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Abstract

Senescence has been associated withd accumulates inaged tissues and agmssociated pathologies. Recent
evidence suggests that targeting senescence could improve the health span of older individuals, which is the faste
growing demographic worldwide. Therefore, drugs that efficiently eliminate senesediaf namely senolytics, are
required. | proposed that a novel zebrafishsed model of senescence could provide a better method of identifying
senolytics and understanding vivosenescence. | hypothesised that zebrafish larvae undergo cellular senesoenc
response to irradiation, and that induced senescence in zebrafish larvae shares features with humamdgeed)

senescence, allowing new insights into human ageing.

Here a noAethal dose of irradiation was established in zebrafish larvae to dpwvelrapid accumulation ohultiple
senescence markeis viva Bacterial artificial chromosome (BAC) transgenesigheasused to develop a transgenic
zebrafish that expresses GFP under promoter regulation of the senescence mark&gB2LC[p21:GFP)st&0rhis
transgenic reporter has allowed live vivoimaging and prospective isolation of potentially senescent cells at the
cellular level from a mixed population for the first time. Cell sorting of the GFP population showed an enrichment fo
multiple makers of senescence in the same cell, being positive fborH &nd IL6, and negative for PCNrar the first

time, potentially senescent cells were able to be distinguished into a dim and bright population, whereby only the
bright population expressed IL&radiated zebrafish also show reduced mobility, a common predictor of age
associated mortality in humans. Now characterised, the system can provide a novel approach to compliment othe
establishedn vivosenescence models to further our understandinghef mechanisms underlying ageing, and allow

the development of aiin vivocompound screen for senolytics.
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ANOVA Analysis of variance
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CDKE, Cyclindependent kinase inhibitor

CSEK, colony-stimulatingfactor

COPLx, Chronic obstructive pulmonary disease
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MEF¢ Mouse embryonidibroblast
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mTOR; Mammalian target of rapamycin

Ns¢ Not significant
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ROI¢ Region of interest

ROSg; Reactive Oxygen Species
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1. Introduction

Ageing of eukaryotic organisms can be defined as an almost universal decline in organ fleadiiog to increased

risk of mortality(Partridge 2010; Leng, Chen and Mao, 2014)s something that can be seen clearly, with features
such as skin wrinkling, spine curvature and hair loss all becoming more prevalent over time, and it is something th
occurs almost unersally across all speciéShan & Duque, 2002HAMILTON, 1951; Katzman, Wanek, Shepherd, &
Sellmeyer, 2010; Larsson et al., 2019; Makrantonaki & Zouboulis,. 2803} is fascinating about ageing is that the
rate at whichwe age is extremely diverg&abian, D. & Flatt, 2011; Jonetsal, 2014) Dogs and humans are both
mammals, and companion dogs sharguably the same environment, however the median lifespan of a dog is vastly
shorter than that of a human at 14 years compared tq(l86ffmanet al,, 2018) Even within humans from the same
socioeconomic background and country can age differently and suctuiadpgeing in different way@Huismaret al.,,

2013; Public Health England, 201A)eing is a process that involves multiple organ tissues, environmental and genetic
factors and occurs ovan extremely long time in humans, making it arguably one of the most difficedtsato
research as a whol@&tudenski, 2008; Bellantuono and Potter, 2018hat is clear is that although we have made vast
progress over the last few decades tty RSNR Gl YR K2g ¢S | 3ST 6AGK Of SI NJ
characterised, we are yet to able to effectively modulate the rate of ageing or reverse-aggociate pathologies

to keep peoplenealthier for longe(LépezOtinet al., 2013)

Ageing is an important risk factor for most roommunicable diseases in almost all organ systemsjdiraj cancer,
LfT KSAYSNDAS | dsteoSrindisyidebeft MBI.52004 ; FinkelySRrrano and Blasco, 2007; Cokhah,
2009; Mantovankt al, 2010; Shane Anderson and Loeser, 2010; Wang and Bennett, F¥&2) in the context of
infectious diseases, an aged individual is mwobhse at fighting infections and less ableo®vaccinated against them
(Weinbergeret al, 2008) This leads to increased hospital admissions in oldepleeseduced quality of life and
independence, and is costly to our higabhnd social care servic¢€hristersenet al, 2009) However, this has only

become an issue of great urgency over the last few decades with the onset of our ageing population.
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In the UKthe predicted population increase between 2016 and 2036 is 36% for those aged betweeth B years

old, and 69% for those aged over 85 years old, whilst all other age groups remain relatively unql@gesl for
Ageing Better, 2019By 2037, one in four people in the UK will be 65 or o{8¢atistics, 2017) This means that our
population is ageing, and this is the case in both developing and developed esu@rie reason for this is that we

are becoming better at treating individual diseases, with the invention of antibiotics for infectious diseasms raner
drugs and treatmaetssuch as Statin®s treat heart diseaséWilmoth, 2000) However, this means that we are surviving
with disease for longer, rather than increasing the proportion of our lives that are spent diseasetherwise known

as our healthspan. This, al@ide ageing being a key risk factor for rmmmmunicable diseases, results in a greater
proportion of our population that are retired and more likely to be suffering from-aggociatedrhilty and mult
morbidity (Christenseret al, 2009) On average in 2015, women, who typically have a longer lifespan than men, can
expect to live 19 years of their life wilgeassociated diseasg©ffice for National Statistics, 2019he amount of
people requiring iginificant social care has doubled between 1991 and ZBidman, 2017)Additionally, 75% of over

65s suffer from more than one agessociated diseases, and 20% of over 65g laveast five ageelated chronic
conditions(Vogeliet al, 2007; Goldmaet al., 2013) The prevalence of multhorbidity means that an individualistic
approach to treating agassociated diseases are becoming less effective, polypharmacy comes into play where dru
interactions anl multiple side effects limit the efficacy of drugs to treat individual pathologies used in combination.
There must be a shift into the development of more mdigciplinary, holistic approaches to limiting aagsociated
pathologies. In summary, there si@ever before been a greater and more urgent need to understand the underlying
mechanisms of ageing that result in increased disease incidence and multimorbidity in older people. From an econon
standpoint, reducing the pressure on our health and s@galices is essential, but also improved fitness in the elderly
would allow a greater contribution to our workforce and strengthindividual independencéSilverstein, 2008;

al NBO2 @t 3 a2 KSt ahRultherl 1yirR6 p¥opté ih the UK owemnsb live in relative poverty, therefore the
financial pressure aequiring constant care can prove extremely debilitating for both the individual and the support
networks that surround thenfPensions, 2018)This does not necessarily just mean developing new treatments to
health span, but also improved social awareness of factors that contribute to healthy #geingh lifestyle changes

such as diet, exeige and social interactiofHolmes and Joseph, 2011; McPral., 2016; Robinson, 2018)
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Over the past few decades, the notion that it is possible to change the rate at which we age has Wetl@vielenced
Rather counterintuitively, during the Great Depression in the earf @@ntury, life expectancy increased and
mortality ratesdecreased despite poor economic health and food ratiorftaganados anddrix, 2009. Later, when
mammals were calorie restricted they showed a strong improvement in life and keadtin(McCay,Crowell and
Maynard, 1935; Weindrucht al., 1986; Mattisoret al., 2012) This provided vital evidence to support the idea that
the rate of ageing is changeable clelegangheir median lifespan can be extended frahmee weekdo four months

when there is limited availability of nutrition, in a state referred to as dauer diapgRs#dle, Swanson and Albert,
1981) Mutant screens ilc.eleganshowed thatdaf proteins, later shown to be orthologous to the human insulin/IGF
pathways, can regulate lifespan and were involved in controlling the dauer @téss, 1983; Kenyaet al., 1993;
Gottlieb and Ruvkun, 1994 humans, there are disorders such as HutchirSaitdford Progeria Syndron{elGPS),

and Werner Syndrome that present with rapid ageing phenotyfiéstchinsm, 1886; EPSTKI&t al, 1966)
Sequencing demonstrated that these were disorders ofLilNAandWRNgenes, involved in DNA repair and nuclear
membrane integrity, and further indicated mechanisms that modulate the ageing pr¢Chsset al., 2003; Eriksson

et al, 2003) The Italian island of Sardinia has been of interest in understanding how people can live longer an
KSFHf GKASNI f A@Sa a AG Aa | WwWotdzS 1T2ySQI ¢ KJadik 2005 |
Buettner and Skemp, 201@easons for this include increased activity levels, improved diet, and high levels of societa
interactions(Peset al, 2013; Buettner and Skemp, 2016)deed, when Frome, a small town in the south west of the
UK introduced schemes to try and reduce isolation in older people, hospital admissions dropped by 14% between 20
and 2017 whilst they increased B$.5% in surrounding ggons(Abelet al,, 2018) These examples demonstrate that

the rate at which we age is malleable, and requires a ratteted and multdisciplinary approach to hefackling

the prevalence of agassociated disease in older people.

I LISNIAYSy(G ljdzSadArzy gAlGKAY GKS FASER 2F 3SAy3a NBa
without further extending their lifespan, thereby compressing their morbi¢fijes, 1988p 2 A G K2 dzi G KA &
2T Y2NDARAGEQZ GKSNB Attt 0S5 péopldithat d8e syfféring frony agis@®aaid Sy |
disease, it would instead delay the age at which they begin to suffer from them. There are notable cases wherel
compression of morbidity has been described however. Centenarians, for example, have a mudhdmeece of
disease until later compared to those that live until decades eaffferls, 1997)They show a lower incidence of
chronic illness, and arsick for a shorter period of time, reducing the medical costs for centenarians compared to
those with a 76year lifespan by twahirds (Kheirbeket al, 2017) This suggests, rather unsurprisingly, that if one can
delay the initial onset of agassociated disease, then healthspan extension is possible. However, this is not so helpfu
for those that arrive at the clinic already presenting with symptoms, therefore, studying the underlying mechanisms
that control maximuniifespan have been examined. For example, there is a strong correlation between rodents with

a longer maximum lifespan and more efficient DNA repair mechanisms, which is the ogtasiteypeto rapidly
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ageing patients with Werner syndron{@ianet al, 2019) Additionally,systemic improvements in multiple organ
tissues was demonsdted upon modulating myostatin anactiving signalling in a progeric mouse, without affecting
lifespan(Alyodawiet al,, 2019) These evidencthat compression of morbidity is poskhkin our ageing population,
and that understanding the mechanisms linking ageing and increased disease incidence coulchprethiéeapeutic

avenues for extending healthspan.

Research into the mechanisms underlying ageingveleunderway. In a landmark review, nine processes were coined
We KS | | ff YI(DpedOtieeFal, POAJRighrd Q1P WDSYy2YA O AyaildloAfAdeqQs ¢
FOGNRGA2Yy QY Wf2aa 2F LINRPGS2aGFraraQr WRSNBIdA FGSR LI
WEEf GSNBR Ay GdSNOSt t dzEf + NJ O2 Y Ydzy A BystiessantQan be ggnirallpaitsbiitéddat |
a loss in homeostasis. External stresses such as exposure to ultraviolet components of sunlight can increase oxida
stress, expose cells to DNA damage, and leagttmmic instabilit{DebacgChainiauyet al., 2005) When the extent

of stress reaches a critical level or the cell cannot handle the level of stress, they can gstait Gt senescence
O0RQ! RRI Btal, 20034 Pafriyidiiet al, 2003a) Senescence is a stress response thatadtam intercellular
communicaion and warn surrounding cells of a stress, even inducing senescence in nearby cells by acpitemkss
bystander or paracrine senescen@éelsonet al,, 2012a; Acostat al., 2013) When the protective caps on thend of
chromosomes known as telomeres become critically short, this in turnacaras an internal stress aridduce
senescencéC B Harley, Futcher and Greider, 1990je rate oftelomere attritionis a strong predictor of median
lifespan between specig¥®Vhittemoreet al, 2019) Additionallytelomerase an enzyme that can maintain tehere
length, can be introduced to mice with pulmonary fibrosis to tackle telomere attrition and improve prognosis of this
ageassociated pathologyPovedanocet al., 2018) The methylation ofgenes can modulate gene expression, but
alterations in epigenetic regulaticare seen with agéMaureset al,, 2011) For example, H3K27me3 is generally known

to decrease withage;it is also highlighted as a repressor of the senescémdecing INK4A/ARF loc(Brackeret al.,

2007) Removing the demethylase that acts on H3K27me3 can extend the lifespasiegfangMaureset al., 2011)
Another type of internal stress that can induce senescengetachondrial dysfunctiofWileyet al.,2016). When the
efficiency of cellular metabolism decreases over time, the amofireactive oxygen species (ROS) that are produced
increases and can damage D(Thance, Sies and Bovefi879; Buluat al, 2011) The ROS itself can further damage
mitochondrial DNA and lead @ positive feedback loop amckcessive oxidative stress. Mitochondrial dysfunction can
further be aggravated by agelatedloss of the protein quality contradystems terned autophagy and mitophagy
(Sunet al,, 2015) Modulation of autophagy and mitophagy can change the rate of adéimgng and Cuervo, 2008)

For example, mice with an extra copy of a lysosomal receptor required for chaperediated autophagy experience

a protective effect against the agkependent inceases in pathology that associated with reduced autophage.
relationship between protein control and senescence is interesting in that effective autophagy can prevent senescenc
in stem cells, whilst increases in autophagy are seen in senescent agllseams to control their inflammatory

phenotype (Naritaet al, 2011; GasiaPratet al, 2016) Another way in which autophagy and senescence can be
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regulated is througmutrient sensingHerranzet al,, 2015) mTOR signalling, for examptan interpre nutrient and
growth signals, and igquired to induce the inflammatory nature of senesceffiderranzet al,, 2015; Laberget al.,

2016) Modulation of this signalling pathway by rapamycin can extend lifespan of (iareisonet al., 2009) The
inflammatory nature of senescence, an examgdteration of intercellular signallingontributes to the agelependent
increase irchronic inflammation, which is causal to multiple agsociated diseas€€hildset al,, 2016; Jeoret al.,
2017a; Schafeet al,, 2017; Bussiasat al,, 2018; Chinta, Woods, Demaria, Maddenhal., 2018) Alongside this, with

age the function of the immune system declir@lana, Alonso and Pefia, 1999; Solana and Mariani, 2000;eDeng
al., 2004a; Czesnikiewi€zuziket al., 2008) We are less able thght off infections and clear senescent celisme
reason beinglue to a reduced number of white blood cells in our blood with &gewell as reduced white blood cell
numbers with age,itoseimmune cells thathat are present are less functional, T cells are less likely to be activated in
response to a stimulusnd increases in senescence markers are seerféstget al,, 2004b; Liet al,, 2009) Reduced
immune cell number and functioroald be attributed tostem cell exhaustiom the hematopoietic stem cell niche.
Stem cells are required to replenish the cell populations in damaged tissues and maintain tissue homeostasis, a
there is an agalependent decline in functionatem cells over time with increasing markers of senescence seen
(Beermaret al, 201Q Molofskyet al., 2006; Fhet al, 2018)9 @Sy lidzZt f f & 2@SNJ GAYSI |y 3
will not be able to overcome the damage and our organ reserve, the ability for a tissue to return to physiologicall
functional state after a stress, would be depleted and leaddeassociated frailtfNeustadt and Pieczenik, 2008)
Once one area starts to malfunction in this manner, it puts pressure on other regions, leading to a positive feedbac
loopl YR Ydzf GAY2NDARAGED® ' GKS 5Db! fS@Sts {KSzAardAil®59RS &
Moskalewvet al., 2013) An added complexity to these hallmarks of ageing is that they are not mutually exclusive. This
could be useful in the context of improving healthspan, in that one could propose that pharmacologically improving :
central ageing hallmark like sesmence may also help with other hallmarks of ageing, but conversely it may require
targeting multiple hallmarks at once to have a functional improvement on whole organism health. The way in whicl
our cells respond to various stressors seems central to métlyese mechanisms, therefore | believe that targeting

a stress response liksenescenceould be a promising approach and a good place to resetar achieve the goal of

systemic healtkspan extension
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Figure 1.1. The mechanisms of ageing. Mitochondria dysfunction, telomere attrition, loss of proteostasis and genotoxic
stress are all able to induce senescence. Senescent cells accumulate with age and can secrete warning signals known as the
sensescence-associated secretory phenotype (SASP), which includes inflammatory factors. The SASP is able to induce
senescence in nearby tissues in a process known as bystander senescence. It can also signal to immune cells and lead to
chronic inflammation. This inflammatory microenvironment of accumulated senescent cells and chronic inflammation can

damage stem cell niches and reduce function, further reducing organ reserve and leading to age-associated multimorbidity.

Figure adapted from Lopez-Otin et al. (2013). Dlagram created with BioRender.com.
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Cellular senescence is a hallmark of ageing, and the clearance of senescent cells has been highlighted as a pote
mechanism by which ag@ssociated pathologies could heated (LopezOtin et al,, 2013) Cellular senescence in
most contexts can be defined as a stressponse(Sharpless and Sherr, 2015a; He and Sharpless,. Bxr¥scence

is a very dynamic and contextuatlgpendent phenotype but generally, senescent cells have three main components
in common(Sheltonet al., 1999) Stressed cells that beme senescent undergo a seemingly permanent arrest of the
cell cyclg{Manuel Serranet al, 1997; Blaigt al, 2007) Though it is worth noting that this does not mean that only
proliferating cells can become senescent, postotic neurons are able to induce a senescence phenotype via p21 for
example(Jurket al., 2012) Unlike with quiescence, the proliferative arrest is permanent, and these cells are no longer
optimised to carry out theitypical cellular functions, which is distinct from terminal differentiatiButtitta and Edgar,
2007) A particularly important aspect of senescence, and one that sets it apart from alternative stress responses sut
as programmed cell death mechanisms, is the increases in metabolic activity and induction of a sedestored

the Senescence Associated Secretory Phenotype ($88#Honet al, 1999) The SASP comprisesanimplex and
dynamic signalsincludingpro-inflammatory cytokines, chemokines, growth factors, and protedSteltonet al.,

1999; Bavik, 2006; Coppet al., 2006; Acostat al, 2008; Kuilman and Peeper, 2008 Uhdet al., 2010; Krtolicat

al., 2011; Laberget al,, 2016) This is thought to be the basis of their paracrine functions and interactions with the
immune systenfGasseet al., 2005a; Kangt al,, 2011b; Antonangetit al., 2016a) Additionally, the SASP is implicated

in inducing senescence in surrounding tissues, termed bystander senesf@dals®net al, 2012b) Although
senescent cells can be activated through comparable stressors that can also induce apoptosis, these cells activ
develop methods for resisting cell dedtBasaket al,, 2001) In fact, the length of time that senescent cells can survive
for in vivois unknown, though markers of senescence have been showndlhs after chemotherapy treatment in
breast cancer patiest which was the longest timgoint examined in the stud¢Sanoffet al., 2014) Understanding

the three central components that define senescence are vital in being able to appreciate markerantidgraidy

them, their functions and how they are linked with ageing.

Senescent cells can be difficult to identify and often requires multiple markers being used together. One of the firs
identified markers of senescencesisnescencassociated -Galactosidase activity ($SAGal)(G P Dimret al.,, 1995)

It correlated with cells from older humans and was absent in quiescent, terminally differentiated and cancer cells i
that study.lt wassinceshown that this actiy is not actually required for senescence, where reducing the expression
of thei -gal encoding genglbldid not stop senescence inductigheeet al, 2006) As well as this, there are now
multiple examples whereby nesenescent cells express-S4yal activity, putting into question the validity of it as a
specific marker of senescen(i¢rishnaet al,, 1999; Severinet al., 2000; Goin@t al., 2002; Untergasseat al.,, 2003;

Yang and Hu, 2005; Hatlal,, 2017)
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As senescent cells are a stress response, markers of the DNA damage responsé duehdasl p53 have been used

to help identify senescencé RQ! RRI  Rtial, QU0 Hemigét al, 2004) However, these alone cannot
distinguish between other phenotypes that can occur following DNA damage response such as repair and apopto
(Rogakotet al., 2000; Haupet al., 2003) Additionally, senesmt cells have been identified in p5&ill mice(Mufioz
Espiret al, 2013) In the context of senescence, the components of the DNA damage response, particularly p53, hel
signal to the cyclideperdent kinase inhibitor P21 to help elicit the permanent cell cycle arrest that senescent cells
are known for(Di Leonardeet al, 1994) P2¥"AFpredominantly acts on CDK2 to arrest cell cycle at either G1 or G2
phase(Wade Harpert al, 1993; Xion@t al,, 1993; Bunet al,, 1998) Interestinglymice lacking in the P22 ocus,
CDKN1Aare defective in G1 and G2Il cycle checkpoint control and have more tumoguarslisease of uncontrolled
proliferation,at 16months compared to wiltype siblinggDenget al., 1995; MartinCaballercet al, 2001) However,
P2Lmutant mice do not show sensitivity t@sescentinducing stressors such as radiation or telomerdséiciency
(Choudhuryet al, 2007) P16¥“Ais andher exemplar cycliiependent kinase inhibitor that helps to maintain the
senescence cell cycle arrest by inhibiting the kinase activity of CDK4 aneDd@diranoHannon and Beach, 1993)

The inhibition of CDK4 and cyelinby P16 is through activation of the tumour suppressor Rb, which in turn represses
the E2F transcription factors associated with cell cycle progre¢Niaritaet al., 2003) Unlike P21, P16 is commonly
mutated in tumours, andP16 mutant mice have increased susceptibility to tumimglucing stressoréSerrancet al.,

1996) The current understanding of the letionship between the CDKIs is that 2t seems to be an earlier marker

of senescence, and helpsdiuce the cell cycle arrest, whilBL6™* further helps mediate the irreversible nature of
senescencéSteinet al., 1999) However, the exact kinetics ofdke genes are not entirely clear yet with relation to
senescence induction and maintenan8eme evidence suggests that it takkdays of p21 expression to be indicative

of senescencé¢Sang, Coller and Roberts, 2008}hers have shown that in replicative senescencia @fitro human
fibroblasts, P21 isctivated before P16 takes over for longer periods afterwards for senescence to be maintained
(Alcortaet al, 1996; Steiret al,, 1999) Conversely, more recent singtell analysis of senescent cells 10 days after
bleomycin treatment demonstratethat P21 is one of the highest predictors of senescence over quiescence, whilst
P16 was not examined in this stu¢Wileyet al, 2017) Additionally, P18%“Aexpression has been identified in the
context of macrophage polarization, independent of senescéHedlet al,, 2017) In summary, P21 and P16 are clearly
important in the induction of permanent cell cycle arrest in senescent cells and are therefore viable means fo
identifying these cellén viva Howeer, as their involvement can alter according to context and there examples of
expression of both genes independently of senescence, a combination of senescence markers would provide grea

confidence of detecting the senescent phenotype reliably.

Similaly, though the SASP is a unifying feature of senescent cells, it is variable and temporally dynamic. For examy
10Gy IR on Mouse Embryonic Fibroblasts (MEFs) resulted in highpléssion, whereas senescettlls sorted from
wounds show almost no chaegn IL6 expressiofDemariaet al., 2014) Furthermore, the SASP profile of primary lung
mice fibroblasts was drastically different depending on whether they had underwent senescence through replicative
senescence or stressduced senescence, and the expression of SaBkRd chemokines, cytokines, and growth

factors such as 412, MIPm h ¥ VEGFRaried largely according the mode at which senescence was iffluged
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MacielBaronet al, 2016) There were some common SASP features identified in senescent cells induced by five type
of genotoxic stress and include the proteases MMP2, TIMP2, the growth factor binding protein IGFBP3, PAI1 amon
others(Ozcaret al, 2016) Interleukins such as IL1, IL6 and IL8 also seem to be quite common to the SASP phenoty
(Coppéet al., 2008 Acosteaet al, 2008; Kuilman and Peeper, 2009; Rodieal,, 2009; Laberget al., 2016) Though

the dynamic and complex nature of the SASP has plagued researchers in understanding tbensezirsenescent

cells, recent advancement in singlell analysis has allowed the development of a proteomic database called the SASF
atlas, whiclmayhelp piece apart whether there are distinct and consistent components of the senescence secretome
in different contexts(Basistyet al., 2019)

Though senescent cells seem to last for a long time after simegsq their mechanisms of cell death resistance are
unclear (Sanoffet al., 2014) Both of the aforementioned cell cycle inhibitors P21 and P16 have been identified as
negative regulators of apoptogiBissonnette and Hunting, 1998; Sviderskatyal ., 2003) Additionally, P53 can induce
cytochome c release from mitochondria for cell death mechanisms for example through its cytosolic subcellulal
localisation(Schuleret al., 2000) In senescent cells, p53, though alseragulated, can instead interact with FOXO4
and become localised fmromyelocytic leukemiéPML) bodies in the nucleus that play a role in SASP regu{Riatier

et al, 2011; Baaet al, 2017) When this interaction is inhibited, senescent cells tend to become apoptotic more than
non-senescent cells. Additionally, HSP90s are up regukdate senescent cel{fuhrmannStroissnigget al, 2017;
Basisy et al, 2019) This heat shock protein interacts with Akt to inhibit apoptosis and promote cell survival
(FuhrmannStroissnigget al, 2017) Smilarly, an siRNA against B¢l part of the beR family proteins involved in the
same cell survival pathway, was able to reduce the viability of senescent(Zbliet al, 2015) However, a
contradictory study suggests that four different senescent fibroblast strains have low diti2ya whilst still being
more resistant to hydrogen peroxidaduced cell death than young cellSasakiet al, 2001) This suggests the

mechanisms for maintaining resistance to cell deatBénescent cells can vary according to context.

Now there are multiple transcriptomic and proteomic changes identified with senescent cells, which helps to identify
and research them. However, due to the many different contexts linked to senescenceealadktof reliable model
organisms that can detect these cells at the cellular l@veivq appreciating how they accumulate and are linked
with ageing has pran challenging in the pagCalvin B Harley, Futcher and Greider, 199GSerranoet al., 1997,
Parrinelloet al,, 2003b; Bakeet al., 2011; Demariat al., 2014; Liet al., 2019)

To understand how senescent cells are linked to ageing, an appreciation of the pathways for iséneiscence is
essential. Replicative senescence was the first induction method idengtiagflick and Mooréad, 1961; Hayflick,
MpcpT /FEGAY . | I NI Se&sx Cdzi OK SeNdl,260%) TRNBM $efelEncemgsifinst
coined in 1961 to describe the tirdependent decrease in proliferative ability of cells in culture after each rodind o
cell division iHayflick and Moorhead, 1981When cells were unable to continue dividing, it was termed that the cells
KFER NBFOKSR GKSANI WI I 8FEtA01 [AYAGQOD® ¢KAA & ledtal, 19905 S NJ
Telomered NBTAGGQepeat sequences of genomic DNA located at the end of chromosomes that get shorter with

each round of DNA replication, due to the ergplication problem(Olovnikov, 1971; Watson, 1972)NA polymerases
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can only go in the five prime to the prime direction, therefore Kazaki fragments are required to make the lagging,
reverse strand, of DNA. Once the last Okazaki template fragment has been removed, it leaves a short piece of sing
stranded DNA at the three prime end, shortening the olldemgth of the chromosome with each round of DNA
replication(Huffmanet al, 2000) Telomeres protect important intron and exon sequences by acting as a protective
cap, and allow the reaitment of proteins that inhibit the response that would recognise this skstfl@nded piece of

DNA as damaged RQ! RRI BtARISCHAMBYIT h Q{ dzf f A @ Ewntublly, Bhesy teldifer@sSgatS N.
too short and cannot provide room for these protective proteind&recruitedto them, the DNA damage response
becomes activated and the cell enterplieative senescence where it will no longer undergo DNA replication or cell
division. It was not known for some time whether this was an artefact of growingrceltso, or whether they actually

had significancén vivo.

