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Abstract

Ageing is the main risk factor for chronic diseases including dementia, CHD, and cancer. This
leads to high levels of multimorbidity associated with an ageing population that is observed

in some western countrie©One of the hallmarks of ageingtedomere erosion. Telomeres
erode in somatic cells with each round of cell division, and due to secondary factors, such as
Reactive Oxygen SpecigRO$ induced stress. Telomeres are elongated by the
ribonucleoprotein complex telomerase that is expressed in some cell subsets, such as stem
cells. The enzymatic subunit of telomerase, TERT, has also been shown to have functions
outside of its role in telomerase termed namnonical functions that include protecting
mitochondria from ROS and influencing the activation state of some immune cells. Zebrafish
have been shown to age in a telomere dependent manner as humans do, and therefore

provide a useful model organism with which we can study telomere related ageing.

This project aimed to establish two novel transgenic lines to be used to study the non
canonical functions of TERT. One of these lines would rescue the expression of TERT under
the control of thempeg1l.1promoter in a telomerase mutant backgrourggrt””). The other

line would rescue the expression of a mutant version of TERERT) that lacked the RNA
binding section of TERT in a telomerase mutant background. Together, these two transgenic
lines would be used to explore the namnonical functions of TERT in zebrafigbegl.l

immune cells. In this study, | investigate how rescuing the expression of MEEJL. I

immune cells affects gene expression using shegleRNA sequencing.

| find evidence that indicates both transgenic lines have been successfully produced. In the
tert’>mpegl.1:mCherry.caax;mpegl.1:teyfp line | see evidence that expression of the
transgenic TERT impegl.1 cells is rescuing telomere lengtho explore how rescuing TERT
expression affects zebrafish ageing | use siegleRNAsequencing to compare the gene
expression in the intestines of three zebrafish linegert’:mpegl.1:mCherry.caax,
tert*’:mpegl.1:mCherry.caagnd tert’mpegl.1:mCherry.caanpegl.l:tertgfp. | isolate
distinct immune cell populations using markers reported in the literature, and explore how
the insertion of thempegl.l:tertgfp transgene affects the prematurely aged zebrafish
immune system, and how this may influence gene expression in cells that have been
reported to interact with the immune system. Singlell RNAsequencing analysiadicated
thatinsertion of thempegl.1:tertgfp transgene rescuethe expression of genes associated
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with mitochondrial health, ATP production, and botkc@l and macrophage activation and
polarization stateThis indicates that insertion of thmpegl.1l:tertgfp transgene may be
affecting zebrafish immune cell populations to rescue the aged immune cell state. However,
further work should be performed to characterize if the gene expression changes are
resulting in a rescue of immune cell function, if mitochondrial health is improved, or if the

insertion of the transgene is resulting in a prdlammatory shift in gene expression.
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1.1 The impact of Ageing ithe 2L century

Initially it is important to establish that humans age in both a chronological and a biological
manner. Your chronological age is a measure ofaim®unt oftime that has passedrom

your birth to the present On the other handbiological age is a measure of biological
markers that indicate your age on a cellular lest evidence is emerging that biological
age is a better measure of your health with age than chronolo@itahgeing is broadly
defined as the process by which our body begins to fail with the passing of time. More
specifically, ageing is the breakdown of the homeostatic systemstwhaattain our body in a
healthy stat€2). The question of why we age has intrigued humans for millennia, with the
ideal of immortality being a pertinent goal of scholars through antiquity up to modern day.
It is only in the previous few decades that our reductionist scientific methods abewed

us tobegn to understand the physical mechanisms that contribute to the ageing psoces

Human populations around the world are rapidly ageing with a widespread increase in the
number of individuals over the age of @) As of 209 25% of the population of Europe is
over 6(3). It is estimated that by 2050 a quarter of the population of every region in the
world (barsub-SahararAfrica) will be aged over §B). Further to this, the number of people
aged 80 years and older is increasihge estimated population of 80 years and over in 1950
was 14 million; by 2050 it igredicted to reach402 million, an almost 2fbld increasé4).
Kingston et al.used their Population Ageing and Care Simulatid®ACSitcnmodd to
estimate the prevalence of multimorbidity in England up to the year 2835The
researcherdound that by 2035 the number of individuals aged®bwith multimorbidity

will have increased to 52.8% from 45.7% in 2(Abrtherthe number of individuals 65 and
oldersuffering fromfour or morechronic diseases simultaneouslil increase to 17% from
9% in 20166).

Chronic diseasgand by extension multimorbiditys not immediately lethal Therefore, the
longer an individual liveghe greater thelikelihood ofdeveloping oneor more chronic
diseass (6, 7) Bahler et al.showed that,in a study of 229,493 Swiss individuals of 65 or
over, the prevalence of multimorbidity was 76.6.%nd the average cost®f healthcare
were 5.5 timeshigherfor those withmultimorbidity(8). Moreover, there wasn increased

cost of 33% per additional chronic conditiohhese resultdemonstrak the strainthat an
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increasingly elderly population can place on a couf@ryMeanwhile aseparatestudywas
performed by Stokes et alon a sample size of 8,440,133 patients in England in 2017
2018 These researchers found tha%.3% of the total costs of the cohort were accounted
for by patientswith multimorbidity, despite these patients only accounting 81.8% of the
total group. These results indicatetthe disproportionate cost of caring for those 65 and
over compared to other age grou(®. This idurther supportedbyYoon et alwho analysd
the costs associated with multimorbidity among the Americ’8 (i S NAfHiIIQ FVA)
patientg10). O a cohort of 5,233,99%4ne third hadthree or morechronic diseases. This
third of the group accounted fo86% of total VA healthcare co$i9).

Overall we can see that countries with an increasing population of peagéel65 and over

will see an increagkstrain on their economies. Further, the actual cost will be much greater
than the increase in numbers due to the disproportionate cost of caring for those with
multimorbidity. Hence, research into improving health with ageing is an integral part of

cushioning the impact of ageing populations.

1.1.1Lifespan vs Healthspan

The study of the biological basis of ageing and -rjgted diseases is termed
biogerontologyl11l). Biogerontologistsstudy the biological aspects of ageihg better

understand the mechanisms that cause ageamgl how they may contribute to diseases
associated with ageir{§jl). By better understanding these mechanisms we mbgviatthe

detrimental effects associated witgeingwith the hopes of improving the quality of life of

an individua{12). However, an undediscusse@spect of biogerontologsy the end point of

an individual whanay hypothetically receive a treatment aimed at alleviating an aspect of

ageing Are we extending their life with treatmertut also prolonging the suffering of an
AYRAGARdzZEE AYyOF LI 6fS 2F AYRSLISYRSYyUd TFdzy QG A2y
age where they would previously begin to see a serious decline? At what point are we
SEGSYRAY3A |y AYRADGARIZ £t Q& tAFS Ay [y dzyyl {dzl
of this? To consider these questione must make the important distinction between the

Lifespan and Healthspan of an individual

The lifespan of a human is the length of their life measured from the moment of their birth

to the moment of their deatfl3). While lifespan is an inherited factaris also influenced
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by socioeconomi@nd environmentaF OG0 2 N&E GKIF G Ay Tf dzSguasS |y A
factorsincludeaccess to clean water, foodnd modern healthcare andnedicine, and any

potential cause of mortality such as accidents or occupational haZatusrited factors that

that affect lifespan aregneticand epigenetiand caninclude how well the body reacts to
Deoxyribonucleic acifDNA R Yl 3S |y R NBLI ANE (GKS fSy3adK z
FoAfAdGe 2F GKS AYRAGDARIzZIS BA 02Re& G2 YIFAYyGlrA

HealthspanontheotherhandisK'S aSOG A2y 2F 'y AYRAQGARMzZ t Q&
chronicdiseaser the disabilities we commonly associate with agéitj Like lifespan, the
healthspan of a individual issubject to environmental and genetic fact¢i3) For
example,once a person reachdgty years of age, we witness a steady decline in muscle
mass known as sarcopenia, with a reduction €04 a yeaand a reduction in strength of
1.5-3% per yeal8). ThereforethisA y R A @bodydglbdgifiring to fail as the homeostatic
Y S OK | ybreakd@na If this breakdownleads to diseasethen the healthspan of the
individual is being affecteddealthspan is affected by environmental and genetic variables in
much the same way as lifespaklowever, it is much more appealing to extend the
healthspan of an individudahan to extend the lifespams by doing save may be able to
maintainqualityof lifeinto old age before seeing a rapid failure to thrivdternatively we

may see an increased quality of life for longer, but also an increased lifespan

Importantly, lifespan and healthspan are separate measures and so do not necessarily
follow the same trajectoryThis is illustrated by data obtained from thenited Kingdom
(UK)Office for Nationa8atistics (ONS). Th@NShad reported that life expectancy at birth

is estimated to be 79.3 years for males and 83.1 years for ferfi@lpf\dditionally, tlose
who reached the age of 6&re expected to live a further 18.5 years for males and 21 years
for femaleg19) However, the ON&lso reported that the DisabilityFree Life Expectancy
(DFLE) at birth for males was 62 years and 60.7 years for fef@@le¥herefore,this
indicates thatmales may expect tbve for 17.321.5 yearsand females 18:21 yearswith

one or morechronic diseasesThiscomparisonclearly illustrates how healthspan and
lifespan are not interchangeahld-urthermore, considering thdisproportionate cost of
caring for those with multimorbidit{see section 1.1}here isa clear case for increasing the

healthspan of an ageing population.
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1.2Ageingassociatediseasearecaused by the breakdown

of homeostasis

Asdiscussed in section 1.1.1 arcrease in the aged population will be accompanied by a

rise in the incidence of chronic diseast8SAy 3 Aa ONRFRte& O2yaARSN
RSLISYRSY (G TFdzyOGA2yl t RSOt 19 Shkis fndtional fecliBeNH | y A 2
results from a breakdown of homeostatic mechanismbere homeostasis is the steady
maintenance of physical and chemical conditions that produce a functional state optimal for

the continued health of the organisi2l). This breakdown of homeostatic mechanisms is

dueto ¥l OG2NAR G SNXSR a¢ Kich havebéewutliNgd HyLapeeCtin &S A y 3 €
al.(12). According toLopezCtin et al. a hallmark of ageing is defined by the application of

three criteria as follows:

1. The hallmark causes tirrdependent manifestations of alterations accompanying
the ageing process.

2. ltis possible to accelerate ageing by experimentally accentuating the hallmark.

3. Therapeutic interventions targeting thd&allmark present the opportunity to

decelerate, halt, or reverse ageifi@).

These hallmarks include stem cell exhaustion, telomere attrition, cellular senescence,
genomic instability, epigenetic alterations, loss of proteostasis, deregulated nutrient
sensing, mitochondrial dysfunction, and altered intercellular communicatiirof these
hallmarkdead to a disruption of the homeostatic stdi, 22) By disrupting homeostasis
each hallmark contributes to diseases associated with aggé)gOne method of
understanding how the hallmarks of ageing interact with each other is to compartmentalise
them into & LINJA YoankBofisti€, 2 Nategrativeg K | £ PrimariNBalim@rksnclude
genomic instability, telomere attritiorgpigenetic alterationsand loss of proteostaqis2).
Primary hallmarks are determined by the fact they have solely detrimental effects on
organismal healtfl2) Antagonistichallmarksare classed in this category as they are
beneficial in some respects and detrimental in others, and this category includes the cellular
senescencederegulated nutrient sensingand mitochondriablysfunctior(12). Integrative
hallmarksresult when the organism can no longer compensate for the damage caused by

primary and antagonistic hallmarks. Integrative hallmarks include stem cell exhaustion and
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loss of proteostasi{d42) By studying and understanding these mechanisms and their
interactions with each otherwe may be able to alleviate multiple diseases of ageing

simultaneouslyHowever, asignificant challenge in biogerontology developngtherapies

that can not only amelioratédut also preventmultimorbidity in ageing. To do this, we need

to develop a more complete understanding of the fundamental mechanisms that underlie

ageing and its associated diseases.

1.2.1 Genetic Instability

Geneticinstability is implicateasone of the main causal factoodf ageingviathe constant
exposure of the genome to sources of DNA damage such as ionising radiatiGiOg23)
Despite the sophistication of DNA damage detection and repair mechanisms, errors are
inevitable. Additionally, erors may also occur during the process of DNA replication.
Therefore, there are many ways that mutations may occur to cause genetic instability over
the course of a lifetime. This acquired genetic instability contributes to disea$zted to
ageing. A major example of this can be seen witAncer whichis a disease that is
commonly linked with ageingvhereby acquired mutations in the genomdead to cell
exhibitingthe hallmarks of cancer and becamg malignan{24). A notable example ahis

can be seen via the Sirtuin &irf6) gene, which encodes a regulator of histone
deacetylation. Simon et al sequenced thesirté locus of 450 centenarians and 550
individuals without a family history of longeviB6) The teamidentified two linked
substitutions in the centenarian allele sirt6 (N308K/A313S) that were not present in the
sirt6 found in noncentenarian$§25). Characterising the centenarian SIRT6 indicated that it
conferred a high resistance to cancer development associated with stronger mono
Adenosine Diphosphate (ADRjbosyl activity but weaker deacetylase actiyiz).
Therefore, a clear link is indicated between a genetic mutation in a population predicating a

resistance to cancer leading to a longer average lifespan.

Genetic instabilitycan alsanfluence the ageing phenotyd®y working in tandem with other
hallmarks of ageing such agBtxhaustionFor example, Hematopoieti@em Cells (HCs)
in the bone marrow ensure haematopoietic homeostasis by regulating the proliferation of

new progenitor cell@6) As people age stem cells accumulate mutations that go
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undetected by proofreading mechanisms during cell divisi®hiscan give rise to a
condition termed Clonal Hematopoesis lofieterminatePotential (CHIRR7). CHIP occurs
gKSY GKS YF22NARdGe 2F +y AYRA@GARdzZ £ Qa OA NXDd:
mutated HSC that has gained an advantageous mutation allowing it outcompete other
HSCE7). CHIP is commonly associated with mutations in the transcriptional regulators DNA
methyl transferase 3 ADNMT3A, Ten-HevenTranslocation 2 TET2 and Putative
Polycomb group protein ASXIASXLI28). In the aged population CHIP is hypothesised to
bea premalignant stateofacute myeloid leukaemia (AML) as well as having been shown to
lead to an increased prevalence of coronary heart disease (CHD) and heart failure (HF), all of
which arechronic conditionsassociated with ageir{g8). Therefore, a combination of
genetic changes acquired over time and stem cell exhaustion leads to a state of chronic

disease that increases the risk of multimorbidity associated with ageing.

1.2.2 Epigenetic Alterations

Epigenetic alterations are changes toamNH I yphendtype&that concern the expression

of genes but that do nibalter the genetic code its€[29) Examples of pigeneticchanges
includechanges to histone proteiandchromatin structurevia the addition of subunits such

as acetyl or methyl groug29) During the ageing procesa global reduction in
heterochromatins observed alongsidan increase in areas termegnescenceédssociated
Heterochromatin Foci (SAHFE)This is accompanied kg decrease in repressive histone
markers such as methylation (global DNA hypomethylation) except at CpG islands where
DNA hypermethylation is report€@9). Epigenetic alterations with ageing have been closely
studied to the point that two epigenetic clocks have been prodytlked Hannum epigenetic
clock30)and the Horvarth epigenetic clo@l, 32)

Epigeneticclocks NB dza SR G2 YSI adzNB |y Ay BaseddrRizl £ Qa |
methylation of specific epigenetic regiortdigham et alstudied human DNA methylation in
a cohort of 600 individuals from the ages of 67 to 8@e researchefeund that 80% of the
CpGs in the Hannum epigenetic clock and 88% in the Horvarth epigenetic clock had a
statistically significant increase in methylation with &8@). Further to thisHillje et al.
studied mice liver to determine how histone modification altered with agé3ay Hillje et
al. determined an increase in methylation on H3 histones and a decrease in acetylation
when comparing 12nonth-old liver to that of Bmonth-old(34). While further work needs
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to be carried out to determine the effects of the increased methylation, we can logically
hypothesise that the increasemethylation will lead to decreased gene expression at the
methylation sitesas methylation supresses gene expressibarthermore, by comparing
Hillje et al.and Higham et al.we can see that the increased methylation is conserved
between specie@3, 34) Hillje et al. also observed a slower rate of increased methylation in
dietary restricted mic€34). Therefore, an interesting avenue of future research may involve

examining the effects of dietary restriction on methylation in humans.

A further example of epigenetic alterations influencing chronic disease outcomes was
reported by Kugel et al.The researchersletermined that mice with a SIRT6 knockout
displayedkras-drivenPDAGumours with a greater propensity to metastasize compared to
those insirt6 wild-type (WT) mic€35). Kugel et alfound that deacetylation of H3K56Ac by
SIRT6 led to a downregulation of tRebonucleic AcidRNA-binding protein Lin28b, which

had previously been correlated with advanced cancer and poor progi3®3ig hus, the
researchers demonstrated that loss of SIRT6 is correlated to poor prognosis in PDAC
Comparing the work oKugel et aland Simon et alfrom section 1.2.1 we can see that a
single genedirt6)islinked to longer life and decreased risk of cancer, and that dysregulation
of that same gene leads to an increased risk of severe Pancreatic Ductal Adenocarcinoma
(PDAC). This is a striking illustration of how genetic instability impacts ageing associated

diseases, and other hallmarks of ageing such as epigenetic alteréityr¥s, 35)

1.2.3 Altered intercellular communication

With ageing we observe changes in intercellular communicatigystems,such as in
endocrine and neuronal signallitgading to deregulation afuchsignalling12). The impact
of this loss of intercellular communication is observed with ageing in diseases such as CHD
and dementia.A large proportionof the altemtions to intercellular communication
observed with ageing iaccounted for by increaseshflammation mediated byNuclear
Factor Kappa B(NF_B) and SIRT12) However, beyond inflammation and the
inflammageing gerotype there are tissue specific examples of altered intercellular
communicationFor exampleHuangetal2 6 8 SNIWSR R2 LJ YAYSNHA O y SdzN.
Disease (PD) modédisplaying interactionsvith non-neuronal cells but decreag inthe
number of different norneuronal cell clusters interacted witB6). Huang et alfurther
demonstrated that theChemokine Motif LigandC(C), Vascular Endothelial Growth Factor
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(VEGF, Growth/Differentiation Factor@DF, andNicotinamide Phosphoribosyltransferase
(NAMPT)pathways were upregulated in PEb). Additionally, between dopaminergic
neurons and nomeuronal cells Wt, Galectin, Interleukin (-4, Calcitonin Receptor
(CALCRandErythropoietin EPQwere all upregulate¢B6) The upregulation of Wnt in this
context is particularly interesting consideritigat it is a well reported regulatoof cell fate
determination in the neural crestThis potentially implyes that PD results in the
remodelling of noAneuronal cell clusterdHowever, this hypothesis would require further
investigation(36, 37)

1.24 Stem cell exhaustion

Aspeoplea decline in the regenerative potential of tissues is observed that results from a
slow exhaustiorof stem cel{12). Further, exhaustion occurs in every tissue in the body
where cellular turnover occurs, including the brain, bone, and muscle {ib2¢dn the gut

we see a rapid turnover of somatic cells at the ends of the guthdtileads to an increased
turnover of Intestinal Stem Cells (IS@8). This rapid turnover occurs due to the extreme
environment found within the gut due to the mixing of various digestive enzymes with
corrosive stomach acid or bile. Due to this rapid turnover, the average epithelial cell of a gut
villi has aurnoverof five days and in turiSCs have a renewal rate 653lay$38). ISCs and
their progenitor cells reside in interilli crypts, and it is the balance between the loss of
intestinal epithelial cells and the renewal rate of ISCs that determines how rapidly the gut
age$39). One of the hallmarks of ageing described lpezCtin et al. is stem cell
exhaustior{12). Due to the high turnover of cells in the gi$Cs accumulate DNA damage
faster, which leads to a reduction in the capacity of the ISCs to replig8jeOver time gut

tissue homeostasis isiminished reduimg nutrient sensing abilit{38).

