress
granule formation (Figure 7.2). Hence, the role of the significantly changing proteins and

proteins associated with senescence and stress granule formation are discussed here.
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Figure 7.2 Proteomics analysis of proliferative (Day 0) and senescent (Day 9) WT
U20S cells.

The plot shows the distribution of proteins forming a volcano plot. The marks are showing
the distribution of all 5358 proteins detected in lysates of WT U20S. The grey marks are
the proteins with no significant 