Cancer is a disease of uncontrolled proliferation, and therefore, it would be a logical place to assess whether tt
immortalisation of cells has something to do with overcoming the senescence phenotype and associated cell cyc
arrest(Shay, Pereir&mith and Wright, 1991Yhis was first showthirough oncogeniactivation of the Grotein RAS,
which becomes hyperactive amduses excessive mitogenic signaisreasing p53 and p¥*evels and inducing
senescencel(| Serrancet al,, 1997). A concurrent induction mechanism following excess mitogenic signals from RAS
is the resulting increase imetabolic activity which inturn increase expression of DNA damaging reactive oxygen
species (ROS), eventually inducisgnescencéM Serranocet al,, 1997; Liret al, 1998; Halazonetis, Gorgoulis and
Bartek, 2008)Importantly the DNA daage response is not always required for oncogamkiced senescend®lsen

et al, 2002; Efeyamt al., 2009) Certainlyjmmortalisationonly occurred by an oncoprotein if key components of the
senescence pathway, namely P53 ati8N“, were inhibited. Additionally, tumours often contain mutations in
senescencéduction mechanisms, as well as activating telomerase to prevent telomere shorigiingt al., 1994;
Serrancet al,, 1996; Shay and Bacchetti, 199Experimentally altering the senescence machinery has a large effect
on the onset of canceris vivo(Lindstenet al, 2000) Whereas modifying the machinery for programmed cell death,
an alternative stress response, did not have much effectironivo cancer onset. The term oncogeireduced
senescence (OIS) was used to describe senescent cells that were arrested in G1 phase following by oncoge
mutations in RAgM Serrancet al,, 1997) Importantly, P53 and P16 weng regulatedn these cells and the cell cycle
arrest wasabrogated when either of these proteins were mutated in the presence of RAS mutations. Interestingly, Ol
is not universal across all cell types. Oncogenic mutations in BRAF will cause OIS, but this canagatsel ddyr P16
mutations, unlike in the casef RASmutant OIS(Michaloglouet al., 2005) OIS was termed a unique type of
senescace induction from replicative senescence as concurrent expression of telomerase did not overcome RA
induced senescend@Vei, Wei and Sedivy, 199%enescent cells therefore play a key role in the prevention of cancer

in vivg and cances must overcome the Hayflick limit to become immortalised.
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Another type of senescendaduction is defined as stressduced senescence. As DNA damage accumulates with age
and stress induced senescence typically weslthe P53/P2A*F1DNA damage response pathway, this type of
senescence is thought to have significana the context of ageinfroussainet al, 2002) ATM is a damage sensor
proteins that recognis¢hese shortened telomeres and recruits and activates proteins su¢hl28X and eventually

the master regulator p53Burmaet al,, 2001; Herbiget al., 2004; Stiffet al., 2004) P53 will then induce cell cycle
arrest through upregulation of Cycliependent kinase inhibitors (CDKIs) such as'fi21f the damage is too severe

or irreparable, the prolonged cetlycle arrest and p2#" signalling induces further expression ather cell cycle
regulatorssuch as p18“2and pRb to strengthethe nonproliferative phenotype, modulatehromatin organisation

gene expression, and indusenescencéCollins and Sedivy, 2003; Nardal., 2003; Rodriguez and Meuth, 2006)
Senescence can also be induced through autonomous production ofaiseBOS is also a side effect of mitochondrial
metabolism for example, and with age mitochondria become dysfunctional and their reduced efficiency exacerbate
the ROS production seen, also inducing senescence through th€@iaRce, Sies and Boveris, 1979; Belual,

2011) Finally, exposure to exogenous sources of fdBMaging agents such as doxorubidi(,, bleomycinand
exposue to ionising radiation (IRjave all been shown to activate this same pathy@kenet al., 1998; Suzulédt al.,,

2001; Aoshiba, Tsuji and Nagai, 2003; Sliwieske, 2009) An added complication is that both telomere shortening
and oncogene activation can induce the DNA damage response, and as such the mechanisms of senescence induc
are not necessarily mutually exclusiveR Q! RR I & Al, 20034) Dedpjfd-this, the phenotype that results from
different induction methods can vafl. A. MacieBaronet al, 2016) An added layer of complexity is that senescence

is not the only possible phenotyphdt can result from the DDghildset al,, 2014) As well as senescence, the DDR
can alternatively cause quiescence and repair DNA damage, basy@bgrammed cell deatiContributing factors to

the cell fate choice include the type and extent of the DNA damage, as well as a specificldSI®@& 5 b !
machinery The addition of Dxorubicin to breast cancer cells for example can induce senescence or apoptosis
depending on the applied dose, yet the addition of the Blnaging agent Bulsulfan to WI38 fibroblasts will only
induce senescence regardless of d(Seng, Lee and Hwang, 2005; Pradial., 2006). P53 upregulation can increase
expression of prapoptotic genes, leading to cytochrome C release from mitochondria and the caspase cascade t
trigger programmed cell deatfZouet al,, 1999; Vakifahmetoglat al., 2006) However, p53 can also interact with
FOXO04, stay in the nucleus and instead cause senes(i@aaret al, 2017) Normally, low dose gammaadiation

0 -R) can induce a transient celfclearrest via low activation of p53, but blocking p53 degradation through MDM2
inhibition via Nutlin3 causes the same treatment in the same cell type to instead become sendBcemiset al.,

2012) Therefore, careful consideration into the context that oneesamining senescence is an important

consideration when studying these cells.
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Though senescence is a hallmark of ageing, it clearly has evolved and been seletddthiar physiological roles
alongsideother stress respores like apoptosigChildset al,, 2014) The firstrole identified forin vivosenescent cells,

as already eluded to, is to prevent the onset of tumorigenesis. Senescent cells gredfiferative, and the senescent
programcan be induced by oncogenic mutations like RAS and BRAF, as well as loss of function mutations in tumc
suppressor genes like PTEW Serrancet al, 1997; Chert al., 2005; Michaloglowet al., 2005) Mice with mutated

forms of key senescerqroteins P16, P53, and P21 all are more susceptible to tumours than their wild type siblings
albeit to differing degreeglackt al, 1994; Serranet al, 1996; MartinCaballeroet al, 2001) Additionally, mice

with an extra copy of P53 or P16 were resistant to tumoriger({@asciaCacet al., 2002; Mathetet al., 2004) Further,
induction of senescence in tumour cells is thought to limit their patholpgnturaet al, 2007; Xueet al., 2007)
Thaugh in lymphomaghe reintroduction of p53 led to apoptosisased tumour regression, cellular senescence was
identified in sarcomas by showing suppression of tumour growth and increases in P16-ar@abActivityVentura

et al., 2007) Murine liver tumours did not show increases in apoptotic markers such as TUNEL and caspase 3 up
p53 reactivéion, but instead showed strong P16 expression and &l activity(Xueet al., 2007) Further, increases

in chemokine expression and leukocyte infiltration was seen, which could be attributed to a SASP from the induce
senescent cells, but this was not directly shownhis tstudy. This would demonstrate the unigue advantages of
senescence over apoptosis in tumour clearance, as senescent cells can lead to more prolonged paracrine signallin
phagocytes in a neautonomous fashionKanget al, 2011b) Only an oncogenic form of RAS able to signal
downstream was able to induce senescence when injected into mouse liver tumours, and here there was rapi
infiltration of multiple immune cell types and @ecline in RAPositive cells without detectable changes in TUNEL
staining. Immunedeficient mice also showed senescence induction following RAS injection, but were not able to clea
the premalignant cells and tumour modules were later identified on themune-deficient mouse livers. This effect
was also seen in CD4 mutant mice, implicating CD4 positive T cells as central to the senesoediatelll immune
surveillance. Both the removal of the senescence program incréasegtumour susceptibility ad the reactivation

of senescence reduces tumour progression, providing strong evidence that it is daraatir mechanism.

The clear inflammatory nature of the SASP and evidence of immune surveillance of senescent cells prompted the id
that senescentells may also play a role in other immumediated physiological functions such as wound healing and
tissue regeneratiorfDemariaet al., 2014) Cells expressing the senescence market"Ft@ere identified at the site

of cutaneous wounds in mice skin, and removal of these cells delayed the amount of time it took for the wound tc
heal and inceased fibrotic collagen deposits were sg@emariaet al, 2014) PDGFAA was secreted byerescent

cells induced in response to tissue injury to promote myofibroblast differentiation and help with tissue remodelling
required for effective tissue repair. In another studyhen mice deficienin P21"&"* and P16™42 experienced acute

liver injuries, additional fibrosis was observadjicatingincomplete tissue repaiiKrizhanovskgt al., 2008) Whereas,

mice with unhindered senescence pathways exhibit cells that became senescent in response to injury, promote
immune clearance, and showed improved tissue repair with less fibrosis. Lik@éweeutaneous waond-healing
model, myofibroblasts becae senescentwhich was thoughto assist clearancefdhe extracellular matrixandlimit

fibrosis(Jun and Lau, 20104s it seemed that natural killer T cells (CD4+) were important in clearing senescent cells
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in the context of cancer, studies exploretiether there was a mechanism for this interaction in the context of wound
healing(Kanget al, 2011b) Though senescent cells were not directly examined, ligands fatwxal kiler T cell
receptor, NKG2D, is expressed in cells with an aetivBNA damage response pathw@asseket al., 2005. More
recently, fibroblasts induced into replicative senescenceragulated ligands to the NKG2D receptor and was
dependent on the DNA damage respor(8agivet al, 2016) In a liver fibrosis model, mice without the NKG2D

receptor showed increased fibrosis and the accumulation of senescent cells was worsened.

Though it is less described, senescent markers seem podsent in the context of developmefMufiozEspiret al.,

2013; Stoer, Mas, Robermoreno, et al,, 2013) There are periods of tissue remodelling during development that
involve programmed cell death and immune clearaffgelstoret al., 1983; Zou and Niswander, 1996; Kierdral,,

2013) Macrophages are innate immune cells that areolved in surveying tissues during development to assist in
tissue remodellingMcKercheret al, 1996; Kierdorkt al, 2013) There were fewer macrophages present during
development in a P1"3%-null mice, these werdacking in senescent cells, suggesting a potential role in develot
also(MunozEspiret al,, 2013) Interestingly, P5&wull mice did not have this effect, p21 and-S&al activity was still
detected and macrophages were present, suggesting that this typemdéscence did not involve the central DNA
damage response protein P53. Senescent cells were further identified during the development of the placent:
(Rajagopalan and Long, 201&enescence activatioin Natural Kler cellswere identified nearby an explanted
placenta these cellsvas requiredo promote vascularemodelling during early pregnancimilarly, SASP expressing
senescent cells were identified in mammalian embryos and seemed to be dedtbyl P21 and not P{&torer, Mas,
Robertmoreno,et al,, 2013) Growth factor signalling throughpRK induced seneastce in this context and they were
surrounded by infiltrating macrophages, suggesting a possible role in immune clearance here also. These examp
are the first time that senescence has been implicated during normal development without the contextssf atre

disease.

The three seemingly diverse contexts involving senescence demonstrates the complexity of the phenotype. It is vit
that one appreciates these physigfical roles to understand the mechanism linking senescent wélls age
associated patholgy. For example, in all three examples there is a strong association with the immune system an

inflammation, a system known to have clear atgpendent loss in functions as mentionggblanzet al., 2012)
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Senescence is a clear and central hallmark of ageimyeOtinet al.,2013). The dominant theory about why these
cells become pathological with age is the fact that they accumulate over(tiameDeursen, 2014The first evidence

of this in humans was thatncreased SA-Gal activity was identified in older peofl@oberdhan P. Dimet al., 1995)
Further, in the skin and brain of aged primates there was an increase in multiple senescence markers sueGals SA
activity, P16, P21, IL6 andl H {Martin and Buckwalter, 2002; Herbég al., 2006a; Jeyapalagt al., 2007; Bhatt

al., 2012 Kanget al., 2015. Importantly, senescent cells also accumulate and correlate eugnefuin the tissues of

agel aa20AF GSR RA&ASIH&aSa a4dzOK Fa !'f1 KSAYSNRa 5AaSlkasS o
in humangJenet al, 2017b; Schafeat al, 2017; Bussiaet al, 2018) This compliments evidence from a whole host
2T 20KSNJ RAaASIHaS Y2RSfta Ay YAOS A yChidsah 0H6; Chimt& Svbidelsy O f
Demaria, Ranegt al, 2018) The exact reasons as to why senescent cells accumulate with age are not completely
understood, however several proposals have been established. One is that more senescent cells are produced in
3SR O2yGSEG® LT GKS wazyYlIiAO GKS2NER 2F F3SAy3IQ K2f
with age due to increases the amount of intrinsic and extrinsic genotoxic damage that cells are confronted with
(Szilard, 1959; Moskalest al, 2013) Alongside this, over time cells will have gone through more rounds of cell
division, increasing the likelihood for telomeres to be critically shortened and replicative senescence to be induced
anolderindividuab / € @AYy . 1 I NI S& X Cdzi OK S NJetay,Z003a)MBonplididhEry aged g1
dependent change that could contribute to senescence accumulation over time is alterations in the DNA damag
response machinery. For example, the stability of P53 is lessened wittragget al, 2007) This could mean that

the same genotoxic stress that woultliice apoptosis in a younger cell can instead induce senescence in an agec
context. DNA repair machinery itself changes with age, more DNA lesions are observed folleg@singlited
genotoxic stress of senescent fibroblasts compared to younger countsrfi&tuanowet al., 2001) The ability for

cells to repair UNnduced DNA damage decreased withndo age alsqWei et al, 1993; Moriwakiet al., 1996)
Importantly, evidence has not directly shown that changes in DNA repair mechanisms or p53 stability are more like
to induce senescent cediccumulation. Alongside the idea that an older individual is more likely to be exposed to
senescencénducing stimuli and produce more senescent cells, there is ardegendent decline in immune cell
function that may be a driver for agidependent senesmt cell accumulatioiSolana, Alonso and Pefia, 1999; Solana
and Mariani, 2000; Solars al, 2012; Antonangeébt al., 2016b; Sagigt al., 2016) Athough senescent cell markers
remain for longer in the absence of immune cells, such as in the CD4 knockout mouse, direct interactions betwee
these two cell types, such as real time phagocytosis of a senescent cell, have not yet been d€<ariget al.,
2011b) In reality, a combination of the aforementioned theories probably play a part ilagendent senescent cell
accumulation in a positive feedback loop. More senescelts avith age means more SASP, which could lead to a more
chronic inflammatory microenvironment that further induces more genotoxic stress, inducing more senescence
(Sheltonet al, 1999; Nelsomt al., 2012a) If they are not cleared well that could induce more bystander senescence
in surrounding cells and tissuéda Silveet al, 2019) Up untl a few years ago, the evidence linking senescent cells
and ageing was correlative, but now evidence suggests that these cells are causal to multipkscjated

pathologies.

25



The first causal linketween senescence aratjeing phenotypesurfaced through a transgenic mouse model that
utilizedthe promoter of the senescence market6"“2as a driver foan induciblecaspase 3 and-Basedcell death
(Bakeret al., 2011) This allowedpecific ablation of these celis the presence of an inducer druglese mice were

bred with a progericmouse which displayed ageelated disease much earlier in developmehite to BubRbased

DNA repair deficiencyDncepl16™4-expressing cellsvere ablated in these mice, significant delay in agelated
diseases suchs frcopenia and cataracts was demonstrated, though lifespan was unaffected. Effects were seen i
mice treated with the drug from weaning, meaningiéegp16"“2ablation, as well aghose treatedfrom adulthood.

As this was a progeric mouse with Di¢fair deficiencies, it was not known whether this effect was translatable to a
wild-type ageing context. To answer thie p16™“3ablation systenwas thenused in awild-type strain mice(Baker

et al, 2016) These mice were treated from 12 months of age, and therefore already presented with some senescence
making the results more clinically relevant to the way in which patients are treated after symptom onset. The effec
of this treatment wasa 17-35%increased median lifespadegpending on the strain and sex of the animfdle onset

of cancer and cataracts, which are both wadicumented ageelated disordersvas reduced, and improvements in
movement and exploratory behaviours veeseen, suggesting healthspan improvements also. This research confirmed
that senescent cell accumulation not only correlates with ageing, but that ttéegmena is directly involved the

onset of ageassociated pathologies that limit lifespan and hkattan.

Since then, causal evidence linking senescence andsgpeiated pathologies have been shown within the contexts
of multiple different disease models in mice. Bleomytc@ated mice show lung injury and can be used to model lung
damage seen in thageassociated disorder idiopathic pulmonary fibrosis in humg@ehaferet al,, 2017) Genetic
ablation of senescent cells reduced inflammation and improved exercise capacity and running ability. Improvemen
in disease pathology and whole organishealth are also seen in models of the agsociated bone diseases
osteoporosis and osteoarthritig-arret al,, 2017; Jeomt al., 2017. Reduced cartilage thickness and joint health are
causal to osteoarthritis onset, an agssociated pathology common in older people with no treatment available
(Loeser, 2017)The histopathology seen in the cartilage, detected bydbmmonly usedARSI scoring system was
improved and markers of inflammation reduced in a spontaneousdagendent mouse model of osteoarthritis.
Jointinjury, alongside ageing, is another risk factor for osteoarthritis development, senescence removal in a model fc
posttraumatic osteoarthritis also showed clear improvements in bone health-rélgéed bone loss is causal to
osteoporosis developménSozen, Ozisik and Calik Basaran, 20R&jnoval of senescent cells in adult mice at 20
months old improved multiple measures of bone thickness, suchpamlsbone volume over trabecular volume
(BVITV) (Faret al.,2017). Senescent cells are also causal to the pathology of thassgeiated neurodegenerative
RAAZZ2NRSNESE ! {1 KSAYSNDA @ussiafet al, 2018; Chntat Woodlk, DehimRér@gt al.5 A a
20180 t F NI} ljdzZr & A& Faaz20AFdSR 6AGK Ay ONBI afdatedNdicd shovd F
YSdNRY I f f23aasx 284 2F Y202N) FdzyOdAaz2y +FyR NBRdZOSR y
(Chinta, VWods, Demaria, Ranet al, 2018) Paraquat treatment wpegulated markers of senescence, and when
senescent cells were cleared from these mic@genetic ablation of ptpositive cellsimprovements in all of these

areas were seen. When assessinglfor LR G Sy GAFf YSOKFIyAayYy ftAy{1{Ay3a &aSyS:
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pathology, conditioned media from senescent cells had detrimegffattson neurons suggesting the SA&Ra driver

for this pathology Similarly, hippocampal expression of markefrsflammation and senescence were improved in a
talrRSLISY RSy i ySdzZNPRSIASYSNI GABS Y2 detid, 201i%. Imiportar@yR Bis was ! f
associated with improvements in markers of cognition, such as their ability to discriminatedsetveev objects and
those that the mouse has already come acrddsese examples highlight where senesceiscg common cause to a

number of agerelated phenotypes and disorders.

In the context of atherosclerosis and cancer, senescent cells have been &hbawe both a causal and preventative
role in their pathology. aw-density lipoprotein receptardeficient(ldir) mutant mice show atherosclerotic plaques in

the aorta when fed on a high fat diéChildset al, 2016) Senescent cells were identified in the atherosclerotic lesions

in mice and their removal reduced inflammation, lipid accumulation and plague numbers. Conversely however, los:
of function mutations in the senescenassociated P16 locus$;DKN2A correlated with an increased risk of
atherosclerosis development, this was suggested to act as a limiting factor on macrdphageeliproliferation and

as such, would limit the size of atherosclerotic plaques when functioning nor(@ilhardet al, 2005; Kucet al,

2011) As mentioned, senescent cells are nooliferative and a clear antiancer mechanism (Serraeb al.,1997).
However, a mre recent study showed that women with breast cancer that had higher markers of senescence in theil
blood were more likely to experience chemotherapguced side effect¢Demariaet al, 2017) Further, removing
senescent cells actually abrogated the adverse effects of chemotherapy such as cardiac dysfunction, reduced t
likelihood of cancer relapse, metastasis and improved physical functions of mice pliraentary study also showed

that the removal of senescent cells walsle to reduce the amount of kidney damage seen in response to doxorubicin
treatment (Baaret al, 2017) These two exampb show how senescent cells are an example of the antagonistic
pleiotropy theory, where they are useful in one context but detrimental in ano(Weilliams, 1957) This further
emphasses the complexity of senescent cells and the care required to develop drugs that ideally only stop the
detrimental effects seen from senescent cells and not cause side effects from removing the beneficial effects of the:
cells. Regardless, mounting euide suggests that clearance of senescent cells is a viable therapeutic option for the

treatment of multiple ageassociated disorders and healthspan extension in humans.

Now that there is causal evidence linking senescent cell accumulation and multipessgeated pathologies, it is
important to assess the theoretical potential of senescent cells to be a viable pharmacological target to treat age
associated multimorbidit (Scudellari, 2017)Firstly,having few senescent cells should not induce significant side
effects because in the context of youth there are very few senescent cells without their being obvious consequence
(Biranet al,, 2017a) In young mice for example there is only around 1% senescence, compared to up to 20% in olde
mice, and these are healthier than their older counterparts. Secondly, dtfeofpgy associated with senescent cells

in the aged context could theoretically be reduced without having to clear all senescent cells. Unlike in the context c
cancer or infection, a senescent cell remaining after treatment will not expand rapidly asmimeeresistant to
treatment, as they are noproliferative(Kobayashét al., 2005; Shalket al., 2007) It is thought that the accumulation

of many senescent cells that is the issue rather than individual cells themselves, meaning lower abagsrsIMay
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be required and further improve the therapeutic index. Thirdly, senescent cells take time to accumulate, almost :
whole lifetime, and so one would expect that once senescent cells are removed pharmacologically then it would tak
time for a patent to require treatment agaiiiHerbiget al,, 2006a) Intermittent treatment would likely cause fewer
off-target toxicities compared to constant treatment. Fourthly, senescent cells are linked with multiple hallmarks of
ageing and have been identified in numerous -ageociated diseases; if a treatment abwdffectively be used
systemically without toxicity, it could potentially directly target agsociated multimorbidity and overcome issues of
polypharmacy(Doanet al., 2013) Of course, there are likelcaveats to this, and huge amounts of research are
required to test whether these theories are true, but initial data around pharmacologically altering senescent cells a

a treatment against agassociated diseases are promising.

Whilst evidence continugeto emerge causally linking senescent cells withagpociated disease, efforts to identify
compounds that can phenocopy the positive effects seen from gebesed senescent cell clearance are well under
way (McHugh and Gil, 2018Pne approach to reduce the negative effects of-agsocted senescence is to reduce
GKS AYTFEFYYIFG2NE {!'{ts GKS&asS GeLSa 2F O02YLRdzyRa | NB
an approach to limit the SASP and block the tummnamoting functions of senescend&eorgiliset al, 2018)
Additionally, the JAK/STAT pathway iparant in cytokine production, and the JAK1/2 inhibitakolitinib was able

to reduce the ageelated bone loss seen in mice that is associated with osteopapéget al., 2015; Faret al.,, 2017)
Rapamycin has also been implicated as a potential senostatic througmdgimiffOR signalling known to regulate the
SASKLabergeet al, 2015; Wanget al,, 2017) Similarly, Metformin can inhibit th€ASP by interfering with NB
signalling(Moiseevaet al., 2013) Both Rapamycin and Metformin are known to extl lifespan and healthspan of
model organisms, though whether these effects are directly due to -8#8#tion is not knowr{Harrisonet al., 2009;
Martin-Montalvo et al,, 2013; Bittoet al., 2016; CorreidMelo et al., 2019) Though this approach has some merit, a
caveat is that in this context the senescerlls themselves will still be present, so it is possible that once the-SASP
inhibiting drug has been metabolised then the SASP could be reactivated. If this were the case then patients wou
need to beon lifelong treatment, which is less favourable theaute treatment regimes. A further proposed method

for targeting senescent cells is to bodiseir clearance by the immune systein a comparable manner to the method
described that won James Allison and Tasuko Honjo the 2018 Nobel Prize in Physioldigyliaite by reactivating

T cell killing of cancer celldodiet al., 2013) For this to become a viable option, much more winto defining the
mechanisms and characteristics of immemediated senescent cell clearance and deciphering whether reduced
immune function is causal to senescent eetumulation with age. One furthproposed means of reducing senescent
cell burden is promoting DNA repair to actually stop or reverse the senescent cell onset, which in theory would be le:
reliant on healthy progenitors to replenish the tissue like with senolyBesnardes De Jesesal., 2012. A concern

with this approach is whether the delwho have reversed out of senescence are actually cancerous, or tanleds
susceptible to cancer tmhealthy counterparts. Indeed, 1&ctivation oftert was shown to promote prostate cancer
progressionDinget al, 2012) Conversely, a \at vector that reintroduces telomerase was given to adult mice and

delayed ageing in multiple tissues, extending lifespan as a result without increasing the incidence ofB=meedes
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de Jesugt al, 2012) One explanation for this contradiction is because thalwiector does not affect the genome

and will be diluted out of cells as they proliferate, making them distinct from the telomerase activation seen in cancers
More recently, the same vector was used in a mouse model of lung fibrosis and showed rednesdesee,
inflammation and lung fibrosi®ovedanaet al., 2018) This approach also shows promise but more evidence to ensure
that the physiological role of senescence as an-eaticer mechnism is not implicated. Particularly as this approach
does not remove cells that were originally stressed enough to become senescent. Additionally, the evidence does n
distinguish currently whether this approach can reverse cells that are already sahesc prevent more from

become senescent later, which has important implications in terms of translating to a therapy in humans.

The most popular approach is through targeting the mechanisms that senescent cells use to resist cell death
selectively Rl them, in a process called senoly§i§rklandet al, 2017 (Table 1.1.) Theoretically, senescent cells
should rely on these pathways more than rstnessed cells, in an analogous way that cancers with BRCA mutations
are more susceptible to PARP inhibitors due to compromised DNA repair mech@Bryargtet al, 2005) The main
limitation of this approach is that the exact mechems for cell death resistance are not well understood and seem
to be variablgSasaket al, 2001, Zhuet al,, 2016). This means that their efficacy is contextually dependent and their
therapeutic window, the dose that can kill senescent cells without damaging control cells, is small and can depend c
the cell type and induction stimulus (Zetial.,2016;Baaret al., 2017) Despite this, senolytics have indeed shown
significantin vivo efficacy in the context of multiple aggssociated pathologies. Unlike the aforemioned
approaches, direct removal of senescent cells should have long lasting effects as it takes a long time for senescenc
be accumulated (Herbigt al., 2006). Indeed, one dose of a senolytic had long lasting physical improvements in a
mouse modebf transplanted senescent cellXuet al., 2018) Currently though, this theory has not been evidenced

in a wildtype aged mouse.

The first identified and most successful seticlgurrently is the combination of Dasatinib and Quercéfihuet al,

2015) Quercetin inhibits PI3Kignallingand Dasatinib acts on the dependence receptor EFNB, both of which are
involved in preventing apoptosis, in combination they are able to selectively reduce the viabilityesteat cells
induced by irradiation or serial passaging. The drug combination has since shown efficacy in models of multiple ac
associated diseases including Atherosclerosis, Osteoporosis and Ideopathic Pulmonary(Ribossisl., 2016; Farr

et al,, 2017; Schafeet al, 2017) A phase one clinical trial has also been carried out testiagutie of Dasatinib &
Quercetin in the context of human Ideopathic Pulmonary Fibr@sisticeet al., 2019) Though this was onlytaree-

week treatment regime tested in 16 patients, clinically relevant improvements in pulmonary and physical function
were observed. For example, the distance walked in 6 minutes, improved from 447 (SD 83) to 468 (SD 81), a 4.
improvement. This is the first time that a saptic has shown efficacy in human disease. As it is only a phase one
clinical trial, larger studies are required to determine their reliability. It would also be important to see whether the
improvements in health status described in the IPF study suéaigute walking distance are classified relative to
IPF severity and associated side effects from the treatment. Additionally, lung biopsies to show that in humans, or

Dasatinib and Quercetin treatment both reduces senescence and senesassmeatednflammation are vital to
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determine the mechanism of action for these health improvements are truly due to senescence ablation. More
recently, another clinical trial showed that Dasatinib was able to reduce the SASP in Systemic Sclerosis (SSc) pati
(Martyanov, Whitfield and Varga, 2019terestingly, those who skieed improvements in the modified Rodnan skin
thickness score, a validated measure of SSc disease outcome, showed a much greater reduction in SASP fac
compared to noAmprovers(Clementset al, 1995) This further implicates the SASP in human disease pathology. In
the context of diabetic kidney disease, Dasatinib & Quercetin was able to reduce SASP mmtkexs K. 1a, IL6,
MMP9, MMP12 in peripheral blood, and markers of senescence such as P21, P16 a@al|3A skin and adipose
tissue, as well as reduced macrophage infiltrat{bticksonet al., 2019) This directly evidenced that these drugs
actuall reduce senescence markers in humans. An important limitation to these clinical trials is that they were all one
armed studies, this means that differences were seen before and after treatment, but a placebo control was not uset
This means that the plabe effect cannot be ruled out as a contributing factor to these trials, where patients get more
time and attention from medical professiondlgat could contribute to better outcome§rhompson, Ritenbaugh and
Nichter, 2009)There are limitations to these drugtso;they are not effective in certain cell types such as endothelial
cells (Zheet al.,2015;Hwanget al., 2018) Further, Dasatinib & Quercetin are much less effective atitmgatenescent

cells induced by doxorubicin compared to irradiation (Beaal.,2017). Dasatinib is used as a chemotherapeutic agent
against leukaemia and has common side effects associated such as low blood counts and increased risk to infect

(Futosiet al., 2012; Zarbock, 2012)

Fisetin, like Quercetin, is aflonoid that shows senolytic potenti@fousefzadelet al, 2018) Unlike Quercetin, its
effects are seen without another drug in combination, it improved liver and pancreatic homeostasis and reduce
markers of pathology in brain and kidney of progeric aiild typeaged mice. Though no physiological improvements

in heathspan were examined outside of histopathology, median and maximum lifespan were extended even wher
the treatment was given at later life. The senolytic mechanism of action for Fisékiaught to involve caspase-3
mediated apoptosis of senescent celtigthe PIBK/AK/INF B and ERK1/gathways(Kimet al,, 2015; Zhang and Jia,
2016) The effect on NF Bwouldalso potentiallyhave a senostatic effect, though it has been proposed that senostatic
treatment may have a net senolytic effect due to the limiting effects on bystander senes@@hieset al., 2011; da
Silvaet al, 2019) Addtionally, it is worth noting thaflavonoidssuch as Quercetin and Fisetin are known to have
multiple mechanisms of action that could contributeitovivohealthspan extension outside of senescence, such as
alterations in the gut microbiotéKawabateaet al., 2013. An important limitation of both flavonoids in the context of
ageassociated multimorbidity is that they interact withe family of enzymes typically used to metabolise drugs in
the liver,cytochrome p450, which limits their use in the elljewho are taking other common medications that also

interact with the same enzym@oanet al,, 2013 Leeet al,, 2014; Elbarbry, Ung and Abdelkawy, 2017)
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UNITY biotechnology is the first company with the sole focus of developing senolytics to tareggtsagmted
pathologieSUNITY Biotechnology, 201%heir first drug being developasd a p53/MDM2 interaction inhibitor called
UBX0101, which has shown efficacy in an osteoarthritis mouse model ¢debn2017). In principle, inhibiting the
negative regulator of p53 should cause cell death in senescent cells that are present imthefgiatients with
osteoarthritis (Priceet al, 2002) Indeed, UNITY published initial results from a phase one clinical trial treating
osteoarthritic knees with UBX0101 and showed some reduction in pain scoring atghestidose, which was
tolerated well(Spark, 2019NCT03513016 However, in the second part of this study, the commonly used scoring for
osteoarthritis severityThe Western Ontariorad McMaster Universities Osteoarthritis Ind@%OMAC), did not show
large improvements, nor in the level of inflammation in the synovial fluid. A possible reason for this is that the tria
only included patients between 40 and 85 years of age, and so ¢@mvd included latestage disease patients.
Moreover, the effect of this drug on lat&tage osteoarthritic mice was less pronounced thanltifeg treatment of

the drug for posttraumatic osteoarthritis (Jeoat al.,2017).