Bone strength is preserved throughout life due to the homeostatic activity of osteoclasts
and osteoblasts constantly remodelling the skeleton. One of the choheéases commonly
observed with ageing is osteoporosighich occurs due to disruption of éhhomeostatic
mechanisms that maintain bone strengtbne cell subset responsible for this maintenance
Is the osteoblasts.Osteoblasts are derived frormesenchymal stencells (MSCs)and
synthesize new bond0). Exhaustion of MSCsleads to a decrease in the number of
progenitor cellghat descend from MSCajcludingchondrocytes, myocytes, fibroblasts, and
osteoblastsso contributing to osteoarthrit{@0). For example2 | Y S NJ/ Aisplat&landl f &
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cultured MSCs from primary osteoarthritis patie($). The cultured MSCs derived from
primary osteoarthritis had reduced osteogenic and chondrogenic potential compared with
MSCs derived from patients with osteoarthritis occurrituge tohip dysplasié1).2 I Y S Ny A
et al.further observedower expression of LeptiReceptor (LEPR) in the MSCs derived from
primary osteoarthritighan in those from thénip dysplasiaderived samplét1). Considering

that Zhou et al.previously indicated that LEFRRpressing MSCs are responsible for the
majority of bone and adipocyte formation in adult bone mar(d®), the results from

2 I 'Y S NJY Aihdic&elthat- tlietck of expression of LEPR in fwémary osteoarthritis

derived MSCs acontributor to the onset of osteoarthritis in aged individuals.

1.2.5 Mitochondrial dysfunction

Tissue homeostasisisrther disrupted bychanges in mitochondrial function with ade).
Damage to mitochondrial DNA occurs due to tleactivity of the oxidative environment
inside mitochondria and the lack of protection mitochondrial DNA has from this damage in
the form ofhistones or repair mechanisr(i®). Evidence suggests that the fission and fusion
of mitochondria may be indicative of the ageing phenot{#8). For example, mitochondrial
fusion inCaenorhabditis elegartsas been shown to promote longevity via tbenserved
insulin/Insulintlike Growth Factor (IGFL pathway44). Chaudhari et aldemonstrated that
disruption of mitochondrial fusion using interferinggRnucleic AciqRNAI) oDynaminlike

120 kDa protei(EAT3) led to a decreased lifespan @ elegan@l4). Another regulator of
mitochondrial fusion is proliferateactivated gamma coactivator (PEC) via its regulation

of Mfn2 and Drpf43). PGau h | f & 2 nindBal oxfpirator tactor 1 (NRF1) which acts
through a signalling cascade to stimulate mitochondrial DNA transcription, maintenance,
and replicatiorf45). PG@w Murther regulateshe oestrogen receptor related (ERR) family of
proteins which play a role in regulating mitochondrial biogenesis, cell differentiatol
progression through the cell cy¢hb). Finally, PG@& hexpressionhas been shown to
decrease with agen lung cell mitochondri@6). However, theeG@Gv hmammaliantarget of
rapamycin (MTOR) pathwawhich activates mitochondrial biogenesis upregulated in
senescent lung cell46). Therefore, we can see a distinct link between the disruption of
mitochondrial homeostasis and the advancement of the ageing phenotype, withMPGC

acting as a sensitive regulator of this process.
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1.3 Cellular senescence

Senescent cellsre cells thahave permanently entered a state of celjcle arresiand that
excrete theSnescenceassociatedsecretory Phenotype (SASR)7). These cells have been
shown to accumulate in tissues as we age, and this accumulation has been linked to the
diseases we have come to associate with agsundh ascataracts, CHD, anthnce(47-49).

Cells may enter senescence for several reasons, including replicative senescence, the
presence of DNA lesions, high levels of ROS, and chronic exposure to mitogeni¢4gignals
51). Replicative senescence occurs in the absence of telomerase activity tefeanere
degradationin conjunctiorwith cell division triggesa mitotic cell to enter senescenchie

to the activation of the DNA Damage Respon3BR(52). Damage to the DNA via other
avenues, such as oxidative stress, &sals to an activation of thBDR This may then also
causethe cellto begin apoptosis or enter senesceli68). Evidence that the DDRauses
cellular senescence hdgd tothe hypothesis that senescent cells have evolved to protect
young organisms from cancer early in their (§4, 55) Alongside this, the hypothesis of
antagonistic pleiotropy for senescent cells suggests that while they are advantageous in a
young organismthey become detrimental@the organism ag€s4, 56) It is important to

note that only mitotic cellscan enterreplicative senescere due to their proliferative
capacity Thus caversely it is due to their lack of proliferation that posnitotic cells will

not enter replicativesenescene(50).

1.3.1Senescence markers and formation of senescent cells

Senescence was first described by Hayflick and Moorretdtkir report on the irreversible
growth arrest of human fibroblasts serial culturg51). There are four well established
markers of senescence. The firstis tgclin Dependent Kinase Inhibitor (CQKBN“2 The
activation of p16"““@prevents the phosphorylation of the retinoblastoma proteinBjR
which in turn, prevents the progression of the cell cycle intopBasd€57). Increased
expression of p1'8“*®has been documented in aged tiss(@8). The elimination of p1§<42
expressing cells in aged mice has been shown to reduce the phenotypes of ageing and

rescue ageelated disorders in mid@8).

A second established marker of senescence iGfotinDependentkinase (CDK) p2Wvhich

regulates the progression of a cell through the cell cyaleeit in a manner independent of
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p16(59, 60) When a cell becomes stressed to the point that p53 expression is upregulated,
p53 activates p21 which arrests the cell ef60) However,Marhenke et ademonstrated
that p21 must be tightly regulatg@1). The researchers indicated th&tulti-Drug Resistant

2 (MDR2)p21 knockout micdnad delayed hepatocellular carcinoma tumour development
but also had reduced liver regeneration rate when exposed to @iy Additionally,
Marhenke et afound that expression of p21 in patient derived hepatocellular carcinoma
was associated with a shorter patient survival (@&®). Therefore, while p21 plays an
important role in liver regeneration from injury, its expression negatively impacts the
survival of hepatocellular carcinoma patients. Thughwhe link between p53p21, cancer
and wound healingwe can see @ indicationof the antagonistic pleiotropy exhibited by
senescent cellswhile they protect us from cancerthey also begin tonegatively affect

organismal health with their accumulation ageirng(62).

A thirdmarkerof senescent cethanifests ashe activity of the enzymée-galactosidaserhe
expression of -galactosidase isignificantlyhigherin senescent cedlthan in nonsenescent
cellg60). The activity of senescenessociatedi -galactosidase (SiAgal) can be
determined using a colorimetric assay whereby the substrat@lX{s added to the tissue at
pHG6 In this assay, &olour change is seen in proportion to the number of senescent
cellg63). There are twosignificant drawback of using thisSAl -gal assayto assess
senescence. The first thatthe assaycan only be performed on fresh or frozen sampédess
the active site of SA-galwill be inactivated by crosslinking if the samplemsbedded in
paraffin. The second drawback is thatgal is expressed in cells as part of their normal
function. Therefore, the SA-gal assay may detect nesenescent cells expressing a high
level ofi -gal due to their functionHowever, in nonsenescent cellst has been reported
that the i -gal is activated at pH4 allowing senescent cells to be detected using the pH6

assay without detecting nosenescent cel(§4).

The final established marker of senescence is lipofuscin. Lipofuscin is a protein and lipid
aggregate that accumulatearound the nucleuswith agg57). There is currently little
evidence thatlipofuscincan be degradeth viva Howeve, Terman et aldetermined that
lipofuscin degraded with the serial passage of dellatro(65). Lipofuscin can be detectad

fresh, frozen, and fixed tissue samplesing Gil3, a biotinylated Sudan Blaék
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derivativg66). Thusl|ipofuscinisa particularlyuseful marker for determining senescence in

paraffinfixed samples

Further to these marketrgells may enter senescenge&three differentroutes. Replicative
senescence 3ressinduced senescence, an@ancerinduced senescenceEach type of
senescence is defined by specific biomarkansl the route the cell has taken to arrive at

senescence.

1.3.1.1Replicative senescence

Replicative senescence was the first form of senescence to be described in 1961 by Hayflick
and Moorhead51). With each round of division in a human cell, telomeres shorten by 50
100bp(51). Replicative senescence occurs whee telomeres ofsomatic cells shorten to

the point that the cell cannot undergo further divisions without its chromosomes entering
crisisTKA&a Aa GSN)YSR (878 & $his pdingfuftiied divisionp WilYl&adl @
chromosonalinstability and potentiallyapoptosi¢51). Once a celieaches the point where

it can nolonger divide, there are three potential outcomes: 1. the cell ensasescence, 2.

the cell undergoes apoptosi®r 3. the cell becomes cancerouReplicative senescence
describedhe cell moingdown the first pathwayCells will continue to grow and divide due

to mitogenic signalling. Mitogens induce a cell to begin to begin division and can increase
rate of cell division. One example of a mitogen is Neuregulin 1 (NRG1) which enables
zebrafish to regenerate wounds to their he@@8). Chronic nitogenic signallingan instigate
chronicROS activity within the cella thep16N**/RB pathway Insteadof allowingthe cell

to grow and dividethis chronic ROS activity leads BINA damage and the cell entering

senescencd9).

1.3.1.2 Stres$nducedPremature SenescencqSIPS)
SPSoccurs when a cell undergoes stresses that lead to it entering a senescenbsfate
it reaches the Hayflick limitThere are several stresses that may caaseell to enter
premature senescence including free radical build, accumulation of mutations, and
prolonged exposure to mitogenic signall{(i@@). SIPS occurs not due to a specific inducer of
stress but rather as a response to the cell being in a chronic state of sh@sexample
oxidative stress causes damage to DMAich leads to a DDR. Should the DDR fail to
recognisethe damage then mutationsor doublestrand breaksmay buildup over time
causing the cell to enter senescelfég) SIPS is characterised by theergistent
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accumulation of DRfactor phosphe Ataxiatelangiectasia mutatedATMK “H2Ahistone
family memberX (H2AX) morphological changesich asncreased cell sizand premature

i -gal staining72).

1.3.1.3Cancerinduced senescence

Cancefinduced senescence is hypothesilto occur as a mechanism for protecting young
organisms from caneeWhen a cell begins to move down the pathway of carcinogenesis, it
accumulates mutations that give it the hallmarks of cai28); However, before the cell
becomes carcinogenic it may enter senescence instéad forms part of thentagonistic
pleiotropy theory of senescent cellshereby one advantageous trait has evolved that has a
secondary effect that is disadvantage(6®). Hereg the advantageous effect is that the body
is protected from cancerlndthe disadvantageous effect is thater time senescent cedl
accumulateto the point that they contribute to the ageing phenotyp&he body is
protected from cancer via this mechanism becaube cell enters senescencajivision
ceases, ando the chance dfhe cellaccumulating furtheDNAmutationsis reduced. This
allows the protection of the organism from cancethat would be more immediately
detrimental than the slow accumulation of senestaells Cancefinduced senescence is
hypothesisedto be regulated via the g1 pathway. p18*4inhibits CDK4/6 and cyclin 2

to blockthe advancement through the cell cycle via the RB path\Wé)s

1.3.2 Senescent cells aggravate ageing associated diseases

Despite senescent cells residing at a point of permanent cell cycle athest remain
metabolically active and adopt a senescence phenotype. One component of the senescence
phenotype is the SA®®, 50, 54) The SASP includes the secretion of multiple- pro
inflammatory cytokines including -l 2-m i L2[6 adnd IE8, chemokines, and matrix
metalloproteinases(74-76). As senescent cells accumulate with age, the burden of the
coinciding increase in SASP output contributes to a multifaceted process known as
aAy Tt (W78 hifa@rbaging describes the chronic, systemic inflammation that has
been characterised to occur with age(@§). Initially it was hypothesised in the
biogerontology field that the elimination of senescent cells would alleviate the ageing
phenotype. This hypothesis was tested notablyBgker et alwhereby a mice strain was
developed that contained p16™*green fluorescent protein (GFP) reporter and a mutated
inactive version of the mitotic checkpoint regulatBubR158, 59) The p18**reporter
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enabled easy visualisation of the senescent cell burden in tissue seatibile the BubR1
mutation led to the mice displaying a prematurely aged (progeroid) phenotype that
included infertility, sarcopenia, dermal thinning, fat loss, lordokyphosis (spinal curvature)
and the accumulation of senescent c€li8). Baker et alfound that clearing senescemrells

in the progeroid mice delayed the onset of lordokyphosis, and attenuated muscle atrophy
and the loss of subdermal adipose tissue in older (%8e Therefore, Baker et al.
demonstrate a clear link between the burden of senescent cells and the onset of ageing and
agerelated multimorbidity48, 58)

There are several further studies that also support the notion thatsasescent cells
accumulate with agéhey contribute to the development of multimorbidity associated with
ageind80). For example,Yao et al. generated a novel p53ngiotensin 2dependent
senescence phenotype in mice via the silencingio8481). Yao et aldemonstrated thatin
mice with induced senescenda their lung the accumulation of senescent cells was a
predictor of the onset of idiopathic pulmonary fibrogig’F}81). This indicateghat the
accumulation ofsenescent cells may contribute to IPF progresswhere IPF is ehronic
diseaseassociated with an ageing phenotygdeurther, Aghali et al.examined biopsies of
lung tissue from elderly patientand found that thosewith asthmadisplayedgreater
fibrosisthanthose without asthm#82). Additionally Aghali et alfound that tissue isolated
from elderly patients with asthmalisplayedincreased markers of senescence including
elevated phosphop53, p21, and p1@2) Taken together, this evidence indicates how the
accumulation of senescent cells may contribute to tissue remodelling in the lungs of elderly
patients. This tissue remodelling may then lead to the onsethobnic diseasescluding

IPF and asthmaand hence, multimorbidity

Bone is aotherimportanttissuetypethat the accumulation of senescent cells may impact.
The maintenance of bone is a dynamic process that relies on the constant balanced action
of osteoblasts and osteoclas{section 1.2.4)It can be hypothesise that the action of
senescent cells in preventing efficient wound healing in bone and cartilage may also affect
bone homeostasis. For exampleon et al.found that senescent cells develop at the site of
anterior cruciate ligameni{ACR)injury in mice but that removing senescent cellhat
formed at the site of the ACR injuattenuated chondrogenesis and alleviated pain and

postinjury osteoarthritis developmer{83). Therefore,Jeon et alshowedthat the removal
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of senescent cells during ACR injury improved wound he@#)drhis is supported by the
work of Peilin et alwho demonstrated thathe clearance of senescent cells in rats with
post-traumatic osteoarthritisattenuated subchondral bone reconstructi(84). This result
indicatedthat the presence of senescecells at the site oinjury inhibited efficient wound
healing Therefore, there is some evidence to support the hypothesis that senescence
contributesto osteoporosi@andthat the presence of senescent cells leads to alterations in

tissue physiology that are detrimental to dynamic processes such as wound healing.

1.3.3 Immunosenescene

Immunosenescenas the remodelling of the immune system that occurs with aging. Unlike
replicative or induced senescence, immunosenesceseephenotypic shift in the immune
system that affects its abilityot function(85, 86) These changes includenpaired
phagocytosis, natural killing functions, and antigamesenting capabilities, as well as
alterations in cytokine and chemokine expresg®f 88) These changdead to an altered
inflammatory stat€87, 88) Therefore, immunosenescence affects several immune cell
subtypes including -€ells, Bcells, macrophages, and Natural KillefNK) cell487).
Immunosenescence issignificant risk factor in an ageing population, with indications that
it contributes to limited efficacy of vaccinesd to diseases such as osteopordsis, 89,

90). Thus, immunosenescenpeesents an appealing area of study to investigate methods

for its functional resca.

1.33.1 Immunosenescence of the innate immune system
Macrophages areellsof the innate immune systerthat enter immunosenescence with
ageing Their principal function is to phagocytose foreign particles and, following activation,
bridge the gap betweertytokine signalling and antigen presentation of the innate and
adaptive immune systen(81). Additionally, macrophagdsavebeen shown to have a wide
variety of regulatory roles both in wound healing ahdoughoutdevelopmental stagg92-
96). However, there is evidence to suggest that macrophages may undergo
immunosenescencgevith aged macrophages characterised by less effective phagocytosis,
autophagy, and immune regulati¢g®7). With the advance of agng, we begin to witness
RAaSIaSa fAy1SR (G2 (GKS ReaNB3IdzZz I dAz2y 2F YI O
and osteoporosi®8, 99) Therefore, ithas been hypothesised that macrophages may
contribute to the decline in function and increase of multimorbidity we see with ageég)g
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99). This has been demonstrated bhilds et al.who indicated a link between
Immunosenescent macrophages and the progression of (CB{I) Childs et al.
demonstratedthat in low-density lipoprotein receptor deficientL@ir/-) mice fed with a
high fat diet (HFD) atherosclerotic lesions developed that contained a high number of
SenescentFoam Cell Macrophages (SFCM$Q0) Additionally,Childs et alshowed that
eliminating the SFCMs led to a regression of the atherosclerotic |g4idd)s Thisindicated

that the SFCMs plag a role inthe progression of the atherosclerotiesions(100)
Furthemore, it has been indicated that macrophages associated withstable
atherosclerotic lesions are prmflammatory M1 macrophages that secrete cytokines such
asTumour Necrosis Factdr (TNFh), Il andROS101) Therefore,jit can behypothesise

that these senescent macrophages may be contributing to the accumulation of senescent
cells via their excretion of these senescence inducing cytokli®2s 103) Thus, ageing
macrophages present an appealing target therapies aimed at alleviating age related
chronic diseasgd04) For example,Minhas et alidentified a significant increase in
Prostaglandin E(PGE2) synthesis in Monocyderived macrophages (MDM&pm elderly
individuals as well as amcrease in the epression of Prostaglandin, Receptor 2
(EP2)105) The researchers found thathibition of EP2 in human MDMs increased their
phagocytic capacity and polarized them to an anflammatory activation stat€l05)
Further, they found that pharmacological inhibition of EP2 in aged mice rescued
hippocampal mitochondriato a youthful state and reversed-agsociated spatial memory
deficit§105) Therefore, it has been indicatedthat aged macrophages and their

mitochondria are promising targets for alleviating aagsociated cognitive decline.