Navitoclax (AB263) is anothesenolytic that instead induces cell death by acting againstapuptotic proteins BGL

2, BCIXL and BGW (Zhuet al.,2016). Mutant mice with tau pathology and cognitive decline that is comparable with
'fT KSAYSNRAE RAASHAS &K 2edBdl tad fhosthargefion D Bie pissedde MINglid&ax, byt R
functional effects on cognitive function were not examined (Busstaai.,2018). Similarly, myocardial infarctions are
known to accelerate the agassociated disease atherosclerosis (Dettal., 2012). Removal of senescent cells were
able to improve survival and recovery following a heart attack in (Wédaszczykt al., 2019) ABF263 was originally
identified to have efficacy against cancer ctilst overexpress BCL2 proteifisseet al.,, 2008) but clinical tried using
ABT263 to treat leukaemi& and lymphoma (NCT00406809)nd lung cancer (NCT004451983howed limited
efficacy and significant side effects such as thrombocytopenia. It is not clear whether the efficacy of this drug is dt
to directly targeting cancer cells expressing BCL2 or by removing tumour promoting senescent cedigrimtimeling
niche, as both cell types can be targeted by B3 (Wanget al., 2017) This does highlight AEB3 as a potential
adjuvant therapy option for chemotherapy drugs, as B3 but interestingly not the combination of Dasatinib and
Quercetin, were able to ratte cancer growth and metastasis induced by senescent cells produced from
chemotherapy treatmen{Wanget al,, 2017; Kovacovicowt al., 2018) In other contextsPasatinib and Quercetin

are more usefuhowever;ABTF263 is noteffective at targeting senescent human primary adipocytes for exa(#hie

et al.,2016).
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An in vitro screening approach identified the HSP90 inhibitorDIMAG (Fuhrman$troissnigget al., 2017).
Phosphorylated Akt levels decreased in responset®MAG, implicating a potential mechanism of action for the
HSP90I on the cedlurvival pathway. Progeric mice treated with-DMAG presented with reduced symptoms of age
associated pathology such as grip strength and tremor, but more clinically relevagglsnand assessment of
pathology are required before testing in humans. A peptide with senolytic efficacy was also identified that, rather thar
directly inhibiting proteins, inhibited the interaction between FOXO4 and p53 @aal., 2017). This FOX@RI
peptide was able to reduce the amount of senescence seen in mice treated with doxorubicin, reducing inflammator
markers such as IL6 damage to the kidney and liver, implicating a potential role in combination with chemotoxic canc
therapies. Additiondy, rapidageing mice treated with FOX@®RI showed multiple improvements in behaviour such

as responsiveness and running distance on a wheel.

In summary, multiple methods for killing senescent cells are now in development with varying lemelvoéfficacy,

but senolytics seem to be the most promising currently. Much work is still required to ensure they are a safe an
effective treatment option for patients with multimorbidity as a means to extend healthspan. Less toxic drugs woulc
likely be requird as higher doses would be required for systemic treatment to have an efficacious dose in all requirec

organ systems, passing the blood brain barrier effectively for exa(Bgleveret al., 2010)

The progress on identifying causal links between senescence arabageiated disease and developing drugs to treat
them has been extensive, however there are still important limitations in the field that prevent the use of senolytics
as an effective tremnent against multimorbidity in older people. There is almost no evidence of senolytics being
useful in improving the healthspan of older patients suffering from multipleagp®ciated diseases at the same time.
This is the most important aspect of dewping drugs against the mechanisms of ageing, as it has the potential to
tackle the problems of polypharmacy seen in the elderly population that limits the efficacy of treating individual
disease (Doast al.,2013). UBX0101 treatment in humans presentwvith osteoarthritis were only treated by local
injection, and not systemic treatment for example (Spark, 2019). In comparison, Dasatinib and Quercetin were give
by systemic oral treatment in patients with ldeopathic Pulmonary Fibrodisti¢eet al., 2019) In this context, a
serious adverse event involving bacterial pneumonia and pulmonary oedema, as well as 37 mild and 31 moderate nc
serious advents were described in the 16 patients treated over the short-thesk period. However, the majority of
these patients did also present with-toorbidities such as hypertension and depression, four of which had more than
seven classified, and so the fact that a positive effect was seen in this context is indeed promising. AdditionaHy, longg
term side effectgelated to senescent cell removal, such as increased cancer incidence and impaired recovery from
wound have not yet been examined in these trials. These data are an encouraging start, but do highlight that mo

work is to be done to make these drugs safel effective as their efficacy is limited and contextually dependent.
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Mechanism | Disease tested (species) Reference

Cardiovascular disease (mouse) Zhuet al., 2015
Atherosclerosis (mouse) Roos et al., 2016
IdiopathicPulmonary Fibrosignouse & human) Schafer et al., 2017;
Dasatinib  PI3K AKT (Q): Justice et al., 2019
(D) & Dependence  gystemic Sclerogjsuman) Martyanov et al., 2019
Quercetin receptor(D)
Q) inhibitors Diabetickidney disease (mous&human) Hickson et al2019
Osteoporosis (mouse) Farr et al., 2017
Hepatic stenosis (mouse) Ogrodniket al., 2017
Cachexia (mouse) Zhu et al., 2015
MDM2/p53  Osteoarthritis (mouse & human) Jeon etal., 2017;
UBX0101 interaction Spark, 2019
inhibitor (NCT03513016)
1 {f T KSAYSNRa 5AaSFasS o Y2 dAauSsaretal, 2018
Atherosclerosis (mouse) Childs et al., 2016
Navitoclax inhibi . _
(ABT263) BCL2 inhibitor - pmyocardiainfarction (mouse) Duttaet al., 2012;
Walaszczykt al., 2019
Sarcopenigmouse) Changet al., 2016
PISKAKT, Lifespar& agerelated pathology (mouse) Yousefzadeht al.,
Fisetin NF B, ERK1/2 2018
inhibitor
FOXO04/p53 Chemotherapyinduced toxicity (mouse) Barr et al., 2017
FOXODRI interaction
inhibitor
HSP90 Agerelatedpathology progeric mouse) FuhrmannStroissnigg
17-DMAG T
inhibitor etal., 2017

Table 1.1. List of senolytics that have shown in vivo efficacy in age-associated

pathologies.
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It is clear that a deepernderstanding of the senescence phenotype and the differences between senescent cells in
different contexts is required to improve the therapeutic potential of this avenue of treatment. There is a need to
accelerate the progress of senolytic developmentsbyeening for novel senolytic compounds in a whole organism
context earlier in drug development. This allows for testing for changes in veingémism health earlier. Long ageing
mice experiments are inefficient and often show that previauwitro work does not often translate as well into
mammals, particularly in the context of an old animal with midtipgeassociated diseases (Bellantuono & Potter,
2016) A more irdepth characterisation of senescent catisvivoto determine individual celNariabiity; with a tool

to prospectively identifypotentially senescent cells from a mixed cell populationvivo would strengthen the
understanding of the limitations of current markers of senescence and their reliability at predicting senolytic efficacy
Additionally, an understanding about whether there are distinguishable featares/obetween senescent cells that

are present in a beneficial context, as an aatnour mechanism or to promote wound healing for example, and
senescent cells that are presenta detrimental context and causal to agssociated pathology. An vivomodel that

can assess the paracrine interactions between senescence, the SASP, and the immune system would likely assi
this regard. Novel tools to assist and compliment alreestablished models will most likely lead to these important

advances and develop viable treatment regimens for improving the quality of life of our ageing population.

The danio reriq or zebrafish, are a useful model organism that are not highly utilised currently in the context of
senescence research. The first zebrafish clones were used to understandingvertebrate developmental biology
(Streisingeeet al,, 1981) Zebrafish shar84% of known human diseasssociated genesnd 70% of human protein
encoding genefHoweet al, 2013) Their innate immune system for example, which is of clear importance in human
ageing and senescence, show great conservation between the two species, despite diverging 45@aaitiago
during the Palaeozoic ef&umar and Hedges, 1998he model organism is advantages due to rapid growth and
development, opticalransparercy andthe ability to geneticallyand pharmacologally manipulate zebrafish, making

it a nowextensivelyused systenthroughout a wide variety of disciplines, including those related to senescamte

ageing(Murtha and Keller, 2003; Van houcdkeal., 2015)

Zebrafish have unique aspects as a model organism that make them useful to tackle current himiatide
senescence field. Firstly, unlike mammalian model systems, zebrafish are fertilised externally and translucent duril
early developmeniPoleoet al, 2001; Renshaw and Loynes, 200B)is, alongside their genetic malleability and
sequenced genome, means that methods for studying organismal processes at the cellular level, iliveiarare
plausible in zebrafisfRenshavet al.,2006).Developing transgenic fluorescent reporters for genes that are associated
with certain cell types for example mean that those cell types can be visualised and imaged through fluorescet
microscopy(Ellett et al, 2011) For example, the discovery atutrophil and macrophagepecific promoters in

zebrafish enabled the development sifable transgenic lirgto drive the expressionf fluorescent proteins in these
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innate immune cell§Renshaw et al., 200&lletet al.,2011). Live imaging of specific immune cell types was able to
disseminate important evidence about the dynamics of the immune cell response and inflammation in response t
tissue injury. This was able to be established by imaging transparentarsjgnic fish, tracking individual cells within

the same animal over time to elucidate novel components of immunity that were not feasible in mammalian system:
(Mathiaset al, 2008; Yoo and Huttenlocher, 201Eurther, mechanisms about how the immune system interacts
with other cells to fight infection or survey presoplastic cells have been possible due to timque advantages of

the zebrafish as a model organigfenget al,, 2010; Prajsnaet al., 2012; Santhakumaat al., 2012; Elkst al., 2013;
Thompsoret al, 2014) These advantages could be translated i@ context of senescence, whereby assessment of
the temporal induction of senesceiissociated genes, their reliability at detectiimgvivosenescence, and whether
immune cells directly interact with them could be possible in a more feasible mannerctireent mouse models
(Bakeret al.,2006; Demariat al.,2014; Liwet al.,2019).

Further, zebrafish are uniquely amenable to study thevivoefficacy of drugs involved in complex midéllular
processes because they are small, have high fecunddydarnelop rapidlyMeyers, 2018)For examplea drug for
enhancing engraftment of blood transplants in leukemic patients was identified in a zeHpaBsk screen, and has
shown success in phase | and Il clinical t(idtsrth et al, 2007; Cutleet al., 2013) Novel compounds that regulate

the resolution of inflammation have also been identified in zebrafRbbertsonet al, 2014) Tanshinone IIA can
reduce the number of neutrophils present at the site of injury, highlighting it as a potential treatment for diseases of
failed inflammation resolution such as chronic whstive pulmonary disorder of the lung. Additionally, zebrafish have
been used to carry out a compound screen to find novel methods to reduce convulsions as a treatment against epilep
(Baxendaleet al, 2012) Similarly, zebrafish mutants that phenocopied seizures seen in Dravet syndrome were
screened to identify compounds that limited the convulsi¢@siffinet al,, 2017) Locaserin showed improvements in
zebrafish and patients, skipping penical mume testing entirely. These types of screens can be scaled up to an
almost comparable manner witim vitro screening(Wang, Rajpurohit, Delaspre, Walker, White, Ceasrine, Kuruvilla,
R-J. Liet al,, 2015) With automated quatitation, more than 500,000 zebrafish larvae were screened to identify novel
compounds that increase the number of insygfiroducing cells in the pancreas, as atpatial treatment for diabetes
(Wang, Rajpurohit, Delaspre, Wer, White, Ceasrine, Kuruvilla;R.Liet al, 2015) These together emphasise the
unique potential of zebrafish to identify novel modulators of senescence im aivo context earlier in the drug
development process. This should help overcomettixécity issues seen in senolytics currently, whereby only those
screened toshow directimprovements in whole organism health and with limited-taffget toxicity would be taken

into preclinical trials. These types of assessment are not feasible inntumreitro screening approaches, and are
timely and costly to do in aged mouse studies (£hal.,2015; Zhwet al.,2016;FuhrmannStroissnigget al., 2017).

Currently though, there are no transgenic reporters for senescence that could identify senesceant\dets
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Though zebrafish senescence has not been as extensively studied as mammalian systems, altlosthalimarks

of ageing that have strong associations veimescence are describadzebrafisiFigure 1.1jL6pezOtinet al., 2013;

Van houckeet al, 2015) As is seen in mammals, zebrafish cells exposed to an external genotoxic stressor will up
regulate markers of the DNA damage response and senescence includiagdp31(Sandriniet al, 2009) In terms

of epigenetic regulation, evidence of agependent decline in methylation with age in zebrafish has been described
(Shimodeet al,, 2014). Though direct evidence for specific methylation marks identified as regulators of senescence
associatedyenes such as H3K27me3 were not studied, the hypomethylation described was located predominantly i
CpG islands that are a common site of -aigpendent hypomethylation in mammals. Further, older zebrafish
demonstrate signs of reduced proteostasis, witbrgased protein oxidation in muscle with age and a decrease in the
prevalence of heat shock protein {Gerhardet al, 2002; Kishet al., 2003; Murtha and Keller, 20Q3)ipofuscin
accumulation has been described as a potential marker of senescence, it accumulates vetid alggmonstrates a

loss in protein quality control as it indicates aggregates of oxidised maié&eargakopouloet al,, 2013) Lipofuscin
accumulation has also beerestribed with age in zebrafisfRuhl et al, 2015) Nutrient sensing can regulate
senescence phenotypés zebrafish also. For exampuleficiencies in the nutrient folate isa2 OA | § SR g A (K
disease in older humans, a diseasaigally linked with senescen¢Kaoet al., 2014; Bussiaet al, 2018) When
zebrafish are deficient in this nutrient, phosphorylated tau aramyloidLINR § SAYy RSLI2aArdaz- )
like pathology, were also seen in their brains. Additionally, altered growth hormone signalling leads to accelerate
ageing phenotypes such as spinal curvature and reducesxiditive enzymes; it is plausibleat this compromise
could induce senescence via excess reactive oxygen species (ROS) avéiRaisdiet al, 2010) An important
producer of ROS and senescence induction is through mitochondrial dysfunction, which is increased with age
zebrafish(AlmaidaPagan, uicasSanchez and Tocher, 2014; Rethal., 2015) Zebrafish mitochondrial DNA shows a
high similarity to that seen in humans, as seenGenBank (Accession AC0241178jbalanced mitochondrial fission

and fusion, decreased autophagy and mitophagy amteimsed inflammation was described in the aged zebrafish
retina, indicating abnormal intracellular signalling, protein regulation and mitochondrial dysfur(diianget al.,

2019) As is described in mammals, telomeres shorten and telomerase expression is decreased in zebrafish with &
(Ancheliret al,, 2011; Carneiro, Castro and Ferreira, 20E&)ther, when telomerase was mutated and Fanctional

in zebrafish, it caused earlier telomere attrition and as a result, earlier senescence accumulation and ageir

phenotypes(Henriqueset al.,, 2013)

As well as the fact that many of the senescensgulating pathways are common to zebrafish, senescent cells
themselves have been described and are associated with ageing in this model organism. For example, the senesce
marker SA -Galactosidase showed higher activity in aged zebréKshiet al, 2003) Additionally,young zebrafish
harbouring Lamin ALMNA)mutations, which are known to cause human progeria, increased the expressgii of

and SAI -Gal(Koshimizwet al,, 2011) Random mutation of the zebrafish genome via retroviingertion identified
mutants that caused earlier senescence accumulation and ageing phen@ipket al., 20@B). One of these mutants
harboured a mutation in thédhomologue of the human telomeric repeat binding factor 2 (terf2) geaeown to

regulate telomere length. Senescence plays a protective role against cancer in mammals and mutations in tt
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senescence @hway, particularly P53 and P¥6are known to induce tumour sensitivif(gackst al., 1994; Serrano

et al, 1996) Similarly, zebrafish homozygous mutants for tp8w increased tumorigenegBerghmanet al.,, 2005)

These mutants were unable to upgulate p21; suggesting senescence is protective against immortalisation in
zebrafish as is seen in humarsdditionally, a CRISPR against the zebrafish P16 orthologue was able to induce
oncogenesis in zebrafighAblainet al, 2018) With age zebrafish show declining ability to regenerate tisgéeshelin

et al, 2011; Mlnzekt al, 2014) In mammals this has been partially attributed to senescdikeephenotypes in
immune and stem cell populations, so it may be that this is @sdributing to the phenotype seen in aged zebrafish
(Denget al, 2004 Molofskyet al, 2006; CzesnigwiczGuziket al., 2008;Beermanet al,, 2010;Solanaet al, 2012;

Faliet al., 2018)

At the behavioural level, many of agesociated changes that are improved by senesceec®val in(Knightset al,
2006)mammals are also demonstrated in zebrafish. For example, zebrafish show spine curvature and muscle wasta
and reduced swimming ability with age, indicating a loss incaire and function of the musculoskeletal system
(Gerhardet al, 2002; Gilbert, Zerulla and Tierney, 2Q13arcopenids delayed in mice with genetically ablated
senescence and preliminary evidence in humans suggests that senolytics can improve motor function in humans (Ba
et al., 2006; Justiceet al., 2019). The skeletal architecture in the spines of old zebrafisembles osteoarthritic
disease, the pathology of which can be improved in mice by the senolyti@@®BHayeset al., 2013; Jeoret al.,

2017). Further, signs of cognitive decline correlate with age in-tyie zebrafish, measured by their ability to
remember positive and negative cues associated wittdfand electric shockYuet al,, 2006) Irradiated zebrafish
show earlier reductions in cognition. This is a common inducer of senescence in mammals, and removal of senesci
cellswasabléi 2 A YLINR @S O23yAilGA2Y Ay | (DOankdAISLetvar F080k; Dentariat £ 1 K
al., 2014; Bussiaet al., 2018) These together indicate that many vital hallmarks of senescence are conserved in
zebrafish, making it a viable model organism for studying thisaageciated phenotype. However, currently there is
not a weltcharacterised assay for senescence inductioyong zebrafish that would make them amenable to drug
screening, nor a means to prospectively isolate senescent cells from a mixed popiration.Both of these are

important for utilising zebrafish as a model organism to tackle current gaps in tiescence field.
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Senescence accumulation is a major driver associated with multiplassgpeiated pathologies in humans. The current
therapies being developed, though promising, are not yet able to focus on systemic semedgticent to tackle mult
morbidity directly. Further understanding on the mechanisms underlying senescent cell accumulation and how the
can directly cause disease, as well as tools to screen senolytics in the context of systemic treatmiehprovidea

more effective means to identify therapeutic targetstteat multiple ageassociated pathologies at once.

| hypothesised that by irradiating zebrafish larvae, senescence accumulation could occur ectopically in a comparal
manner tothat whichis descibed in mammalian systems. Further, that the stréisduced senescence seen in
response to irradiation in zebrafish larvae shares features with human agelnged senescence, thereby allowing

the unique advantages of the zebrafish to be used in thiseodnThe thesis aims are:

1 To optimise and characterise a method for ectopic induction of senescence in zebrafish larvae without causir
significant offtarget toxicities.
1 To develop a novel transgenic reporter that can identify senescent cells in liradfigkbarvae.

1 Toinvestigate whether irradiated zebrafish larvae have phenotypes that are compuwiittben aged context.
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2 Materials and Methods

All reagents were purchased from Sigma (Poole, UK) unless stated otherwise

Zebrafish are housed in accordance to the UK Home Office Licence animal care protocols in the Bateson Centre at
University of Sheffield, Ukhder standard condition@Nussleirvolhard, C. and Dahm, 2002dults reside in 28°C
closed aquariunsystem with 14 hours of light pelay.Zebrafish between 5 and 13dpf were fédtra AZ powdeed

fish food twice daily, whilst older fish were fed live artendlabrafish were bred using either the marbling technique,

or by individually pairing males and femal@$fie former involves 180 adults laying eggs into marbles on top of a grid
whereby the eggs will filter through for collection. Pairing involved placing a male and female adult fish into a smal
mating tank after feeding, separated by a divider. As the light cycle starts the following morning, the divider is remove
and eggs are filterechtough a plastic grid and collected within a few hours before returning adults to their respective
tanks. This technigue was used when it was necessary to be able to identify the parents that gave rise to the embryc
particularly for genotyping purpose€ollected embryos were sorted into petri dishes at a density é8@B@mbryos

per dish and incubated in approximately-35mls of E3 media &8°C Experiments were performed up until 5.2dpf,
before they became protected animals by The Animals (ScieBtiicedures) Act 1986 set by the Home Office, where
they were sacrificed through immersion 017% 3amino benzoic acid ethyl ester (tricaine) and either fixed for
experimentation in 4% paraformaldehyde or immersed in bleach. When experiments were catrimu12dpf larvae,

all procedures were approved by the Home Office in the appropriate Project License (PPL: 70/8178) by a train
individual with an upto-date personal license (163486AFC), and performed in compliance with animal welfare laws
and guidehes. At the end of these experiments, animals were sacrificed by a schedplerdved method, which
usually involved submersion in anaesthesia (1.33g#fBno benzoic acid ethyl estév1S2223 and a secondary method

of confirming rigor mortis.

Whenever zebrafish embog were anaesthetised, 168mg/l of MB2(Sigma, MO, US#Wasadded to a plate of up to

60 embryos, in approximately 25mIXE3. Adult zebrafish were anaesthetised by submerging them in aMR
solution, made up with guarium systemwater. After experimentation, zebrafish were allowed to recover was
completed through replacing medium with fresh E3 medium (for larvae) or aquarium system water (for adults) that

did not contain tricaine.
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To induce sergcence, up to 20@ebrafish wergemoved from their chorions at @ayspost-fertilisation (dpf)using
forceps prior to irradiationT he zebrafish werplacedwithout anaesthetian 10mls E3 media in a 25ml universal tube.

An unirradiated control was always used and zebrafish were assigned randomly across irradiated and unirradiate
groups. All fish would be moved into one petri dish and up to 20 fish would be assigned to one groapdther 20
would be assigned to another, this process would be repeated until all fish were assigned to their respective group
Zebrafish would be transported in universal tubes encased in gel packs he@2@WX@ebrafish are placed inctosed
Cesiim-137 sourceto receivethe required doseof radiation. To be confident that our zebrafish larvae receive the
expected dose of irradiation, we calculated the amount of time required to expose the correct dose of radiation, taking
into account the age, hilife and radioactive decay of our source (Figure 2.1A). Further, dose mapping was carriec
out by Ashland (USA) to determine the actual dose that different areas of the canister received, to ensure the fis
were located in the correct region (Figure 2.1B)radiationsensitive film was placed in the middle of the canister,
between two waterequivalent phantoms. These films are then sent to the USA alongside an unirradiated film to
remove any radiation incurred from the transport itself, the amount oftligiat flows through the film before and

after radiation is measured to determine dose absorbed. The zebrafish placed in the centre of the canister to ensul
the dose received iasexpected, as depictedytthe white regions on the doseapping. After irrdiation, zebrafish

were returned to petri dishes at a maximum density of 60 zebrafish periSB media. These fish were returned to

a 28°Cincubator until assessment for the onset of senescence. Zebrafish were assessed for senescence at 5dpf (Fig
22)).
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Figure 2.1. Irradiation dose calculations. A) Calcuations for determining the timings required for applying a
dose of radiation from a Cs'*’ source, taking into account radioactive decay B) Dose mapping by Ashalnd
(USA) describing actual dose received within the cannister following 21Gy of radiation. Fish are placed in the
middle of the bottom of the inner canister to ensure dose received matches dose applied.
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Figure 2.2. Diagram depicting the optimised timing of irradiation assay. Zebrafish are irradiated
with 12Gy Cs*®’ closed source grirradiation at 2dpf, and senescence was assessed at 5dpf. Images

of zebrafish stages adapted from ZFIN.

2.2.4Assessmentf irradiatiorinduced toxicity in zebrafish

To determine an effective dose of irradiation that did not inducetaffjet toxicities, zebrafish were examined for
common signs of oxidative stress (Figure 2.3). Examples include pericardial oedema (Biyurarleveloped or
deflated swim bladder (Figure 2.3B), spine curvature, obviously stunted growth, or blue skin from the methylene blu
in the E3, indicative of cell deafbaviest al,, 1980) Zebrafish with any of these signs of toxicity would be sacrificed

through immersion i0.017% 3amino benzoic acid ethyl ester (tricaine) and immersed in blbatbre 5.2dpf
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12Gy

Figure 2.3. Example images of signs of irradiation-induced toxicity. Representative transmitted

Pt

light photomicrographs of fish with signs of toxicity and as such removed from later analyses (10%,
Figure 3.2.). A) Pericardial oedema B) Deflated swim bladder following 12Gy irraidation, with
unirradiated zebrafish for comparison. Areas of oedema and swim bladder depicted with arrows.

2.2.5. Fixation

When fish reached the required stage of developmintassessment of senescence markers by winodeintin situ
hybridisation, immunofluorescence, or the senesceaseociated -Galactosidase (SAGal) assaythey were fixed

in 4%paraformaldehyde®FA overnight at 4°C. Fam situhybridisation, zebrafish wengashed in PBS and dehydrated

in a Methanol (MeOH) sis of increasing concentration, until reachib@0%and being storedfor at least 24 hours

prior to useat -20°CFor SA -Gal and immunofluorescence experiments, the assay was carried out immediately after

fixation.
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2.2.6. Movement analysis

At 4, 5,and 12 days podertilisation (dpf), locomotor activity was recorded using the Zebrabox (ViewPoint Life
Sciences, Lyon, France) tracking system and Zebralab software. The distance moved over a 30 minute period
recorded after zebrafish were transfed¢o a 24well plate one larvae per well in 1ml of E3 mediamd acclimatised

for 30-60 minutes(Figure 2.4.). Light and dark cycles of 5 minutes at 100% light and 5 minutes at 0% light were use
to stimulate movement of the fish. The tracking was alwegsied out at the same time of day, between 2 and 4

hours of the changing of incubator light cycle where the zebrafish are stored.

0Gy

12Gy

Figure 2.4. Example tracking of locomotor activity. Zebrafish are placed on a 24-well plate,
acclimitised for 30-60 mintes, and their movement recorded. Red tracks depict slower movement and
green tracks depict fast movement (further than 3 lengths of the fish, 12mm at 5dpf within a second). This

is example tracks over a 30 second period. Data was quantified over a 30 minute period.
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The ApE plasmid editgBiology Labs Utah, 201&ps used to plan and visualise DNA plalsmiargeting constructs,
primer sequencesand sequencing data. DNA & RNA were quantified using agarose gel electropheedisl%
agarosgBioline Reagents Ltd, London, United Kingdaay dissolved idx TAE buffer and heated until the agarose
is in solution. Ethidium Bromide was addedthe gel(0.8>g/ml, ThermoFisher Scientific Inc., J2Adonce setthe
sample was loaded with 6x loading buffBliEB Ipswich, USAplongside dkbp normalised DNAypedadder Bioline

Reagents Ltd, United Kingddmor reference and quantification.

Competent E.coli cells (ThermoFisher Scientific Inc.) W&k defrosted on ice alongside SOC media (Sigma, MO,
USA) & DNA (100ng). DNA was added to cells and incubated on ice for 30 minutes, before being added to a 42°C w
bathfoNJ on a4S02yRAI YR NBOGd2NYySR G2 A0S T2NJ H YAydziSa
rocker for 90 minutes, and then cultured overnight at 37°C on drywaened agar plates containing appropriate

FYGAOA20A0 G pn>3kYf d

Following transformation, DN#as purified using a plasmiRNA Midiprep KitQiagen, Venlo, Netherlandacteria
weregrown at37°C in LB containirggppropriate antibiotics before 4°C centrifugation at 6,000g for 15 minutes pelleted
the bacteria containing plasmid DNA, where they can then be store2Da€ The bacterial pellet was thaweghen
required andre-suspended in 6mls of Buffer P1 containRiyase A and Lyse Blue. 6mls of Buffer P2 was then added
before 6 vigorous inversisand5 minutesincubation 6mls of chilled Buffer P3 are added to the suspension, mixed,
and immediately transported to a QIA filter cartridge for 10 minutes. 4mis BQfdiwasadded tothe HiSpeed Midi

tip and the column emptied)y gravity flow.Aplunger was gently inserted the QIA filterto transfer the solutiorinto

the equilibrated HiSpeed Midi tip. 20mls of Buffer QC added tothe HiSpeed Midiip, andthe DNAeluted by
addition of 5mls Buffer QF. 3.5mls of room temperature isopropd8ama, MO, USArecipitate the elute and
incubated for 5 minutesDNA was then transferred inteaction vials and centrifuged at 13,00pm at 4°C for 30
minutes. DNA @lletsg SNBE 41 A KSR ¢ A (i KreetE1OR(Pigher Sdiehtific WK, ILéughborough, BiKg
again centrifugedt 13,000rpm at 4°C for 10 minutes. The pellets were air daedresuspended iimIDEPC water
before being stored at20°C until requiredPlasmil DNAMiniprep purification kits (Qiagen, Netherlandsyere also

used to purify smalleplasmid volumes (bmis) as required.

BACs were purified through a Nucleobond pcl@iiprep kit (MacheryNagel, Diren, Deutschland) as per
Y ydzF I O dzNB NBEXNEcoritayhing) iddedaliake Zgntiifdged 6,000g at 4°C for 15 minutes before removing
supernatant and adding 8mls pohilled Buffer S1 containing RNAse. 8mls Buffewv&2added and mixed through
gentle inversion, before 8mls philled Buffer S3 was add and mixed through inversion. Buffer N2 was added to a
NucleobondAX100 column before the bacterial lysate is filtered through into the column. The column was washec
with 12mls Buffer N3, before the DNA was eluted with 5mis of preheaté€{3suffer N5 and precipitated with 3.5mls
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room temperature isopropandSigmaUSA. Precipitate DNA is added to reaction vials and centrifuged at 15,000g,
4°C for 15 minutes and supernatant discarded. A total of 2mls 70% @EiSther Scientific UK, UkK)split between
reaction vials, before mixing by vortex and centrifugation at 15,0009, room temperature for 10 minutes. Supernatan
is removed, and the DNA pellet dried for 10 minutes, before being dissolved in 10% TE buffer before quantificatio
Theprotocol was modified to improve thgield bysplitting the precipitated DNA in fewer reaction vials and carrying
out successive °€ centrifugations at 15,000g for 15 minutes, and adding DNA to the same two reaction vials.
Additionally, dissolvingthe DNA pelle overnight rather than the 20 minutes suggesteat, 4°C in 10% TE buffer
improved the yield DNA concentration was determined by a Nanodfbppectrophotometer KD100Q Thermo

Scientific, Hemel Hempstead, UK).

Fa DNA products<dkbp in size, &CR purification kifQiagen, Netherlands) was used per manufactureg
instructions.Fivevolumes of buffer PB was added to the solution and placed into aipited QIAquickMinElute®
column. The sample is centrifugeaor 60 seconds, 13,000rpm at room temperature and the supernatant removed.
This was repeated where the PCR & buffer PB solution had a greater volume thanBiBfer PE (750) was added

to the column and centrifuged for 60 seconds, 13,000rpm at room tatpre. A repeat centrifugation 60 seconds,
13,000rpm at room temperature was carried out to remove residual buffer, and then the column was placed into &
reaction vial. The DNA was eluted witht 10f buffer EB and a repeat centrifugation, before beingmtified through
agarose gel electrophoresis. For DNA products larger than 4kbp, a QIAquick column was instead used and the C
eluted in 3050 I. Alternatively, when a DNA product of a known size required purification, it was first visualised in a
low-level UV lamp and excised using a MinEl@el Extraction ki(Qiagen, Netherlandgjccording to manufactur&
instructions.Once excised, the gel fragment is weighed and 3 volumes of Buffer QG added, before being incubated
50°C for 10 minutes, or until the gel had completely dissol&akevolume of room temperature Isopropan(digma,

USA was added and the sample placed in a-ghdled MinElute®spin column, before 60 seconds centrifugation,
13,000rpm, at room temperature.hls centrifugation was repeated where the dissolved agarose gel & buffer QG
solution had a greater volume than 730Buffer QG (500) was added and centrifugation repeated, then 7Buffer

PE was added and centrifugation repeated again. The colurentisfaged again to remove residual buffers, and the
column placed in a reaction vial. Buffer EB{(L@vas added to the column membrane, and centrifugation was

repeated, before quantification by agarose gel electrophoresis.

Eachdigestionwas incubated fomt least2 hours at 37C. All restriction enzymes used weasbtained from New

England Biolabs (NEBRswich, USA\and the relevant digestion buffer was chosen according to their instructions.
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Ligations of twvo DNA constructs were carried out using T4 DNA ligase°&t déernight. The amount of vector and

insert used was calculated using the following equation:

®w O p mEnQ

cpmnmO | QOB Qf o
i Q@ Qi

Ligated DNA was then transformed using the aforementioned protocol, and between six abadtialcolonies
were grown up in 5misyisogenyBroth (LB)and purified using theplasmid purificationMiniPrep kit (Qiagen,

Netherlands) Restriction digests were used to confiwhether the ligation was successful.

Once gplasmid of interest was purified, a test PCR would be carried out to ascertain the optimisedarenftiti the
ALISOATAO NBIFOGAZ2Y®d® hyOS 2LIWIAYAASRE + onn>t t/w gl a
LINAYSNB OLYUGSINIYGSR 5b! ¢SOKy2ft23ASasx L2l {1 0D p
an hour. Theproduct was purified with a PCR purification kit (Qiagen, Netherlands), and then added to a 1% agaros
gel for electrophoresis, before the correct size DNA fragment is extracted through the Gel Extraction kit (Qiagel

Netherlands). The product was thenantified and stored iR20°C until required.

¢2 YI1S G2fn GNIyalLRAYVASAWHAY I wIPAYRR &l &2F My SFNRAS
6b9. 3 {10 F2NJH K2dzZNE I G o rised DNA was thenpurifiecusingIBERDirificatifn ¢
1AG OovAlF3ASYS bSGKSNIlFYRao FyR ljdzrk yGAFASR dzaAy3a 3ISt
mMachine transcription reaction kit (ThermoFisher Scientific ld&A)to make RNA accoidy 3 G 2 Y I y dzF
AYyaiuNdzOidAz2yad ¢KS fAYSFENARASR 5b! gFa AyOdzmldSR Fid o
0 ST2NB w™m>DNas2iF addedzhld cubated for a further 15 minutes at 37°C. The resulting RNA was
phenol:ichlo2 F2 N SEGNI OUBREYRAMNMBGEE mMPFY¥RY RUzY ! OSGFGS {id2LU)
volume of phenol:chloroform (Sigma, USA) was added and the solution vortexed for 3 minutes, and centrifuged at 4
for 7 minutes, 13,000rpm. The top aquedagyer that resulted was transferred into a new reaction vial, and equal
volume of chloroform (Sigma, USA) added before vortexing for 1 minute and centrifuged at 4°C for 5 minute:
13,000rpm. The resulting aqueous layer was again transferred to a newareadéil, and equal volume of room
temperature isopropanol was added (Sigma, USA). The solution was chilg@’@tfor 15 minutes, before being
OSYGNRFAdASR |G nc/ F2NI mp YAydziSaz moXannnaNLIY® { dzLJSH
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and centrifuged twice further at 4°C for 10 minutes each, 13,000rpm. The supernatant was again removed an
NB a dza LIS ¥y R S RO, befre a sampleavasRjlantified by gel electrophoresis and the rest storg8@°@ until

required.

Zebrafish embryos were homogenised by addition of Trizol reagent (Sigma, USA) and mixing with a pellet pestle «
ice. Samples were added into a QlAshredder shredder column (Qiagen, Netherlands) to further homogenise the tissl
before centrifugation at 13,0@pm for two minutes a room temperature. The RNA is then purified through addition
2F man>f OKE2NRTF2NY oO6{A3YlLSZ {103 @2NISEAYy3 F2N o Y
LK &S g1 & GNI yaFSNNBR A yfisapropanoy(Sigma, NISA) WS theh wdddd bdfofe vdrtgkiRg
again and incubating at room temperature for 10 minutes. The sample was then centrifuged at 4°C for 15 minutes ar
then the pellet is washed with 70% EtOH, resuspended:@ End quantified by &lanodrog™ spectrophotometer
(ND1000, Thermo Scientific, Hemel Hempstead, UK) and stor@d°i@ until required.

O5b! s+ & YIRS FTNRBY LIzNR T A-StRandicDNA SyntBesidldisifigh Suer StitRevedzi A y
¢CNI YAONRLIGAZY 1AG OLYBAGNRISYS !''YO & LISNI YEydFl Odd
ht A325¢ opnn>3kYtox m>ft ydzOft S2G0ARS YAE Owvlndmaixtulewask
heatedto 65°CENJ p YAy dzi$& | yR ljdzAi O1 OKAfd MIRYR Y. deDBS NS FI2 WB
azfdzinzya 6ba YAESR [yR AyOdz !l G§SR M™il Reverse/TrafB@iptdseH(200Y A

units) was added and incubated at 426€50 minutes. The reaction was inactivated by heating to 70°C for 15 minutes.

WISH antisense RNA probe fo21 was synthesised from linearised plasmid DNA made from a plasmid vector
containing thep21coding sequence, provided by David Whitmore (University College Lofidmahjeircet al.,, 2013)

H>3 2F ftAYSINARASR 5b! ¢l a dzaASR (G2 GNIyaONROGS wb! gA
list of reagnts are described in table 2dnd were incubated for 2 hours at 37°C (Sigma, USA). Either SP6 or T7
polymerase was used tmake the RNA according to the orientation of the gene of interest in the plasmid. Following
0KS NBEI ODNMageff I3 n>RREHF YR AyOdzol SR F2NJ vn YAydziSa
LI y>X wop>ft [A/f naZ tidnywd thenpneubates @BOC foduf to 24%houis KTBe péedpitatiz
was centrifuged at 4°C, 14,000rpm, for 30 minutes. The pellet was then washed in 70% EtOH and centrif@ed at 4
13,000rpm, 10 minutes, before being air dried for 10 minutes. The RNAWaSy NB a dzi LISYRSR Ay
YR ljdzr ydAGErFGSR 2y +y F3FNRaS 3IStd CAyltftes yn>§f F2
80°C until required.
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Reagent Volume ¢l)
Linearised DNA 2>q
Transcription buffer 2>l
NTRDIGRNAabelling mix 2>l

RNAse inhibitor 1>l

SP6or T7Polymerase 1>l

dH20 13>

Table 2.1. List of reagents used for transcription reactions

To make Di@abelled RNA probes for whole mount zebrafisisituhybridisations fop16-ike,where no plasmid was
available; a PCR on cDNA made from RNA extracted from homogenized zebrafish embryos with prilvegefe

of interest wascarried out(Figure 2.5.) This was then purified through gel extracti@iagen, Netherlandsand
ligated into an pCBlunt it TOPO vectofMhermoFisher Scientific IntlSA, before being transformed into competent
cells and grown overnight at 3C on agar containgappropriate antibiotic. Between 6 and b@cterialcoloniesthat
resulted would thenbe grown up in 5mls of LB with antibiotic for purification using ptesmid purificatiorMiniPrep

kit (Qiagen, Netherlands the eluteswere then sent for sequencingo confirm whether the ligation worked and
contained the TOP@ector withp16-like, as well as the orientatioof the gene (Figure 2.6Ahe sequence was aligned
against the knowrp16-like mRNA sequence and confirmed 100% sequence identity (Figure @Qi66d.the correct
bacterialcolonieswereidentified, a larger plasmid purification usingidiprep kit(Qiagen, Netherlandsvas carried

out. 2(¢ g of purified plasmid was theused for linearisation with the appropriate restriction enzyme3a&tC for 2

hours in a final volume of 290l Equé& volume of phenol:chloroform was added and the mixtwatexed for 3
minutes, before centrifugation at 14,000rpm for 7 minutes. The aqueous layer is transferred to a new tulae, and
equal volume of chloroform was theadded. The mixture wathen vortexed for 1 minute, and centrifuged at
14,000rpm for 5 mintes. Again the aqueoudayer was transferred into a new reaction vial, before precipitating the
linearised plasmid with 10% Na acetate 3M, and 1 volume isoprojrd0°C for up to 24 hours. The solution was
then centrifuged at 14,000rpm at 4°C for 20 minutes, the supernatant removed and the pellet washed with 70% EtOl
Room temperature centrifugation at 5 minutes was repeated tpedet the linearised DNA, befemir drying for 10
YAydziSazZ I yR NB 3Qz@uasifcaianytfough gel eleatrmphoreRi$ confirmed both concentration of
linearisedDNA and that the restriction enzyme reaction was carried out to completion. The linearised DNA was thel

used to make a DHabelled mRNA probe as described above (Figure 2.6C).
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Feature Direction Type | Location

= * 10 * 20 * 30 * 40 * 50 * 60 *
liggaacatgttattcatggagaccgataaaaataaattacag| AGGAT!

'ctgcatcactgcatagcctaggctactttaggtggﬁé

p16-like mRNA sequence

=> >
Forward primer Stop
> <=
Start codon Reverse primer
B DNA P16like cDNA
ladder amplification

s

Ta: 57°C 59°C 61°C63°C

Figure 2.5. Cloning of pl16-like. A) ApE map of whole p16-like zebrafish mRNA (uppercase letters). Forward

(purple) and reverse (green) primers described where PCR amplification took place. B) Optimisation of PCR
annealing temperature to extract p16-like sequence from whole zebrafish cDNA with size of 400bp.
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ED * 10 * 20 * 30 * 40 * 50 * 60 *
TNNAATACTCAAGCTATGCNTCAAGCTTGGTACCNAGCTCGGAT
IGCCCTTCGTTGARAC

95 EcoRl (2)
EcoR1 digestion site

p16-like zeroblunt-Topo-M13R
TGCAGATATCCATCACACTGGCGGCCG
CTCGAGCATGCATCTAGAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCG
604|TTTTACAACGTCGTGACTGGGARAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCC
671|TTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTA
738|TACGTACGGCAGTTTAAGGTTTACACCTATAARAGAGAGAGCCGNTATCGTCTGTTTGTGGATGTAC
805|AGAGTGATATTATTGACACGCCGGGGCGANGNATGGNGATCCCCCTGGNCAGTGCACGTCTGCTGTC
872|BGATAARGTCTCCCGTGAACTTTNCCCNGNGGTGCATATCNGGNANGARAGC TGGCGCNTGNNGACC
939/ACCGATATGGNNNGNGNGCCNGNCTCCNNNNTCNGGGAANNANNGGCTNATCNCNNCCNNCNNNAAR g
1006|ANGANNT CNAAAACNNNTTNNNCNGNTNNNC TGGGNNNNNNNAANGT CNGGNNTGNNNNNNNCAAAR 504 EcoRl (2)
107 3NGNNNNNTNNNCNNNNNNNNTTNNNNNNNNAANNNNNNNNNNNNNNNNNNNNNNANNNNNNNNNNEN EcoR1 digestion site
1140 NNNNNNNNNNNNNTNTNNGNNNNNNANNNNNNNNNNNNNNNNAANNNNNNNNNNNNNNNNNNNNNNN

1225 bp p16-like cDNA sequence

2= * 10 * 20 * 30 * 40 * 50 * 60 *

* * * * * * * * * *
Sequence of extracted PCR product — 1 NNNNNNNNNNNNNNNNNNNNNNNTNNAATACTCAAGCTATGCNTCAAGCTTGGTACCNAGCTCGGATCCACTAGTAACGGCCGCCAGTGTGCTGGAATTC 100

) DR D ]

P16-like mRNA sequence —» 1 ggaa----catgttat---tca----tgg-----. ag-accgat--aaaaataa-------=-==-==-==-=-, att- 37
« x A
Start
* N * * N . N > *

GCCCTTCNTTGAACATGATGAACGTCGAGGATGAACTGACCACAGCAGCAGCCACCGGAAACATTTCCCATGTTCAGTTTTTACTTTCTAACGGAGTGAA 200

[l Al IR RN NN AR RN R NN NN AR NN N ARNARRARARAY
38 --acagcgttgaac—--ATGAACGTCGAGGATGAACTGACCACAGCAGCAGCCACCGGAAACATTTCCCATGTTCAGTTTTTACTTTCTAACGGAGTGAA 132
* * * * * * * * * *

*

10

=

* * * * * * * * * *
TGCCARTGTGGTTAACARATTTAGAAGARACGCCTATACAGGTGATGATGATGGGTAACGCACCTTTGGCTCTTGTGCTGCTGGAACAGGGAGCGGACCCT 300

RN N NN NN NN R NN N N N RN NN R RNy
TGCCAATGTGGTTAACAAATTTAGAAGAACGCCTATACAGGT GATGATGATGGGTARCGCACCTTTGGCTCTTGTGCTGCTGGAACAGGGAGCGGACCCT 232
* * * * * * * * * *

20

=y

13

w

* « “ R N . « x N «
301 AATGTGCCTGACCCCGACACAGGGAGCACACCTCTGCACGACGCTGCCAGAACCGGATTCATTGACACCGTGCGGCTTTTAATCCGCTTCGGCGCCGACC 400
I RN AN
233 RATGTGCCTGACCCCGACACAGGGAGCACACCTCTGCACGACGCTGCCAGAACCGGATTCATTGACACCGTGCGGCTTTTAATCCGCTTCGGCGCCGACC 332

. x * x x o p * % "
Stop
« N B B N “ . . A B
CCRATACAAAAGATCACTGCGATTTACGACCAGTGGATGTGGCACAACAGACTGGCAACGTAGACGTGGTTGAATTACTCAATCGTGTTTAARATGTAAG 500
I e |

CCAATACAARRGATCACTGCGATTTACGACCAGTGGATGTGGCACAACAGACTGGCAACGTAGACGTGGTTGARTTACTCAATCGTGTTTARaatgt——— 429
* * * * * * * * *

40

—

33

w

N * * % N N N * % *
501 GGCGAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGCATGCATCTAGAGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCG 600
Nl 1N

430 tta-aa 434
*

«—5

P16like in vitrotranscription

DNA Sense Anti-sense
ladder mMRNA mRNA
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Figure 2.6. Development of p16-like DIG-labelled mRNA probe for in situ hybridisation. A) ApE map
of sequencing for p16-like cDNA that was ligated into pCR-Blunt ii- TOPO vector, with ECoR1 restriction
sites highlighted to make linearised DNA for in sit probe synthesis. B) Sequence alignment of PCR
product ligated into pCR-Blunt 1I-TOPO against known pl16 mRNA sequence. C) Visualisation of
DIG-labelled mRNA probes for p16-like by gel electrophoresis.

WISH was carried out to determine spatial expressiopaif and p16-like mRNA following irradiation. Fixed and
dehydrated zebrafish wereehydrated through a series ofrhinute washes irecreasing concentrations of MeOH,
made up inPBS, before 4 furtherrbinute washes in 100% PBT (PBS plus tween 20) (Qilgimieh, UK). The fish wee

then digested in Proteinase Wherethe length of incubation andoncentration used required optimisation. Following
optimisatonMnk Ik >f F2NJ Tp YA Y datu®)ivastused far Bapf larvadhBrpdiverd Benfidsi

in 4% PFMPBS for 20 minutes at room temperature and then washed 5 times for 5 esmuPBT. The embryos were
incubated in preheatedml PreHyb for Bhours at 70°C, before incubating in preheaBadbeHyb overnight at 70°C.

The following day, the ProbeHyb waemoved and embryos washed briefly in{@ated HybWash, before washing

in a series of 4 HybWash:2XSSC dilutions for 15 minutes each alTi@°@nbryos we then washed in 2X SSC for 15
minutes, and twice in 0.2X SSC36rminutes at 70°C. Then they maeturned to room temperature and incubated

in a series of 0.2X SSC: PBT dilutions for 10 minutes until incubating in PBT alone for a further 10 minutes. The emb
are then incubated inlBcking Solution at room temperature for several hours, and then incubated in a 1:5000 dilution
of the antiDIGAP antibodyRoche, UK)vernight at 4°CThe following day, the embryos wewashed for 15 minutes

in PBT 6 times at room temperature and tréersed to a 24well plate. The zebrafish we thenwashedin Staining
Wash 3 times for 5 minutes, and then the staining solution is added, containing1BG18/ml) and NBT225 g/ml).

Once thesdisfactory amount of staining had developetthe staining solution is removed and stop solution added
(PBS1mM EDTARfor 5 minutes, beforevashing ind% PFAor 30 minutes aroom temperature. The embryos were
then placed through aeOH series and stored in 100% MeOH overnight. The embryos cgtorbd at-20°C until
required, where they then are placed throughreverse methanol series containing increasing concentrations of
glycerol. Imaging was performed by placing larvae ifl@®%o glycerol solution on a glass cover sBpidntific
LaboratorySupplies, UKand orientating them with a human hair. Transmitted light imaging was performed using a
Nikon SMZ1500 stereomicroscope with a PriairiZe and aNikon DSFil colour cameravith NIS elements software
(Version 4.3)For quantitation, colorimieic analysis was chosen by selection of the zebrafish head, excluding the eye
and extending as far as the otic vesicle. Blink ranking was carried out by randomly assigning codes to images fr
irradiated and norrradiated groups, before ordering them Bye according to staining intensity whereby the

strongest staining had the highest rank. The code was then used to determine which group each image and ral
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corresponded to and then data were examined by a Kruékallice (forp21,3 groups examined) or Ma-Whitney

test of ranks (fopl6-like, 2 groups examined).

To assess quantitative changes in mRNA expression of senesssomtated genes, quantitative PCRs were carried
out. RNA extraction and cDNyhesis were carried out as described above (2.3.9, 2.3.10). Quantitative PCR (qPCF
was performed usinlESA GREEN gPCR MasterMix Plus for SEBR@entec, UK) and a&&BI 7900HT Sequence
Detection System (Applied Biosystems, CA)UfFZCRs were card@ut in triplicate for each cDNA sample and mRNA
expression was normalised tactin, which acted as a reference gene. Reaction vials, dH20, pipettes, pipette tips
were all UMreated for 2640 minutes prior to use, and surfaces cleaned with RNAseZAg®a@drich, UK) to
prevent nuclease contamination. Wells containing only water, and wells containing cDNA made from reactions withot
the reverse transcriptase were used to confirm there were no sources of contamination. Quantification was carriet
out byrelative mRNA expression @/ = NBt I GABS G2 i1 OGAyy 2N F2HiR/ S8EL
NBfFGAGS G2 i I Ol A yLiviak/aRd SeryhtdeiNPORRBeladicddRare esofibetldd Table 2.2, primer

sequences are listed in Table 2.3.

Reagent Volume per reaction ¥l)
MESA GREEN gPCR MasterMix Plus for SYBR® 5

10>M forward primer 0.2

10>M reverse primer 0.2

dH20 2.6

cDNA(diluted 1:10) 2

Total: 10

Table 2.2. List of reagents used for gPCR reactions
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Gene

Sequence

i actin

Forwardgcp@¢/ ' / /v / /v / V' D/ /[ D! !

Reverseggp Q ¢!/ / D/ V! Dt ¢ecec/ /1 ¢

P21 (cdknla)

Forwardgp Q ! DD!' ' I'1 D/ ! D/ ! D! !

Reversg&ep Q ¢D¢¢DD¢/ ¢D¢¢c¢eD/ D

P16like (cdkn2a/b)

Forward-p Q ! ¢ D! ¢D! !/ D¢/ D! DD

Reverseggp Q ' ¢¢ DD/ V¢e¢/ V] 60Q/ D

l11b Forwardcp Q ¢DD!/ ¢¢/ D/ ! D/ ! /!
Reverse&ep Q D¢ec¢/ V/ ¢/ / V) DI¢/ ¢
116 Forwardcp Q D/ ¢/ ! ¢/ /! D/ ' DDD¢
ReverseggpQ / DY/ Y/ V] 1/ ¢D¢¢¢eD
l1I8a Forwardcp Q D! ! ! D/ / D!/ D/ ' ¢¢D
ReverseepQ ¢¢! !/ / /1 ¢DD! D/ ! D
Mmp2 ForwardcpQ ! D/ ¢¢¢D! / D! ¢ddQ/ /
Revers&gp Q D/ /11 ¢ DD/ ¢TCDEY ¢ D
Mmp9 ForwardcpQ ' '/ /1 /] D/ ! GGA Q! ¢
Reverse&ep Q D¢ D/ ! DD/ ¢t ¢/ /[ )
Mmp13 ForwardcpQ ! ¢DD¢D/ ! ! DD/ ¢! ¢/
Reversecp D/ / ¢ D¢ ¢ D¢ ¢ DD! D/ /1)
Cyclingl Forwardcp Q D¢ D! ¢D! ! DI ¢¢/ ! D/
Reverseep Q / V' / ¢ DD/ /' D! DDD! /
P53 Forwardcp Q D/ ¢¢ D¢/ !/ ! DDDD¢/

Reversegp Q '/ V11V DD¢/ / /' D¢eDD

Table 2.3. Table of primer sequences used for gPCR reactions

54



After overnight fixation in 4% paraformaldehyde (PFA) in PBS, larvae were washed ®otirh hour in PBS (pH 7.0).
Larvae were then washed for 1 hour in PBS (pH 6.09Gat#he enzymatic reaction was then performed overnight at
37°C in5mM potassium ferrocyanide,n2M MgC}, and 1 mg/ml >galin PBS (pH 6.0). Afterwards, zebrafish were
washed 3 times in PBS (pH 7.0) and fixed in 4% PFA for 4 hours. Zebrafish were washed 3 times in PBS (pH 7.0
prepared for imaging bplaced througha series of washes containing increasing concentrations of glycerol. Imaging
was performed by placing haae in 80% glycerol solution on a glass cover Ske(tific Laboratory Supplies, J.Had
orientating them with a human hair. Transmitted light imaging was performed usindikan SMZ1500
stereomicroscope with a Priordtive and aNikon DSFil colourcamerawith NIS elements software (Version 4.Bpr
guantitation, colorimetric analysis was chosen by selection of the zebrafish head, excluding the eye and extending
far as the otic vesicle. Blink ranking was carried out by randomly assigning coneges from irradiated and nen
irradiated groups, before ordering them by eye according to staining intensity whereby the strongest staining had th
highest rank. The code was then used to determine which group each image and rank corresponded to daththen

were examined by a Manwhitney test of ranks.

Firstly, a pipeline for the development of TgBgZI(GFP was established (Figure 2.7) (Suskal.,2011). A BACs

was to be identified that ecompassed thedknlazebrafish locus (p21) (Table 2.4.). Once identified, the BACs were
cloned into competent cells with the appropriate antibiotic resistarfceeet al, 2001)(Table 2.5.). A plasmid
containing the gene sequence f@&FPwas identified, and a restriction digest wearried out on the identified BACs

and a plasmid containing th@FPencoding sequence, such that t-Psequence could then be ligated into the BAC
directly after the start codon of the p2doding sequence. Primergere designed such that the first 50 4w pairs
overlapped with the BAGhe last 3 bases being the ATG (p21 start codon), followed by 24 more bases that overlaj
with the target sequence (Table 2.6.Jhis should result in a plasmid that expres&&Punder p21 promoter
activation, but the p2lcodingsequence itself is disrupted, such that endogenous levk[s21 are not affected in
zebrafish with BAC insertion into their genome. As the BAC is a large plasmid, and therefore prone to breakage a
partial insertions(Susteret al., 2011) a tol2transposon mediated system tinprove transgenesis efficiency was
incorporated. This involves modifying t=PBAC plasmid such with tel2cognition sites that the tol2 transposase

can recognise and insert randomly into the zebrafish genome as a whole. Finally, the modified plasmids were inject
into singlecell stage nacrstrain zebrafish embryos, and screenaibr to independent feeding fo&FPexpression.