1.33.2 Immunosenescence of the adaptive immune system

Immunosenescence is indicated to exacerbate the ageing phenotype by exhibiting an
inflammatory phenotype that prevents an effective response being mounted to infection or
vaccine§l06) T-cells are an integral part of the adaptive immune systerasponse to
infection and vaccines-@ell can besplit into two groupsQuster Differentiation (CB¢ and
CD4+both of which undergo initial maturation in the thymus. CD8gells are also termed
cytotoxic Fcells as theiprimaryrole is to identify and destrogelfcells Thesearget cells

may beinfected with virusesr may betumour cell§107) CD8+ Xells recognise the cells to

be destroyed by interacting with polypeptides presented as paMajor Histocompatibility
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Chain 1 (MHC1)which interacts with the CD8 recepid08) CD4+ Tcells can become
regulatory TFcells or helper Tells. Regulatory -€ells control the immune respondey
preventng autoreactivity and maintaining immunological toleran@®9) Helper TFcells
initiate a wider response to an infection by stimulating the maturation-géBs into plasma
cells and memory Bells and activating CD8+ -gellg110) In the elderly a significant
decrease in theesponse of th@adaptiveimmune system to both infection and vaccinations
is observeddue to a process termedhymic involution Thymic involution described the
process by whichthe number of circulating naive-@ells exponentially declines with
agg111) For exampleRalmer et aldeveloped arin-silicomodel examining thenumber of
T-cellsin an agad populationwith respectto the incidence of disea¢#ll) From their
model,Palmer et alfound thatincreases irboth pathogenic diseases and cancer foléalv
the decline of circulating naiveckllsthat occurs due to thymic involutiqiall) However,
Palmer et alalso notal that incidences obreast and thyroid cancerid not correlatewith
naive Tcell declineand instead plateaed around middle ageFurther, most ofthe cancers
they surveyed plateaed after 80 year§l11) These resultpotentially indicae thatfactors
alternative to thymic involution ha a greater influenceon cancer incidencefter the 80

year mark However this hypothesis would require further validation

Thedecline inproduction of true naive -Tellsthat occurs as part of immunosenescence is
accompanied by an increasewOSft f & G SNXY SR & @A Nilcdits) fvhich arer S Y 2 NB
antigen specific despite no previous antigen encountkd8) This lack of neW (i NH% @

cells combined with the increase in terminally differentiated memoigells accumulated
throughout life inhibits the ability of the adaptive immune system to respond to novel
pathogensand vaccines with ag#06) ! L2 § Sy G Al £ WY2RStmayteT AYYd
chronic infections such as Humbmmunodeficiencyirus (HIV) and cytomegalovirus (CMV)

as theyare associated with an increase in the number of memocgllg112) In patients

with chronic HIV or CMV infections, memonrycédlls have beenobservedto upregulae

CD57, a marker of senescence in immune cells, @mndownreguhte CD28 which is

required forT-cell activation in conjunction with CD8 hese markermdicate that the T

cellshave entered a statsimilar toimmunosenescendé12)

Interestingly,Morris et al.demonstratal that these immunosenescemhemoryT-cells are

still capable of proliferatiorwhen they are stimulatedy 11-:15(113) This indicateghat
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Immunosenescence, in the case of memorgells at least, may be able to beversed to
some extent Further, Morris et al.determined that IE15 was preventing apoptosis via
regulation of the antiapoptotic protein BeR and promoting proliferation via th&ignal
Transducer and Activator of Transcriptior(STATpand mammaliantarget of rapamycin
complex 1 (mMTORC1) pathw&yE3) As suchMorris et al.indicated that stimulation of the
iImmunosenescent-Cells is inhibited by the administration of rapamyawvhich inhibitsthe
activity of mTORC(@L13) Rapamycin isndicated to increase the lifespan of treated
individuals Therefore, it can behypothesise that the expansion of this immunosenescent
T-cells subset is detrimental to organismal health and may contribute to the increase in

incidence of diseases associated with inflammaggih4)

In additionto the lack of response to novel infections and vaccjnlesre is evidence that
the pro-inflammatory phenotypeassociated with immunosenescen@ontributes to
increased tissue ageing. For exampleusefzadeh et aselectively deletedrcclin mouse
lymphoid tissus to stimulate premature senescence of the murine immune sy§tas)
Ercclprotects cells from DNA damage caddey ROS. fierefore deleting Ercclinduces
senescence due to a lack of DNA protecf115) Yousefzadeh et alound in their Ercc1®
modelthat both T-cell and Bcell populationsdeclined with age, whereas in WT mice they
remained stabl€l15) Further, Yousefzadeh et afound increased levels of senescence
markers in Tcells, B cells,NK and CD11b myeloid cells(macrophages, microglia, and
dendritic cell§116) of the ErccI™ mice, whichindicatesthat large sections of the immune
system were entering premature senesce(ltEs) Yousefzadeh et aklso foundthat
expressiorof senescent cell markepl6 andp21was increased in netymphoid organs of
Ercc?™ mice, including in the lungntestines, kidney, heart, and braihl5) Therefore,
evidence suggests that immunosenescence is a driver of tissue ageing independent of the

non-immunecells within that tissue entering senescence.

1.4 Telomeres and telomerase

1.4.1 The structure and function of telomeres

Telomeres are repeating-DTAGG® @hits of noncoding DNAaround 15 kilobasefKB) in
length found at the end of linear chromosome&§&ig.1.4.1) Together with the protein

shelterin, telomeres prevent the ends of chromosomes from being recognised as DNA
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double strand breakdy forming a floop structure(Fig.1.4.1(117, 118) Due to the end
replication problemthe ends of our chromosomes shorten with each cell divisidre end
replication problem occurs because DN#Alymerase requires a template to replicate DNA.
When DNApolymerase reaches the end of chromosomes there is no Okazaki fragment
providing a basis for replication of that section, leading to a4@Q(p loss per cell
division(119) Cappingchromosomes witmon-coding telomeric structurepreventsgenes
located at the endof the chromosome from beintpst during subsequent rounds akll
division.Howeverthe shortening of telomeres will eventually lead to telomere uncapping
and the consequent activation of a DQRO0) This DDR leads to either cell death by
apoptosis or the cell entering replicative senescgid) Therefore, telomere shortening
effectively limits the number of times a cell may divide, and this limit is known as the
Hayflick limit51). The interaction of telomeres witshelterin has two major function418)

The first functionis to coordinate the formation of -loop structures at the end of
telomeres which prevents the recognition of telomere ends by DNA repair
mechanismgL18) The secondunction of the interaction isthe regulation of telomerase
accessibility and activitg18) The Hoop structure forms due to the overhang found at the
end of telomeregFig.1.4.1) The formation of the -Toop structure is facilitated by shelterin
but also by the guanine rich sequence of telomere DNA forming G
quadruplexegFig.1.4.1(122)
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Figure 1.4.1Arepresentative figure of the end structure of a telomdogming a Hoop
structure in conjunction with the shelterin comple&helterin is complex made up of th
protein subunits: Telomere Repeat binding Factor 1 (TRF1), Telomere Repeat b
Factor 2 (TRF2), Repressor/Activator Protein 1 (RAP1), Protector of Telomere 1 (
TRF1 and TRF2 Interacting Nuclear Protein 2 (TIN2), and TPP1 which is associa
the ACD gene.

1.4.2 The structure and function of telomerase

Telomerase is a ribonucleoprotein comp|éxe canonical function of which is tlongate
telomeres. The telomerase complex in humans is made uwofof each ofTelomerase
Reverse Transcriptase (TERT), telomerase RNA component (TERC) and DY8Bgrin
Dyskerinrecruits and stabilises the structure in conjunction with sheltéfig.1.4.2)123)

There are several peripheral componentsiclear Protein 10NOP1(0, NHP2, GARWD40
encoding RNA antisense to pp3WRAP5B), Reptin, and PontifFig.1.4.2)0124, 125)The

TERC component of telomerase is considered a long noncoding RNA that has two regions
integral to the canonical function of telomerase; the Pseudoknot template region (t/PK) and
the H/ACA domai(l26) Data fromGhanim et alindicate that it is the double hairpin
H/ACA domain of TERC that enables the recruitment and binding of copies of dyskerin,
NHP2, NOP10, and GAR1, with one copy of each component going to each hairpin
loop(123)

43



In humars, telomerase is only expressed in certain cell subsets such as progenitor stem
cells, cancer cells, germ cells, and in some circumstances, immun@zell29) In most
human cells tested so far, TERC appears to be ubiquitously exp(&36gds such, the rate
limiting component for telomerase is the TERT subunit of the comglex expression of
TERTIs tightly regulated in humar{$31) Further to its telomerdengthening function,
known asthe G OF y 2 y A Ol fof tefodmfadgi tkl@néraise and its subunits have
functions that are not associated with the lengthening of telomeres, termied Zahonical
functions¢ G KI G NS ad@xR)x o06SAy3 St dzOARI GSR

TTAGGG
Telomere AATCCC

Figure 1.4.2:A representative image of thstructure and function ohuman
telomerase.Human telomerase elongates telomeres in a repeating TTAC(
manner using the TERC subunit as a template. Telomerase complex ass
requires the recruitment of two of each of TERT, TERC, and Dyskerin as\
recruitment of the proteins Nuclear Protein 10 (NOP10), NHP2, GWR10
encoding RNA antisense to pp3WRAP53 UReptin, and Pontin
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1.4.2.1 The structure and function of the Telomerase Reverse Transcriptase subunit

The telomerasesubunit TERT israenzymaticsubunit that contains theéelomeraseactive

site, giving telomerase its enzymatic function of elongating telomeres. The TERT subunit of
telomerase has four tertiary structural domains: artéMdminal domain, an RNAinding

domain, areverse transcriptase domain, and-eefninal extensioifl23, 126) TERT binds

to the telomere at the same time as accommodating the alignment of TERC to the telomere
GKSNBoe (UKS o0Q 27F ¢9w/ | Jgakodiggbaseskaibk addedBy o Q 2
¢coOwe dzyGAf GKS& NERI2D K this k& nepTERCSaftRas A pseutld w/
Okazaki fragment providing both the template for the addition of new nucleotides, and the

foundation for the extension of the telomere.

The first TERT structure to be visualised was ofuheellular eukaryoteTetrahymena

Jiang et al.used cryeelectron microscopy to report a 488resolution structure of
TetrahymenaTERT bound to telomeric DN&3) RecentlyGhanim et alreported the
structure of human telomerase bound to telomeric DNA determined using-ehyctron
microscopy at a 34 resolution(123) Thiselucidationindicated that human telomerase has

a doublelobed structure unlike that ofTetrahymena which has only a singkobed
structure(123, 133) In the active site of TERT the t/PK region of TERC encircles TERT
allowing the formation of the DNA/RNA duplex used to elongate telon{é&3 However,
AYaagSrFR 2F (KS TFdzf ¢¢! DDD AYUSNI OQGA2YyS 2y &
end of the DNA substra{@23) Ghanim et alhypothesigd that the remaining TT is added

via the addition of freeNucleoside TriphosphatgsINTP¥ and that the TERT motif Y717

acts a steric gate that only allows dNTPs to enter the vacant TT site and no(IR3)Ps

1.4.2.2 The norcanonical functions of TERT

CKS OFy2yAOLFf FdzyOGA2y 2F (GKS ¢9we adzodzyAd
TTAGG® Q NXad park ofiefomerase tanaintain telomere length. However TERT is also
indicated to have nostanonical functions independent of its enzymatic role in telomere

maintenance and extensi¢h34)

The activity of TERT is regulated ptrainscriptionallyvia phosphorylation by the kinases
Protein Kinase @KG(, Extracellular Signakgulated KinaseHRK and Protein Kinase B
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(Akt)(135, 136) Specifically, phosphorylation bkifon serine 227 marks TERT for transport
into the nucleuswhereas phosphorylation at tyrosine 707 g 8varks TERT for transport

to the mitochondria(Fig.1.4.2.21137, 138) The localisation of TERT to the mitochondria has
been indicatedto increase positive prognosis for various disease and injuriestaluts
protective effects against the activity &0%$139) For exampleHaenckler et al.found that
TERT localizes and binds to mitochondrial DNA, which in turn increases respiratory chain
activity and protects mitochondrial DNA fronoxidative stressinduced damage
(Fig.1.4.2.3)rable 1.4.2.Z1.39) Haendeler et alhypothesised that the protective effects of
TERTIn vivoare most pronounced in tissues that have a high respiratory rate and low
regenerative capabilitysuch as the myocardiujras these tissues would rely moamn
healthy mitochondria over time due their low cellular turno(E89) Haendeler et al.
demonstratel that mitochondria isolated from myocardial samples taken from TERT mutant
micedisplayed aignificant reduction in respiratory chain compi&xXunctionality thatwas

not observed intheir wild-type TERT counterpalts39) Furtherto this, Haendeler et al.
isolated liver mitochondria from mutant TERT and wiide TERT mice and found no
significant differerwe in their function This resultprovided evidence to support their

hypothesis as liver cells have a much higher turnover tthase of themyocardum(139)

If it is true thatthe protective effects of TERT are most pronounceaeahs with high
respiratory rates andlow turnover, then it canbe hypothesigd that TERWill have anon-
canonical protective effect in loyroliferation, lowturnover cell types such as nerve cells,
and subsets of immune cells that do not undergo clonal expansioech as macrophages
Supporting thiswypothesisSpilsbury et aldemonstrated the expression of TERT in human
hippocampal neurons and microgléeand found that TERT was localised to the soma and
dendrites rather than the nucleu3 hisndicatedthat TERT was not performing its canonical
function of elongating telomerd440) Spilsbury et alfound that wildtype TERT cultured
neurons were less susceptible to hydrogperoxide induced ROS bu#dp than TERT
mutant neurons This suggestedhat wild-type TERT was protecting theeuronal
mitochondria from the detrimental activities of RO@ble 1.4.2.7140) Together these
experiments indicate that TERT has a protective effect on hippocampal neurons

independent of telomere elongation.
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Furtherevidence of the protective effects of TERAve beerprovided byHu et al(141) Hu

et al. demonstrated that admirstering the h,-adrenergic receptor agonist
dexmedetomidineto rats with intestinalschemiareperfusioninjures(IRl)led to increased
shuttling of TERT0 the mitochondria(Fig.1.4.2.3)Table 1.4.2.Z141) Dexmedetomidine
treatment in the highdose group had a protective effect on mitochondrial DNA and
morphology, leading to less deletions resulting from oxidative stress and less mitochondrial
membrane destructio(ll41) Therefore,Hu et al.demonstrated thatdexmedetomidine
treatment can alleviate cellular stress rednlyfrom IRI It canbe hypothesisél that this is
due to the protective effects of TERT in the mitochond&xamining the resultérom
Haendeler et al., Spilsbury et al., and Hu etagletherit canbe seen that there is evidence
that TERTcan protectcells, and more specifically their mitochondria, from the effects of
ROSnduced damage Therefore, that TERMay play an important role in continued

mitochondrial health.

A further noncanonical function of TERT that has been repoitethe literatureis its role

in brain developmen(l42) Zhou et algenerated a mutanversion ofTERThere referred to

as KTERT) that lacked amiraxid residues 70Z12 These residueare integral to the
function of the active siteTherefore,k TERTwas unable to elongate telomeres when
incorporated into telomeras@42) Zhouet al. observedthat tert”- mice had poor spatial
learning ability compared to theiert*’* counterparts, demonstrating that TERT is involved
in the formation of sptial memory(142) Zhou et althen examined a primary culture of
tert’- mouse hippocampal neuronand found thatboth the dendritic length and spine
density were significantljower than forwild-type TERT cultured neurofigl2) However,
whenzhou et alintroducedk TERTNnto the primary culturedert”’” neuronsvia a lentiviral
vector, the reduceddendritic length and spine densithat had previously been observed
was rescue@l42) Thisindicates that TERT has a role in maintaig neuronal health
independent of its canonical functions of elongating telomeres as part of the telomerase
enzyme(Table 1.4.2.2142)

In further experiments bhou et ait was found thatevels of Synapsin 1 expression in the
cornu amonis 3 (CA3) region of the hippocampuas lowerin tert’”" mice than in
tert**(142) Synapsin 1 has been indicated to be involved in modulating the release of

neurotransmitters andthe CA3regionis integral to the formation of spatial memory in
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mice(143, 144) ThereforeZhou et alhypothesiselthat TERT is integral to the formation of
spatial memory in micgTable 1.4.2.Z142) However, further investigation into the
mechanism by which TERT is involved in this-cenmonical function is neededhou et al.
made no indications on the localisation of TERT within the cultured neurons so we cannot
assume that this no®OF y 2 y A OF £  Fdzy O A pryviouslit discussgbISiR G 2
mitochondrial protection from ROS%urther experimentsmaybe performed to determine

the mechanism that links Synapsinl and TERT.

Miwa et al.investigated the interactions of TERT in the brain wiitochondria, mTOR, and

the regulation oROS damagd45) The researchef®und that mice on a calorie restricted
diet accumulated TERIh brain mitochondria which led to an improvement in spatial
memory in aged midd45) Rapamycin inhibits the activity of mTOR so acting as a dietary
restriction mimic.Miwa et al.found that in micefed with rapamycin for 4 months TERT
transcriptionwas increased in the braimhen compared to control mice that had not been
fed rapamycin. Furthe ERprotein levelsvere elevatedin braincellmitochondria but not

in brain tissue homogenate These resultdndicated that TERT was localising to the
mitochondrigFig.1.4.2.)Table 1.4.2.Z145)Miwa et al.found that thelocalisation of TERT

to the mitochondriacorrelated with a decrease in intracellular ROS levelstiistdecrese

was not found in tert’”- mice. This result suggestethat the observed protection of
mitochondria from ROSvas TERT depende(it45) In further experiments Miwa et al.
found that in mice treated with theProto-oncogene tyrosin&inase SrcSRQ inhibitor,
bosutinib, TERT was not localised to the mitochondria and ROS damage intrease
(Fig.1.4.2.2)0145) This supports previous findings blaendeler et althat TERT shuttling to

the mitochondriaiSRQlependen(139, 145)Considering thaZhou et alreported a non
canonical function of TERT in the health of neurons kinda et al.have indicated TERT
shuttling to the mitochondria in the brain has a protective effect, we can see that TERT is

integral to brain health in a manner independent of its role in elongating telomeres.

Additional to its potential roles in neural cell development and protection discussed above,
the telomerase subunitERThas been indicated to have nesanonical functions in other
tissuessystemsand cellsFor exampleGizard et alshowed that macrophages stimulated
with pro-inflammatory mediators displayed increased TERT mRNA expression and

telomerase activity, indicating that the TERT expressed was localised to the r{ddi@us
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Further,the same researchershowed that TERT expression was modulated byByRs
sequencing detected an NB binding site in the TERT promoter reg{fig.1.4.2.3)rable
1.4.2.2J146) NF_B was mediating the upregulation of TERMd pro-inflammatory
cytokineg146) Further evidence published Bi/u et al.indicates that the regulation of
TERT by NBB is part of a negative feedback loop that influences macrophage
physiology147) In a murine model of Alcoholic liver disease (AlAD) et al. demonstrated

that TERT expression and telomerase activitgrevupregulated in liverassociated
macrophage€l47) Wu et al.alsodemonstratedthat using smatinterfering RNA (siRNA) to
knockdown TERT expression in cultured RAW264.7 macrophages led to a decrease in the
secretion of inflammatory cytokines includifigNFh, 11-1i , 1L-6, and IE12(147) As these
cytokines are associated with tipgo-inflammatoryM1 macrophage phenotypehis led to

the hypothesis that TERT may be regulating macrophage polarisation. To examine this
hypothesis Wu et al.demonstrated that NEB stimulated the expression of p65 in liver
tissue and Kupfer cel(KCsjspecialised liver macrophage§urther, theoverexpression of
TERTed to increased expression of ppmdicating again that NFB and TERT are part of

the same feedback looffFig.1.4.2.q)Table 1.4.2.Z147) This supports the idea that TERT
may be involved in regulating macrophage polarization arfldiencingthe M1 phenotype

due to its regulation of the expression of p65 aadsociation withother inflammatory

cytokines.

Further evidence o& regulatory relationship between TERT and Mfhas beenindicated
by Yang et al.These researchershowed that micreRNA 216a (mir2l6aMir216a is a
mediator of Akt activation by Transforming Growth Faéto(TGF ) (Fig.1.4.2.3)148)
Overexpression led to increased TERT expression and telomerase agthidh potentially
indicated that the additional TERT expressed remained localised to the nu¢ii®3
Further, Yang et alshowed via immunofluorescenddF)analysis that mi216a increased
the translocation of NEB p65 subunit to the nucleus in macrophages and that this
upregulation was further mediated byWB\D3(Fig.1.4.2.2149) Interestingly, mir216also
upregulated the expression of p53, pl6, and-iSgal in MZXpolarised macrophages
indicating that mir216a may play a role in M1 macrophages entering senesaadferther
indicating that mir216a may play a role in modulating immunosenesd@d® Finally,

Yang et al.showed that TERT overexpression in Malarised (antinflammatory)
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macrophagesn vitro caused them to switch to a phenotype more characteristic of M1, as
measured by the markersMonocyte Chemoattractant Protein MCPJ and TNF (149)
Together,data fromGizard et al.Yang et al.and Wu et al.suggest that TERT expression
can modulate phenotypic characteristics of macrophages specifically contributing to the
polarization of macrophages into the M1 subset, viakBFmodulatiorfTable 1.4.2.2)47,

150) However, further work needs to be performed to determine if the switching of
macrophage subsets is mediated by the telomere elongating activity of telomevady a

non-canonical function of TERT that is independent of telomerase canonical activity.