The next generation ofGFPpositive fish were assessed using the established irradiation assay for germline
transmission of the plasmid and irradiatiamduced fluorescence upegulation that matches p2iRNA expression

spatially predominantly in the head and intestinal regions.
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1) Identify BAC 2) Modify 3) Microinject into
single cell stage
embryos

Cm Cm m

4) Transposon-mediated insertion into genome

5) Identify GFP positive fish and 6) Screen next generation for
raise to adulthood germline transmission & p21-
promoter regulation of GFP

Figure 2.7. Schematic diagram depicting the development of TgBAC(p21:GFP) using Bacterial Artificial
Chromosome (BAC) transgenesis. The BAC chosen (DKEY192-024) included the zebrafish p21 gene sequence and
surrounding promoter regions. The GFP sequence was targeting into the BAC and inserted after the first p21 start
codon. Once created, the BAC was injected alongside tol2 mRNA in single-cell stage zebrafish embryos. Tol2 is a
transposase that aids in incorporation of the BAC into the genome, through the addition of tol2 recognition sites onto
the BAC itself. The injected embryos were then screened for fluorescence at 5dpf. Once adults, their progeny were
examined for p21-regulated fluorescence to determine successful incorporation of the BAC into the germline, creating
the stable transgenic reporter zebrafish. Image of single cell-stage embryo and 5dpf non-fluorescent zebrafish larvae
adapted from ZFIN.
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A stock of EL250 bacteria (gift of Dr Neal Copeland, National Cancer Institute) was incubated overnight in 2mls LE
32°C. 1ml was then transferred into a fresh 50ml LB culture and incubated atus@tGhe Jenway 6100
spectrophotometer determined optimal density, with Abs at 0.5 (600nmsefPDrhe bacteria were then centrifuged

at 3,000rpm for 15 minutes at 4°C, before removing the supernatant and resuspended in 50ddici4O.
Centrifugation was repeated and the bacteria-seispended in 5mis iesold dHO. The bacteria were then split into 5
reaction vials and washed 3 further times in-m#d dHO in a 4°C microfuge at 13.3krpm, for 20 seconds per wash.
Mnn>f 0vas uetl to rsuspendii KS  LIStE € Si Ay SIOK NBIFOGAZ2Y OGAlf X
St SOGUNRBLRNIGA2yd ¢KS oI OGSNAI 6SNB St SOGNRLIRZNI GSR

competent cells were stored aB0°C until required.

t dZNAFASR . !/ & omnny3dv 6SNB RRSR G2 F+ nn>t FtAljd2i
seconds. The EL250s were added to a cuvetteBioR> / F f AF2NY AL X ' {10 06SF2NB
H n n. Aaml SOC media (Sigma, USA) was added, and the cells were incubated on a shaker at 32°C for 90 mint

0ST2NB 6SAy3 FTRRSR (2 I3IFNJILXFGSa 6A0GK [/ Kf2NF YLIKSYA

BACcontaining EL250 bacterial colonies were picked from the agar plate and added to 1ml of liquid broth (LB) wit
FYGAOA20A0 OmMuHdp>Ik>f [/ KE2NIYLKSYyAO2ts /YO +Fd ownc/
baffled flask at 3°C until the spectrophotometer determined optimum density at Abs0.5 (600nm). Half of the culture
was transferred into a prbeated conical flask and incubated in a shaking 42°C water bath for 15 minutes. The flasl
was then transferred to a shaking icersjubath for 20 minutes at 4°C. From this poeterything was carried out at

4°C, the culture was transferred to reaction vials and centrifuged at 13,000rpm, the supernatant was removed and th
bacterial pellet washed in ieeold dHO. The pellet wasentrifuged again at 13,000rpm and resuspended igQiblich

that all pellets were pooled into one reaction vial, before another centrifugation at 13,000rpm. The target construct
bonny3a0 ¢l a& | RRSR (G2 GKS OStfa ¢ Adol& dHO. The oflls iwerediBeh dzY
electroporated at 1.8kV, shaken at 32°C for 90 minutes in 1ml LB containing no antibiotics, and then added to ag
plates with antibiotics. To confirm whether targeting was successful, at least 6 bacterial colonies weresprad

three agar plates with lowlose Kanamycin, Carbenacillin, or Chloramphenicol present. Successful targeting will resul
in Kanamycin resistance as the targeting sequence contained a resistance sequence, whilst also being chloramphen
resistant wth resistance coming from the BAtGelf. The bacteria should also be Carbenacillin sensitive, bacteria
resistant to this antibiotic indicates there is plasmid contamination, as the plasmids used to develop the targeting
constructs contain a resistancegence that was outside the targeting construct region. The kanamycin resistance
was removed from BACs through treatment witlaabinose (Santa Cruz Biotechnology, Texas, USA). EL250s were
grown until the spectrophotometer confirmed bacterial density &isB.5. Then the cells were incubated in 0.19% L
arabinose for an hour at 32°C. The cells were then grown up in LB without antibiotics for an hour at 32°C and the
overnight on agar plates containing antibiotics. To confirmation that arabinose treatmentediotke resulting
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bacterial colonies are again spread out onto three further agar plates containing Kanamycin, Carbenacillin, ar

Chloramphenicol respectively. In this case, the EL250s should become sensitive to Kanamycin once more.

Purified BAC containing th@FPand tol2 targeting sequences were purified by the Nucleobond PC100 kit (Machery
Nagel, Deutschland) as per manufacturers instructions and quantified. PhenolRed (Sigma, USA), Tol2 RNA
k>t 0T YR GKS LJzNRATASR . !.0. Infeptiong Hexkepdriormasl Sshndp glaysicapiBarydzL
needles (KwWHEIITM Borosilicate Glass Capillaries, World Precision Instruments (WPI), Herts, UK), made using a Flan
Brown micropipette plier (Sutter Instrument Co., Novato, USA). A Pneumatic PicoPump PV 820 was used to inje
approximately 24nl, determined by a graticule, of the BAC solution into sheglestage zebrafish embryos. A control
group was injected with a BAC solution not taoning tol2 RNA, to assess whether the transpogiNé is functional.

Following microinjection, embryos were transferred to E3 media and left to recover@t 28

Following ZXcell stage injection fozebrafish embryos, larvae were selected f8FPfluorescence at 4dpf when
endogenous expression has been described (Larargeiab., 2013). Those positive f@FPand showed no signs of
toxicity were raised to adulthood. As adults, the zebrafish wessesed to wildtype adult zebrafish and these offspring
were assessed fdsFHluorescence with and without irradiation and their pattern of expression compared to known
p21 mRNA expression as determined by WISH. Two adults were identified as able tingasgwescence to their
offspring in a pattern that resemblga21 mRNA expression were deemed founders forTg8AC(p2GFRsh506and
TgBAC(p2GFRsh507 Expression from both alleles were identical by eye, but because the founder for
TgBAC(p2GFRsh506had higher fecundity, subsequent experiments and the next generation used this allele alone.

TgBAC(p2GFRsh506were mounted at 4 or 5dpf ii% low melting point agarose solution (Sigidrich) containing

4.2% 3amino benzoic acid ethyl ester. Larvae were then transferred to an Eclipse T84606rted compound
fluorescence microscope with 10x NA objectemsto acquire images using an andor zyla 5 camera (Nikon). Zebrafish
were excita with a 488nm laser an@FHluorescence detected by@FPspecific filter. Maximum intensity projections
were generated by NIS elements and mean fluorescence intensity of regions of interest were quantified by FI

(ImageJ2).
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Name Description Reference
DKEY192024 pindigo BAG36 vector containing ZFIN, 2019
zebrafish p21 gene sequence
DKEY254C20 pindigo BAG36 vector containing ZFIN, 2019
zebrafish p21 gene sequence
CH211228E15 PTARBAC2.1 cloning vector contain / KAf RNBYy Qa | 2aLIAdl f
zebrafish p21 gene sequoce (2016). [Online] Available from
http://bacpac.chori.org/zebrafish211.htm
[Accessed 28/07/16]
K11 Plasmid containingGFP & kanamycin| Generated by Dr. Stone Elworthy, The Univer
resistance sguence flanked by FRT sitg of Sheffield
Itol2kan Plasmid containing inverted tol Generated by Renshaw lab, Thmiversity of

recognition sequences and a kanamy
resistance sequence, used to make ¢

marker targeting sequence

Sheffield

Table 2.4. List of reagents used for BAC transgenesis

Antibiotic

Working concentration

Carbenicillin (Carb)

pn>3k Yt

Kanamycin (Kan)

pn>3kYf{ hw M

Chloramphenicol (Cm)

MH®p >3k YT

Table 2.5. List of antibiotics used for BAC transgenesis
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http://bacpac.chori.org/zebrafish211.htm

Name Primer sequences

GFRargeting construct | Forward
pQl ¢l ¢c¢cc¢c! ! ¢D¢D! ¢¢cc¢cc¢cc¢c!/ ¢D¢DD¢¢¢DEDC ¢ ¢
D/ D! D/ ¢D¢¢/ 0Q

Reverse
pQD// ¢! D¢/ DD/ /T V¢ee¢! // DI DeD!! / D¢! DD! ¢
It ¢¢/ D/ /1 ¢¢D! 0Q

Tol2 targeting construct | C2 NB F!'NIRD /p¢@¢ ! | D¢D! ¢/ ¢/ /111111 ¢l !l 0Q
WSOSNES pQ D!!¢¢/!!¢!/¢/!!D¢!/!!¢¢¢ﬂ

Table 2.6. Primer sequences used to inséftPand itol2 targetingsequences into BACs

To assess the amount of DNA damage response activation seen following irradiation of zebrafish larvamowhble
immunofluorescence for | H Was carried out. Fixation of larvae <5.2ay#s carried out as described above, using
4% paraformaldehyde (PFA) in PBS overnight@t After fixation, embryos were washed 3 times in PBS (1ml total
volume, with a maximum of 20 fish per reaction vial). Zebrafish were then transferred to glassmeaats and
incubated with Acetone for 7 minutes é20°C. Fish were then washed twice with PB&BS, 0.1% Twegf, Sigma
Aldrich, UK). Zebrafish were blocked for 60 minutes in PBST with 2% blocking reagent (Roche, UK), 5% foetal calf se
(SigmaAldrich, UK) and 1% DMSO (SigAddrich, UK). Zebrafish were then incubated wltlstone H2A.XS139ph
(phospho Ser139) antibodgenetex, CA, USA, 1@dilutionin blocking solution) and then washed 4 times for 15
minutes each in PBE before being incubatedith Alexa Fluor 568 goat anatabbit (Invitrogen, UK, 1:500 dilutian
blocking solutiohfor two hours at room temperature in the dark. From now on, all reaction vials are wrapped in foil
to limit light exposure. Zebrafish are washed 4 times for 15 minutes each i B&8re adding DAPI (Sigikdrich,

UK, 1:2000 dilution in PBS) for 15 ot#s at room temperature. Larvae were washed once more with PBS and liquid
was aspirated before the fish were mounted with Vectashield (Vector laboratories, UK)ItTaéIEWVoX spinning

disc confocal laser imaging system (Perkin Elmer) was used to iheaigéls or heads of these fish, usirgM zstacks

with thet NJA 2 NJ #pieza Flodoredcence for DAPI was acquired using an excitation wavelength of 405nm anc
emission was detected with a DAPI emission filter. Fluorescence fomH Was acquired using naexcitation
wavelength of 561nm and emission was detected with a TxRed emission filter. Images were analysed on"Wolocity
software (version 6.3)o determine number of cells positive for I H.!Multiple analysis techniques were utilized,
either by counting number of cells with 5 or more foci, or counting the number of very positive (bright red) cells, or by
determining mean fluorescence intensity on FIJI (ImageJ2), through drawing a region of interest around nuclei ar

determining mean fluorescence intatsof each region. At least 300 cells were quantified for each technique.
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Zebrafish are sacrificed by immersion in 1.33edi8ino benzoic acid ethyl ester (in E3 mediagdl up to 100 are placed

on the lid of an iceold petri dish. Excess E3 media is removed and zebrafish are chopped up finely with a scalpel blas
before being recovered in-3mls PBS, depending how many fish were pooled (approximately 1ml PBS pea80 larv
was used). Liberase TL (Roche, UK) is added to reaction vials containing zebrafigjinalt 2¢@d incubated at 3T

for 35 minutes. Every 10 minutes during this incubation, zebrafish are disturbed by mixing to prevent clumping, n
visible features of th zebrafish remain after this period. The reaction is stopped by addition of Fetal Bovine Serurr
(FBS) (Sigmaldrich, UK) to a final concentration of 10% and the suspension is filtered throughna filter. The
suspension is then centrifuged at 1,500rpon 5 minutes, before cells are-mispended in media for flow cytometry

(L15 media, 20% FBS, 5mM EDTA).

To asses$gBAC(p2GFPsh506suspensions following dissociation, cells weilmated with7-Aminoactinomycin D
(7AAD, ThermoFisher Scientific Inc., USA) at a concentratior 6f 5LISNJ YAf f A2y OStfa ¥z
examined bya LSRII (BD) flow cytome(@®D Biosciences, San Jose, CA, USA). Gating was used to ensive aglly |
were assessedebris was removed from analysis by gating out regions wheae too small to be cells and ave
present in a control sample of live cell media alone. Secondly, a gate was used to remaghencal objects, which
were usually clnped cells, by removing objects that did not have a 1:1 ratio of forward scatter height to area. The
viability dye 7AAD allowed removal of dead cells from lataalysesijt was excited by a 488 laser and detected by a
695/40nm filter. A 7AAD negative salapetermined the amount of fluorescence required for a cell to be deemed
live or dead in this system. The same was then carried o@Féfluorescence, using both irradiated and unirradiated
wild-type siblings to remove any background fluorescence famalysisGFHluorescence was excited by a 488 laser
and detected by a 530/30nm filter. Though the detectors used for both fluorophores are spectrally separate
assessment for compensation was carried out becadlisesame laser was exciting themetection of 7AAD an@FP
fluorescence were plotted together and showed no overlapping signal the detectors. Data were analysed using Flow

software (TreeStar).
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2.10. Immunofluorescence of sorted cells'for H,IPCNA and IL6

A strategy was devise to be able to assess multiple markers of senescence in individual cells from
TgBAC(p2GFRsh506(Figure 2.8).

1) Dissociate 2) Sort live cells 3) Fix and cytospin 4) Immunofluorescence
for alternative senescence
GFP bright markers
To e Y
; ; f» ATATATAYS

so——— GFP dim

s —r O

—_ < 5) Image fluorescence

GFP negative

A

Figure 2.8. Diagram depicting workflow to determine proportion of GFP positive cells from TgBAC(p21:GFP)sh506
that are positive for multiple senescence markers in the same cell. Zebrafish were irradiated at 2 days post fertilisation
(dpf) before being dissociated into cell suspension at 5dpf. The suspension was then gated such that only live cells were
sorted according to GFP intensity. GFP negative populations were defined as cells with a GFP intensity seen in wild-type
zebrafish, GFP dim populations were defined as cells with a GFP intensity above what was seen in wild-type fish and the
maximum intensity seen in unirradiated TgBAC(p21:GFP)sh506 zebrafish. GFP bright populations were defined as those
with an intensity that is only seen in irradiated TgBAC(p21:GFP)sh506 zebrafish. Cells were fixed and cytospun onto
microscope slides, before immunofluorescence was carried out to assess protein expression of pgH2AX, IL6 and PCNA
in the sorted populations. Diagram created with BioRender.com.
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To sort cells of differin@FPintensities, TgBAC(p2GFRsh506zebrafish were dissociated as described abduels

were incubated with7-Aminoactinomycin I7AAD, ThermoFisher Scientific Inc., USA) at a concentration bf 5 LJS N
million cells for 5 minutes before being examinedaBACSAria llu flow cytometer (BD Biosciences, San Jose, CA, USA
The gating stratgy described above was used and cells were sorted@tusing the slowest flow rate and largest
nozzle availabléo minimise further stressing the cell&FPnegative populations were defined as cells witiGaP
intensity seen in wildype zebrafishGFRdim populations were defined as cells witlG&Fntensity above wileype

fish and the maximum intensity seen in unirradiafeBgBAC(p2GFPsh506zebrafish.GFPoright populations were
defined as those with an intensity that is only seen in irradidt@BAC(p21GFPsh506zebrafishBetween 50,000GFP
bright) and 500,000GFPdim and negative) cells would be sorted per group from pools of up to 100 fishs&bst
efficiency was determined by placing sorted cells back through-h€SAria llu flow cytometand examining the

proportion of cells that were specific to their originally sorted gro@pfegative, GFRIim or GFForight.

Sorted cell populations froffigBAC(p2GFRsh506were kept on ice and centrifuged at 4000rpm°@® and washed

with 1ml icecold PBS. Cells were centrifuged (4000rpt@,)4and fixed with 508 4% paraformaldehyde (PDA) for 20
minutes on ice. Cells were centrifuged (4000rpiG )} PFA was removed and cellseveashed with 1ml PBS, before
another centrifugation (4000rpm, °€) and resuspension in 28I0PBS for cytospinning onto microscope slides.
Cytospin receptacles were assembled and the suspension of fixed cells were added to the cytospin slide centrifu
(Gytospin 3 Shandon Southern Instruments, Inc, Sewickley, PA, G8Wg were centrifuged at 500rpm for 5 minutes
GAGK YSRAdzY  OOSt SNI A2y 2y {2 TherdmBSHedSbhi@tfidinc!, WSANEfora beinga

dried face up in the d&rovernight at room temperature (22).

Following overnight drying, cytospun cells fragBAC(p2GFPsh506were then permeabilised with 0.5% Tritor X
100 (SigmaAldrich) in PBS for 10 minutes at room temperatulrhe area around cells d¢ime slide were defined with

a hydrophobic pen (ThermoFisher Scientific Inc., USA) and then blocked fanuts at room temperature (PBS with
3% Bovine Serum Albumin, 5% Goat Serum, 0.3% T2@erAdhesion slides were thencubated with primary
antibodies overnight in the dark af@ in a humid incubating chamber. Combination of antibodies against Proliferating
Cell Nuclear Antigen (PCN&gnta Cruz, CA, USA, 1:200 dilytemmdHistone H2A.XS139ph (phospho Ser139) antibody
(Genetex, CA, USA, 1:300 diluti@m)Proliferating Cell Nuclear Antigen (PCSanta Cruz, CA, USA, 1:200 dilgtion
and Interleukin 6 (Abcam, MA, USA, 1 in 500 dilutionGreen Fluorescent ProteiGER SigmaAldrich, UK, 1:500
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dilution) were used. Theaxt day, antibodies were washed 3 times for 10 minutes each at room temperature in 0.1%
Tween20 (Sigmaldrich, UK) in PBS. A hydrophobic pen was used-define area of cells on the adhesion slides,
before overnight incubation in secondary antibodiesrercarried out at 4C. Combinations of antibodies agaiAdétxa

Fluor 488 goat arthicken (Abcam, MA, USA, 1 in 500 dilution), Alexa Fluor 568 goaghlniti (Invitrogen, UK, 1:500
dilution) andAlexa Fluor 647 goat antouse (Invitrogen, UK, 1:500lution) were used. The next day, antibodies
were washed 3 times for 10 minutes each at room temperature in 0.1% Fa@é8igmaAldrich, UK) in PBS, before
being stained with DAPS{gmaAldrich, UK, 1:2000 dilution in PBS) for 10 minutes at room tempezaslides were

then washed with PBS for 10 minutes and then mounted in Vectashield (Vector laboratories, UK) and sealed with
22x22mm No. 0 coverslip (Scientific Laboratory Supplies, UK) using nail varnish. Slides were imaged on a Deltavi
microscopeusing an UplanSApo 40x oil objectii#A 1.3 andPhotometrics CoolsnapHQ CCD camératacks were
imaged at 2m and deconvolution software was used for thd H $taining to make the foci more visible. Excitation

by a 100W Hg lamp was used. DAPI fluceese was detected by a 360/457nm filtédFPwas detected by a
490/528nm filter,! | H &nd IL6 fluorescence was detected by a 555/617nm filter, PCNA fluorescence was detectec
by a 640/700nm filter. Quantification was carried out with maximum intensityjgmtdns of 15 xtacks (15m
thickness). Negative control slides without primary antibody incubation was used to determine background
fluorescence and settings were determined by using an example image from each group, before all other images a
given anautomatic and random code for quantification. Cells positive fdor H Were deemed to have 5 or more foci

in a single nucleus (stained with DAPI), cells positive for IL6 had clear red fluorescence in the regions around t

nucleus, whilst cells positiveif PCNA had clear nuclear stainiAgleast 300 cells were quantified per group.

ISH solutions

1 PreHyb: 50% formamide, 5X SSC, 0.1% Tween 20, Citric acid to pH6, 50ug/ml heparin, 500ug/ml tRNA

1 ProbeHyb: 50% formamide, 5X SSC, 0.1% T2&egitric acid to pH6, 50ug/ml heparin, 500ug/ml tRNA, 1:200
dilution of probe in formamide

1 WashHyb: 50% formamide, 5X SSC, 0.1% Tween 20, Citric acid to pH6

I 20X SSC: 35.06g NaCl, 17.64g NaCitrate, pH7 using citric abido @80mls

E3 (10X} dilutedto 1x using dkD, and three drops of methylene blue per litre to avoid fungal contamination

1 50mM NaCl
1 1.7mM KCl
1 3.3mM CaGl
1 3.3mM MgSQ@
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PBS

NaCl 8¢/l
NaHPQ1.4g/l
KCl 0.2g/l
KHPQ0.29/I

= = =4 =4

1- Graph pad & Prism (version 8.1) was used for all data entry and statistical analysis.

2- NIS elements (version 4.3) was used where described for experiments performed using the Nikon wide fiel

fluorescence microscope.

3+St20AG@&un { 2 Bjiwas uid wiie@ Saddiided ty image experiments performed using the UltraVIEW

VoX spinning disk confocal microscope (Perkin Elmer, Cambridge, UK).

4- FIJI (ImageJ2) was used where described to analyse experiments for mean pixel intensity, mean ftusorescer

intensity, or counting positive cells from immunofluorescence.

Prism software (version 8.1) was used for the generation of all survival curves, column and grouped graphs, as well
all statistical analyses used. The state test used was dependent on the number of groups analysed, whether the
data was parametric or neparametric (for example in the context of ranked data), whether the data had Gaussian
distribution or not. Analysis and pcehbc tests carried out for tlividual data sets are specified in their respective
figurelegendst KS 5dzyy St Qa LRauKz20 (dSad s a dzaSR F2N O2YLJ
g a dzZaSR F2NJ YF{Ay3a I aStSOGSR asSi 2 gad tdahiralNgs dith ynd >
another.The following identifies the significance values: *P < 0.05, 8%, ***P <0.001, ****P < 0.0001.All error

bars represent standard deviation unless stated otherwise.
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Chapter 3: Irradiation inducegp-regulation of multiple senescence markers in
zebrafish larvae

Removing senescent cells from older people is a viable option for tacklingsageiated multmorbidity and
extending healthspan. This is due to senescent cells beingatly linked to multiple agassociated disorders,
AyOfdzZRAYy3I 1 t1 KSAYSNDa 5AaSHasSs tEFNJAyazyQa 5AaSFas:s
cancer to name a feyBussian et al., 2018; Schafer et al., 2017; Jeon et al., 20lds €hal., 2016; Chinta et al.,
2018. Currently the treatment regime for older people, many of whom suffer from multiple diseases at once, is to
treat diseases individually. However, this has led to the issue of polypharmacy, where multiple drugskeing
together exacerbate side effects and reduce their therapeutic efficacy, by interacting with Cytochrome P458t(Doan
al.,2013). However, as ageing is a risk factor that is common to these diseases, then targeting a mechanism underly
ageing that leads to increased susceptibility to these diseases, such as the accumulation of senescent cells, ca
overcome these issues anly one treatment option theoretically would be required to tackle multimorbidity directly
(Bellantuono, 2018)As our population is ageing and multimorbidity is becoming npoegalent, we have an urgent

need to understand senescence and improve the&atly of senolytic compounds (Centre for Ageing Better, 2019

Currently, studying senescent cells in a whole organism context is difficult because there is no clear nsitkiyr to
them easilyin vivg rather combinations of markers are recgil (Sharpless and Sherr, 2Q015urther, mouse models

of senescence accumulation do not permit live tragkiin vivosenescence at the cellular level in real titteereby
limiting their ability tostudysenescent celhteractions with immune cells for examplBakeret al.,2006; Demariat

al., 2014; Livet al.,2019. The p1l63MR transgenic mouse modarfexample uses luciferase to detect p16 positive
cells, however this signal is diffuse making them only detectable at the population level, and p16 positive cells cann
be sorted by luciferase signal to study them at greater resolution (Deratieih, 2014). This reporter also expresses
RFP in pl@ositive cells but this cannot be detectaell without first culling the animal anéixing the tissueand
therefore you cannot track senescent cells within the same animal overgasiéy Though one couldost fluorescent
pl6-positive cells, which allows for more-depth assessment other senescence markers, this loses spatial information
(Bakeret al., 2011, Liuet al.,2019). To be able to study these cells live amglivq a transgenic zebrafish reporter
could instead be utilised as they are, unlike mice, fertilised externally and transparent at early developmental stage
(Meyers, 2013

To be able to use the transparency of young zebrafish to stuglivosenescence, a means to induce senescent cell

accumulation during these early stages is required. A rapid assayvimosenescence accumulation would also make
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the system compatible witlin vivocompound screens, where off target toxicities and changes in organism health
could be identified earliein the drug development proceg¥az, Outeiro and Ferreira, 2018his would improve the
efficiency of identifying new senolytics, as efforts would not be wasted in translating compounda vwiitio efficacy

into a more translatablén vivocontext (FuhrmansStroissnigget al., 2017). There is only limited evidencé early
senescence accumulation in zebrafish larvae outside of assessing8lfactivity, which is not specifically required
for senescence (Le#t al.,2006; Kishet al.,2008; Koshimizet al.,2011). As such, a more-gtepth characterisation

of ectopgc senescence induction zebrafish larvae is requireflo induce senescence accumulation in young zebrafish,
| propose using total body irradiation. Irradiation has been used as a rapid indunarnwésenescence accumulation

in miceand evidence sugsts that zebrafish respond similarly to this senescence induest al.,2010; Demariat

al., 2014). For example, increased activity ofiS@al in adult zebrafish skin was described following irradigfisai

et al, 2007) Although ths isnot a specific senescence markabne irradiation in mice also increased -54al
activity, as well as other more specific markers of senescence including P16 (Detrahr2014).At larval stagesan
alternative oxidative stressors such agOklcan increase SA-Gal activity in zebrafish larvasdso (Driessenst al.,
2009; Koshimizat al., 2011) Though different senescence inducers can lead to different senescencetghes, one
could propose that irradiation could induce senescence in a comparable manner in early develgpmektaciel

Bardnet al., 2016)

To develop a panel of markers for identifyiagd characterisingrradiation-induced senescence in zebrafish larvae,
one must compare which genes are associated with irradiafidoced senescence in mammals. For example, key
components of the DNA damage response, such as p53,'p21H that are important in irradiatn-induced
mammalian senescence, have also been implicatecticative senescence irebrafsh, and so will be assessed
following irradiation(Suzuket al, 2001; Henriquest al., 2013; Demariat al., 2014) Although thelocus for zebrafish

pl16 cdkn2a/b is not well characterised, mammalian P16 igegulated in response to irradiation and is alsoiwred

in the anticancer role of senescenc8drrancet al.,1996;Demariaet al.,2014). Inactivation ottdkn2a/bby CRISPR
correlated with melanoma formation in adult zebrafish, implying that there may be a conserved role and therefore
should be examinetih the context of irradiation of zebrafish larvae also (Abktial.,2018). Finally, markers for the
senescencassociated secretory phenotype (SASP) such as interleukins 1, 6, 8 and matrix metalloproteinases 2, 3,
13 are implicated in both in irragiion-induced senescence in mammals and senesceand, have zebrafish
orthologues(Appendix table 3.1Chenet al, 2002; Lieschke and Cigr, 2007; Coppét al., 2008; Varelat al., 2012;
Ozcaret al,, 2016) Examining a combination of these factors, alongsidé-&Al activity, would provide evidence to

support the proposal that irradiation of zebrafish larvae can cause senescencaiwdatian, as is seen in mammals.
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To be able to use zebrafish as a novel tool for screening modifiers of senescence, a clear and rapid assay for senesc
induction is required. Senescence accumulation can occur in response to irradiation in multiple mammalian system
Zebrafish have a oopetent DNA damage response pathway, and irradiation of zebrafish larvae shows earlier
accumulation of ageirghenotypes associated to senescence such as cognitive decline. However, an irradiation asss
to ectopically induce senescence accumulation in ai$in during early development has not yet been established. |

hypothesise that irradiation of zebrafish larvae will induce accumulation of senescence as is described in mammali

in vivoandin vitrosystems. The aims of this chapter are:

1 To characterisean assay for irradiating zebrafish larvae that causesegplation of senescence markers
without affecting survival

9 To develop methods for identifying induction of multiple senescence markers following irradiation of zebrafish
larvae

1 To establish whethethere are particular regions of the zebrafish that are more sensitive to senescence
induction by irradiation

I To determine whether there are any signs of irradiatindependent senescence in developing zebrafish

larvae
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No reports currently exist on the optimal dose and timing required for irradiation to induce senescence in zebrafisl
larvae, although senescence has bagnregulatedby other means in this model orgsm. | hypothesised that
irradiation, at the appropriate dose and timing, can activate senescanseciated genes without causing significant

loss in survival and viability.

To establish an appropriate irradiation dose in 1dpf zebrafish, a dose respassé on previous evidence of zebrafish
survival following irradiation was carried ofi?aréczi, 2006; Darocet al, 2006, 2009)1dpf zebrafish were treated

with 5, 12 or 20§ irradiation before their survival and viability was assessed until before the onset of independent
feeding, 5dpf (Figure 3.1). By 5dpf, only 20Gy irradiation caused a significant reduction in viability compared t
unirradiated controls, where only 20%feafh were deemed viable. There was a 20% loss in viability in the other groups,
but this was not an irradiatiospecific effect as unirradiated controls showed comparable levels of viability by 5dpf.
12Gy was deemed an appropriate dose to treat zebrdhsiae, with it being the highest dose that did not cause

significant loss in viability.
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Figure 3.1: 20Gy irradiation at 1 day post-fertilisation causes loss in viability by 5 days
post-fertilisation. Zebrafish were removed from chorions and irradiated at 1dpf with a range of doses
of Cs 37 glrradiation. Survival was assessed daily until 5dpf, where the proportion of viable and
healthy fish was assessed. Data are shown as Mean +/- SD and examined by one-way ANOVA with
Dunnet's test for multipe comparisons with the control group (0Gy), at least 50 fish were examined

across three independent repeats, *** p>0.001.
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To establish an optimal time at which zebrafish can be treated with irradiation, 12Gy irradiation was given at 1, 2, ¢
3dpf (Figure 3.2). 12Giid not give a loss in survival by 5dpf when given at 1, 2 or 3dpf. A mdepth assessment

of 1dpf irradiated zebrafish showed signs of toxicity such as oedema and deflated swim bka&def.bA third of fish

(n = 100 had underdeveloped swim bladers, and though not statistically significant there were some casemod
severe toxicities such as spinal curvature and stunted growth. 12.5% of fish had a blueish colouring to their skin, whi
looked like the methylene blue in the media was being absd, a possible indication of dead or damaged tissue
(Davieset al,, 1980) 12Gy irradiation of zebrafish at 2dpf showed mimer signs in toxicity, where only 10% of
irradiated fish presented with underdeveloped swim bladders. Irradiation at 3dpf showed even less signs of toxicity
Importantly, enough time is required for senescence to be induced before the zebrafish aeetptbby ASPA such

that it remains a high throughput assay. Therefore, 12Gy irradiation at 2dpf was deemed most appropriate for ou
senescence induction assay with the caveat that fish showing signs of ill health, such as deflated swim bladders, :

removed from later analyses.
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Figure 3.2. Survival and health status of zebrafish following 12Gy irradiation until 5dpf. A) Zebrafish were
irradiated at either A,B) 1dpf, C,D) 2dpf or E,F) 3dpf. A,C,E) Survival was assessed daily until zebrafish reached
5dpf. Kaplan Meier curves displayed with % survival inserted. B,D,F) Viable zebrafish at 5dpf were assessed for
signs of poor health that are commonly associated with irradiation. G) Diagram depicting the optimal timing for an
irradiation assay that doesn't induce excess toxicity whilst still allowing time for senescence to be induced by 5dpf.
Images of zebrafish from different stages adapted from ZFIN. B,D,F) Data was examined by 2way ANOVA with
Bonferroni's test for multiple comparisons. n=300 over three independent experiments **** p < 0.0001.Error bars
are standard deviation.