Nuclear factor kappdight-chainrenhancer of activated B celfNFT ) is an important
regulator of several processes in macrophage biolthgt can affect ageing tissuegor
examplepsteoclasts are cells responsible for the breakdown of bone tissue for the purpose
of bone remodelling over tim@2). Osteoclasts are formed from the fusionmfcrophages

due to the activity oReceptorActivator of NFT iligand (RANKL) arMacrophageColony-
Simulating Factor (MCSRKX0). The action of N icanbe inhibited by Silentnformation
Regulator T1 @RT1), and it has been reported bidwards et althat this inhibition in
osteoclasts and osteoblasts is integral to healthy bone remodelling in a murine
model(Fig.1.4.2.270151) Additionally, Edwards et alhave showrthat osteoclastogenesis is
regulated by the interaction between NFI ISIRTR where osteoclastogenesis was
promoted in SirT1knockout mic€l51) Notably, further findings bring us back to the
previously discussedion-canonicalrole of TERT in protectingitochondria from ROS
damage SIRTwasfound to be a regulator of mitochondrial biogenesis via the RGIC
pathway(152, 153) Additionally, SIRT1 is well reported to be involved in the macrophage
inflammatory response pathwg¥54) As well as being an antnflammatory, the
stimulation or increased expression $fRT1s indicated to increase positive outcomes in
inflammatory disease and can¢gb3, 155, 156)Thus, overalll have discussed hefeow
TERT,NFi = {Lwe¢-mZ FNR tIPOHSYGALF & .FEukthefdteiRisAy |
evidence that TERT plays a role in protecting mitochondria from the activities cifirIOS
linked via NFT 2. THus, wah be hypothesisd that TERT is linked tie continued
health and function of cellend tissuesin a noncanonicalmanner that is extra to its

function in elongating telomere$-urther, considering that TERT is evidenced to also play a
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role in macrophage physiologpe role of TERT in macrophage immunosenescence may be

an unexplored area of significant research interest.
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Figure 14.2.2° A representative diagram indicatingon-canonical functions othe

telomerase subunit TERT that have been reported. Separate publications indicat
TERTupregulates NE_ iexpression and this in turn is regulated by Sirtuin 1 (SIR
and micreRNA 216a (mi216a) TERT is also indicated to localise to the mitochonc
but this localisation may be influenced by molecular Target of Rapamycin (mTOF
proto-oncogene tyrosingrotein kinase Src (Src). Overall this image indicates -
TERT has several noanonical functions that are tightly regulated by bo

intracellular and extracellulamechanisms.
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Tissue or cell non | Location in Cell Specific norcanonical Paper
canonical function function reported
is observed in in
Liver Mitochondria Protection from effects of Haendeler
ROS et al.
Brain Mitochondria Protection from ROS Spilsbury
et al.
Intestine Mitochondria Protection damage due to Hu et al.
reperfusion injury
Brain - Neuronal Zhou et al.
health/development
Brain - Neurotransmitter production| Zhou et al.
Brain Mitochondria Protection from effects of Miwa et al.
ROS
Macrophages/Liver | Nucleus Feedback loop with NA i Gizard et
p65 regulating inflammatory| al.
cytokine expression Wu et al.
Yang et al.

Table 1.4.2.2Summary table of the ncoanonical functions discussed in section 1.4..

with the tissue or cell studied, the localization of TERT in the cells studied, the

canonical function reported, and theaper reporting it.
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1.5 Alleviating ageing and age#agsociated multimorbidity

Asdiscussed in section 1.4shumans aggethe occurrenceof multimorbidity increasegl57)

The increamglyageing population coupled with the increase in multimorbydatccurrences
has a disproportionate economic impact on healthcare infrastrugtLOg Additionally, with
ageing we observe an increase in frailty that occurs due to the hallmaisdseases
associated with ageir{@j2). Therefore, it is of great economic and social importance that we
investigate potential treatment®r ageingassociated diseases with the hope of alleviating

their burdenon both individuals and healthcare.

1.5.1 Lifestyle changes

One hypothesis proposes that people age their activity levels decline and they become
more sedentaryTK A & Ol dzaS&4 | GOKNBYAO LI2AAGAGBS Sy SNI
obesity(158, 159) Obesity leads to inflammation, and an increased risk of cancer, diabetes,
and dementia; all of which are chronic diseaskat increase in incidence with ageing
Thereforepbesitycan, to a certain extengct as anodel of theeffects of agein@60, 161)
Additionally, it has been observed that fatcumulatesvith ageand that thisaccumulation

Is associated with a chronic lograde inflammation causeby adipokine$162) However,
regular physical exercise has been associated widactionin visceral fat thatin turn,
leads to a decrease in the associated inflammafi@2) This reducedinflammationhas
been suggestedo be dueto a decreasein the levels of preinflammatory cytokines
including 16 and TN, and an increase in the antiflammatory cytokine H10(162)
Further, Lowder et aldemonstratedincreased survival of mice that undertook moderate
exercise when infected with influenzath respect to infected mice that did not undertake
exercis€163) However, in the same study it wagported that mice that undertook
vigorous exercis@lisplayed a reduced survival rd163) These results indicatthat the
benefits of exercise may be dependent on the type and duration of said exgir6®e
However, these studies indicate the beneficial effects of exeroisan ageingnodel

context.

A second lifestyle change suitable for reducing the negative effects of ageing is calorie
restriction. Calorieestriction is a weldocumented method for extending lifespan in model

organisms such as rats, mice, and gié&) Further to this, calorie restriction has been
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indicated toimprove maintenance of the thymic microenvironment, reducing the effects of
Immunosenescence such #dsymic involution and increasing the number of circulating
naive Tcells(162) However, there are contraindicatory effects of calorie restriction. For
example,Effros et al.havereported that calorierestricted mice were able to mount an
effective immune response to influen@®4) In contrast,Ritz et al.found that calorie
restricted mice displayed increased susceptibility to infectigh62, 165) Ritz et al.
hypothesise that increased susceptibility to infection dabeen masked by influenza
vaccines being usedsaaproxy for infectiorf165) Logicallythey concludeal that while the
immune response may be upregulated in mice with calorie restriction, if the mice lack the
calories necessary to mount an effective immune response then calorie restriction may be
detrimental(165) Therefore, there is both evidence for and against calorie restriction as a

method for alleviating ageelated multimorbidity in mammals.

1.5.2 Anti-ageingtherapeutics

Evidence indicates that the buHdp of senescent cellsiith ageingis detrimental to
health(12, 57) Therefore senescent cells present an appropriate target for novel
therapeutics aimed at their elimination, or the alleviation of their effects. By modulating
senescence and removing senescent ¢callsmay be able to improve the healthspan of an
individual. Senolytic therapies are aimed at the removal of senescent cells to extend
healthspan and delay the onset of agHated diseasgd466) Meanwhile, senostatic

therapies target the SASP with the aghalleviating its preinflammatory effect$167-169)

1.5.2.1 Senolytics
Two of the first senolytic drugs tested weDasatinib andQuercetin(166, 170) Dasatinib is
a chemotherapy drug primarily used to treat cancers thavolve the Philadelphia
chromosome translocatiagrwhereby translocation of genetical material from chromosome
9 and chromosome 22 leads to the creation of the fusion gBE@&ABLJ1 such as chronic
myelogenous leukaemia and acute lymphoblastic leukaé€h?i) Quercetin is a flavonol
found inplantswhere itacts as polar auxin transport inhibitoXu et alindicated that the
administration ofDasatinib andQuercetin asa dual therapy to aged micextendedtheir
median lifespan by 36%ndependent of affecting physical fithess or the burden of
multimorbidity(172) Subsequently the efficacy of a dual therapy dsatanib and
Quercetin is being explored in humarir examplejustice et alconducted a pilostudy on
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fourteen patients with IP@73) The researcher®und that physical function in the patients
was significantly improvedfter three weeks of the dual treatme(it73) However, the
reported healthof the patientswas unchanged and the effects on circulating SASP factors
were undeterminedbut changes were observétl73) In a separate pilot studyHickson et

al. used Dasatinib andQuercetin as a dual therapy to treat nine individuals with diabetic
kidney diseas@74) Hickson et alfound that administering the dual therapy for 3 days
significantly decreased p'6positive cells in adipose tissuend significantly redued
circulating SASP factors-1t, IL-6, Matrix Metallopeptidase MIMP)-9 and MMP12(174,
175) Theefore, thesestudies provide promising preliminary evidence tiatsatinib and
Quercetin can prove an effectividual therapy for the improvement of healthspan and the
alleviation of ageaelated multimorbidity. However, the small sample siaéthese studies
prevents significant conclusions being drawn other than that further investigation is

warranted.

Besidedasatinib andQuercetin, there is evidendhat the flavonoid Fisetin, mayalsobe a
useful senolyticYousefzadelet al. demonstrated in a progeroigrcd®;p168™“uciferase
mouse line fed with &isetin diet (60mg/kéfay), that the expressiorof p16N“ajuciferase
were significantly reducedith respect to untreated progeroid mi¢&76) Therefore, both
flavonoids,Hsetin andQuercetin, have been reported to be functional senolytidhese
findings warrant thatother members of the flavonoid family be investigdtéor their

senolytic potentiall77)

Even considering these promising avenues for exploring sendlyticemoval of senescent
cells may not be wholly desirable despite their evidenced contribution to increased frailty
with ageingGrosse et aindicated that the majority of cells expressing higgmcentrations

of pl6 (markingthat they had entered senescence) in mice |s/aere endothelial cells,
macrophages, or adipocyt€k/8) Grosse et afound that removal of senescent cellstime

livers ofyoungmice did not lead tahe replacement of the senescent cells by younger c¢ells
butinstead by fibrosid 78) Further, investigating the removal of senescent cells in the liver
of aged miceGrosse et alfound that the blood vessels became more permedb¥s)
Therefore, we can hypothesise that the removal of senescent cells is not strictly better for

the aged animaknd that further investigation into the effects of removing senescent cells

in the aged is required before this becomes common practice.
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1.5.2.2 Senostatics

The SASP burden that comes with a buifdof senescent cells is an appealing target for
interventions intended to alleviate ageirand the symptoms experiendeby long term
cancer survivord79) To alleviate this burdemesearch is being conducted into therapies
termed senostatics that reduce the pamflammatory effects of the SASP. Currently the
most widely researched senostaticMetformin, which was originally developetb treat
diabetes and polycystic ovary syndro(h80) Hu et al found that in mice grafted with head
and neck squamous cell carcinoam@dministration of Metformin plus a CDK4/6 inhibitor led
to no significant change in the number of senescent cefiat did lead to the
downregulation of SASP component§land IL8(167) FurtherFielder et alfound thatin a
low-dose irradiation model of senescence in mieslministeringMetformin led to a
reduction in the levels of SASP component$1.CCL2, and TNFor over 6 months after
the end of treatmen(168) Together, these studies indicate thisitetformin may provide a
novel senostatic therapy for use in conjunction with senolticalleviatethe effects of the
SASP in the elderlgnd in patients experiencingn increased senescence burden after

chemotherapies aimed at inducing senescence in cancer.

1.5.3 Improved immunosurveillancewith ageing

Immunosurveillance is the process by which the immune system detects immunogenic
threats. Most commonly the immune system is searching for pathopenwgeverevidence
suggests that the immune systeoan also recognise aneliminate senescent cel(|$81-
183)¢ KSNBEF2NB>Z | LIAOGSYdAlFffe FNHZAGFdzA | @Sy dzS
ability to remove senescent cells with ageiMacrophages are essential to the clearance of
senescent cellguring tissue developmentHowever, with ageing macrophages enter
iImmunosenescencand become less efficient at phagocytosis and so the clearance of
senescent cells contributing to their accumulat{®84, 185)Tasat et aldemonstrated that
immunosenescent alveolar macrophages in rats have a decreased resporisgHtie
Receptor (TLR stimulation by Lipopolysaccharide (LP$ as well as reduced
phagocytosi§l86) Therefore, we can hypothesise thatthe elimination of senescent loglls
macrophagess inhibited with ageing. Additionally\Kcells have been demonstrated by
Sagiv et alto remove senescent ds via granule exocytosis in mice livessueutilising

upregulation of Decoy death receptor 2 (DQR22) Therefore, both macrophages and NK
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cells may be promising targets for improving the function of the immune system in

removing senescent ce(k83)

1.6 Model organisms of ageing

The field of gerontology has expanded since its inception and with it our understanding of
how the mechanisms of ageing interact to cause disease. Significant progress has been
made thanks, in no small part, to the use of different model organisms in the lab. Model
organisms have conserved traits that allow the study of human traits without performing
human trials. Model organisms are used widely in medical science as a basis to study the
causes and treatments of human diseases. In ageing we look at organisms that share the
mechanisms of ageing identified in humans, such as the erosion of telomeres and the

accumulation of senescent cells.

1.6.1 Saccharomyces cerevisiae

Saccharomyces cerevisiaieyeast is a singleell fungus that is estimated to share 30% of its
genome with human@94) Yeast has been widely used to study ag€ifg) Yeast ageing is
monitored using both replicative and chronological lifes(8b) The replicative lifespan
refers to the number of cell divisions a mother cell can undergo before it dies and is used as
a reference for undifferentiated stem ce{l95) The chronological lifespan refers to using
yeast to model differentiated cells that have ceased rapidly dividi®g) A drawback of
yeast is that being a singtelled organism it cannot be used to accurately model the effects
that ageing, or treating ageing, will have on the systems of a multicellular organism. Further,
the separation of mother and daughter cellsvivocan provide a technically frustrating
hinderance to ageing studies. However, yeast exhibit several phenotypes of ageing that are
reflected in humans, such as the accumulation of ROS, and damaged organelles and
DNA195) The advantage of using yeast as a model is that it can be easily and quickly
cultured, the maintenance of the culture is economically viable, it can be easily genetically
manipulated, and it offers am vivomodel of ageing that is comparable to other eukaryotic
organismg¢l95) Yeast has been used widely for the study of ageing at the genetic and
molecular levg]196) For example, the overexpressionif2in yeast was one of the first
identified interventions demonstrated to extend replicative lifesfE®6) Further, yeast has

been used to study the molecular basis for several hallmarks of ag@nghese include
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changes to the epigenome, mitochondrial dysfunction, and a decay of proteodt@s)s
This has led to yeast being integral in the discovery of potentiatagitig compounds such

as resveratrol and rapamydit95)

1.6.2 Caenorhabditis elegans

Caenorhabditiselegandgs a nematode worm that is one of the primary models used to study
ageing. This worm presents advantages to studying ageing due to its affordability and having
high fecundity. Additionally, &. elegangs a multicellular organism, it contains some of the
homeostatic organs we find in other multicellular model organisms, including a digestive
tract, a reproductive system, and an early nervous sy$i@m) C. eleganfias been used
extensively as model of ageing for lifespan studies due to it having genes homologous to
those found in humans, testing experiments on caloric restriction and genetic manipulations
proposed to extend lifespgA4, 197) For exampleTullet et al.found the short lifespan
exhibited by sknl mutants was mediated by thd~orkhead Box ProteinDAF16)
transcription facto(198) The researchers found that overexpression of B Fescued the
reduced lifespan o$knl mutants up to 34%d98) As DAAG is conserved in humans, this
study is an example of the use @ elegansas a model of mammalian ageii§9)
Drawbacks of usin@. elegangss a model organism include the lack of organ systems that
present in mammals, such as a circulatory system and respiratory system. Futther,
elegandacks a complex immune system comparable to those found in vertebrates, and so
the effects of ageing on the immune system cannot be studied. Further, the role of
senescence and the SASP @ elegansis not as well understood as in higher
organismg197) Additionally, whileC. eleganss a useful model in the study of ageing, a
study byBayat et al.indicated that overexpression of telomerase did not lead to the

elongation of telomeres iI€. elegan$200)

1.6.3 Drosophila melanogaster

Drosophilamelanogastelis a widely used model organism, the genome sequence of which
was first publishedin its entirety in 20@D1) UsingD. melanogasteas a model organism

has many advantages including that it has high fecundity (a generation time of 10 days
dependent on temperature), is cheap to maintain populations, and is easily genetically

manipulable. However, there is a significant disadvantage in U3imgelanogasteto study
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telomere biology a®. melanogastedoes not elongate telomeres in a manner comparable

to humans(202, 203) Further, D. melanogastedoes not age in a telomerelependent

manner as humans do. Instead of using the telomerase enzgnik insteaduses the
retrotransposon HeA (204)to elongate telomeres via the integration of telomere lengths
postreverse transcription. This is not to say that melanogasters not a useful model

organism in ageing research, as it has been used extensively to study neurodegenerative
RAA2NRSNAR GKIF G 200dzNJ ¢ A (i K(206)hSdihgwhoxidatg® stress & | f 1
influences agein@06)

1.6.4 Zebrafish Danio rerio

Zebrafishare freshwater fish native to India arsbuthern Asia that wre pioneered as a
Y2RSt 2NBIFYyAaY Ay (KS wmdpT n Q&) hitgRzewrafigwosed o0& LT
to prominence as one of the firstertebratesto be successfully clon€a07) However, in

the following decadegebrafishhas been cemented into the model organism pantheon
partdue to its ease of use in toxicology screens, and its ability to regenerate injured tissues
leading to its use in the fields of oncology, developmental biology, and regenerative
biology(208211) Keepingzebrafishas a vertebrate model isonsidered moreaffordable

when compared to keeping rodents or apédsie to their small size allowing several
thousand fish to kept in an aquariynwhereas a mouse colony of a simifarmberwould
require much more space, and apes even mdebrafish arex shoaling fish sare kept in
groups of4-12 fish per litre of watgi212) Additionally,zebrafishhave high fecundity and
quickly develop to sexual maturity (3 monthehabling better statistical powering of
experiments as the N can be increaggt3) Further, the zebrafislgenome has been fully
sequenced, and it has been found that approximately 70% of human genes have at least one
orthologueindicating good translatability into other model organisms and hunfais) A
further advantage of usingebrafishto study ageing is that their genome can be readily
altered to facilitate transgenic studies, using techniques such as small interfering RNA
(siRNA), transposemediated mutagenesis using the tol2 system, and CRISPRAL&s9
217) With regards to biogerontologyebrafishhave been shown to age in a telomerase
dependent manner comparable to that found in humans, demonstrating ttedirafish
provide a useful model for studying the ageing phenotype in a whole organism c{2it8xt

220)(Fig. 1.6.4)Zebrafishageing has been wetharacterised in the literature, with several
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of the hallmarks of ageing observed in humans also being observagbnafish including
telomere attrition and cellular senescend®, 219, 221) Further to this, it has been
demonstrated thatzebrafishage in a telomerasdependent manner analogous to that of
humans, whereby with each round of cell division their telomeres shogeentually
leading to the cell becoming senescent or undergoing apopt®s8 220) Additionally,
telomere length ireebrafishcan be rescued via the activity of telomerase the same as it can
be in humans, further demonstrating the similarities betweeabrafishand human
ageing218, 219) Accordingly, the telomerase mutargebrafishtert’- model has been
described as a premature ageing model, displaying several phenotypes associated with
natural aging but in an accelerated manner; specifically, tbeg”’- model exhibited
gastrointestinal wasting, infertility, sarcopenia, and retina degenergfd8, 222) This
indicates thatzebrafishprovidesus with a useful model for gastrointestinal ageibgb, 219,
223)

Further to gastrointestinal ageing, there is evidence that indicaelsrafishare also a
suitable model organism for use in studying immucedls. The presence gut resident
immune cells such as macrophages and dendritic cells has been demonsteatdd
zebrafishhave both an innate and adaptive immune systeamparable to that of other
vertebrates(210,224) Transgenimodelkhave also been produced for the specific study of
immune cell subsetssuch asthe mpegdl.LmCherrycaax line(225, 226) Additionally,
demonstrating the translatability of immune system studi&s,reriomacrophages have
been shown to have active and immunegulatory phenotypes as has been seen with
mammalian macrophag€227) For example NguyenChi et al.has found thatzebrafish
macrophages,as with human macrophages, have the subsets M1 and(22Z) M1
macrophages are reported to have a prdlammatory phenotype whereasM2
macrophages have a regulatory phenotyp27) Nguyenchi et al.found that macrophages
of the M1 subset would switch to the M2 subset orteealinflammation resolved, with M2
being identified by looking for mammalian M2 markedso found in humans, including
transforming growth factor betd (TGF-1), GC chemokine receptor type 2 (CCR2), and C
C chemokine receptor type 4 (CXCR4), demonistgathe translatability of studies on
zebrafishmacrophagef27)

60



Adult Zebrafish

A =

.)>/ —\

Zebrafish breeding

Zebrafish fry -
) Zebrafish ﬁy
Lifecycle _—
T Zebrafish egg
can be injected
~ with plasmid for
Single-cell transgenesis
zebrafish egg O
B <1 year = 3 years

o e increased

inflammation
.

— [} muscle
.......... > wasting

Time Telamere shastening b . decreaSEd
<130 years Cell division stops (senescence starts) =65 years nutrignt
o sensing

_.“ e increased

‘. cancer

Healthy cell Cell division Coll doath II'ICi dEI'ICe

Figure 1.6.4Zebrafish lifecycle and ageim. lllustrative figure of the zebrafish lifecycl
indicating the ability to genetically engineer transgenic lines at the sicgjlestage of
development after breeding, and the ease of which internal organs can be observed
enabling easy study and selection using microscopy techni@uBkistrative comparison
of zebrafish and human ageing indicating how both age in a telomere dependent me

which the accumulation of senescent cells leading to comparable ageing phenotyy
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1.6.5 Mice

Mice are one of the most widely utilised model organisms in research due the high
homology they share with humans in terms of genes, proteins, and tissue structure and
function(228) MufiozLorente et aldemonstrated that generating mice with hypting
telomeres in all tissues led to increased longevity and improved glucose and cholesterol
regulation without increased cancer incider{&88) Further, work byAmano et al.
demonstrated that telomere shortening in telomerakaockout mice led to the repression

of all seven characterised sirtuif229) The sirtuin family of proteins are involved in DNA
damage repair and knockout models have been shown to exhibit a prematagely
phenotypg230) Additionally, work from the Blasco lab performed on either aged WT mice
or progeroid mice has been seminal in characterising the role of telomeres and telomerase
in diseases of ageing such as 280) However, the use of mice in telomere biology
research was previously hindered due to the telomeres of inbred lab strains not shortening
for several generations despite knocking out the actioneddmerasg232) Furthermore,
relative to the other model organisms discussed above mice are more expensive to maintain
and require a greater level of care to ensure that the animal does not undergo unnecessary
stress or disease. Therefore, as with all experiments utilising protected organisms, it is
necessary to consider if the experiment truly requires the use of an entire model organism

or if alternative methods such as cell culture would prove equally useful.

1.7 Previous work that led to the hypothesis and chosen

model organism

In this introduction we have discussed the hallmarks of ageing, with a focus on
iImmunosenescence and the role of telomeres and telomerase. Further, we have briefly
coveredmodel organisms that are currently used to study ageing. From these discussions it
can be concluded that telomeres, and by extension the telomerase enzyme, are an integral
part of cell function and zebrafish present an appropriate model organism with which we
can study telomereand ageingiology213, 233) For example, or work byHenriques et

al. has shown that tert”” zebrafish age and die prematuréi8) The researchers
demonstrated thatert” zebrafish develop premature infertility, sarcopenia, accumulation

of DNA damage, p53 activation, and accumulation of senescentiné¥$8) Moreover,
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premature necrotising enteritis was observed in tieet’- zebrafish and correlated with the
accumulation of senescent cells in their gl2&8) These ageing markei@e also observed
in naturally aged zebrafish, confirming that the telomerase mutant zebrafish represents a
premature model of ageing and that ageing phenotypes in zebrafish are therefore likely to

be telomerase and telomere dependd&@f0)

Additional advantages of using zebrafish to study ageing include the ease with which they
are genetically manipulated, and that as vertebrates their physiology is largely conserved to
humans including an adaptive and innate immune systiemn.example NguyenChi et al.

has found that zebrafish macrophagésve pro-inflammatory M1 and regulatory M2
subtypes comparable to huma(27) These subsets wer&lentified by looking for
mammalian M2 markeralso found in humans, includingGF-1, GC chemokine receptor

type 2 (CCR2), and->@C chemokine receptor type 4 (CXQR2J) This indicateshe
translatability of studies on zebrafish macrophagebumang227) Additionally, transgenic
zebrafish lines exist that increase the ease with which we can study immune cell subsets,
such as thenpedl.LmCherrycaaxline(225, 226) This line utilises thepegl.1promoter to
express the mCherry fluorophore in macrophages arIB(226, 234) Therefore, we can

see that zebrafish are both an appropriate model of ageing, and a useful experimental
animal in studying the immune system. Hence, they provide us with a system for studying

the aged immune system.

Thempegl.lpromoter was initially identified as a macrophage specific promoter in murine
macrophages under the namepgl, with evidence also being observed in human
macrophages(235) Subsequently,mpegl.1l expression was identified in embryonic
macrophages in zebrafish larvd236) Consequently, work b¥llett et al.details the
production of a novel line of transgenic zebrafish that contains riif@2gl.1promoter
conjugated tomCherry which codes for the mCherry fluorophof226) The generation of
the mpedL.LmCherry.caaxeporter line allowedEllett et al.to study macrophages more
easily, as previously the identification of macrophages in zebrafish was based on physical
characteristics (i.e. motility, location, morphology) and by utilisingrtipx:e GFPeporter

line which indicated both macrophages and neutroplf@26) However, work published by
Ferrero et alindicated that thempegdl.1promoter was not exclusive to macrophages, but

instead may also be expressed htdl populations derived from zebrafish gut, peritoneum,
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and head kidney234) Additionally, work published blyloyse et aldemonstrated that

mpegl.I B-cells and NHike cells can be detected in the skin, spleen, heart, and blood of
adult zebrafish(237)

Demonstrating the use of zebrafish as a useful model of the ageing immune sytenst
al.identifiedpopulations oinpegl.I cells in the zebrafish gut with telomerase dependent
hyper long telomered85) The researchers found that that a high number of these cells
were macrophagewith telomeres longer thamacrophages found in thelraematopoietic
tissue of originindicating a regulation of the expressionteft and therefore telomerase
activity(185) Further Ellis et alfound a subset ompegl.1 immune cells expressegrt in
young zebrafish (<6 months) but that the number of thésg expressingnpegl.ZI cells
decreased with agd85) Additionally, the decrease itert expression occurs in tandem
with increased DDR, telomere shortenirggcreased expression of immune response and
autophagy markers, reduced phagocytic functiom vivo, and increased gut
permeabilit185) Therefore, we can hypothesise that rescuiegt expression in these
mpegl.1 cells may rescue their aged phenotype. Further, that resctenigexpression in

mpegl.I cells may impact tissue ageing in the gut.

1.7.1 PhD hypothesis anaims

The primary hypothesis of thimrojectis that telomerase has necanonical functions that
affect the health of guassociatedmacrophages via the TERT subufit test this
hypothesis, we have generated two transgenic zebrafish lines with differing telomerase
activities. To generate these lines, we have used an existing telomerase mtgarit) (
zebrafish line that possess ampegl.l:mCherry.caaxransgene. This allows for the
convenient visualization of cells that utilise thgegl.1lpromoter. Both transgenic lines
were generated in zebrafish that were bred to be homozygters’- which has been

characterised to have no detectable telomerase actii@ig)

The first transgenic line will express canonically active TERT under the control of the
mpegl.lpromoter. The second transgenic line will express an alternative version of TERT
that lacks the TERC binding site, and so will be canonically inactive such that it will not
elongate telomeres as part of the telomerase complex. This expression of this second

transgene will also be under the control of tepegl.1promoter. | will refer to the
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mutated version of TERT &JERT and correspondingly the mutatexit gene will be
referred to asktert. Zebrafish were chosen as the model organism for this study as they age
in a telomerasalependentmanner that iscomparable to human218, 232) The objective

of this PhD thusé&came togenerate two novel zebrafish lines, one containmgegl.1:tert

and one containingy’ LJS 3 m ® mfdrkthie Sudiier study of the role of telomerase in
zebrafishmpegl.Z cells An additional aim was taletermine the effects that zebrafish
ageing has on immune cell populations present in the zebrafish gut using-segigRRNA

sequencing. Therefore, in summary, the objectives were as foilows

1. Establish a transgenic zebrafish line that is tert*
;mpedl.mCherry.caax;mpegltert-gfp.

2. Establish a second transgenic  zebrafish line that igert™"
;mpedL.ImChery.caax;mped.1ktert-gfp.

3. Perform singlecell RNAsequencing on whole zebrafish gut using the generated
transgenics.

4. Determine how ageing alters thgene expressionn the zebrafish gut and how
rescuing the expression of TERK®ERT affectgene expressiom the prematurely

aged zebrafish gut.

The establishment of theert*:mpegl.1:mCherry.caaxpegl.l:tertgfp line had been
initiated before | entered the research programme, with Pam Ellis usingpolBdéransposon
system to establish&ounders. | continued with the selection and breeding of the line, as
well as the characterisation of the insertion. To establish theert™"
'‘mpegl.1:mCherry.caaX;LJS 3 m ®gf)¥ liné INdEned to use the Gibson assem{dA)
method to produce a construct containing timepegl.l:tertgfp gene. | then aimed to use
the tol2 transposon system to insert the gene intertilised zebrafisheggs. Breeding and
selectionwill then be performed to establish a stable line, which can then be characterised
in the same manner as thdert”:mpegl.1:mCherry.caaxpegl.l:tertgfp line. To
characterise the two lines, the first stepould beto determine if the transgene was being
expressed inmCherry cells using fluorescence immunohistochemistry. Whole genome
sequencingvould then be used to establish the insertion site of the transgenes to ensure
that theirinsertion did not affect zebrafish biology by disrupting other genes. At the same

time, | aimed to optimise a process for the isolation of a zebrafish live whole gut suspension
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that is suitable for singleell RNA sequencing. Singlel RNA sequencing of
tert*”*:mpegl.1:mCherrgaax and tert’:mpegl.1:mCherrgaax would be used to
characterise the ageing zebrafish gut, focusing on the resident immune cell populations.
Singlecell RNA sequencingouldalsobeused to determine impegl.1:tertgfp rescues the

gene expressioim tert’:mpegl.1:mCherry;mpegl.1:tegfp fish.
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2.1 Zebrafish
2.1.1 Zebrafish husbandry

All zebrafish were housed in the aguarium at the Bateson Centre, University of Sheffield,
and maintainedwith a 14 houflight and 10 howdark cycle, at 228°C.Zebrafish were
supervised by the NACWO (Named Animal Care and Welfare Officer) from the Biomedical
Sciences Department, University of Sheffield. é&lperimental proceduresnvolving
zebrafish were performed in accordance with UK legislation Animals (Scientific
Procedures) Act 1986under theProject LicenceRPL.70/8681, PPL holder Dr. Catarina M.
Henriqguesand thepersonal license I1IFEC890éld by Luke Mansfield. All tests involving
zebrafish manipulation were approved beforehand through the submission and respective

approval by the aquarium manager of an Individual Study Plan (ISP).

2.1.2 Zebrafish lines

The telomerase mutant linagrt"tM3439 available at th&ebrafish Information Network
(ZFINrepository (ZFIN ID: ZBBENGL0041250) from the Zebrafish International Resource
Centre (ZIRC), was previously describecHeyriques et P18) In brief, thetertABhu3430
contains a point mutation in theert gene, generated by {&thytN-nitrosourea (ENU)
mutagenesis, that prevents RNA translation and consequent protein formation. For
simplicity, thetert""343%homozygous mutants will be referred to &st”". Due to it having
been indicated thatert mutants are generally infertile, thieert"B"u3430ysed in this project

are derived from ircrossingert"®34%0heterozygotes, which for the sake of simplicity will
be referred to adert* (218, 238) Zebrafish thatdo not contain thetert*®M343mytation

and so have fully functional telomerase are referred taes*’*.

Thempedl.1mcherry.caadine is an immune reporter line where phagocytes express the
fluorescent protein mcherry and therefore can be easilgntified(226, 234) Thisline was
used in some experiments of this project to identify phagocytes. For ttext'’;
mpegl.l:mcherry.caax progeny were incrossed to generate bothtert™;

mpegl.1l:mcherry.caaandtert’:mpegl.1:mcherry.caax

+/+

When possible when comparing tert”*:mpegl.l:mcherry.caax and tert’;

mpegl.1l:mcherry.caaagematched siblings were usebh some tests de to the limitation
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in numbers of fish at specific ages agatched nonsiblings were used instead, including
tert**;mpegl.1:mcherry.caaandtert’;mpegl.1:mcherry.caaseporter lines.Additionally,
agematched WT(AB fish were usedon occasionwhen appropriate dueto a lack of
available agenatchedtert*’*;mpegl.1:mcherry.caasiblings at the time¢he experiment was

carried out Unless otherwise stated, WAB)refers totert* fish.

2.2 Plasmids used for cloning

Two preexisting lab plasmids and one novel plasmid were used for the cloning process used

to produce the sections for thepedl.1ktert-gfp plasmid.

2.2.1mpedl.1tert-gfp

AMP resistance

Construct #p20 MPEG-Tert-IRES-GFP with delta-tert-ires-gfp primers

12959 bp

mpeg promoter region

IRES regxon:

telomerase full length

Figure 2.2.1: Map of the mpedl.1tert-gfp construct used to produce
ligation components for the generation of thepedl.1ktert-gfp.
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2.2.2IFABRert-gfp

pUC origin
|
|

pUC origin

tol2

AMP resistance

Construct #p19 IFABP-TERT-IRES-GFP tol2 sequence only (after triple digest)

6187 bp

Th (+) origin

IRES-GFP

SV40 late poly A

Figure2.2.2: Map of thelFABRert-gfp construct used to produce ligatiot

components for the generation of thepedl.1ktert-gfp.
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2.2.3ktert inserted into the pGEM easy vector

Construct #p36 delta-tert inserted in pGEM-T-easy vector

| 4603 bp

Figure2.2.3:Map of thektert component inserted into the pGEWeasyconstruct later

used to produce ligation components for the generation of thpedl.1ktert-gfp.

2.3 Enzymatic digestions

2.3.1 Plasmid linearisation

An 80ul mixture was made that contained 2ul of SdA (New England Biolabs, #R3138), 8ul
of 10x NEB buffer (New EnglaRlolabs, Ipswich, MA, #B7200S), plasmid to a final
concentration of 50ng/ul and di up to 80ul. The mixture was incubated at 37°C for 5

hours.

71



2.3.2 Diagnostic digests

Diagnostic digests were performed on constructs before sequenaifijer out clones that

did not contain the desired sequence. Diagnostic digests give a specific banding pattern
according to the enzyme used. This banding pattern can be predicted in silico and compared
to that observed when the digested DNA is analysed using gel electrophoresis. Digests were
performed using 0.3pl of each desired enzyme, 5ul of the purified miniprep, 2.5ul 10X
Cutsmart buffer, and d¥D up to a final volume of 25ul. The digestion was performed in a
Biorad T100 thermal cycler at 37°C for 5 hours. Using the NEB software NEB cloner® we
checked the activity of the enzymes in Cutsmart buffer, the recommended digestion

temperature and time, before digestion, to avoid star activity.

2.3.3 Tol2 backbone production

To isolate the tol2 backbone section for use iA @ the lab stockKFABRert-gfp plasmid

was triple digested in a 90ul mixture. The mixture contained 28.8ul plasmid with a final
concentration of 100ng/ul, 1.5ul each of SHIF, Clal and BamH1, 9ul 10x cutsmart buffer,
and dHO up to 90ul.

2.4 PCR amplification

Polymerase Chain Reaction (PGR)s performed using a Biad T100 Thermal cycler.
Amplification was achieved in a 50ul reaction volume consisting of 10ul 5x Q5 reaction
buffer (New England Biolabs, Ipswich, MA, #M0491S), 1ul dNTPs (final concentration
200uM) (Thermo Fischer scientific, Waltham, MA, #R0181) 2.5ul forward primer (final
concentration 0.5uM) (Integrated DNA technologies, Coralville, 1A) 2.5ul reverse primer
(final concentration 0.5uM) (Integrated DNA technologies), 1ul plasmid template (1ng/ul
stock), 0.5ul Q5 Highidelity DNA polymerase (New England Biolabs, Ipswich, MA,
#MO491S), and nuclease free water up to 50ul. The thermal cycler was programmed for 2
minutes at 98°C for initial denaturation, followed by 35 cycles of 30 seconds at 98°C for
denaturation, 30 seconds at variable temperatures for annealing, 72°C for extension with

variable times, and a final extension for 2 minutes at 72°C.
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2.4.1 Primers used

Primers used for PCR reactions reported in this thesis can be found listed below.

Primer Primer name 5'-3' sequence

Number

1 mpegl.1-promoter-forward aaacagactacAAAGTTGTTGGAGCACATCTG

2 mpedl.1-promoter-reverse tggcccttcatAAACTTGTTTTGCTGTCTCC

3 ktert forward primer TCATCTGTGTAAGGGCCAGT

4 Ktert reverse primer CAGGTTTTTTTTACACCCGC

5 ktert-IRESGFPReverse ttatcatgtctggatcatcatcgatCATCGATTGTATAA

TAAAGTTGGAAAAAACCTCCC

6 ktert-IRESGFPForward caaaacaagtttgATGAAGGGCCAGTGGAGGC

7 tol2-vector aaaacctgaaCTTTCTTGTACAAAGTGGCC
ires+heart_fwd_corrected

8 tol2-vectorires+heart_rev acaactttGTAGTCTGTTTTTTATGCAAAATC

Table2.4.1: A table of all primers used for the experiments described in f

thesis.

2.5 Gelelectrophoresis

DNA products were examined by electrophoresis at 130V for 3 hours in a 0.7% (w/v)
agarose (Lonza, Basel, Switzerland, #50004) gel with 0.5% gel red (Biotium, Fremont, CA,
#41003) stain in 1x TAE buffer (made in house). The electrophoresis gel was examined under
a U.V. light and the marker used was a 1kb DNA ladder (Bioline reagents, London, U.K,,
#B10G33026).

2.5.1 1x TAE stock

The 1x TAE stock was produced using 4.488g/l of Tris Base, 1.21ml/l of Acetic acid, and
0.372g/l ofEthylenediaminetetraacetic acidEDTA

2.6 NEBuilder® HiFi DNA Assembly Cloning Kit cloning

protocol

To produce ampegtert-IRESSFPclone for injection the NEBuilder® HiFi DNA Assembly
Cloning Kit (New England Biolabs9# c H M0 ¢l & dzaSR | OO0O2NRAy 3

guidelines. The guidelines recommend using a 1:2 molar ratio of vector to insert. The
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concentrations of the assembly reaction components were worked out using the equation
pmols = (weight in ng) x 1,000 / (base pairs x 650 daltons) as recommended by the
manufacturers protocol. A mixture was made that G;02pmols of each section of the
assembly, 10ul of NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, #
E2621), and d#D up to 20l

2.7 NEBuilder® HiFi DNA Assembly Cloning Kit transformation

protocol

Transformation of the clone produced using the NEBuilder® HiFi DNA Assembly Cloning Kit
(New England BiolabsE2621) was performed using NEBIpha competent cells provided

with the kit, recommended for use with assemblies of less than 15kb, according to the
manufacturers protocol. Chemically competent cells were thawed on ice before 2 pl of the
chilled assembly product was added. This was then mixed gently by pipetting up and down
4¢5 times. Due to the fragility of the competecells,itis not recommended to use a vortex

to mix. The mixture was then placed on ice for 30 minutes. The mixture was then heat
shocked in a watebath at 42°C for 30 seconds. The tubes were then transferred to ice for 2
minutes before 950ul of rooAemperature Super Optimal BrothSO¢ media was added.