Once a noroxic dose of irradiation had been determined, | sought to assess whether there were signs of stress

induced senescence in irradiated zebrafish 3 days after irradiation (3dIR). The senes

(p21) andcdkn2ab(pl16-like) are commonly used as markers of senescence, and so | used quantitative PCR (QPCR)

study their transcriptional activation following irradiation.

To verify whether the selected primers for were amplifying the desired cDNA efficiently, serial dilutions of irradiatec
zebrafish cDNA was performed followed by PCR amplification (Figure 3.3). A reaction is considered efficgent witt
coefficient between3.3 and-3.9. The efficiency gi21was 85% (coefficient-3.758), and 95% efficient f@rl6-like
(coefficient-3.448) (Figure3.3B) @ i I OGAyYy 61 & OK2aSy Fa I NBFSNBwWAS 3.
and pl6-like as there was no difference in expression between cDNA from irradiated and unirradiated controls, the
primers for this gene was 95% efficient alsti§14) (Figure 3.3Clhese data suggest the primers amplify the specific
gene of interest efficiently witim the cDNA concentrations analysdah assess technical reproducibility, PCRs of the
same cDNA were repeated over different days, and Ct values were assessed, these showed very little variability w

Rvalues of at least 0.95, suggesting proficiencigath the experimental protocol and handler (Figure 3GA
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Figure 3.3. Technical gPCR reproducibility of 5dpf zebrafish. gPCR was carried out to determine
primer efficiency (A,C,E) and specificity (B,D,F) to assess expression the senescence markers p2:
(A,B), pl6-like (C,D). The housekeeping gene bactin was also assessed to act as a reference gene
MRNA from pools of 50 irradiated 5dpf zebrafish were used to make cDNA for PCR amplification
unirradiated zebrafish were used for comparison. A,C,E) The same cDNA was used at differen
dilutions (1:10, 1:100, 1:1000, 1:10,000) to determine whether the primers can amplify efficiently
B,D,F) A melting reaction was performed to determine whether primer-cDNA binding was specific. A
least 50 fish were pooled for each of the three independent repeats..

To determine the expression of the senesceassociated gengs21landpl6likein 3dpIR zebrafish, quantitative PCR
was carried out (Figure 3.4). A dose responsepit expression was assessed following 3, 5 or 12Gy irradiation
c2YLI NBR (2 dzy ANNI RAI 0§SR 02y (i NBépanddntyhBreadekpSl mREATeSNEIWBO S

was detected in AB(wt) strain larvae, with the largest mRNA expression seen at 12Gy (Figure 3.4A).

To assess whether there are spatial diffezes in irradiation induceg21expression, | examined RNA extracted from
zebrafish tails only (Figure 3.4B). Again, a eigendent increase @i21 mRNA was seen, and 12Gy irradiation gave
the highest induction. mMRNA expression from the zebrafish tail 2866 (SD 0.004) increase following 12Gy
ANNI RAFGA2YY 6KAOK A& O2YLINIFoftS (2 OKFy3dISa FNBY 6K
difference in this area of the fish compared to the whole organism. An optimal location to ogdinmgingbased
senescence detection techniques would be the tail as it is the thinnest region of the organism. To ensure this inductic
ofp2lYwb ! & | & y-Spécifit effectioNIB@wY zebrafish, | also examined changes in expression ismairre
zebrafish, and found a comparable mRNA expression pattermfofFigure 3.4Cp16-like mRNA was also assed in
nacrestrain zebrafish, and the mRNA expression was again highest in the 12Gy groups (0.003, SD 0.001) compare
unirradiated controls (0009, SD 0.0003) (Figure 3.4D). Interestingly, the expressiph6dike was around 20 fold
lower than that ofp21.Together, this evidence suggests that 12Gy irradiation at 2dpf can induce expression of centra

senescence markers by 5dpf.
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Figure 3.4. Quantitative expression changes of p21 and p16-like mRNA following irradiation. Zebrafish were
irradiated at 2 days post-fertilisation (2dpf) and assessed for the senescence markers p21 (A-C) and p16-like (D).
Changes in expression are relative to the reference gene bactin. Expression was assessed in two different
zebrafish strains, AB(wild-type) (A,B) and Nacre (C,D). mRNA from pools of 50 whole zebrafish (A,C,D) and
zebrafish tails (B) were used for each independent replicate. Relative expression was calculated by 2"-DCt,
relative to b-actin expression and unirradiated controls. Data was examined by one-way ANOVA with Sidak's
multiple comparisons test. At least 50 fish were pooled for each of the three-four independent repeats. Error bars

represent standard deviation.
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There is evidence that suggests that p21 expression is influenced by the circadian rhythm, independently ¢
senescence (Laranjeiet al.,2013). To determine the best time of day to assess irradiatidnced expression of
senescencassociated gess, a timecourse forp21 and p16-like mRNA expression following irradiation was carried
out. Following irradiation at 2 or 3dpf, RNA was extracted every morning and evening until the zebrafish reached 5dy
24 hours following 12Gy irradiation at 2dpf, thop21 and p16like mMRNA expression is increased 6 fold, which
decreases by 72 (3 days) post irradiation (Figure 3.5A, B). Fold expression chag@dadiof seem to fluctuate
according to the time of day (Figure 3.5A), which was not seenptifHike (Figure 3.5B). Fold expression change
tended to increase during the evening timpeints (30 and 54hpIR), at its peak being up to 7x higher than during
morning timepoints (24, 48, 72hpIR). WittlL6-like, it seemed that fold expression only decreased betweeiarid
72hpIR indicating potentially different regulatory mechanisms between the two senesessoeiated genes.
Examining fold expression pR1in unirradiated and irradiated fish independently showed that there is oscillating
expression according to the time of day in both groups (Figure 3.5C), though expression in the irradiated fish remain
higher throughoutP16likeagain did not show thigscillation (Figure 3.5D), however interestingly it did seem to show
an upregulation at 5dpf in unirradiated fish which would explain the effect seen in Figure 3.5B. Although the fold
change in expression pR1 and pl16-like mRNA being comparable at 72Rp(3dpIR), the actual expression levels of
pl6-like following irradiation (0.002, Figure 3.5D) was around 35 times lower than the2 bmRNA (0.07, Figure
3.5C). When comparing fold expression change2éfindp16-likemRNA expression relative to thetfgIR timepoint,

| was able to compare the magnitude of this change in expression during the day in irradiated aincdiated
zebrafish. Withp21 expression, the oscillations over time was less pronounced in irradiated zebrafish and no longe
significantly different between morning and evening tinpoints (Figure 3.5E). Again, this effect was not seen with
pl6like expression, which seemed consistent up until 70hpIR where unirradiated fish showed an increase i
expression (Figure 3.5F). | also assessbdther irradiation at 3dpf had the same effect on cy@il mRNA
expression, as this would allow an extra day for irradiatimependent cyclip21regulation to be established before
irradiation-induced p21 transcription. Irradiation at 3dpf showed cqrarable results to irradiation at 2dpf, with
oscillating irradiatioAndependentp21, but not p16like MRNA expression (Figure 3.6). Interestingly, unirradiated
controls in these zebrafish did not show an increaspli6EmRNAbetween the final two timepoints as was seen in
Figure 3.5B. Therefore, as is evidenced in the literap@é seems to be regulated by the time of day but expression

induced by irradiation is always greater.
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Figure 3.5. Temporal regulation of senescence-assocaited genes p2l1 and pl6-like following
irradiation at 2dpf. Zebrafish were irradiated at 2 days post-fertilisation and assessed for p21 and p16-like
expression every morning (10am-12pm) and afternoon (4-6pmuntil they 5 days post-fertilisation. A) Fold
expression change in p21, relative to 0Gy control and b-actin reference gene (DDCt). B) Fold expression
change in pl16-like, relative to 0Gy control and b-actin reference gene (DDCt). C) p21 fold induction, relative
to b-actin (27-DCt). D) pl6-like fold induction, relative to b-actin (27-DCt). E) Fold change in p21
expression, relative to intial 24hpIR timepoint. F) Fold change in p16-like expression, relative to intial 24hpIR
timepoint. Data were examined by one-way ANOVA with Sidak's test for multipe comparisons. At least 50
fish were pooled for each of the three independent experiments, * p>0.05; ** p>0.01; *** p>0.001. Error

bars represent standard deviation.
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Figure 3.6. Temporal regulation of senescence-assocaited genes p2l and pl6-like following
irradiation at 3dpf. Zebrafish were irradiated at 3 days post-fertilisation and assessed for p21 and p16-like
expression every morning (10am-12pm) and afternoon (4-6pm) until they 5 days post-fertilisation. A) Fold
expression change in p21, relative to 0Gy control and b-actin reference gene (DDCt). B) Fold expression
change in p16-like, relative to 0Gy control and b-actin reference gene (DDCt). C) p21 fold induction, relative
to b-actin (2"-DCt). D) pl6-like fold induction, relative to b-actin (2"-DCt). Data were examined by
one-way ANOVA with Sidak's test for multipe comparisons. At least 50 fish were pooled for each of the

three independent experiments. * p>0.05; ** p>0.01. Error bars represent standard deviation.
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3.4. IrradiatioAnducedp21 mMRNA expression is located spatially in head and intestinal regions of
3dpIR zebrafish larvae

3.4.1. Optimisation of proteinase K treatment to detect sppaimRNA expression
Todetermine whether there were particular tissues or spatial regions of irradiatidnced expression of senescence

associated genes, | optimised whateuntin situhybridisation of 3dpIR zebrafish larvae. | used a published probe for
p21 (Laranjeiroet al., 2013), and first optimised the correct incubation protocol for proteinase K digestion, an
important step that determines mRNA accessibility for probe binding and can cause background staining if suboptim
(Figure 3.7). 4 treatment regimens were exaB®iR> dzaAy 3 (G662 RAFFSNByld 0O2yO0!
temperatures (22 or 37°C) across 55 to 90 minute incubation length. These conditions were chosen based on evider
from colleaguesising this technique at 5dpf for alternative genes of interesi. KBS I G YSy & 2F wmnx 3k
at 22°C (room temperature) provided the most specific staining in irradiated fish, compared to the sense probe, whic
should have no specific binding (Figure 3.7). Now, an optimal method for digesting fixed zebrafishhks been
established for detecting specifi21 mRNA expression at 5 days pdsitilisation.
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p21 antisense probe p21 sense probe

A 55 minutes, 37°C, 15ug/m B 55 minutes, 37°C, 15ug/m

e

Figure 3.7. Optimisation of enzymatic digestion of 5dpf zebrafish larvae for p21 in situ hybridisation. Transmitted light
photomicropraphs of an in situ hybridisation for p21 mRNA in 12Gy-irradiated zebrafish following different proteinase k
treatment conditions, representative images shown. Expression of p21 mRNA (left panels) and a negative control sense probe
that has no binding parter (right panels) 3 days after 12Gy irradiation. A,B) 55 minutes 37 degrees 15ug/ni. C,D) 90 minutes 22
degrees 15ug/n. E,F) 45 minutes 22 degrees 10ug/n. G,H) 75 minutes 22 degrees 10ug/n. 15-20 fish used per treatment
group. Scale 250mm.
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To determine the best method for analysing changem isitu hybridisation staining fop21 mRNA expression, two
alternative analysigechniques were used in a pilot experiment to assess strength of staining after 5 or 12Gy irradiatior
(Figure 3.8). Firstly, | measured mean grey value of images around the head and intestinal regions whilst blinde
where there was a clear visual increasepurple staining (Figure 3.8A, B). This technique showed a statistically
significant dosedependent decrease in mean grey value following irradiation. To corroborate this technique, 1 blindly
ranked these images according to strength of staining, sbtti@higher the rank, the stronger the staining (Figure
3.8D). Like with mean grey value, ranking showed a significantakysendent increase in irradiatieimducedp21
expression at 3dIR. Out of the two techniques, | employed the ranking techniguedbaralyses, as it was the more

discriminatory of the two (Figure 3.8A, B).
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Figure 3.8. Comparison of analysis techniques to assess the strength of p21 mRNA signal by in situ
hybridsation. A,B) Transmitted light photomicrographs of an in situ hybridisation for p21, example images
where region of interest (highlighted in yellow) was quantified for mean grey value, where the stronger the
staining, the lower the value will be. Regions were defined as the head region excluding the eyes to the end
of the main protrusion of the yolk sac. A) Example image of 0Gy fish, 3dpIR. B) Example image of 12Gy
fish, 3dpIR. C) Quantification of mean grey value. D) Corresponding values of blind ranking in the same fish.
15 fish were used per treatment group. Data were examined by one-way ANOVA. **** p<0.0001. Scale
250mm. Error bars standard deviation.
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3.4.3. Dosealependent increase ip21 mMRNA expression is predominantly locategoharyngeahrches,
intestine, and head regions of 3dpIR zebrafish larvae
To determine whethep2Zlinduction is different across regions of 3dpIR zebrafish, the optinifsgtl hybridisation

protocol and ranking analysis was carried out following 5 or 12Gy irradiation. A cleadejomadent increase ip21
staining following irradiation was seen compared to unirradiated controls, whilst the negative qo2tretnse probe
showed no staining whatsoever (Figure 3.9). This purple staining was particularly localised to the pharyngeal arche
brain, and intestinal regions of the zebrafish, depicted by the red arrows. It did also seem that there was som
expression in the unirradted control group, compared to the sense probe, most notably in the regions where the
pharyngeal arches are located, which corroborates with previous qPCR data that there is an irraoiEj@Endent

component top21 mRNAegulation.
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Figure 3.9. Whole-mount in situ hybridisation (WISH) of 5dpf zebrafish larvae shows dose-dependent p21 mRNA
induction by irradiation. Zebrafish with irradiated at 2 days post-fertilisation with 5 (B) or 12Gy (C) irradiation,
unirradiated zebrafish werre used for comparison. A DIG-labelled antisense RNA probe was used to detect p21
expression, with sense probes used as a negative control. A-D)Transmitted light photomicropraphs of an in situ
hybridisation, representative images of each group are shown and coloured on graph. Red arrows depict areas of
increased staining. E) Analysis of zebrafish images (4.5x magnification) was carried out through blind ranking according
strength of purple staining, such that the fish with the strongest staining correlated with the highest rank. Data was
examined by Kruskal Wallace test with Dunn's mutiple comparisons. ****P (J0.0001. 15 fish were used for each of the

three independent experiments. Scale 250nm. Error bars standard deviation.

To assess spatial expression mf6-like mMRNA expression, an situhybridisation probe was develope#igure 2.5,

2.6). Interestingly, unlikep21, the p16-like probe did not show specific increases in expression following irradiation,
with the sense probe consistently showing a similar pattern to the antisense probe (Figure 3.10). Ranking of the imag
showed insignificant differences following irradiation one independent experiment, but then less staining in
another. | believe this is an artefact due to there being such small differences in staining between the groups, and
such the analysis method is less reliable than w1 staining. The spread tfie data is such that there was not clear
separation between the two groups, despite knowing that by gPCR, expression was expected to increase. This indica
that p16-like may not be as useful a1 in detectingin vivosenescent cells in irradiated zelfish larvae at 5 days

postfertilisation.
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Figure 3.10. Blind ranking of in situ hybridisation for p16-like did not show reliable changes in spatial expression
following irradiation. pl16-like mMRNA expression was detected through a DIG-labelled antisense mRNA probe, with sense
probes used as a negative control. Analysis of ventral zebrafish head images (4.5x magnification) was carried out through blind
ranking according strength of purple staining, such that the fish with the strongest staining correlated with the highest rank. A)
Quantification of 20 zebrafish stained for p16-like expression either irradiated (12Gy) or not (0Gy) over two independent
repeats. B) Quantication of zebrafish from the Irst independent experiment, with images that represent mean rank and coloured
on graph. C) Quantication of zebrafish from the second independent experiment, with images that represent median rank and
coloured on graph. Error bars represent median rank and 95% confidence intervals. Data was examined by Mann-Whitney

test. ** p<0.01. Scale 250nm. Error bars standard deviation.

To provide further evidence of irradiatienduced senescence in 3dpIR zebrafish laraagholemount senescence

I & & 2 O iGhldc®dRlase (SAGal) assay was carried out to determine whether this senescasseciated marker

is alsoup regulatedn regions of higip21mRNA expression. Blind ranking of the images showed a significardsacre

for SAI -Gal staining in the head region of the 3dpIR zebrafish (Figure 3d)1 lfooking at the median ranked fish
(Figure 3.11A, B), there is a clear increase in the amount of blue staining in the brain regions, and a few blue ce
around the pharpgeal arches, areas previous shown to have pZhmRNA levels. Interestingly, when looking at
images of the whole zebrafish there seemed to be irradiatimependent expression in the intestine and the caudal
haematopoietic tract (CHT) of 5dpf zebraf(§iigure 3.11 E, F). To confirm the ranking method is applicable for SA
Gal staining, the head regions of these zebrafish were also quantified for mean grey value (Figure 3.12A, B). A sar
of 35 fish were analysed for both their rank and mean greyeyalthich alloweda correlation to be drawn between

the two analysis methods (Figure 3.12C). This information to assess correlatiosifahybridisation techniques was

not available (Figure 3.8C, D). Tharelation suggestedhat both methods could & used to draw the same

conclusion.
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Figure 3.11. Senescence-associated P-galactosidase activity in regions of p21-positivity. Transmitted light
photomicrographs of irradiated zebrafish stained for senescence-associated b-Galactosidase activity, A-C) Representative
images of 3dpIR zebrafish, 0Gy (A) or 12Gy (B) irradiation at 2dpf, 12Gy fish without X-gal substrate added as negative
control (C). D) Analysis of zebrafish images (11x magnification) was carried out by blinded ranking according strength of
blue staining, such that the fish with the strongest staining correlated with the highest rank. E, F) Representative whole-body
images (4x magnification) of 3dpIR zebrafish, 0Gy (E), or 12Gy (F) irradiation at 2dpf. Data examined with Mann-Whitney
test of ranks. 15-20 fish were used for each of the three independent experiments. **** p < 0.0001. Scale 200nm. Error bars

standard deviation.
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Figure 3.12. Blind ranking of SAJ-Gal staining correlataes with pixel intensity. A) Quantification of zebrafish head
region by pixel intensity, whereby the darker the pixel, the lower the mean grey value. B) Quantification of by blinded
ranking according strength of blue staining, such that the fish with the strongest staining correlated with the highest rank.
C) Correlation of mean grey value with rank for each fish. Data examined with Mann-Whitney test, 15-20 fish were
used over two independent experiments. *** p < 0.001; **** p < 0.0001. Error bars standard deviation.
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The canonical stredaduced senescence pathway following irradiation occurs throughCiNé&xdamage response
(DDR) pathway. To provide further evidence as to whether 3dpIR zebrafish containirstiiessd senescent cells, |
FylrteasSR SELNBaairzy 2F | 1S8e O02YLRySyld 2F (G(KS 5¢

immunofluorescence.

To first optimise detection of the DNA damage foci, | imaged the tail fin of 3dpIR zebrafish (Figure 3.13). Being tl
thinnest tissue in the zebrafish, it is the clearest to image, amdvipusly showed increasqa1and pl6like mRNA
expressionn the tail region (Figure 3.13B). There was a dose dependent increase in the number fpositive

cells in the tails of 3dIR zebrafish, but due to the number of cells imaged, maximum tergjéctions proved
difficult to count foci, which is a commonly used technique for determimnirig H positive cells. Mean fluorescence
intensity was instead examined (Figure 3.13C). Further, a pilot experiment was used to assess whether imaging of 1
head region of the zebrafishvhere p21 expression was highest could showl H foci (Figure 3.14). As was seen in
the tail regions, irradiated zebrafish had higher expression bfH foci and quantification of single slices permitted
foci counting. Now that imaging and analysis have been optimised to detécH foci in regions of irradiated
zebrafish larvae that are positive foR1lexpression, an experiment using more zebrafishtlmnsed to more robustly

assess this senescenassociated protein.
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Figure 3.13. Pilot experiment shows imaging & quantification of zebrafish tail regions allows for detection
of @H2AX positive foci in 3dpIR zebrafish larave. A) Reflected light photomicrograph of a 5 days
post-fertilisation zebrafish larvae to demonstrate where imaging was first optimised in the tail fin, highlighted in
red. B-D) Confocal fluorescence photomicrographs of antibody staining to detect gH2AX protein expression
(red), DAPI was used to stain nuclei (blue). Example maximum intensity projections of zebrafish following 0Gy
(B), 3Gy (C), 5Gy (D), 12Gy (E). Scale bar 24nM. F) quantification gH2AX expression by mean fluorescence
intensity relative to secondary alone. Six fish were examined over two independent experiments. Two 3nM
substacks were imaged, 10nM apart, to quantify expression. Data were examined by the Kruskal Wallace with

Dunn's test for multiple comparisons, * p < 0.05. Scale 24mm. Error bars standard deviation.
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Figure 3.14. Pilot experiment shows imaging & quantification of zebrafish head regions allows for
detection of @H2AX foci in 3dpIR zebrafish larave. Confocal fluorescence photomicrographs of antibody
staining to detect gH2AX protein expression (red), DAPI was used to stain nuclei (blue). A - C) Analysis of
lateral images of the zebrafish head. A) Example unirradiated, 0Gy, control. B) Example 12Gy image. C)
percentage of cells with 5 or more foci quantified. D-F) Analysis of ventral images of the zebrafish head. D)
0Gy example E) 12Gy example F) percentage of cells with 5 or more foci quantified. Two 3nM substacks
were imaged, 10nM apart, to quantify expression in four distinct regions of the zebrafish head. Data examined
by unpaired t test. 18 images from two fish were used. **** p < 0.0001. Scale 24mm. Error bars standard

deviation.
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3.6.2. Irradiation activates the DMAmage response markerl H ih p21-positive regions of 3dpIR zebrafish
To assess whether DNA damage response foci was present in regions p2higRRNA expression in 3dpIR nacre

strain zebrafish, | carried out wheemount+ | H immunofluorescence and imaged and quantified the ventral head
region of the zebrafish, where p21 expression was previously described (Figure 3.9). An inctedsa bositive

cells following 12Gy irradiation was demonstrated (Figure 33d)IR zebrafish showedl27% (SD 2.36@psitive

cells, whereas unirradiated fish h@b3% (SD 0.5t the same time point (Figure 3.15D). As the 5dpf zebrafish head
is a thick tissue and contains many cells, | would envisage that confocal imadigyreton would prove difficult to

pick up DNAdamage foci themselves, as well as brightly positive cells, and so the true percentage of positive cells

likely underrepresented through this whole mount imaging method.
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Figure 3.15. Upregulation of g@H2AX DNA damage-associated foci in irradiated zebrafish larvae. Confocal
fluorescent photomicrographs of antibody staining to detect gH2AX protein expression (red), DAPI was used to
stain nuclei (blue). Representative images of poH2AX antibody staining (red) in the ventral zebrafish head regions
(40x magnification). A) 0Gy, B) 12Gy, C) Control in 12Gy irradiated zebrafish with only the secondary antibody. E)
Quantification of poH2AX immunofluorescence. The % of positive (red) cells were plotted for each image. 4 Fields
of view (FOV), and 3 substacks were quantified within each FOV were quantified. 3 fish were examined for each of
the three independent experiments. E) Diagram of areas imaged per fish. Data was examined by Mann-Whitney

test. **** p < 0.0001. Scale 24nm. Error bars standard deviation.

By assessing genes that are bothragulated following irradiatiofinduced senescence and present in zebrafisigs

able to better assess the senescence profile of 3dpIR zebrafish larvae, including theAB#SRix table 3.9.1)
Primers were optimisd to detect mMRNA expression of SASP fadlblos i16, i18a, mmp2, mmp9, mmplds well as

p53, a central regulator of the DDR and senescence inductiongyalith g1 an indicator of reduced proliferation that

is associated with senescence. In whole zebrafish mRNA, the SASPniag®showed a significant increase, more
than doubling following irradiation. Significant increases in p53 and cyclin G1 were also $a&mdoirradiation,
further evidencing activation of the DNA damage response, and that less cells are proliferating and instead in G1 phe
of the cell cycle (Figure 3.16). The other SASP factors examined however showed no detectable change in mF
expres#on (Figure 3.16 A, B, D, E). Interestingly, one independent experiment showed increased exprafkion of
mmp9,andmmpl13(Figure 12H). The reason for this pool of 50 3dpIR zebrafish larvae to have high expression is n
known, but as this effect is spific to some genes and not others, there may have been a compounding factor that

induced inflammation in some fish within this group.
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Figure 3.16. mRNA expression of alternative senescence-associated genes by qRT-PCR. Zebrafish were
irradiated at 2 days post-fertilisation (2dpf) and assessed for the senescence markers illb (A), iI8 (B), mmp2
(C), mmp9 (D), mmpl3 (E), cyclin g1 (F), p53 (G) il6. Absolute expression change calculated by 2*-DCt. RNA
was collected from 50 pooled zebrafish for each of the 4 independent experiments that were carried out. Data
was examined by Mann-Whitney test (A,B,D,E) or unpaired T test (C,F,G). ** p < 0.01; **** p < 0.0001. Error

bars represent standard deviation.
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In this chapter, | have establishednathod for ectopicallyinducing markers of senescence in early development
zebrafish without causing significant toxicity or lethality. By studying expression of key senescence genes and prote
T 2t f 2igakligtidn, I'have characterised for the first time that 12Gy irrtidiacan activate numerous markers of
senescence in 5dpf zebrafish larvae. | demonstrated that irradiation of zebrafish larvae showsdepkrsgent
increase in cyclidependent kinasep21andpl6-likewithin 24 hours and remains elevated until the latéme-point
examined 5dpf (3dpIR). In the case p21,mRNA is predominantly located in the head and intestinal regions. Most
notably, my work has begun to dissect a novel model to rapidly induce and assesgiarhallmark of ageing and
ageassociated disease, the accumulation of senescent cells. As this assay only takes 5 days to see these senesc
markers this systemcould be amenable tm vivodrug screening for novel senolytics. | have identified that withis
timeframe, there is activation of the canonical senescemmckiction signalling pathway, the DNA damage response,
cell cycle inhibitors are increased, as well ag $2al activity, and some but not much SASP activation. | now have
significant evideoe to support the development of a transgenic reporter for cellular senescence, which could allow

unprecedented access to this phenotype that is causal teaageciated multimorbidity.