The tubes were then incubated at 37°C for 60 minutes while being shaken at 250 rpm. While
the tubes were incubating 100pg/ml Ampicillin selection plates were warmed to 37°C. After
1 hour of incubation 100ul of the incubated cells were spread onto the warmed selection

plates, which were then incubated overnight at 37°C.

2.8n (G $PRHE product Aailing

For then G $GRIproductto be cloned into the pGHMasy vector it first had to undergo
A-tailing. Atailing was performed in a 10pl reaction volume consisting of 7yl af PRE
product, 1ul of 10x standard taq buffer (New England Biolabs, #B90145), 1ul of standard taq
polymerase (New England Biolabs, #M02735), and nuclease free water up to 10ul. The

reaction was incubated at 70°C for 30 minutes then placed on ice.

2.9 pGEMT easy cloning

DNA products such as PCR amplifications can be inserted into the-p@&aby vector as it

contains multiple restriction enzyme sites that allow the easy digestion and purification of
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any insert from minipreps of transformed competent cells. This was performed using the
PGEMT easy vector systems cloning kit (Promega, Madison, WI, #A1380). Insertion was
LISNF2NYXYSR | O0O2NRAYy3I (2 GKS YIFydzFl OGdzZNBNRA
reaction mixture consisting of 5pul 2X Rapid Ligation Buffer, 1ul pGERbY vector (stock
concentration 50ng/ul), 1ul T4 DNA ligase (stock at 3 Weiss units/ul), varying concentrations
of DNA insert, nuclease free water up to 10ul. The concentrations of DNA insert added were
calculated using the equation: (ng of vector x kb size of insert/kb size of vector) x

insertvector molar ratio = ng of insert.

2.10 LB/ampicillin/ & 2 LIN#E-1Ld&ibgalactopyranoside
(IPTGQ/X-Gal plates

Sterile warm LB (lysogebyoth) agar with 100pug/ml Ampicillin was poured into a petri dish

(35ml). The LB agar was left to set in the petri dish at room temperature on a sterilised
G2N]J 0SYOK O0a0SNRAREtAASR dzaiAy3ad 71 m:GalSalwiony2dt 0 T2
mg/ml) (Thermo Scientific, Cat #R0941) was added and spread around the plate use a sterile

3t aa aLINBIFIRSNE 060S¥2NB nn>f 2F mnnYa Lt¢D
also spread around the plate using a sterile glass spreader. If plates are to be used on the
day, they should be incubated at 37°C until needed, if plates are not to be used on the day,

they may be stored for up to one month at 4°C.

2.11 Liquid culture protocol

To 50ml of LB broth Ampicillin was added to a final concentration of 50ug/ml. To this broth
the either the colony or glycerol stock that a culture was to be made of was added using a

sterile wire loop to remove either the colony or some of the glycerol stock. The wire loop

was sterilised using a blue Bunsen flame and 70% ethanol once cool.

2.12 pGEMT easy transformation protocol

Before transformation prepare two LB/ampicillin/IPTG&4l plates for each ligation
NBII OGA2Y FYR gl NY (GKS LI IFGSa G2 NR2Y GSYLISN]
added to separate 1.5ml microcentrifuge tubes on ice. The frozen JM109 High Efficiency
Competent Cells (Promega, #A1380) from storage and place on ice until just thawed (this
will take around 5 minutes). The defrosted competent cells were mixed by gently flicking the
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tube. The manual recommends avoiding excessive pipetting due to the competent cells
0SAy3 SEGNBYSte FTNIIAESD pn>t 2F O02YLISGSyld G
a ligation reaction. These mixtures were then mixed by gently flicking the tubes before they

were then placed on ice for 20 minutes. Next the mixtures were fsbaicked for 45

seconds in a water bath at exactly 42°C. The tubes were then immediately returned to ice
F2NJ H YAYdzi Saempedure SOC nediumNBL2then added to the mixtures,

which were then incubated for 1 hour 30 minutes at 37°C with shaking at around 150rpm.

I FGSN) GKAA AyOdzoldAz2zy LISNA2R wmnn>t 2F S| Of
LB/ampicillin/IPTG/Gal plates. Additionally, the remaining mixture was centrifuged at

1,000 F2NJ mMn YAydziSax NB&adzaLISYRSR Ay wmnn>f :
LB/ampicillin/IPTG/Gal plates. The plates were then incubated overnight at 37°C. White
colonies contain inserts whereas blaeloniesdo not. Storing the plates at 4°C for several

hours can aid in the development of the blue colouration.

2.13 Agar plates

3g of bacteagar was added to 200ml LB broth, the mixture autoclaved and 200ul of
Ampicillin (stock 50mg/ml) added when the agar was cool enough to handle. Pour plates

aseptically and allow tset and dry in aseptic conditions

2.14 Quick miniprep protocol

The quick mini prep is a faster, cheaper, miniprep than a miniprep kit that is performed
using reagents made ihouse. Colonies were chosen to be cultured enmht in a liquid
culture of 10ml LB broth with 50ug/ul Ampicillin. 1.5ml of the culture was centrifuged for 3
minutes at 3000 RPM and the pellet thensespended in 100ul of TE+ (FEBTA) and
1/100 RNAse A dilution from RNAse A stock (#R&BAZG Sigma). 300ul of THEDTA
Sodium hydroxide (NaO¥podiumDodecyl Qulfate (SDS) (TENS) was added amxture
vortexed until sticky/viscous. 150ul of 3M Potassium Acetate pH 5.2 was then added and
the mixture vortexed for & seconds before being centrifuged for 5 minutes at 13,000
Rotations Per MinuteRPMN and the supernatant transferred to a fresh tube and mixed with
900ul of chilled (in20°C freezer) 100% ethanol. The mixture was then centrifuged for 2
minutes at 13,000 RPM at 4°C, the supernatant discarded, and the pellet washed by adding
500ul (chilled ir20°C) 70% ethanol and centrifuging for atfier 2 minutes at 13,00RPM.
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The pellet was then dried for 15 minutes at 37°C in an Eppendorf thermomixer F1.5 to

remove excess ethanol, before beingsespended in 50l

2.14.1 TENS solution

The EDTA present in the TENS solution chelaté$ &ngl C&" which are required for the
function of DNAses, therefore preventing the degradation of the DNA by these enzymes.

TENS solution is made-muse to the following protocol (for 50ml):
-10mM Tris pH 7.5 (0.5ml of 1M stock)

-1mM EDTA pH 8.0 (0.1ml of 0.5M stock)

-0.1M NaOH (1ml of 5M stock)

-0.5% SDS (2.5ml of 10% stock)

2.15 Glycerol stocks protocol
Df @OSNRf &aG201a NP YIRS 2F |ye adz00Saat¥
2OSNYAIKG Odzft GdzNB (G2 pnn>[ 2F pmxx It @O0SNRE A

in dry ice. Glycerol stocks are stored-80°C.

2.16 Clean Miniprep protocol

For a higher quality purification of DNA for sequencing the Sigidach GenElute HP
tfFraYAR aAyYALINBLI YAOG ol b! hmpno gl & dzaSR | OC
1.5ml of transformed cells were centrifuged at 12,0009 for 1 minute. The supernatant was
RA&ZOFNRSR:E FyR (KS OStfa NBadzZaLISYRSR Ay wHAnN
added. The pellet was pipetted up and down to thoroughly resuspend the cells until they
GSNBE K2Y23SyS2dza wnn >f 2F GKS  &amisdedo dzFFS|
gently inverting the tube until the mixture became clear and viscous. It is not recommended

to use vortex due to the fragility of the DNA, additionally the lysis reaction should not be left
F2NJE2y3aASNI GKIYy p YAydziSa a GKAa Yireée +taz |
the neutralization buffer was added and the tube gently inverted 6 times to mix. The cellular

debris were then pelleted by centrifuging at 12,000g for 10 minutes. While the mixture was
centrifuging, the columns were ppared by inserting them into the provided
YAONROSYUGNARTFAzZAS (dz6S&ax I RRAY3 pnn>ft 2F GKS C
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centrifuging at 12,000épr 1 minute. After centrifuging the cleared lysate was loaded into

the prepared columns, and these were then centrifuged at 12,6604 minute. The flow

0 KNRdzZK ¢l a RA&OINRSRI |yR (GKS O2fdzvya 41 aK
and centrifuging 12,000g 1 minute. The flow through was then discarded and the column

g aKSR I 3FAY o6& | RRAY3 Ttpn>t 2F GKS RAf dzi SR
at 12,000gfor 1 minute. The flow through was discarded, and excess ethanol removed by
centrifuging the column at 12,00agr 1 minute. Finally, the DNA was eluted by transferring

0KS O02fdzYy G2 | FNBaK0bapieSentrifygig dt RROGYrA p n > €

minute.

2.18 Sequencing

2.18.1 Plasmid sequencing

Sequencing was performed by tlimre Genomics Facility at University of Sheffield Medical

school.

2.18.2 Whole genome sequencing

Whole genome sequencing was performed on DNA extracts from zebrafish tail fin clips using
the DNA extraction kit (Fermentas). DNA quality and concentration was initially assessed
using a Nanodrop spectrophotometer by loadingl bf DNA extract and observing the
260nm and 280nm readings to determine protein contamination lev@&juencing was

performed by Source Bioscience usliigmina 150bp pairegnd sequencing.

2.18.2.1 DNA extraction using Kit

Zebrafish are put under anaesthetic before fin clips are taken from end of the zebrafish tail.
Zerbafish recovery is observed throughout the procedure to ensure that the fish does not
suffer with the stress levels assessed and recorded after each procedure. Fin clipped fish are
kept separate from their shoal until the tail clip has healed sufficiently that the shoal will not

act aggressively towards the clipped fish.

Cutfins are placed into a 2 ml eppendorf tube containing the lysis buffer and incubated at
50°C overnight with shacking at 7&PM. The next day add 630pul cold chloroform and
emulsify by gently inverting-8 times then centrifuge 13,30RPM for 7 mins. The upper
aqueous phase is transferred to a new 1.5 ml eppendorf tube. Next 7200 dAd 80 pl of

78



Precipitation solution are added and the Eppendorf is inverted constantly for 2 mins at
Room TemperatureRT). Centrifuge at 13,300RPM for 10 mins and then remove the
supernatant completely. Dissolve the DNA pelletin 100ul NaCl and add 300ul 100% ethanol
thatis cooled to-20°C and let DNA precipitate overnight-20°C. The next day centrifuge at
13,300RPM for 10 mins then remove the ethanol with a micropipette. Wash the pellet (flick
gently with your finger) with 200ul 70% ethanol cooled-28°C. Centrifuge at 13,30BPM

for 10 mins then remove the supernatantwith a micropipette. Place the tubes opened on a
hotplate at 37C and let it dry for 180 min. Add 30ul DN#Aee sterile dHO and store at

4°C for at least 1hr before Nanodrop quantification.

2.19 Whole genome sequencing data analysis

Raw data was received in the form of paired fastq files. After gener&unajity Control

(QQ reports using FastQC, the Trimmomatic tool was used to remove any-qity

bases (base quality < 20) and bases that match sequencing ad@3@ysThe trimmed

reads for each sample were then aligned to a reference genome comprising the GRCz10
reference genome from Ensembl version 91, which was supplemented by additional
reference sequences corresponding to the sequences of the transgenes. The bwa mem tool
was used for the alignment with the default paramet@40) Prior to analysis and
visualization, potential PCR duplicates (reads with identical sequence and alignment) were
identified using the sambamba to@41) Aligned reads were visualised using the Integrative
Genome Viewer (IGV). Potential structural variants were identified using lumpy and
delly(242, 243) These methods take advantage of read pairs whose alignment is discordant
(the distance between the alignments greater or smaller than expected or aligning to
different reference sequences) and aligned reads that containdgfped basegbases that

are masked during alignment as they do not align to the reference sequence)

2.20Wizard® SV Gel and PCR GlgprSystem protocol

The Wizard® SV Gel and PCR Gliarsystem protocol was used to purify DNA from
agarose gel. This system was used according to the manufacturers guidelines. Following gel
electrophoresis, the DNA band from was removed from the gel using a scalpel and stored in
a 1.5ml microcentrifuge tube. 10ul of membrane binding solution was then added per 10mg

of gel slice (to calculate this it is best to weigh the microcentrifuge tubes before they are
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used for storing the bands, weighing them again after, and comparing for the difference in
weight). The mixture was vortexed intermittently, while incubating 56°C until the gel slice
was completely dissolved. Next the SV minicolumn is placed into a collection tube and the
dissolved gel mixture transferred to the minicolumn assembly. The assembly was then
incubated at room temperature for 1 minute before being centrifuged at 16,0009 for 1
minute. The flowthrough was discarded, and the minicolumn reinserted into the collection
tube. 700ul of membrane wash solution was added and the assembly centrifuged at
16,0009 for 1 minute. The flowthrough was discarded, and the minicolumn reinserted into
the collection tube. 500ul of membrane wash solution was added and the assembly
centrifuged at 16,0009 for 5 minutes. The collection tube was emptied, and the assembly
centrifuged for 1 minute to allow for evaporation of any residual ethanol. The minicolumn
was then carefully transferred to a clean 1.5ml microcentrifuge tube and 30pl of nuclease
free water added to the minicolumn. This was then incubated at room temperature for 1
minute before being centrifuged at 16,000g for 1 minute. The minicolumn was then
discarded and the eluted DNA stored@0°C.

2.21 Cryopreservation of zebrafish tissfor cryosectioning

Transgenic Zebrafish larvae were culled at 3 days -fewstization by immersion in
concentrated M&22 and fixed in 4%araformaldehydeRFA (SIGMAALDRICH, St. Louis,

MO, USA) overnight at 4°C, washed in 3 ml cold Phosphate Buffered Saline (PBS, 1x), and
embedded in 3 ml of 30% sucrose overnightd 4or cryoprotection. Before embedding in
mounting media (O.C.T. compound, VWR International, #00411243), the larvae were
immersed in 50%:50% solution of 30% sucr@&€.T. for 30 mins at 4°C. Finally, the larvae
were mounted in a base mold (Electron Microscopy Sciences, Hatfield, PA, USA), with O.C.T.,
snap frozen using dry ice, and stored-20°C. Prior to use, the tissues were sliced onto
positively charged slides in coronal sections using a cryostat, air dried overnight and kept at

-20°C until required.

2.22 Imaging of zebrafish

Imaging was performed usingither a widefield fluorescent DeltaVision microscojoe
Nikon widefield fluorescent microscope both using a 40x oil objectivedértise Wolfson

Light Microscopy Facility at the University of Sheffield Biomedical sciences deparifoent.
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guantify changes in fluorescence and staining images were quantified ar@ection
generated using image(Rasband, W.S., ImagedJ, U. S. National Institutes of Health,
Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 198718.)

2.23 Statistical analysis

Statistical analysis was performed using GraphPad Prism v7.00. For normally distributed
data the unpaired students-fest was used to determine significance. For rmrmally
distributed data the ManAVhitney test was used instead. The value of p<0.05 was used to

denote significance throughout this thesis.

2.24 Protocol for fish embryo injections

Day 1:Agarose plates for injection were made using 50ml of 2% agarose, using E3 media
GAUK YSGKefSyS o0ftdzS® 5AaKSa 6SNBE aSid dzLJ 6A (K
glass pate resting on 2 petri dishes to create a ridge for the eggs to lie on. Once the agarose

had set the glass plates were removed and cleaned with ethanol before being returned to
storage. The agarose plates were wrapped with parafilm and can be stored at 4°C forupto 1
month. After using a plate for injection, it is rinsed with distilled waterwr@pped in
parafilm,and stored in the fridge. Glass needles are made using @H-alming/Brown

micropipette puller. Fish are paired at 4pm to minimise their time in the breeding tanks.

Day 2:An injection mix was made up that contained 1pl of R plasmid miniprep
(stock concentration at 200ng/ul), 0.8ul tol2 mMRNA (stock concentration 250ng/ul), 0.8pl
phenol red (Sigm&ldrich, St Louis, MI, #P0290). Injections were performed on fertilised
eggs at the blastodisc stage of development. 0.5nl was injected into the yolk of each egg,
with the volume being measured by assessing the size of the drop produced which should
be the width of one of the smallest divisions on the graticule (Psyer optics, Edenbridge,

Kent, #S1 stage micrometer 20mm/0.1mm).

2.24.1 E3 Media Recipe

To prepare a 60X stock, dissolve the ingredients igOJikb a final volume of 2 L. Adjust the
pH to 7.2 with NaOH. Autoclave. To prepare 1X medium, dilute 16.5 mL of the 60X stock to 1
L. Add 100 pL of 1% methylene blue (Sighlgrich).
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For a 60X stock solution:

- 34.8 g NaCl
- 1.6 gKCl

- 5.8gcCaCl2
- 9.78 g MgCl2

2.25 Paraffin embedding of zebrafish and sectioning

Adult fish were culled by immersion in concentrated tricaine mesylate-2& SIGMA
ALDRICH, St. Louis, MO, USA) with confirmation of death via cessation of breatteng.
confirmation of death fish were fixed by immersion in 50ml of 4% paraformaldehyde
buffered at pH 7.QPFA, SIGMALDRICHat 4°C for 48&2h with rolling. Fish were then
decalcified in 50ml of 0.5M EDTA, pH 8.0 for additional 28 with rolling. Subsequently
the whole fish was parafflembedded via the following procedermalin (SIGMAALDRICH)

for 10min, formalin (SIGMALDRICH) for 50min, ethanol 50% for 1h, ethanol 70% for 1h,
ethanol 95% for 1h 30mirethanol 100% for 2h, ethanol 100% for 2h 30min, 50:50 ethanol
100%:xilol for 1h 30min, xylene (SIGMADRICH) for 3h, xylene (SIGMARICH) for 3h,
paraffin for 4h 30min.For the solutionsabsolute ethanol (Thermo Fisher Scientific,
Waltham, MA, USA) diluted in distilledater (dHO, VWR International) and paraffin
histosec pastilles (Merck & Co, Kenilworth, NJ, USA) were used. Perafiedded fish
were sectioned by the histology staff at the SkeletAL lab, at the Medical School of the
University of Sheffield (UoS), using a Leica TP 1020 crycestalt, stored at room
temperature (RT). Unless otherwise statguhraffin embeddedtissue sections were

longitudinal (sagittalB> Ythick slices.

2.26 Immunofluorescent stainindlF)

For the purpose df paraffirembedded sctionswere deparaffinised and hydrateda the
following protocol and incubationshistoclear (Scientific Laboratory Supplies, Wilford,
Nottingham, UK) 2x 5min, ethanol 100% 2x 5min, ethanol 90% 5min, ethanol 70% 5min, and
dH.O 2x 5minTo produce the diluted ethanodbsolute ethanol (Thermo Fisher Scientific)
was diluted in dHO. Antigen retrievalis performed by incubating the sections @01M
citrate buffer at pH 6.0, made with Trisodium citrate dihydré&@1A-ALDRICH)eated to

just below boilingat 800W in a microwave for 10mirAfter antigen retrievathe tissue
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sections are permeabilisedin PBS(PBS, SIGMALDRICH) 0.5% Tritor1B0 (SIGMA
ALDRICH, for 10min) and blocked in blocking solution fd8ltbking solutions made from

3% bovine serum albumin (BSA, SIGM®ARICH), 5% Goat Serum (or Dor8exyim, both

from SIGMAALDRICH), and 0.3% Twehin PBS (SIGMRALDRICHRBIlocking Bdes are
incubated overnight (ON) at 4°C, with the primary antibody, in a humidified Ballowing

ON ncubationslides are washeth PBS 0.1% Twe&® (SIGMAALDRICH, 3x 10mibgfore
secondary antibody incubation (1h at RT or ON at 4°C). All primary and secondary antibodies
were diluted in blocking solution before incubation on thkdes. Note that two primary
antibodies can be addeat the same time itheycome from different specie®(g.,a mouse
monoclonal antibody with &hickenpolyclonal antibody) and if the secondary antibody is
conjugated with different fluorophore®(g.,anti-mouse Alexa Fluor® 488 with awhiicken

l £t SEF Cfd2N¥ pcyod CAylFffer (KS-dandigaoRdzSa oS
phenylindole (DAPI, Thermo Fisher ScientifichDNA stain that binds strongly to DNA
diluted in PBS (SIGMALDRICH), for 10min at RT. After 3x 10min washes in PBS 1x{SIGMA
ALDRICH), the slides were mounted with vectashié&ttor Laboratories, Burlingame, CA,
USA), covered with glasscoverslip (Scientific Laboratory Supplies), and sealed with clear

nail varnish.

2.26.1 Antibodies used for IF

Antibodies usedor experiment reported in this thesisan be found listed below.

Antibody Name Source of acquisition
Living Colors® mCherry Monoclonal Antpod | AontechLaboratories
Goat AntiMouse IgGAlexa Fluor 647 ThermoFischer
GoatAnti-Mouse IgGexaFluor568 ThermaoFischer
Sheep Anti-GFP Bio-Rad
GoatAnti-Chicken IgY Alexa Fluor 488 ThermaoFischer
Chicken Anti-GFP Abcam

Table 226.1: Table of the antibodies used for immunofluorescent staini

experiments detailed in this thesis.
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2.27 TelomereFuorescencen situHybridization Telo-FISH

TeloFISH is used to detect telomeres using a peptide nucleic acid (PNA) telomere
oligonucleotide. Relative telomere length dae quantitatively measured using the intensity

of the signal of probe in the assayed tissues compared to a control. We uséIBt¢loin
conjunction with IF, therefore this protocol should be considered as a continuation of the IF
protocol in section 2.24 after the secondary antibody staining step. All work for the

following protocol should be performed in a dark/dim room.

Following appropriate incubation agh excess secondary antibody off, 3x10min RT with
0.1% Tween20 in PB®&ith slowshakingCrosslink the sample with 4% paraformaldehyde in
PBS for 20 mimvith shaking Wash for 3x5 min with PBBehydrate by in 70%, 90%, and
100% icy cold ethanol for 3 min eattien allow the sections to air dry for at least 20min
Apply 1Qul hybridization mix per slide and plagéasscover slip ovethe section Denature

the DNA at 88C for 10 min ira preheatedoven. Remove slides from theven andallow

the probe tohybridizeto the sections in a humidified chamber in the dark for 2 hr at RT
Gently remove the cover slips andash 1x10 min with 70% formamid&0% 2x Saline
Sodium Gtrate Solution (SSC) diluted from a 20x SSC stock solutMash 2x10 min with
100%2x SSCWash 3x 5min in 1x PBSunterstainthe nucleusDAPI (1:2000) for at least

20min. Wash with PBS 10min mounted with vectashiatdl clear nail varnish
2.27.1 Solutions for TeleFISH

SSC 20x stock solution

9 88.3g Trsodium citrate dihydrate (Sigrsaldrich)
1 175.3g NaCl (Sigmdrich)
9 Diluted to a volume of 1L in @dbland adjusted to pH7.0
i1 Autoclaved
4% PFA:
1 4g PFA in 1x PBS at€5
Magnesium chloride buffer (Mggl

1 25mM magnesium chloride (Sigr#ddrich)
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1 9mM citric acid (SigmaAldrich)
1 82mM sodium hydrogen phosphate (Sigkdrich)

Blocking buffer
1 10x blocking reagent (Merck and Co.) diluted to 1x in maleic acid (S\iphnigh)
Hybridisation mix for 20 slides (10ul per fish):

2.5ul IM Tris pH 7.2 (ImM)
21.4pl Magnesium chloride buffer

175ul Formamide deionized

12.5ul of 1x Blocking reagent (Roche)

1

1

1

1 5ul PNA probe (25ug/ml, Applied biosystems)

1

1 1ml of 10x stock blocking buffer in 9ml autoclaved maleic acid, pH7.5
1

33.6pl des. Water

2.28 Huorescence Associated Cell SortilHdissociation

First sacrifice and confirm the death of the zebrafish as previously described, making sure
that the fish was not fed for 24hr beforehanBissect out the gut, discaitthe colon, and
openthe gut longitudinally with scissors or a small bladel trim into smaller piece&Vash

these pieceswice in cold, filteredlx PBSTransfer the washed pieces tolebmleppendorf

tube containing 0.3ml filtered PBScalcium and magnesium free)/2mM EDTA/1mM
Dithiothreitol (DTT). Further dop the tissue insidethe tube to encourage dissociation.
Agitate at 700rpm for 15 mirat RT Collectsupernatantand transfer toa clean 1.5ml
Eppendortube onice. Add 0.3ml freskx PBS2mM /1mM DTTto tissue piecesnd repeat

the processwice moreg each time collectingnter-epithelial lysatg(IEL) into same tubeas
before.After the last media change, remove as much liquid as possolé to the IEL and
store on ice. Bsociate the remaining fragments of gut by incubating with OB A 6 2 @A G 1 Q:
media (19 + liberasefor 30mins at 37°C at 70RPM shakingAfter 15 mins of incubation
gently pipette up and down with B times to help dissociate tissue thetontinue
incubation.After 30 mins repeat pipettintp encourage final dissociatiobsea 1ml syringe

tip to filter the liberasetreated tissue through a 40n cell strainer into a new 1.5ml
eppendorftube. After filtering,rinse strainer with 150l of L15+liberasend incubate for
another 10 minutesat 37°C with 700RPM shakingAfter this incubation filtetthrough a

40um strainer into a fresh 2ml tube. Gently resuspend IEL cells from before with blue tip
and pass through same 40um strainer into the same taioel rinse the strainer with
150ul L15+liberaseSpin at600gfor 5 minsat 4°Cthen again immediateljor 3 mins at 4C.
Check pelletis visible and attached to tube wakmove all liquidnd discard supernatant
Disperse pellet by dragging acrogge rack 35 times and flick the tube to ensure pellet
RAALISNAAZ2Y O0R2Yy Qi 2igcedsEiel lysi&dnd dedtfiReguspend in NB & dzt
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800ul fresh filtered coldx PB&ndtransfer cells to a 1.5nEppendorftube. Repeat double
centrifugation agreviously describednd disperse pellet as above

2.28.1 Solutions for FACS dissociation
10ml of 1x PBS/2mM EDTA/1nDIT;

1 9.95ml 1x PBS
1 40ul 0.5M EDTASigma)
1 10w 1M DTT(ThermaoFischer)

0.3mlIL15 + liberase

1 1.2ul LiberasgRoche)
1 0.3ml L15Roche)

20ml1x PBS/0.2% BSA

1 20ml1xPBS
1 0.04g BSASigma)

2.28.2 FACS data analysis

FACS data analysisualisatiorand processing was performed usiRipwJo V.10.8.1.

2.29 Telomerase Repeat Amplification Protocol (TRasRay

The TRAP assay is a laboratory kit supplied by Roche Ga@ledAGGGelomerase PCR
ELISA-YSRoche) This kit is used to qualitatively detect the activity of telomerase in cell or
tissue lysate. Telomerase in the lysate elongates an artificial telomere that is then amplified
using PCR. The telomere is then immobilised within Bmezymeinked immunosorbent
assay(ELISA plate and a colorimetric reaction occurs the intensity of which can be

guantified.

2.29.1 Telomerase Repeat Amplificatidtrotocolassay

This protocol is a continuation of the FACS dissociation protocol from sectiorBa2éd on
pellet size, resuspend cells33-100ul TRAP lysis bufferRNAse free conditionBipette up
and down repeatedly to homogenise cells until the homogenate is uniforcnbate lysates
on ice for30 mns. Centrifuge lysate at 16,000g for 20 mins &C4Carefully remove
supernatant and transfer to a precooled fresh tulidetermine the protein concentration
using theBicinchoninic acigBCA kit. If using the lysate on the same day store at 4°C until
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use, otherwise flastireeze lysate in liquid nitrogen. The TRAP assay is carried out according
to the Y I y dzF I OidstmstidridJarithe TeloTAGGGelomerase PCR ELTSA(Roche)
following the steps for preparation of extracts from cells. Absorbance readings were taken
using a Varioskan plate readdrelomerase activity is measured by the colorimetric change
of the sample and is determined via the equatidRelative Telomerase Activity (RTA) =
((absorbance of sample absorbance of negative control)/Absorbance of the internal
standard)/((Absorbance of control templateabsorbance of the lysis buffer)/Absorbance of
the internal standard of the control template).

2.29.2 BCA kit protocol

This protocol is performed using the BCA Protein Assay kit (TREsaher). In 1.5ml tubes
prepare the protein standard curve as showntable 4.Pepare fresh 1.5ml tubes for each

of your protein samples, including the BCA standards. For each sample you want to quantify
prepare one fresh tube and addubof your protein homogenate taken from the previous

cell lysis steps to 4B of dHO (RNAs&ee). Add 1ml of bicinchoninic acid (reagent A) to all
samples and the standard curve tubes. Vortex all tubes. Incubate all tubes for 10 mins in a
water bath at 37C. Add 2Ql of copper sulphate solution (reagent B) to each tube after
incubation. Vortex all tubes. Incubate at for 20 mins in a water bath heated®.3#ansfer

200ul of each sample and BSA curve to avw@8l plate, all in duplicates. Read the

absorbance at 562nm in the Varioskan microplate reader.

BSA  protein| dHO/ ul
standard/ul

0 50

5 45

10 40

20 30

30 20

40 10

50 0

Table 2.29.2: BSA protein standarc
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2.30IPEX dissociation

Zebrafish were culled using 100% tricaine before blood Intraperitoneal exudate (IPEX). A
ventral, midline incision was madand 5ulice-cold 1x PBR%Foetal Bovine SerumBS

was injected to lavage the intraperitoneal spateEXcells were collected via lavage with
phosphatebuffered salineusing 2 dzNJ & S|j dzS yashes Usingm 16 &a&NAy 3S
Ol FYAT G2y 0 F2NI I G20Ft @2€dzyYS 2F wn >[ @

2.31 Wright-giemsastaining

Wright-Giemsa stainingvas performed on methanol fixed FACS sorted cell populations so
that we might visualise and quantify the cell populations that were being sorted from the
mCherry positive populations. Sorted cells were first incubated on-pd{ssine coated glass
slips to prevent cell loss from cytospinnir@ells were incubated with the pceBrlysine
coated slips for 2hrs to alloadherence in L15 + 2% BSA serum. Slips were removed from
the culture media and dehydrated in 70% ethanol for 1 minute, 90% ethanol for 1 minute,
100% for 1 minute.-8 drops of Wrighigiemsa stainvereadded by dropper to thair-dried

slips and incubated at RT for 3 minutes. Wrighgmsa stain was rinsedff the slip by
dipping the slip in dkD 78 times until the stain turned a pinker hu€overslips were

mounted onto microscope slides using glycergel mounting media (Agilent).

2.31.1 PolyD-Lysine coating

A stock solution of 5@y polyD-lysine was prepared in 1x PBS to a concentration of
50ug/ml. @verslipswere sterilisedby incubatingthem in 95% ethanol and drying before
coating. To coat coverslips are placed in a single lagea petri dish containingnough
50ug/ml stock solution to fully cover the layer of coverslips. Coverslips are incubatétifor
at 37°C. Remove coverslips using sterile forceps and allow surfaceda dhye roll. Do not
wipe dry as this will disturb the Pel¥lysine coating. Coated coverslips can be stored for up
to 3 months at4°C.
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2.32 Singlecell RNAsequencing

Sample preparation was performed Batarina Henriques and Pam Ellis from thaversity

of Sheffield Samples were prepared in the lab of Betsy Pownall of the University of York
Frog Group. Dissociated samples were prepared such that there were three males and three
females for each genotype to control fdifferences in gene expression due to s&amples

were prepared and submitteaisthree fish per day with alternating sex to control for batch
effect. Dissociated cells were run on a 10X Chromium platform using 10x v.2 chemistry
targeting 10,000 cells. The resulting cDNA libraries were amplified&gitlycles of PCR and

seqguenced oran llluminaMiSeq at the University of Nottingham

2.32.1Computational analysis of Single cell Ridduencing data

2.32.1.1 Cellranger pipeline

The resulting sequencing dataganalysed using the 10X Cellranger pipeline, version 2.2.0
using standard quality control, normalization, and analysis stepgmove empty droplets

and potential doublet&44) Cellranger mkfastg was used initially to demultiplex the raw
base call files generated by illumina sequencing into FASTQ files. The FASTQ files generated
were then run through cellranger courfor alignment, filtering, barcode counting and
Unigue Molecular Identifier (UMI) countingto produced featurebarcode matrices
Cellranger aggr then aggregateshd normalised the runs from each fish and aggregated
them into groups based on their genotypReadswere alignedto the zebrafish genome
GRCzL Additional quality control was applied during reclusterinigereby cells with <200

or >4000 uniquely expressed genes were excluded from further analysis.

2.32.1.2 Loupe browser analysis

Cell clusteing andannotations wergerformed using Loupe Browser version 4.0. Cell types
were assigned according to specific marker gem@sthe cell typesbased on reported
markers irthe literature.Differential genexpression is determined by comparing the mean
expression of a gene in the cluster to the mean expression in all other clusters being

analysedat that point

2.32.1.3 Gene set enrichemnet
Gene set enrichmergnalysis was carriedut using ShinyGO version 7.7 with a minimum P
value of 0.08245) Pathways are indicated as green circles with the number of genes
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involved in a pathway corresponding to the intensity of the green shading. Pathway
connections are indicated in grey with the significance of the connection corresponding to
the thickness of the connector. Further analysiprotein-protein interaction networks was
performed using STRING using a minimum network score of 0.4. Interactions are identified
by STRING using textining (yellow), experiments previously performegink), databases
(light blue) coexpressior(black) neighbourhood in the genom@reen) gene fusior(red)

and cooccurrence in publication&ark bluef246) Gene expression lists were compared

using Venny v2.Xell typesvere determined usingrishSCT and Enriq2R7, 248)

2.33 Statistical analysis

Statistics were performed using GraphPad Prishb\L Normality was assessed by the
ShapirgWilk test. For normally distributed dateither an unpaired test or a oneway
ANOVA was used depending on the number of variabl@snonnormally distributed data

the ManncWhitney testor the Kruska¢Wallis tests were used instead. critical value for

AAIYAFAOIYOS 2F LI f nodnp ol a dzaSR (KNP dzIK 2 dz
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Chapter 3Generating novel transgenic zebrafish

telomerase rescuénes.
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3.1 Introduction

Previous worloy Ellis et al.has shown that a subset of zebrafight immune cells ha
telomerasedependent, proliferatiosA Y RS LISY RS¥ 8y FéK & WISN2 YSNB &z N
surrounding epithelial cells and that these are also present in human gut {(58beThese

G K 2 da$ghlomerest OSt £ a FNB Yz2alf e YI opegllsrkecddta | yR
mhclf)(185) Further,Ellis et aldescribempegl.1 cellsashaving much longer telomeres in

the gut than in theihaematopoietictissue of originthe Head Kidney (HKuggesting that

there is further modulation of telomerase in these immune s@l85) In addition

telomerase activity is higher in the gut than in the HK, and there is a higher percentage of
mpegl.T tert* cells in the gut in the H&85)indicatingth (i K Sf #R# LIESI 2 YSNB a
y2i NBadz i FNRY (KS .OSther, AIE etalMBichte yhatin thg 3 A Y
absence of telomerase activitlyere is an observed impairment of phagocytosis as well as a
decrease in the expression of Ligbhain 3B (LC3B)(a marker of autophagy), a decrease in

the expression of TNF, and a decrease in expression of6(L85) Additionally, these
observations were also madedependent of telomere shortening, indicating that they may

depend on norcanonical functions of telomerag§E85) In section 1.4.2.2 | explored the

published norcanonical roles of TERT, the enzyme component of telomerase, whereby

there is plenty of evidence that TERT has functions beyond its canonical role in the
elongation of telomeres. Thereforghe hypothesis that TERT may have further non
canonical roles in the regulation of immune cell physiology presented itself as an interesting
avenue of research that would add to the existing knowledge of the-canronical roles of

telomerase.

Building on the work oEllis et al(185)1 aimed tofurther explore the role of telomerase in

the zebrafish immune system and to further explore the reamonical roles of telomerase

in this context.To do this | would need to determine which roles of telomerase could be
rescued by a canonically active TERT that enabled telomerase activity. Further, | would also
need to establish which roles of telomerase could be rescued using a version of TERT that
was incapable of performing the canonical function of elongating telomeres. This form of
TERT hadlready been described in a paper byamuraet al. (238)and termedk TERT
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which | have described in section 1.7.1. To study these effects of TERKTEBRAd | would
need to generate two new transgenic zebrafish lines that expressed the proteins of interest.

Therefore, in this chapter | had two aims:

1. Establish and characterise thmepedl.1tert-gfp transgenic zebrafish line whereby
TERT is being expressed inrapedl.1 specific manneand retains its canonical
ability to elongate telomeres as part of telomerase.

2. Establish and characterise timepedl.1ktert-gfp transgenic zebrafish line whereby
kK¢eowe A& 0SAYy InpeflE pedFienmd& ankd yletetmyfie that this

does not retain its canonical ability to elongate telomeres as part of telomerase.
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3.2 Results

3.2.1 Plasmid structure arabsemblymethod

Both thempedL.1tert-gfp and thempedl.1lktert-gfp transgene were produced using the
GAmethod (Fig. 3.2.1.ABAdzi A f A4S& || pQ SE2ydzOf S a8 5b!
anneal complementary strands together (Fig. 3.2.1FA)thermore, @ requires a 1:1 ratio

of components that will be ligated together. The range of concentration of components it is
possible to use is G:2pmols. | calculated the concentration of each comporntertie added

in pmols using the following equation: pmols = (weight in ng) x 1000/ (base pairs x 650
daltons).Thempedl.ltert-gfptransgengFig. 3.2.1.Bhad already been established by the
Henriques laband G founders producedThe Y LJS 3 m © wafly fains§endl (Fig. 3.2.1.B)
would be produced by annealing together thgpegl.1promoter, thektert-gfp gene, and

the tol2 region that contained the transposon sites.