The assay to induce rapiid vivosenescence accumulation uses 12&¢ 6%« -Irradiation on 2dpf zebrafish, before
assessing the onset of senescence markers at 5dpf. The timing and dose was optimisezhbaisgldnce between

being a high enough dose and early enough time point such that it can be tolerated by thastetitifout severely
disrupting offtarget developmental mechanisms that could reduce the reliability of the assay. The dose and time:s
assessed were based on previous evidence of zebrafish embryo survival following irradiation. For example, zebraf
embryos between 2 and 8hpf show significant sensitivity to radiation dbsegeen 2 and.OGy (McAleeet al.,2005).
Irradiation at 24hpf showed a reduction in survival at 10Gy only, suggesting that the zebrafish become more resista
to radiation with age. Aditionally, 1dpf zebrafish embryos irradiated with 20Gy showed a significant reduction in
survival by 5dpf, which demonstrated in this studgDaroczet al., 2009) A dose of 8Gy of total body irradiation dose

is typically used tinduce senescence in mice (Demaeiaal., 2014). A reason for the higher dose of 12Gy being
tolerated in zebrafish larvae may be because only a shorter time after irradiation was examined, though this wa
important to make the senescendeduction assayapid and therefore more amenable to vivocompound screens

for senolytics. Additionally, zebrafish have been extensively studied in the context of regenerative medicine as the
are better than mammals at recovering from injuries such as heart transesdfnss, Wilson and Keating, 2002)

the context of irradiation, it is not clear whether zebrafish have improved DNA repair mechanisms compared ftc
mammals Though, a study comparing the ability of zebrafish to repaimdwvced DNA lesions with humans suggested
they were able to tolerate a higher dog¢gussman, 2007However, this data was obtained by comparing an assay to
assess DNA repair capacity human peripheral blood cells withsaly asing whole zebrafish embryos (Ateasl.,

1991). The comparison therefore is strenuous, statistical analysis could not be performed and there was no matchir
of cell type and age, which are both contributing factors to the DNA damage responsepainccepacity $onget al.,

2005; Probiret al., 2006; Gorbunovat al.,2007).More indepth @mmparisons between zebrafish and mammalian
DNA repair capacity would prove useful for understanding the siméaritf the DNA damage response betwélea

two organisms. Importantly for thistudy, the dose optimised for senescence induction in irradiated zebrafish larvae
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does not reduce survival in the tirmoints examined, and are relatively comparable wjtteviously published

evidence

Senescence can be a difficult phenotype to identifyivo,as there is no marker that will always identify the phenotype
specifically. Following irradiation of zebrafish larvae, | identified markers that indicated activation of central DNA
damage respores the pathway known to prompt stressduced senescence (I H,!p53). Though it is associated
with senescence, an important limitation ofl H s that it can also be present during DNA replicatiadelnikova

et al, 2004; Gagou, Zuaziéllar and Meuth, 2010)To overcome this in mammals, researchers often use another
marker of the DNA damage response such as 53BP1 in combination with {Wardet al.,2003). However, the
antibodies for both of these markers for zebrafish are raised in the same species, and so cannot be used togeth
without difficulty (Henriqueset al,, 2013; Percivatt al., 2015) Further, both p53 andl | H tan play a role in cell
death mechanisms, and so in future it would be useful to carryagaays for markers of apoptosis like caspase 3 or
TUNEL alongside senescence markers to discount these cells when quantifying senescence burden in irradia
zebrafish(Rogakotet al., 2000; Haupet al., 2003; Sorrellst al., 2013) Importantly though, irradiated zebrafish larvae
also show upegulated cyclirdependent kinase inhibitors p2#and p16™4 both of which have been described as
negative regulators of apoptogiBissonnette and Hunting, 1998; Sviderskelyal., 2003) These genes inhibit cin-
dependent kinases and alongside cyclin g1 can help arrest the cell cycle, a key component of seli€sneanaet

al.,, 2001; Suzukét al, 2001) Regardless, even if senescent cells were induced in irradiated zebrafish larvae, the
evidence does not show whether apoptosis is also present™#16hough a well described and commonly used
senescence marker, is also part of a reversible response in macrophages that does not seem related to senescer
but instead class switching to M2pe macrophages in response to nearby senescent cellsdtddl] 2017, Liwet al.,

2019). Additionallyp21 has shown regulation by the circadian clock, which | also demonstrated (Figures 3.5 & 3.6)
and may be up regulated in quiescent cells that do not become senescent (Laranjeir@013; Sangt al.,2008)

To tackle this, | intend to examine senescence markprassion at a later time poiribllowing irradiation to validate
whetherp21cells persist and are therefore more likely senescent (aad),2008). This would also be useful in the
context of the SASP, as the majority of work published around irradiatidnced senescence in mice suggests that a
6-10 day period posirradiation are required for strong expression of SASP markers such as IL6 and IL8 (Btemaria
al., 2014; Laberget al.,2015; Frend et al.,2011; Acostat al.,2008). This would likely explain why ontynp2 up-
regulation at 3days postirradiation in zebrafish larvae (Figure 3.15). One could argue that if the SASP were greater &
a later timepoint in irradiated zebrafish larvathen this would validate the model organism, because the temporal
regulation of senescence marker induction would be comparable with mammalian systems. Moreover, with more time
a more indepth assessment of the SASP profile would bolster the current exédeh senescence in irradiated
zebrafish larvaéTable 3.1)Antibody arrays and RNAseq that are comparable to data from mammalian systems woulc
describe in greater detail the similarities and differences in irradiated zebrafish |abeogpéet al.,2008; Coppéet
al.,2011; Demarit al.,2014;Purcellet al.,2014; Wileyet al.,2017). The limitations of vivomarkers of senescence

mean that assessing a panel of them provides the most confidence that senescence is truly present. A strength of t
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current evidence is that multiple of the aforementioned markers of senescénde H,!SA -gal,p21) were present
within the same regions of the fish. Further, previous evidence assessing senescence induction in zebrafish larvae \
limited to SA -Gal, whichs not required for senescence (Lekal.,2006; Koshimizet al.,2011; Kishet al.,2008).

The markersdentified in irradiated zebrafish larvae are comparable withmmalian systems, with the exception of

IL6 (Demarieet al., 2014; Fuhrmanibtroissnigget al., 2017). Now, there is enough evidence to support the
development of a transgenic reporter of senescence, which would allow assessment of multiple senescence marke

at the cellular level through cell sorting.

Irradiated zérafish larvae show senescence in some regions that have been highlighted in irradiated murine system
providing evidence to support the notion that this model system can be used to understand mammalian senescenc
The regions of the 3dpIR zebrafish lawaith the greatest ugegulation ofp21 mRNA following irradiation were the
intestinal and head regions, particularly thearyngeabrches and brain regions, which are highly proliferative regions
during early developmer({Vallaceet al,, 2005; Hall and Tropepe, 2018)ghly proliferative cells would be more likely

to have encountered irradiaticinduced DNA damage through reaching the relevant cell cycle checkpdietaert

and Hartwell, 1988)Zebrafish with mutated telomerase also showedragulatedp21 expression irthe intestine

faster than wildtype siblings (Henriquest al., 2013). Increases in $SAGal activity were also described in the
intestine, head kidney and testes of these mutant zebrafish. The testes are not present in 5dpf zebrafish larvae, ai
though there are functioning pronephros, the head kidney is also not fully developed and so neither can be examine
at these stagegOrban, Sreenivasan and Olsson, 2009; Gerlach and Wingert,. 2&&8)jated mice also show
senescent cellin the brain and small intestine, as was described in irradiated zebrafish |@Daadn N.L. Let al,

2010; Demariat al., 2014; Zhaet al., 2019) Expression of DNA damage markers were presetite liver, kidney,

brain and lungs as early as 24 hours after irradiation and persisted for 45 weeks, which was théntaetgsiint
examined. However, pl16 expression was not reliably detected until 12 weeks after irradi@toh N.L. Let al,

2010) It is worth noting that these murine studies were carried out atlagtages, and a much longer period after
irradiation (10 months for small intest) was used before assessing senescence marker onbeisie organs, which

is a possible reason for the differences descril#adtitionally, as irradiated zebrafish larvae in early development,

they are rapidly proliferating and as such could alter the sensitivity of different tissues to irradi@tigiyamaet al.,,

2009) Increased SA-Gal activity was detected in the skin of irradiated adult zebrafish €T sdi, 2007).This was not
directly examined in zebrafish larvae, though as a similar inductip@ binRNA by gPCR in their tail fin compared to
MRNA of the whole zebrafish, this may be due to expression in the skin (FigurdZdB)parison of where senescent
cellsare seen in irradiated zebrafish larvae, irradiated adult zebrafish, and oldypidaged zebrafish would provide
important evidence about orgasensitivities to stresfnduced senescencddowever the initial similarities in the
sensitivity of the braimnd intestine to irradiation in zebrafish larvae compared adult zebrafish and mice are promising

and provoke more haepth studies.
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An important difference between irradiated zebrafish larvae and adult mammalian systems | 6Hi¢e was not a

very reliable reporter of senescence. The zebrafish orthologue for EIBKN2A)pl6-like (cdkn2ab) showed
significant transcriptional activation by gPCR, but there was not reliable spatial expressiaitbiybridisation. This

may be due to resolution othe techniqgue compared to gPCR, which would be able detect smaller changes in
expression. Indeed, relative mRNA expression at 3 daydpadiation (dpIR) fop21was 0.07 (Figure 3.5C), whereas
pl6-like was approximately 0.002 (Figure 3.5D). This leei lef expression would probably be difficult to detect by

in situhybridisation. An alternative explanation for low transcript levels aside from low expression is low transcript
stability; however,a recent study on mammaliagdl6showed that the mRNA haal haltlife of over 24 hours (Liat

al., 2019). This is unusually long, longer than >95% of mRNA transcripts, and further emphasises that expression
zebrafishpl6-like is very low in 3dplIR, and perhap&1 may prove a more reliable reporter in this ¢ert. This
disparity inpl6-like expression may be due to a lack in our understanding of the zebrafish ortholodradh
mammals, there are separate loci for p¥64(CDKN2Aand p15 (CDKN2B), as well as a splice variant iGEHEN2A
locus for the potein p1FR(ZFIN2019, Zerbincet al., 2018) However, in zebrafish, there is seemingly no splice variant
in the cdkn2alocus forp16, and no identifieccdkn2blocus. Therefore, it is feasible that the zebrafish orthologue may
be carrying out roles that the mammalian p15 and p19 genes are doing. Both of these genes are involved in cell cy
arrest in mammals, much like p16, but it has been shown that inactivatfgp19 can exacerbate senescence in a
BUBR1 mutant mougd®akeret al., 2008) It is not clear currently how zebrafipli6-like genefunctions in comparison

to mammalianp16, and requires further charactesation. Though, a CRISPR knockdown of the zebrafish gene does
result in tumour formation, one could infer that the gene could therefore play a role in thetambur function of
senescence, as is known in mammals, but it was not directly examined (&blain2018). As | have described
increased expression following irradiation of larvae, this further shows that the gene may have a conserved role i
senescence. Timing may also be a factor, as mentioned, irradiated mice are often left for much Idihng®raases

in P16 are describe@anh N L Let al, 201Q Demariaet al, 2014) Therefore, examining this gene at a later time
point codd help discern whether this is an important factor. Due to these facto24,is our best senescenece
associated gene to develop a transgenic reporter for live detection of potentially senescent cells in zebrafish larva
Certainly, singleell RNA sequeimmy on serurrstarved quiescent human cells versus bleomyeduced senescent
cells, identifying the genes most reliably activated in senescence (@lilaly,2017).CDKN1AP21) was one of the
best, predicting senescence over quiescence 89% of the #m@21 is not unique to senescenctke all other
senescenc@ssociated genes, an assessment of how relipBleis as a reporter of senescence at the cellular level is

vital in this system, and can be carried out once the transgenic reporter is developed
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Whilst identifying markers of senescence that areragulated following irradiation in zebrafish larvae, | also identified
that some of these genes showed expression in normally developing unirradiated controls. For example, irradiatior
independer activity of SA -Gal was observed in the intestine and caudal hematopoietic tract (CHT), in a pattern that
matchedprevious evidence awild-type 4.5dpf zebrafish (Kisat al.,2008). SA -Gal Intestinal expression could be
due to detecting a differeintype of betagalactosidase activity, with it also being a digestive enzyme, and expression
in the gastrointestinal tract of SiAGal has been identified in huma(Gray and Santiago, 1969; Gogtgal., 2002)

The SA -Gal assay is not run at the optimal pH to detect this type of galactosidase activity, howetvdoésanot
necessarily mean ivill not be detected at all. The CHT is where innate immune cells, such as neutrophils and
macrophages are formed and reside during early zebrafish develop(Murayamaet al, 2006) There has been
recent evidence suggesting that-8A4sal can be present in some macrophages that are likely not senescent, so this
may bewhat is shownin these zebrafish larvae (Hall al.,2016;Hallet al.,2017;Liuet al.,2019). However, the-a
specificity of SA-Gal is well described and should bensidered when inferring this evidence (Leteal., 2006;
Untergasseret al., 2003). Additionally, 1 also showed some irradiatiendependent expression in developing
zebrafish larvae. There is evidence of circadian elegklation ofp21 (Laranjeiroet al., 2013). This may be an
evolutionary response to slowing the cell cycle to avoid Bmage from UV radiation following sunrise, as a
temporary quiescenc€Dakup and Gaddameedhi, 201ifhportantly for our assay, | needed to choostrae-point

to assess senescence such that the fold increagg2ifis the true increase following irradiation and not an over
representationby altered background level§here may be a case fp21 expression due to embryonic senescence
being present athiese stages of development also. For examplep-&al expression was demonstrated in the
developing chick embryo pharyngeal arches and gut endoderm (Stbaér2013), which are regions where | also see
expression, particularlg21(Figure 3.9). The delopment of a transgenic reporter fp21would allow for assessment

of the differences between those21-positive cells from irradiation and those present in irrespective of radiation. If
there are brighter cells with morp21 expression following irradtion, which thein situhybridisation would suggest
(Figure 3.9), then one could use unirradiated transgenic zebrafish to set a threshold upon which irradiated transgen
zebrafish are imaged, to only include thasest likelyassociated with stressduced senescencdf there are actually
developmental senescent cells in the zebrafish, and | could distinguish between developmental and irradiatior
induced senescence by sortipg1 positive cells from irradiated and nerradiated zebrafish, this cddialsoprovide

a unique opportunity to identify differences between the two contexts. Due to this, it is still worthwhile paihas

a transgenic reporter for potentially senescent cells.
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| have identified that, & is described in mammals, irradiation canragulate multiple markers of senescence in
zebrafish larvae. This evidence permits the development of a transgenic reporter for senescence, like3MRp16
mouse model (Demariat al.,2014), but with the advatage of being in a transparent organism. This will allow us to
identify potentially senescent cells live aimdvivo,sort them by flow cytometry, and validate several of these markers

in the same cell to give a true representation of the number of sesretseells in irradiated zebrafish larvae. This will
give us a better understanding of how gop#@lis as a marker of senescence in our system, and perhaps the kinetics
of its promoter activatiorin vivofollowing senescence induction. This method of adgegssenescence will have much
greater resolution than simply extracting RNA from a whole zebrafish for example, which will dampen the signal c
senescent cells by also including RNA from-semescent cells. This is particularly important when lookingivels

early after irradiation, to assess small changes in genes such as those associated with the SASP. Further, becau:
the technical difficulties of quantifying H2AX staining in thick tissues, this methodweith gnore accurate read of the
proportion of cells are truly senescent, and allow us to combine imrfluayescent antibodies more accurately, such

as PCNA as a marker for proliferation. Once validated, this zebrafish reporter for senescence could allow for I
identification of potentially snescent cells at the cellular levialvivowithin a 5day period, something that has not
been previously possible. Potential benefits of this include a novel system for identification of senesoehdating
compounds that show efficacin vivo in the first instance, something that would likely streamline the drug
development process and help speed up the identification of drugs that could reduce the prevalence of ill health i
our rapidly growing elderly population. As | have demonstrated that it sllé=to increase the amount of senescence

in zebrafish through irradiation, it does not seem-farched to assume that drugs that are effective at removing
senescent cells can be assessed within this system. This level of resolution could also atttmgdégi kinetics of
senescence genes following irradiation, examining tissues and cell types that they interact with, tackling questions

the field such as mechanisms for immune cell senescence clearance.
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Induction

Change in

Dose/method Model used(reference) AnaIYS|s expression
method technique
(fold)
MEFs /22 qRT-PCR/ | Increase (>4
10Gy (X-ray) HCAD 2 3 Antibody fold)
. » array / 32 fold
Irradiation 12Gy Xray HCA2, IMRSO %%, WI138 d d
2/8/3/12/16 secrete (secrete
protein level | protein level)
7Gy TBI (X-ray) Mouse ! gRT-PCR Increase
Tissue injury FuII-thch.<ness punch Mouse * qRT-PCR No change
biopsy
HCA2/IMR90/WI38 23
Replicative In vitro population Primary mouse lung ELISA Increase (>4
exhaustion doubling fibroblasts © fold)
Various cell lines 7/8/9/12
Lentiviral Assumed
IL6 i
Oncogene- RASV12/M KI<.6EE HCAD 2.3 increase
induced overexpression Various cell lines 7//%/22 ELISA (decrease
RAS/MEK following
overexpression rapamycin)
50uM Bleomycin IMR90S S";g;f:;e" erease
i 21
40uM Bleomyci BJ & HCA2 ELISA
Assumed
Oxidative . increase
250nM Doxorubicin, ELISA/
stress HCA2 2 i (decrease
24h cytokine array .
following
rapamycin)
75uM H202 CD?L mouse lung Cytokine Increase
fibroblasts © array
gPCR/antibod
HCA2? 2 Y Increase (>4
Irradiation 10Gy (Xray) Various cell types 7/8/9/11 | array/secrete fold)
IMRS0%® d cytokine
levels
Single cell
50uM Bleomycin IMRSO3 gPCR Increase
ILIA Oxidative 40uM Bleomycin BJ & HCA2% Western
stress blotting
75uM H202 Prlm:.;iry mouse lung Cytokine Increase
fibroblasts © array
Replicative In vitro population Primary mouse lung Cytokine Increase
exhaustion doubling fibroblasts © Array
IMR-90, HCA2, PrECs, Secreted Increase (>4
oIS RAS/MEK BPH1, RWPE1, PC3 7/8/5/11| protein level fold)
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Change in

SASP Induction Dose/method Model used(reference) AnaIYS|s expression
Factor method technique
(fold)
HCA2?
o IMR-90, HCA2, WI-38, BJ, qPCR Increase (4
Irradiation 10Gy (Xray) PrECs, BPH1, RWPE1, PC3| Secreted
! g};’g’}’ll ! a fOld}
protein level
IMRS0%
HCA2 ®
IMR-90, HCA2, WI-38, BJ,
Oncogene- Lentiviral RASV12  |prgCs, BPH1, RWPE1, PC3| Antibody Increase
induced RAS 8/5/11 array
Mouse hepatocytes (in
IL1B vivo)®
IMRS0?
50uM Bleomycin IMR-30, HCA2, WI1-38, B, Slng;i;ell Decrease
Oxidative PreCs, BPHS%B,JE{IWPEL PC3 q
stress
. . Increase (4x
75uM H202 an?ry mouse lung Cytokine greater than
fibroblasts © array .
replicative)
Replicative In vitro population Primary mouse lung Cytokine Increase
exhaustion doubling fibroblasts © Array
Antibody
.. HCA2 2.2 array Increase (>4
Irradiation 10Gy (Xray) IMR90, WI38, HCA2 16 ELISA fold)
'8 0 A qI'Dl:():Rd
.ncogene- Lentiviral RASV12 HCA2 3 ntibody Increase
induced array
Oxidative . . Single cell
stress 50uM Bleomycin IMRSO qPCR Increase
Irradiation 10Gy (Xray)
Oncogene- RAS IMR-90, HCA2, WI-38,BJ | Antibody | Increase (>4
IL7 induced 7/8/16
— array fold)
Replicative
exhaustion
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Change in

SASP Induction Dose/method Model used!reference) Anal\{'sm expression
Factor method technique
(fold)
Increase (10x
Replicative In vitro population Primary mouse lung Cytokine more than
exhaustion doubling fibroblasts © Array oxidative
IL12 stress)
Oxidative 75uM H202 Prlm:.;iry mouse lung Cytokine Increase
stress fibroblasts © array
Irradiation 10Gy Xray
Oncogene- .
IL13 induced RAS HCA2, W38 7/6/15 Antibody Increase (>4
— array fold)
Replicative
exhaustion
MEFs*
Increase (7
10Gy (X-ray) IMR-90, HCA2, WI-38,BJ|  ART-PCR fold) (
Irradiation 8//1/13
Increase (4
7Gy TBI (X-ray) Mouse ! gRT-PCR fold)
MMP3
oIS RAS/MEK WI-38, BJ #9/13/13 Secreted Increase (>4
protein level fold)
Replicative In vitro population WI-38, B &/9/11/13 Secreted Increase (>4
exhaustion doubling protein level fold)
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
.. Secreted Increase (8
- . 20
Irradiation 10Gy (X-ray) IMR-90 orotein level fold)
Oxidati IMR90? Slng;i;ell Increase
’;'trzs':e 50uM Bleomycin (PSC27, PSC31, and 5 d T =
MMP2 PSC32)10 ecrete ncrease (
protein level fold)
Replicative In vitro population (PSC27, PSC31, and Secreted Increase (>4
exhaustion doubling PSC32)° protein level fold)
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
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SASP

Induction

Analysis

Change in

(reference) H
Factor method Dose/method Model used technique ex;(:;:ls;)lon
HCA2 2
o IMR-90, HCA2, WI-38,BJ,|  ELISA/ Increase (4-8
Irradiation 10Gy (Xray) hepati c myo broblasts Secreted fold)
8/5/14 protein level
IMRS0%
IMR-90, HCA2, WI-38, BJ,
Etoposide hepati c r'é}¥34broblasts Secr.eted Increase (>4
MMP12 protein level fold)
Oxidative
stress Bleomycin 2 U /kg Fibroblasts, epithelial,
(Aerosolized and endothelial cells Flow & RT- [Increase (500
intratracheal from whole mouse lung PCR fold)
instillation) (in vivo)*®
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
IMR-90, HCA2, WI-38, BJ, ELISA/ Increase (>4
Irradiation 10Gy (Xray) hepati c myo broblasts Secreted fold)
8/5/14 protein level
MMP13 | Oxidative Etonoside IIVIR-90., HCA2, WI-38,BJ,|  secreted Increase (>4
stress P hepati c r'é}¥34broblasts protein level fold)
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
MEEs L 22 gRT-PCR /
radiation | 106YXray HCA2, B1 Western | Decrease (10
yAray WELS 8
Tissue injury FuII-thch.<ness punch Mouse 1 GRT-PCR Decrease (2
Lami biopsy fold)
amin — :
Bl Oxidative 50uM Bleomycin IMRSO0s> Single cell Decrease
stress qPCR
Replicative >70 population 18 Western
exhaustion doublings HCA2 blotting Decrease
Oncogene-
induced MKKGEE. HCA218 WESt?m Decrease
overexpression blotting
senescence
Irradiation 8Gy BJ & MEFs®® Flow Decrease
Oxidative 50uM Bleomycin IMR90s> S'”g;i;e" [zlecre_ase
stress Etoposide (20/50uM BJ & MEFs 12 clilow njjl\:o_lﬂsg}
HMGB1| Oncogene- .
induced RAS MEF |njec.ted1tgo NUDE Flow Decrease
mice
senescence
Replicative In vitro populatlon Aged mice Flow Decrease
senescence doubling
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Change in

SASP Induction Dose/method Model used(reference) AnaIYS|s expression
Factor method technique
(fold)
.. Antibody
3
Irradiation 10Gy (Xray) HCA2 Array Increase
. . Increase (4x
75uM H202 Prlm:.;iry mouse lung Cytokine greater than
fibroblasts © array eplicative)
TNF- Oxidative - - — P
alpha stress Bleomycin 2 U /kg Fibroblasts, epithelial, Increase
(Aerosolized and endothelial cells Flow & RT-
. (between 2-5
intratracheal from whole mouse lung PCR
L . fold)
instillation) (in vivo)?®®
Replicative In vitro population Primary mouse lung Cytokine Increase
exhaustion doubling fibroblasts © Array
pNF- \rradiation 10Gy (Xray) HCA2 2 gPCR Increase
kappaB 6Gy (Xray) MDA-MB-231-2Acells ¥7 | Western blot Increase
L ) . gRT- Increase (2/3
Irradiation 10Gy (X-ray) MSFs/MECs PCR/ELISA fold)
. _ Full-thickness punch . Increase (12
PDGF-A| Tissue injury biopsy Mouse gRT-PCR fold)
. Age-associated human . . .
Ageing PE Human IPF biosections?® | Microarray Increase
Tissue injury FU”-thIE:(;s:j punch Mouse ! gRT-PCR Inc;des;—.' (2
Replicative In vitro population |IMR-90, BJ, JAS-3, HUVEC| Secreted Increase (>4
Exhaustion doubling = protein level fold)
Bleomycin 2 U /kg Fibroblasts, epithelial,
PAI-1
Oxidative (Aerosolized and endothelial cells Flow & RT- Increase
. (between 2-5
stress intratracheal from whole mouse lung PCR
L . fold)
instillation) (in vivo)?®®
.. Secreted Increase (60
20
Irradiation 10Gy Xray IMRSO orotein level fold)
. _ Full-thickness punch . Increase (2
CCL5 Tissue injury biopsy Mouse gRT-PCR fold)
. _ Full-thickness punch . Increase (2
Tissue injury biopsy Mouse gRT-PCR fold)
CcCL2 Irradiation 10Gy (Xray) HCA2 2 gPCR Increase
Oxidative 50uM Bleomycin IMRSO 3 Single cell Increase
stress qPCR
CCL7 Irradiation 10Gy (Xray) HCA2 2 Ar;t:ac;dy Increase
Antibody
CCL8 Irradiation 10Gy (Xray) HCA2 2 array Increase
ELISA
CSF2 Irradiation 10Gy (Xray) HCA2 2 Ar;t:ac;dy Increase
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SASP
Factor

Induction
method

Dose/method

Model used(reference)

HCA2 2 IMR-90, HCA2,

Analysis
technique

Change in
expression
(fold)

Irradiation 10Gy (Xray) WI-38, BJ, PrECs, BPH1, | AntiPody | Increase (>4
RWPEL, PC3 7/2/9/16 Array fold)
. . . Increase (4x
Oxidative 75uM H202 Prlm:.;iry mouse lung Cytokine greater than
stress fibroblasts © array .
replicative)
GM-CSF Primary mouse lung
Replicative In vitro population fibroblasts & IMR-90, Cytokine Increase
exhaustion doubling HCA2, WI-38, BJ, PrECs, Array
BPH1, RWPE1, PC3 7/#/3
IMR-90, HCA2, WI-38, B, Secreted Increase (>4
QIS RAS/MEK PreCs, BPH1, RWPE1, PC3 .
218/ protein level fold)
cxciz | Oxidative 50uM Bleomycin IMR90 5 Single cell Increase
stress qPCR
HCA2 ® IMR-90, HCA2,
I WI-38, BJ, PrECs, BPH1, Antibody Increase (>4
Irradiation 10Gy (Xray) RWPE1, PC3, prostate array fold)
broblasts 8/9/10/16
IMR-90, HCA2, WI-38, BJ,
Oxidative Bleomvein PreCs, BPH1, RWPE1, Secreted Increase (>4
GRO- stress ¥ PC3, prostate broblasts | protein level fold)
alpha, 7/8/9/10
beta & HCA2 *IMR-90, HCA2, WI-
gamma | Oncogene- Lentiviral RASV12 / 38, BJ, PrECs, BPH1, Antibody Increase (>4
induced RAS /MEK RWPE1, PC3, prostate array fold)
broblasts 7/8/%/10
IMR-90, HCA2, WI-38, BJ,
Replicative In vitro population PrECs, BPH1, RWPE1, Secreted Increase (>4
exhaustion doubling PC3, prostate broblasts | protein level fold)
7/8/9/10
Oxidative 50uM Bleomycin IMRSO3 Single cell Increase
TRAILR3 stress qPCR
(or I i IMR-90, HCA2, WI-38,BJ| Secreted Increase (>4
TNFRSF1 Irradiation X-ray 8/5/12 protein level fold)
0Q) Replicative In vitro population | IMR-90, HCA2, WI-38,BJ| Secreted Increase (>4
exhaution doubling 8/5/12 protein level fold)
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Change in

SASP Induction Dose/method Model used(reference) AnaIYS|s expression
Factor method technique
(fold)
HCA2 3 Antibody
. IMR-90, HCA2, WI-38, BJ Array Increase (>4
Irradiation 10Gy (Xray) 8/5 Secreted fold)
IMR-90, HCA2, WI-38*® | protein level
MCP-2 Replicative In vitro population | |MR-90, HCA2, WI-38,B) | Secreted Increase (>4
exhaustion doubling 8/ protein level fold)
Oncogene- RAS /MEK IMR-90, HCA2, WI-38,BJ | Secreted Increase (>4
induced overexpression 8/ protein level fold)
MCP-3 .. 10Gy (Xray) HCA2 3 Antibody
(CCL7) Irradiation 12Gy Xray MEFs2 Array Increase
Oxidative 75uM H202 Prlm:.;iry mouse lung Cytokine Increase
MCP-5 stress fibroblasts © array
Replicative In vitro population Primary mouse lung Cytokine No change
exhaustion doubling fibroblasts © Array g
\rradiation 10Gy (Xray) IMRS0%® Secreted Increase (16
12Gy Xray MEFs?? protein levels fold)
. . . Increase (10x
VCAML Oxidative 75uM H202 Prlm:.;iry mouse lung Cytokine more than
stress fibroblasts © array .
replicative)
Agein Age-associated Human IPF biosections?®® | Microarra Increase
geing human IPF ¥
Antibody
HCA2 @ Array
\rradiation 10Gy (Xray) IMR90® Secreted Increase (200
i fold)
protein level
TGE 20Gy (Cs137) HFF, MRC5 ¢ RNAseq
beta Bleomycin 2 U /kg Fibroblasts, epithelial, Increase
Oxidative (Aerosolized and endothelial cells Flow & RT-
. (between 2-4
stress intratracheal from whole mouse lung PCR
o . fold)
instillation) (in vivo)?®®
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
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Change in

SASP Induction Dose/method Model used(reference) AnaIYS|s expression
Factor method technique
(fold)
HCA?2 3/8/9/10/12 Antibody
\rradiation 10Gy Xray IMR-90, HCA2, WI-38, BJ, Array Increase (>4
12Gy Xray 22 Precs, BPHliSRWPEl’ PC3|  secreted fold)
MEEs22 protein levels
Secreted
IGFB1/2|  (yidative Bleomvein HCA2 8/5/10/12 protein levels | Increase (>4
/3/4]7 stress Y IMR90? Single cell fold)
gPCR
Replicative In vitro population HCAD &/9/10/12 Secreted Increase (>4
exhaustion doubling protein levels fold)
Ageing Age-assocll:i’;ed human Human IPF biosections?® | Microarray Increase
Replicative | In vitro population |HCA2, BJ, WI-38, IMR-90 | MRNA& | Increase (2-
. . protein 3fold mRNA,
exhaustion doubling v . .
expression |6fold protein)
Bleomycin IMR9OS Single cell
Oxidative Anthracycline-based gPCR Increase (>4
VEGF Human breast cancer
stress Chemotherapy . Blood plasma fold)
o patients?? .
(human in vivo) expression
Age-associated human Decrease
Ageing g PE Human IPF biosections?® | Microarray |(2fold mRNA)
(VEGFA)

Table 3.1. List of SASP factors-tggulated following irradiation.References araumberedas follows: 1Ppemariaet
al., 2014 2)Labergeet al.,2015 3)Freundet al.,2011; 4)Marthandanet al,, 2016 5) Wiley et al., 20176) Maciet
Baronet al.,2016; 7)Acosta JCet al, 2008; 8)Coppé et al, 2008; 9)Coppéet al, 2010; 10Bavik Cet al.,2006; 11)
Liuet al.,2007; 12) Rodier €t al.,2009; 13) Parrinello & al.,2005; 14(Krizhanovskegt al., 2008Krizhanovsky \&t
al.,2008;16)Coppéet al,, 2011; 17)Liaoet al.,2014 18)abergeet al,, 2012 19)Biranet al.,2017; 20)Schafert al.,
2017; 21) Bhaumikt al.,2009; 22)Glucket al.,2017; 23)Sanoffet al.,2014; 24Kanget al.,2011.
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Chapter 4 Development of transgenic larval zebrafisporter forp21

Having a method for inducing early senescence accumulation in optically transparent zebrafish larvae provides a mc
amenable system for studyirig vivosenescenhcells within a whole organism context. To better identify and track
senescent cells in irradiated zebrafish larvae, a transgenic system whereby cells expressing a marker of senesce
fluorescewas developedDue to the genetic malleability of this model organism, a technique called Bacterial Artificial
Chromosome (BAC) transgenesis can be utilised to report promoter activation of a gene of (Sestsiet al, 2011)

This is particularly useful since zebrafish are transparent deany development, which means that fluorescently
labelled cells can be tracked over time, to allow visualisation of cellulespda and the tissues theyealocated in

and interact with(Renshaw and Loynes, 200Bjve visualisation of senescent cells can allow a deeper understanding
about senescence and their rolesdgeassociated disease. This includes an appreciation for what and where these
cells are, how long they live far vivo,how they interact with surrounding tissues, and whether drugs can efficiently
remove them in a systemic context with translatabitiyage-associated multimorbidity. The SASP is highly interactive,
and different cell types have different rates of senescence indu¢somg, Lee and Hwang, 2005; Pradtial., 2006;
HernandezSegureet al., 2017) Therefore, by looking in a whole organism context, it would better recapitulate these
complicated aspects ah vivo senescence over typicéh vitro systems and provide novel insight into a causal

mechanism underlying aggssociated multimorbidity.

To develop a transgenic reporter for senescence, | chose to raperp21l (cdknlajpromoter. This is thébest
characterisedreporter of senescence in zebrafish currently. In support of this, there has been recent evidence
highlighting the ability op21in mammalian systems to identify bleomyéimduced senescent cells (Wileyal.,2017).

This induction method in mammaliarelts, which also acts through the DNA damage response, showeg2iiat
expression could distinguish senescent from quiescent cells at the single cellular level. | have also previou:
demonstrated the spatial expression within irradiated zebrafish, whitdnluse to assess wheth@&rPexpression
faithfully reports the endogenous expression pattern. Another commonly used senescence marker in mammalia
systems i® 18N CDKN2A however in zebrafish therthologouslocus is described qd 6-likeN<“A8(cdkn2ab)ZFIN,

2019. The locus in zebrafish is a combined form of mammalian p15 and 16hendo not have the splice variant
p19°RY An alginate bead injection into the murine peritoneum lead to the recruitment of immune cells, predominantly
macrophags, to senescent beads via the SABRIlet al, 2016) What was interesting is that it seemed that these
macrophages themselves used P16 and $3alto switch to an M2ike phenotypgHallet al,, 2017) | have therefore
made the decision to usg21 as the transgenic reporter for senescence, due to the similarity between zebrafish and

mammalian orthologues and better characterisation of this gene in zebrafishpdedike.
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To be able to study live senescent cells in irradiated zedtrddrvae, a transgenic reporter that fluoresces unp2t
promoter regulation is required. An optimised assay for irradiatrmuced senescence accumulation provides a
method for determining whether the fluorescent reporter being developed fluorescegmthe correct regulation,
for example in the same spatial and temporal kinetics as previously demonstrated by assessmp2hindRNA
expression. | hypothesise that fluorescence from a transgenic reportepZarpromoter activation using BAC

transgenesisvill mimic spatial and temporal kinetics p21 mRNA expression. The aims of this chapter are:

1 To develop a novel transgenic zebrafish that repp&% promoter regulation.

1 To characterise the fluorescence seen in the novel transgenic zebrafish to ctivdiflaorescence increases
following irradiation and matchgs21 mRNA expression.

9 To confirm that the transgenic reporter activagg2l mRNA following irradiation in the same manner as wild

type strain zebrafish.
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Artificial Chromosome (BAC) transgenesis was used. This involves firstly identifying a BAC, which is a-arge (!
150kbp) segment of gemaic DNA, that encompasses the locusp@fl. It must then be modified such that, once
randomly inserted into the zebrafish genome through toi2diated transgenesis, the extra p21 locus will now express

GFRunderp21 promoter (summarised in Figure 2.7).

First, the gene sequence that encodes for human g2DKN1Ayas acquired on Ensembl and used to acquire the
danio rerio(zebrafish)orthologue (cdknla)(ZFIN, 2019Zerbinoet al, 2018) Three BACs containing tloelknla
zebrafish locus and the two associated splice variasikr(1a001; cdkn1e002) were identified using Ensembl blast
feature (Figure 4.1). Two were shotgun clones sequences from the Daniokey library, from partially digested genorr
DNA (Hindlll) fronTubingenzebrafish strain male testis (prefix: DKEABIN, 2019¢)The other being from the Cheri

211 library, also fronTUbingen zebrafish strain male testibl® but instead cut with EcoRprefix CH211) ZFIN,
2019).0Once acquired, the BACs were transformed into electroporatmmpetent Ecoli cells and themgrown up in
appropriate antibiotiaesistance (Chloramphenicol) medium, to allow for modification stiyat allowp21-regulated

GFRexpression from the BAC.
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Figure 4.1Identification of BAC sequences atlknla (p21yebrafish locusExamined Ensemblanio rerioversion
82.10 (GRCz10) at Chromosome 22: bases 40¢24,875. Three BACs were identified that overlapped v
cdknlalocus and contained at least 100kbp downstream and 590kbp upstream of the start codon (arrov

indicates direction of transcription).
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Once | had identified BACs of interest, | next had to modify them suclGiiBivas underp21-promoter regulation

and that the BAC itsetfid notexpress an extra copy p1when inserted into the zebrafish genome. Ultramer primers
were designed to modify th&FPtargeting sequence such that there were overhanging siattend DNA sequences

that matched the BAC (Figure 4.2A). For exantphkeforward primer was designed such that thest 50 base pairs
complimentedwith the BAC sequencayith the last three bases being the start codon of ¢l locus followed by

24 more bases that overlap withe end of the target cassettd-igure 4.2A)Oncethe GFPsequence with homology
arms to the BAC was designed and purified (figure 4.2B), it was electroporated intmBiaing cellsThis allows

for the GFPsequence to be incorporated into the BACs after the initial start codon (ATG sequencep2if-trecoding
region, so that theGFPis placed undep2l-LINR Y2 § SNJ NB3dz | G A2y T | p2RFigark & 2MHzLJI{
Using Ensembl and ZFINhecked that bottp21splice variantgontained the same first exomhich is wherghe GFP

was targetel and so it K2 dz2f R NBLINB &Sy (i 02 ( KZFIN, 2012 T Shed®HatNiFesde geluieizesS E |
contained thep21 promoter region| alignedthem against primers fardknlapublished in Henriguest al.,2013 and
showed a 100% matchalso blasted the version etiknlathat were used to design primers againstpaiblishedp21
sequencglLaranjeircet al.,2013. As theGFPtargeting sequence contained a kanamyugisistance cassette, the cells
were then grown on kanamycin antibiotic madi to identify cells that have incorporated tl@&Pcassette, as only
those that have would survive in the presence of this antibiotic. Cells containing the modified back that have grow
on the antibioticcontaining medium were extracted and the BAC peuifiThe purified BAC was then sequenced to
confirm the GFPcoding sequence was fully incorporated. As the BAC no longer requires this antibiotic resistanct
cassette, the FLP/FRT system was used to remd¥égitire 4.2D)FRT recognition sites were contaihwithin the
GFPargeting sequence, flanking the kanamycin resistance cassette. These are recognised and excised once

enzyme ltarabinose is added to BA®Ontaining cell§Schlake and Bode, 1994)
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Figure 4.2. Development of GFP targeting construct for TJBAC(p21:GFP) transgenic zebrafish. A) ApE plasmid map
for GFP targeting construct, 2.4kbp in size. B) Visualisation of modified, linearised and purified GFP plasmid with primers
for insertion into cdknla BACs. C) Diagram depicting targeting of the GFP sequence after the promoter for the p21 locus
(cdknla). The kanmycin resistance sequence (Kan) is introduced to the BAC such that once successfully targeted, they
can be grown on agar plates containing the antibiotic kanamycin. D) Diagram depicting how the Kanamycin sequence is
removed from the GFP-BAC. In the presence of arabinose, the recombinase flippase is expressed in BAC-containing
E.coli, which recognises the FRT sites surrounding the Kanamycin sequence and removes it from the BAC. Diagrams
created on BioRender.com.

To improve the likelihood that the modified BAC will be fully incorporated into the zebrafish genome, a transposon
mediated system was utilisedsthe BAC is a large plasmid, itherefore prone to breakage and partial insertions
(Suser et al.,2011). Introducing the toknediated systeninvolvesmodifying theGFPBAC plasmidiith inverted cis
sequence tolZecognition sites, such that the tol2 transposasm recognise and insert randomly into the zebrafish
genomeby homologous reconibation. This sequence also containe@laloramphenicotesistance sequencosithin

the two recognition sites as was seen in tREFtargeting cassette. Once the tol2 sequence is electroporated into the
GFPBAC, it will provide selective resistance to idgnthose competent cells with the tol2 sites incorporated. Cells
containing the newly modified BAC were again purified and sequenced to confirm correct insertion of the tol2
regonition sequence. The FLP/FRT system was not required to then remowantibistic resistance sequence,
because this was located outside of the sequence that thenetdgnition sites will incorporate into the zebrafish
genome as depicted in Figure 2.For a successful toldediated transgenesis, tol2 mRNA was synthesised and
purified (Figure 4.3A)The BAC was then injected alongside tol2 mRNA, which in turn will be translated into
transposase protein that recognises the cis sites within the BAC, and incorporate the plasmid asrandooidy into

the zebrafish genome. The eytion to this is the kanamyciresistance cassette, which are located outside of the
tol2 recognition sites. Once the BACs were modified and tol2 transgenesis system established, injectstagmgle
zebrafish were allowed to develop before screening@¢iPexpression at 4 or 5dpf before the onset of independent
feeding. Compared to zebrafish injected with BAC alone, tol2 mRNA concurrent injdictinat show a significant
increase in the number oGFPpositive zebrafish (Figure 4.3B). However, withiose fish positive foGFR tol2
concurrent injection increased the number®FPpositive cells in these fish (Figure 4.3C), possibly indicating improved
incorporation of the BAC into the genome but due to only being a pilot experiment this cannot be confirmed
statistically. Figure 4.4 further demonstrates example images of BAC &niRRAinjected zebrafish with larger

numbers ofGFRpositive cells in the head and tail regions at 4dpf, areas previously demonstrated to gxptesRNA.
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Figure 4.3 Tol2 transposase mRNA synthesis. A) Gel electrophoresis showing synthesised
tol2 mRNA, with predicted sequence length of 1000bp. B) Analysis of GFP positive fish 4-5
days after injection of TgBAC(p21:GFP) with or without tol2 mRNA. 261 to 451 fish analysed
over 4 independent experiments, no statistical significance observed using unpaired t-test. C)
Proportion of GFP positive fish 4 or 5 days after injection with low (5 or fewer) or high (more

than 5) numbers of GFP positive cells. 20-38 fish examined in a single pilot experiment.
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Brightfield & GFP

Figure 4.4. Example images of zebrafish injected with the p21:GFP BAC
at 4dpf. Regions with high (more than 5) GFP positive cells that are known to
express p21 mRNA at these timepoints. 100nm scale bar.
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To identify whether any of the BAGjected zebrafish had incorporated the transgene into their germline, the injected
GFPpositive fish were grown to sexual maturity. Ad3nonths of age, the next generation of zebrafish larvae were
assessed fop21 promoter-regulation of GFPexpression. The adult fish were placed into individual tanks during
screening of the next generation, such that the parent fish could be identified from different groups of offspring. Twc
adult zebrafish (Allele numbers SH5@H50tespecitvely were identified that were able to produddFPpositive
offspring (Figure 4.5A). These offspring were grown up to adulthood to have stocks of fish with stable incorporatio
of the p21GFPBAC into their genome. Quantification of the unirradidttransgenic fish showed increased
fluorescence compared to their siblings that did not express the transgene, notably in the head, intestine and truni
regions (Figure 4.5B). The largest region for transgesjgecific expression compared to wilgpe sidings was the
intestine, which was previously highlighted as a region of interest with endoger®iLesxpression (Figure 4.5C). The
expression olGFPpositive zebrafish from these crosses were approximately 50%, which is evidence towards a sing|

insertionof the transgene into the genome.
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Figure 4.5. Confirming germline transmission of TgBAC(p21:GFP)sh506. A) Outcross of
TgBAC(p21:GFP)sh506 with wild-type zebrafish resulted in 50% of the next generation were
GFP negative (left) and 50% GFP positive (right). 1mm scale bar. B-E) Quantification of
different regions of the zebrafish. B) Whole fish. C) Intestine. D) Head region. E) Trunk.
Statistical significance determined by unpaired T test, 4-7 fish analysed.
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4.3. Characterisation GgBAC(p2GFPsh506

4.3.1. Fluorescence imagingl@fBAC(p2GFpsh50&fter irradiationshowedincreased fluorescence that
matches endogenous p21 mRNA patterns.
Following identification of injected zebrafish with geomll incorporation of the BAQharacterisation using the

developed irradiation assay was carried ¢aitconfirmthat the GFRs underp21-promoter regulation(Figure 4.6.)

For example, it ipossiblethat partial incorporation 6the BAC into the zebrafish genome has occurred, which would
result inGFPexpression that is ngv21 promoter regulated. Thisvould mean that theGFPexpressiommight not be
specific top21-promoter activation Expression gh21mRNAis increasedollowing 12Gy of G¥ ! -irradiation at 2dpf,

and predominantly located in the head and intestinal regian8 days postirradiation (dpIR) (Figure 3.9.Following
12Gy of C$"!-irradiation of an incross betweenTgBAC(p2GFPsh506zebrafishat 2 days postertilisation (dpf),
increased fluorescence was detected 3dpIR (FigwBE This increase iBFPexpression is consistent with previous
gPCR anih situhybridisation expression data fp21 mRNA levels, indicating that the fluorescence is associated with
p2l-promoter activation, with the intestine and head regions, such as pharyngeal arches, bestgohbviously
increased. The unirradiated fish hawlore GFPexpression compared to witype siblings, albeit much less than
irradiated transgenic fish. This was also demonstrated in my previous work showingpdmemoter activation

independent of irrdiation.
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Pharangeal Arches

12Gy
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Figure 4.6. Representative images of TgBAC(p21:GFP)sh506 zebrafish. GFP expression
pattern of whole 5dpf zebrafish. Increased fluorescence seen following 12Gy 3pdIR, particularly

in the head regions, including the pharangeal arches, and intestinal regions.
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To quantifythis increased fluorescenceghose he head region of theebrafish which alongside the intestingds the
region of highest irradiatioimduced p21 mRNA expressiofFigure 4.7)The head was chosen over the intestine
because this area contains less fluorescence in unirradiated zebrafish compared to the intestinal regiod &&ure
D). A guantitative increase iGFPfluorescence following irradiation was demonstrated, being on average 2.86x
brighter (SD 0.759) than wigpe siblings, compared to unirradiated zebrafish that were 1.67x brighter than wild
type siblings (SD 0.4p%hus the fluorescence froffgBAC(p2GFRsh506zebrafish compliments evidence describing

=

p21mRNA increase in the head region of 3dpIR zebrafish
(Figure 3.9.).
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Figure 4.7. Quantification of head region fluorescence of 5dpf TgBAC(p21:GFP)sh506. A-C) Unirradiated
examples. A) Example with lower expression. B) Mean expression. C) High expression. D-F) 12Gy 3dpIR examples.
D) Example with low expression. E) Mean expression. F) High expression. G-I) Wild type sibling examples. J & K)
Quantification of head region of 5dpf zebrafish. J) Pixel intensity of fluorescent fish analysed. K) Fold increase in
expression compared to wild-type siblings. Data was examined by Kruskal Wallace test with Dunn;s multiple
comparisons, as wild type sibling data is non-parametric (J) or relative (K). 24 fish analysed over 3 independent

experiments. Error bars represent standard deviation.

To assess whetheggFPfluorescence fromlrgBAC(p2GFPsh506zebrafish has the same spatial regulationp24
MRNA expression detected bysituhybridisation,| compared the patterns of these two techniques (Figure 4.9.). The
transgene faithfully recapitulates endogenge®l mRNA expression patterns. Lateral and ventral images of the head
region show that bottp21 mRNA andsFPfollowing irradiation are locategredominantly in thepharyngealkrches
and specific brain regions at 3dplIR. Additiongl®] mRNA is also increased in the intestine of zebrafish, which is

shown clearly in the previous figure of whole zebrafish fluorescence.

Lateral Ventral

12Gy

oGy 12Gy

MRNA

GFP

Figure 4.8. Comparison of p21 mRNA expression and TgBAC(p21:GFP)sh506 fluorescence at 5dpf in
zebrafish head region. 12Gy irradiation 3dpIR and unirradiated controls, taken laterally and ventrally showing

transgenic fish recapitulates endogenous expression patterns. Scale bar 100nM.
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To further characterise the new transgenic reporter p@1, quantitative assessment for mRNA expression levels of
p21land GFRusing gPCR iRgBAC(p2GFRsh506zebrafish was used. It is important to compare this with expression
levels in wildtype strainzebrafish to ensure that the transgenic reporter has a comparable endogggiusRNA
response without any contribution from the BAC. Following irradia@1, mMRNA expression was increased in RNA
extracted from wholeTgBAC(p2GFPsh506 3dpIR zebrafishanpared to unirradiated controls, and thisféld
increase was matched in Nacreild type) 3dpIR zebrafish not containing the BAC transgene (Figure 4.9A & B).
Expression levels @FRAMRNA were increased following irradiation in only the transgenic zishrahd not wiletype
strains (Figure 4.9C). The level of@ase was approximately half that @21 mRNA (Figure 4.9A), which maypport

the notion that there is only a single insertion of tB&PBAC in these transgenic fish, whereas there are twoesopi
of endogenou?2l, though this evidence is natefinitive as RNA stability may differ between the two genes for
example Importantly, this shows that the endogenop21 expression levels, both with and without irradiation, are

comparable betweedT gBAC(®1:GFPsh506and the Nacrestrain zebrafish used to optimise the irradiatiagsay
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Figure 4.9. mRNA expression of p21 and GFP in TgBAC(p21:GFP)sh506 zebrafish by qPCR. Zebrafish were
irradiated at 2 days post-fertilisation (2dpf) and assessed for the senescence marker p21 in TgBAC(p21:GFP)sh506
and Nacre-strain zebrafish. A) Fold expression change 3 days post-irradiation (dpIR) in transgenic and wild-type strain
zebrafish, calculated by DDCt, relative to b-actin expression and unirradiated controls. B) p21 fold induction in transgenic
and wildtype strains, relative to b-actin (27-DCt). Data examined by 2way ANOVA with Sidak's multiple comparison test.
C) GFP fold expression change 3dpIR in transgenic and wild-type strain zebrafish. ** p < 0.001. RNA from 50

zebrafish were pooled for each of the three independent repeats. Error bars represent standard deviation.
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To assesin vivosenescent cells live in irradiated zebrafish larvae, development and characterisation of a nove
transgenic zebrafish reporting21 promoter activation byGFFfluorescence was carried out. As zebrafmstvhe are
transparent, new insights intin vivosenescent cells are now possible at cellular resolution. By compé@iig)
fluorescence withp21l mRNAexpression following irradiation in zebrafish larvae, | was able to ascertain with
confidence that theGFPfluorescence seen in the transgenic zebrafish reporter does indeed mpttkxpression
patterns spatially, suggesting | was successful in pla@iRBunder p21 promoter regulation in this transgenic
zebrafish. Here | demonstrated that the endogenp@4 mRNA expression levels, both with and without irradiation,
are unchanged in the transgenic zebrafish compared to-type counterparts. This retains physiological relevance

and allows me to make comparisons with previous data on senescence in irradiédegpe fish.

Transgenic zebrafish reporters for gene activation can be made through a variety of methegss( 2018 GFP
fusion proteins can be developed to assess subcellular protein localisation, buaghisan affect translational
modifications and protein functioriBurketet al., 2008) Similarly, targetingsFPto an endogenous p2ibcus would
disrupt an allele of the gene, therefore possibly altering endogenous signalling. Additichal\BACsused
encompassed 50kbp of upstream andOkbBp downstream of DNA sequenaeound the gene of interest. This is
important because not onlyhe proximal promoter region can regulate gene transcription, but also nearby regulatory
elements and enhancers that are not always proximal to the gene of intéBessteret al,, 2011; Gallegos and Rose,
2017) By considering thisit increaseghe likelihood that the fluorescence from the BAC is as closely related to

endogenougp2ltranscriptional regulation as possible.

| chose to use atrestrain zebrafish as the background the transgenic becausidey do not produce melanophores
andhavea reduced number of pigmented ce(lssteret al., 1999) Having a transgenic reporter feenescence with
reduced pigmented cells will improve my ability to track, image, and prospectively isolate potentially senescent cell
based onGFPexpression (Renshaet al., 2006). Further, | previously showed that the inductionp@fl following
irradiation in nacre fish is comparable to the AB vi§ipe zebrafish, so the lack of pigmented cdlle to thenac(w2)
mutation has not caused any confounding factors that affect the senescence resflaag®et al.,1999) This was
important because different zebrafish strains may exhibit different sensitivities to irradiation or patterning of
senescence. For example, different zebrafish strains can have differing telomere lengths (AecradlliR011).

Additionally, zebrafishave a highdegree of genetic diversity between genon{&uryewet al., 2006)

My previous evidence showed thpRlexpression could beduced following 12Gy irradiation of 2dpf zebrafish larvae
without significant developmental abnormalities. Using this assagslable to demonstrate thathe fluorescence
from TgBAC(p2GFRpsh506was comparable with the spatial and temporal kineticp®@l mMRNA, as detected big
situ hybridisation It was important to compare the spatial location@FHluorescence witlp21 mRNAexpression as

it ispossible that the irradiation induces auftuorescence due to cell deatind so could give false positig&claue,

Ratikan and lwamoto, 2012)he fluorescence wdscated in regions where higheg21 mRNA expressioMhese are
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typically area®f high proliferation such ake intestine,pharyngeakrches, and hindbrairdditionally, irradiation of
wild-type sblings did not increase the number of fluorescent cells by flow cytometgking at the transcriptional
level, GFRnduction following irradiation was approximately half that was seen pith which correlates with a single
copy of the transgene beirigserted. Whenever these fish were crossed with a syjjok zebrafish, 50% of offspring
would be fluorescent and so further indicates a single insertion of the transgene. To strengthen this evidence i
hindsight, | would also use zebrafish that have twpies of the transgene following an-amoss to show thaGFP

MRNA induction is the same as p21 mRNA induction following irradiation.

Though the presented evidence suggests that fluorescarcapitulates patterns op21 transcriptional expressign
this hasnot been described at the cellular level. For exam@EPhas a 2éhour half-life, compared to 4.4our half

life of p21MRNA and even shorter hdife of p21 proteinCorish and TyleBmith, 1999; Jascet al., 2005; Scoumanne
et al, 2011) It is worth noting however thait wasdemonstratedthat HSP9@anstabilise p21 expression, and the
inhibition of HSP9Basbeen identified as a senolytic pathwalaécuet al., 2005;FuhrmannStroissnigeet al.,2017).
Therefore,it is possible that any senescent cells may have an extendegn2din haltlife due to HSP90 expression,
and that theGFPreporter may coincide with this more than expected in senescent cellsfEadly. Regardless, this
may mean that by 3dpIR, some cells with ep promoter activation could have repaired their DNA, returned into
the cell cycle, and switched @R1 transcription, whilst still expressinGFPsignal (Sangt al., 2008. This futher

emphasises the importance of using flow cytometry to assess the true proportion of senescent cells in this system.

This study provides the first example of a transgenic reporter in a translucent organism that can track potentiall
senescent cells live and vivo,providing new insights into where these cells are located ahithtissues are most
sensitive to irradigbn-induced senescence. AssessmenGéiPpositive cells that are truly senescent in irradiated
TgBAC(p2GFRsh506is still required, by reviewing a combination of markers within speGFk&populations at the
cellular level. I will additionally examine whether senescent cell phenotype changes according to length of time afte
irradiation. | would expect there to be temporal changes in these senescence makehsas later SASP induction,

as has been published in mammalian systefdemariaet al.,2014; Laberget al.,2015; Freunckt al.,2011; Acosta

et al.,2008. | will also assess zebrafish behaviour for changes in phenotype of movement & heart function, as yo
would expect in an agednamal with high burden of senescence, providing evidence to support the idea that
irradiation-induced senescence is acting as a proxy for ageitigced senescence. These in combination would
validate the zebrafish system, and allow us to begin to tadidecurrent gaps in knowledge within the senescence
field.
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Chapter 5Validation of zebrafislarval irradiatioAanduced senescenaaodel.

Having a method for identifying21 positive cells in a translucent model organism will alloseasment ofn vivo
senescent cells in a whole organism context. Irradiation of zebrafish larvaegufates multiple markers of
senescence described in the context of mammalian ageing, supBlagpl6like, mmp2, p53 and | H.!As these
zebrafish develp rapidly and have high fecundity, then compounds that modulate the amount of senescence
following irradiation, can be screened by monitoring fluorescence intensitgBAC(p2 GFRPsh506zebrafish To be

able to fully establish a new model of stresguced senescence in irradiated zebrafish larvae, comparisons between
senescent cells in aaged mammalian context with the fluorescent cells seen in irradidigAC(p2GFRsh506
zebrafish are requéd. One major component is the assessment and presence of a multitude of seneassoceted
markers within the same cell. Demonstrating comparable markers in 3 days-ir@aiation (dpIR)
TgBAC(p2GFRsh506zebrafish would greatly support the theoridt the GFPpositive cells were truly senescent.
Using the transgenic fluorescent reporter established in the previous chapter, | have used techniques such as flc

cytometry and fluorescent activate cell sorting (FACS) to assess alternative markersoésenerGFRositive cells.

A further feature of senescent cells is that they are long lastingivo, with levels of p16 still being present in
chemotherapytreated breast cancer patients 12 months after chemotoxic ther@ganoffet al, 2014) Additionally,

it can take up to 8 days after irradiation of cells for later SASP factors to be induced (Detnahti2014; Laberget
al.,2015; Freunekt al.,2011; Acostat al.,2008).Therefore, it would be a useful validation of the model to determine
whether the GFPcells in irradiatedTgBAC(p2GFPsh506zebrafish were persistent for longer after irradiation and

have the same temporal SASP regulation.

In an irradiated zebrafish with significant portion of senescent cells, | would expect to see changes in organismal
health status that would mimic common signs of ageing. A typical example is reduced mobility, a conmadage
associated frailtfGoodpasteet al,, 2006; Berglanét al,, 2017) The benefit of being able to study whole organism
health in our senescent model is so to establish whether senolytics, which were supposed to redassamated
disease, cah YLINE @S OKI y3ISa Ay 2dzNJ ANNI RAFGSR 1T SoNIFTAAKQA
senolyticsin vivoin the first instance, therefore taking into account -tdifget toxicities and changes in organism
health. This wouldikely improve the success rate of senolytics going through preclinical and clinical trials that

identified through this method.
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This chapter aims to validate the new transgenic reporterp@t promoter activation, TgBAC(p2GFPsh506 It is
important to assess how &l the GFRreports livein vivosenescence, by examining multiple senescence markers and
whether they correlate withGFPfluorescence. Further validation is reqed to strengthen the evidence that
irradiation-induced senescence in laafish larvae is comparable tphenotypes described irageassociated

senescence accumulation in mammals.

The aims of this chapterex
1. To develop an assay for assessing multiple markers of senescence within the same cell through Fluoresc:
ActivatedCell Sorting (FACS) and immunofluorescence.
2. To determine the proportion of fluorescent cells frargBAC(p2GFRsh506that also express markers for the
DNA damage response, SASP, and lack of proliferation.
3. To assess whethdrgBAC(p2GFRsh506fluorescene is persistent after 3dplIR.
4. To identify changes in health status thaere relevant in ageassociated pathology following irradiation of

zebrafish larvae.
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Alongside live imaging of senescent cells, a useful feature of having a fluorescent transgenic reporter zelp2fish for
is the ability to analyse cell morphology and protein expression by flow cytometry and cell sorting. First, optimisatiol
of the dissociation process was required to retrieve live cells from whole 3dpIR zebrafish larvae. 30 minutes
dissociation using #h collagenase liberase A§/ml) was the minimum amount of time required for zebrafish tissue

to disintegrate into a dissociated cell suspension. Gediee then assessed on a haemocytometer, where it was
confirmed that the majority of cellaere in singlecell suspension (Figures 5.1, 5.2). Fluorescent microscopy of these
cells shaved a much higher proportion @FRositive cells in transgenic fish compared to witde siblings, and even
more so in cells from irradiated fish compared to unirradiated owsf corroborating results from live fluorescence

imaging at the same timpoint.
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