The design of thdransgenes wasased on thempegl.lpromoter being a published
immune cell marker in zebrafiql226, 227, 234)To detect the expression of telomerase a
GFPregion was added downstreawf the tert or ktert gene with an Internal Ribosomal
Entry Site (IRES) separating thp from the tert or ktert. The IRESegion acts as a
ribosomalbinding pointleading to the translation of théert or ktert and thegfp as two
separate proteing249)Fig. 3.2.1.B)in addition to thempedLl.1tert-gfp or mpedl.1ktert-

gfp section, acmcl2eGFRs & A Y i NRRdzOSR Ay | 0Q (2 pQ 2NRS
in conjunction with thempedl.ltert-gfp or mpedl.1ktert-gfp (Fig. 3.2.1.B)Thecmcl2
promoter is utilised in early heart development of zebrafish2B0) Therefore,having

eGFP expressed undtre control of thecmcl2promoter leads toexpression of5FP at an

early developmental stag@dpf). This allows the early detections and selection of zebrafish
fry with successful transgenic insertion and expression and prevents the unnecessary raising
of excess no#iransgenic zebrafisf250) The transposase system was the method chosen to
introduce thempedl.1ktert-gfp andmpedl.1tert-gfp transgenes into the zebrafishs itis

a wellkdocumented method for zebrafish genetic manipulatitmat utilisesan adapted

version of the naturally occurringl2 transposon to insert the desired ge(g51, 252)

94



To study the effects of rescuing TERKDERExpresson ina prematurely aged modéloth

the mpedl.1tert-gfpand thempedl.lktert-gfp transgenenvould be inserted into zebrafish
lines that containedhe hu3430 telomerase mutan. The hu3430nutation isa T to A point
mutation in the second exon of the telomerase gene which does not affect telomerase
transcription but prevents the full translation of telomerabg introdudng a premature
stop codon The introduction of a premature stop codon causes the translation of a
truncated, inactive, form of TERT. Zebrafish with both alleles of ttegirgene containing

the hu3430 mutant have been reported to be accurate models of premature ageing,
exhibiting an ageing phenotype at a relatively young age (12218, 222) Furthermore, a

line of the hu3430 telomerase mutant was available that also contained the
mpegl.1l:mCherrgaax reporter gene which has been characterised as a fluorescent
reporter for cells that utilise thenpegl.1lpromoter and so would provide a method for
verifying that the expression of the rescutstt or ktert is present irmpedL.1" positive cell

via the mCherry florophore(226, 234)
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mpegl.1
B meeors

A DNA fragments to be joined
togetherinto construct

Add complementary
overlapping regions during
PCR amplification of DNA
fragments

Add PCR fragments to
Gibson assembly master mix

*  Exonuclease removes
section from 5' ends

5

Complementary regions of
fragments anneal

¥ ¥ |

DNA polymerase closes gaps
between fragments

DNA ligase seals nicks
between fragments

Elﬂbnm Erﬁn afe

Telomere elongation activity

Figure3.2.1: Method used for the producing transgenic construésRepresentative

diagram of the process of A5 B. Representative diagram of thepedl.1tert-gfp

transgeneand mpedl.1ktert-gfp transgenes indicating their canonical telomera

activity.
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3.220ptimisind® CR amplification of tepegl.1promoterregion
and production of thenpedl.1 promoter region for producing the
mpegdl.1ktert-gfp transgene.

Thempegl.lpromoteris anestablished marker in zebrafismmune celldevelopmen{226,

234, 237) Therefore, thempegl.1lpromoter would be used to specify that rescuekaért
expression only occurred in zebrafigipeg immune cellsTo generate the novehpeg
ktert-gfptransgene using &l needed to produce thempegl.lpromoter fragmentin a high
concentrationthat also had a high purity to avoid adding unwanted sections to the G
reaction Toproduce a sample of thepegl.lpromoter suitable for use in the &reaction|
optimised thePCR amplification ahpegl.1from an available plasmid (Fig.2.1). lused
primers one and two(Table2.4.1 (Figure3.22.B)and the software NEBtm calculator to
estimate an annealing temperature at which both primers would anneal to the construct in
a sequence specific mannerhis annealing temperature considers the length of the
primers, the GC content of the primers, and the solvents used for the rea&ased on this
temperature | decided upon a range of annealing temperatures to tesh 55.6C to
65.1°C(Fig.3.22.D). | ran the PCR products on gel electrophoresis and found a strong band
for each of the five temperatures tested Hte predicted sizef the mpegl.1fragment of
1866bp (Fig.3.22.0). As each band was at the correct predicted size of the fragment all

bands were excised from thgel, pooled,and purifiedtogether for a final concentration of

115.6ngful of the mpegl.1fragment used during &
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A

Construct #p20 MPEG-Tert-IRES-GFP APE from 1 to 12959

e < ——— =] <=
pUC ongin AMP resistance fi (+) ongin tol2 exon 4 telomerase full length
atB4 att81
* mpeg promoter region % %
mpeg_promoter_fwd mpeg _pro’\oler_rev
B
Primer Name 5’ — 3’ Sequence

mpeg_promoter_fwd | aaacagactacAAAGTTGTTGGAGCACATCTG
mpeg_promoter_rev | tggcccttcatAAACTTGTTTTGCTGTCTCC

C D
Size (bp) Size (bp)
12000- 2
11000 -
10000 - 13888;
9000-
6000 -
7000- 4000-
6000- 3000- 12345 6

2500-
2000 -
1500-

—_— 1000-
800 -

600 -

5000 -

4000-

1
8000- — 5000 -

3000-

2000-

Hgure 3.22: Optimising of the PCR reaction to produce thepegl.l
promoter region forthe mpedl.1ktert-gfp transgenic constructA. Linear
map of the construct used as a basis for the PCR optimisation of
mpegl.1lregionincluding forward primer* and reverse primer** site8.

Forward and reverse primer sequenc€sPredicted position of PCR band
1866bp with DNA ladder representationD. Optimisation of mpegl.1
promoters using varied annealing temperatgrevith amplified products
outlined in green lane 1, 65.1°C, lane 2, 63.6°C, lane 3, 61.3C, lane 4,

58.6°C laneb5, 56.3C, lane 6, 55.6°C, lane 7negative control
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3.2.3 Optimisation ofthe PCR amplification ¢lie ktert region

To produce thempedl.lktert-gfp transgene | needed to produdetert of a sufficient
concentration for the @ process. To do this | used PCR amplification of a plasmid containing
tert using primers designed to ampliyert from tert. Todo this | used the software NEBtm

to provide an estimate of the ideal annealing temperature for primer three and fdable
2.4.1) then tested a range of temperatures around the estimated ideal annealing
temperature(Fig.3.23.B, D).

To determine if the bands amplified by the primers wétert | ran the amplified samples
using gel electrophoresis. | determined tHetert would be 1586bp long so | should see a
band at 1586bp relative to the DNA laddgig.3.2.3.0). The bands produced were at the
predicted sizehoweveralso thatthe circular control (Fig3.23.Dlane 7 was at a similar
position to the PCR products which meant | could not be certain the PCR products were not
circular plasmidTo remove the possibility of circular plasmid contaminating the prodiuct
optimised the PCRumplificationusingvaryingconcentrations of linearised version of the
template plasmidwith an annealing temperatureof 71.2C (Fig. 3.23.B. The bands
produced using linear plasmid as a template matchled predicted weight of thektert
section (Fig, 3.2Z.E) The bands were removed from the gel angburified, and the
concentrations measuit lane one 31.4ngfl, lanetwo 29.5nghil, lanethree 18.6ngjul,

lanefour 53.2ngul.

As the bands were found to be at the predicted size forkkext fragment and they had
been produced using a linearised template they were deemed suitable for uséin G
Specifically, the sample from lane 4 (Fig. 32) was taken forward for &as it was the
most concentrated sample produced. Were the experiment to be repeated | would have
included a circular templateontrol into the same gel | ran the linearised bands on to aid in

the identification of any circular template contamination in the linearised samples.

99



A

Construct #p36 delta-tert inserted in pGEM-T-easy vector.ape from 1 to 4603

* Delta Tert sequence * %k

Atert forward primer Atert reverse primer

PGEM-T easy vector

B

Primer Name 5’ - 3’ sequence

Atert forward primer TCATCTGTGTAAGGGCCAGT

Atert reverse primer CAGGTTTTTTTTACACCCGC
G

Size (bp)

2000 —
1500 - —

1000- ——

800 - ——

600 - ——

400 - —

200 - —

Figure 3.23: Optimisation of the PCRrotocol to produce thektert gene forthe
mpegl.1ktert-gfp transgenic construc.[ A Yy ST NJ Y olQ 2K¥e LI2KISK S
of the ktert inserted into the GSEMt easy vector withforward primer* and reverse
primer** sites indicatedB. Forward and reverse primer sequenc€sEstimated position
of band ofktert if amplified using the primers from tab®4.1at 1586bp D. Annealing
temperature optimisation using eange of temperaturesane 1, 71.2C, lane 2, 70.£C,
lane 3, 69.5°C lane 4, 68.8°C, lane5, 68.3°C, lane 6, 68°C, lane 7 is a positive control o
the circular p36 construdfFig. 2.2.1)E Further optimisation of theamplification of the
ktert sectionusingvaried concentrations of linear p36 construas a templatelanel,
1ng linear templatelane2, 3ng linear templatelane 3, 5ng linear templatelane 4,1ng
circular templateJane5, negative control.
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3.24 Generating theol2 regionusing PCR amplification

Thetol2 region of the construct ithe DNA componenof the transposon system that will
allow the insertion of the transgen@&o produce theol2 section ofthe constructto be used

in GAl optimised thePCR amplification of thel2 section of an available lab construct using
primerssevenand eight (Table2.4.]) (Fig.3.24.B). | used NEBtm software to estimate the
ideal annealing temperature f@rimers seven and eight (Tal#tel.]) and then used a range

of temperatures based on thisstimated annealing temperature tadetermine which
temperature led to the highest concentration tdl2 to be producedFig.3.24.D). Initially |

did not see a successful PCR amplificatiotheftol2 regionas no bands were indicated
when the PCR sample was run using gel electropho(Egys3.24.D). | hypothesised that

this was due to the length of the primers making it difficult for them to anneal to the
template and begin the PCR reaction, setided to use a range dighertemperaturesto
improve increase the chance of the primer annealing to the template. Three of the higher
temperatures led to bands being produced which can be seenin lanes two, four, and five of
Figure 3.24.E. Additionally, these bands were at the predicted length of 7763bp when
compared to the DNA ladder (Fig. 3.E).These bands were isolated from the gel and
purified with the following concentrations: lanvo at 3.1ngful, lanefour at 5ngiul, lane

five at 8ngjul.

The maximum volume of the reaction wasp2010ul of which was the @ master mix,
therefore | could add up to 10 of my component samples which would need to be divided
between the three componentsTheefore, the concentrations were too low to be
appropriate for use in & To increase the concentration of the sample fok Qused PCR to
amplify thetol2 sectionusing 65.8C as the annealing temperature as this had given the
highest concentration of product previously (Fig. 8.2). Two bands were produced from
four reactions, and these bands were excised from the gel, pooled, and purified together to
produce a sample with the concentratio24.8ngful. | calculated this to have a
concentration 00.005 pmolful. While this was still very low | could feasibly use this sample
due to the high concentrations | had isolated from the other components allowing me to
add smaller volumes of them to the mixture. However, due to how low this concentration

was | deemed that a higher concentration should also be ttied was produced using an

alternative method.
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A

Construct #p20 MPEG-Tert IRES-GFP with delta-tert-ires-gfp primers APE from 1 to 12959

— E—— g - = >
PUC orign MP resistance  fi(+)ongin o2 exon 4 telomerase full length €GFP o2 PUC origie

C—— <
B4 onB1 IRES regon SV4Oiate poly A(short)  cmic2 heart promoter

‘mpeg promoter region tol2-vector-iressheart_fwd_corrected SV40 late poly A
102-vector-iressheart_rev GFP indicating tent expression

B

Primer Name 5’ - 3’ Sequence
tol2-vector-ires+heart_fwd_corrected aaaacctgaaCTTTCTTGTACAAAGTGGCC
tol2-vector-ires+heart_rev acaactttGTAGTCTGTTTTTTATGCAAAATC

& D

Size (bp) Size (bp)

~

12000-
11000-
10000-
9000-
8000-
7000-

6000

10037 -

4608:

2500-
2000-

1500-

1000-
800-

600-
200 -

5000

4000

200-

3000-

FOIS T EE

|

Figure3.24: Optimisation of the PCR protocol to produce tio#2 transposon
section of thempedl.1ktert-gfp transgenic constructA. Linear map of the
construct used as the template for the PCR reactwmh forward* and
reverse** primers indicated B. Forward and reverse primer sequences.
Predictedweight of the amplified bandat 7763bp.D. Annealing temperature
optimisation:lane 1, 65.1°C lane 2,63.6°C, lane 3,61.3C, lane 4,58.6°C, lane
5,56.3C, lane § negative controlE Furtheroptimisationof primer annealing
temperature usinghigher annealing temperatures lane 1,70.7C lane 2,
69.2C lane3, 67.7°C lane 4,66.£C laneb5, 65.5C, lane § negative controlG.
PCRamplification oftol2 usinglinear template ancannealing temperature of

65.5°C (lane 3 and lane 4Yol2 indicated by green box, with lang being a
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3.25 Generaingan alternativeol2regionusing enzymatic digestion

Due to thetol2 sectionproduced using PCR being of a low concentratisegecided toalso

use an alternative method for its productioWe chose restriction digestion of plasmid
that had been transformed into bacteria for culture and purification. We hypothesised that
we would be able to produce a higher concentration oftbl@ section as we would be able

to grow the transformed bacteria to confluence before purificatibtetermined to use the
existing lab plasmichamed #p19 (Fig. 32.A) as a transformed sample stored in glycerol
was readily available to be cultureddetermined that | could use a triple digestion of the
available lab plasmid #p19 tigestthe plasmid into separate regionBy using a triple
digest, | would be able to digest the remaining plasmid | did not require into smaller pieces
which would improve their separation fronol2 when the digest was run on agarose gel
before purification | usedA Plasmid EditorAPE software to determine that the enzymes
Sall, BamH1 and Clal had binding sites within the plagihiid 3.%5. A)and that these
enzymes would digest th®l2 section | then used the APE software to predict the size of
the bands if using single digests fmach of the enzymes | would use (Big5. B C, Dand

the band positions with the triple digest (Fig§.25. E). However,due to the points of
incision by the restriction enzymes | would not be able to produdel2 section that

contained the IREGFP region as the previous method had attempted to do.

E. colicontaining the #p19 plasmid were first cultured on an agar plate before being brought
to confluence in liquid culture. The culture was lysed, and the DNA purified before being
digested andoaded into an agarose gdl saw clean separation of four bands, with the
bands of interest indicated (Fi@.25.F). These bands were removed from the gel and
purified together to give a concentration of 62ng/ much higher than | was getting from
the PCR amplificatioprocess. Usinthe 62ng/ful samplewould allow me toadd thetol2
section at a concentration of 0.015pmel/ threefold more concentrated than the PCR
sample giving a higher chance of it being incorporated durihgr@ so éhigher probability

of the mpegl.1ktert-gfp construct being produced.
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‘HSBSENM 5963 BamH (2) 7920 BamHi (2) ‘iwscw:n
Construct #p19 IFABP-TERT-IRES-GFP ape from 1 1o 13649
I < <4 - <4 »>
pUCongn AMPresstance fi(+)ongin  tol2 exon 4 ifabp gut promoter IRES-GFP €GFP. tol2 PUC origir
telomerase fulllength SV4Qlate poly A (shart)  cmic2 heart promater
SV40 late poly A
size (bp) size (bp) Size (bp) size (bp) Size (bp)
1 2
L2 12000- —— 2 12000 ——
12000 e 2 %iggg— — 11000 - — 11000 - =—
11000 - e— 10000- — 10000- —— 10000 - =— 10037 -
10000 - m— 9000- — 9000 - =— 9000 - w— 8000-
9000 - =— 8000- —— 8000- —— 8000- —— gggg’
8000 - e 7000- — 7000 - — 7000 - — 4000-
7000 - =— 6000- — 6000~ = o 6000- ——— 3000-
6000 - ——— 5000- — 5000- — 5000 - ——— 2500-
2000-
5000 - —— 4000- —— —_
4000- 4000- 1500-
4000 - e— - —_—
3000- —— 2000 3000 —— 1000-
800-
3000 - =——
600 -
2000- — 2000 =—— 2000- ——
Construct #p19 IFABP-TERTARES-GFP.ape from 1 1o 6187
<gm— I [ — —_—
PUC ongn AP resistance i (+) ongin 10l2 exon 4 RES-GFP eGFP . tol2 PUC ong:

SV40 late poly A (short) cmic2 heart promoter

SV40 late poly A

Figure 3.25: Optimisation of the poduction protocol for thetol2 region of the
mpedl.1ktert-gfp transgeniconstruct.A. Map of the construct digested to produce th
desired section for & using the indicated enzyme8. Predicted banding pattern o
digestion usingClal.C Predicted banding pattern of digestion using S&l1Predicted
banding pattern of digestion using BamHa.Predicted banding pattern of digestiol
using triple digest of Clal, Sall, and Bamvith desired band at 6187bp. Enzymatic
digest of the p19 construckanel, circular templatgositivecontrol,lane2, SaltHFonly
digest controjlane 3,Clalonly digest contrallane4, BamH1lonly digest contrgllane5
andlane6 are triple digests with the desired banals6187bpindicated by the green box
G. Linear map of the desired regidhat would beobtained from the triple diges
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3.26Generation of thé& tert-iresgfpregion using PCR amplification

The newtol2 section | had produced in section H2acked theiresgfp region unlike the
tol2 region produced irsection3.24. Therefore, | needed to introduce theesgfp region
into the constructin a different way hypothesised that | could do this either by using PCR
to amplify theiresgfp section on its own to be added to theAGnix, or by producing a
ktert-ires-gfp section.We decided toproduce the ktert-iresgfp as onesectioninstead of
justiresgfpas itwould ensure that theiresgfp section was oriented Hine with thektert
section during the @Gas well akeeping the number adifferent sections that needed to be
added during @ to three rather than increasing it tas thiswhich would increase the

chance of an undesirable construct being produced duGidg

| decided to use PCR amplification of the existmmedl.1tert-gfp construct (Fig. 3.B.A) to
produce thektert-iresgfp section. For the amplificationl desigred two new primers
designatedprimers five and siXTable 1)(Fig.3.26.B)and used the NEBtm software to
calculate an estimated ideal annealing temperature. | then decitedoptimise the
amplification using a rangef annealing temperaturebased upon theestimated ideal
annealing temperaturecalculaed by the NEBtm software.l tested the range of
temperaturesusing both circular and linear template (F8326.C).Linear template is the
preferred template as there is very little chance of linear template being carried over and
transformed into theE. coliafter the GAstep, whereas any circular template carried over
could be transformed into the bacteria and be produced instead of the construct made
during GA. However, in previous PCR amplification using a circular template had produced
higher concentrations of the purified PCR product thiaear templatemaking the circular
template still worth testing. Despite thif,| could obtain a high concentration of product

from the linear template it would be preferable.

On an agarose géhe PCR amplification using a circular templsit@wedseveral additional
bands which may be nespecific amplificatiorof regions within the template that have
some complementarityo the primers or it may be that primer dimers are being amplified

during the reactionnto long productgFig. 3.26.D) However, | can see that there are bands
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from both circular and linear template PCR amplifications that at the predicted size for the
ktert-iresgfp product 3180bp (Fig. 3.26.B, D. The bands from linear template
amplifications were removed and pooled before purification. The purified concentration for
the linear template pool sample wa®7.8ngful. Similarly, the bands from the circular
template amplifications were pooled before purification. Once purified the circular template
pool sample had a concentration ®f.8ngjul. Due to the difference in concentration | now
needed to decide if the increased concentration from the circular template sample was

worth the risk of using it for &
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A

IConstruct #20 MPEG-Tert-RES-GFP with delta-ert-res-ofp pamers APE from 1 o 12059
> <— <=
puCongn  AWPresistance  fi(+)oign  WRexnd

84

mpeg peomote regen

telomerase full kength

et RES.GFP-Forward

IRES regon SVa0lae ;.;é. A (short)

SV40 late poly A

<==
w2

GFP ndicating tert expr N

MeIRES-GFP-Reverse

B
Primer name

Atert-IRES-GFP-Reverse

5’ -3’ sequence

ttatcatgtctggatcatcatcgatCATCGATTGTATAATAAAG
TTGGAAAAAACCTCCC

caaaacaagtttgATGAAGGGCCAGTGGAGGCC

Atert-IRES-GFP-Forward

C
Size (bp)
12000- —— 2
11000- ——
10000~ =——
9000- ——
8000- — -
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Figure 3.26: Generating thektert-iresgfp region for production of the transgeni
construct.A. Linear map of the construct used as the template for the PCR amplifice
of the ktert-iresgfp segmentindicating forward* and reverse** primer sitesB.

Forward and reverse primer sequenc€sPredicted position of the band for amplifie
ktert-ires-gfp at 3180bp.D. Optimisationof primer annealing temperature, lanes-a
using linear construct, lanesI/l using circular construct, lanes 6 and 12 are relai
negative controlslane 1 andlane7, 73°C, lane2 andlane8, 72.4£C, lane 3 andlane9,

71.5C lane4 andlanel0, 69.8°C, lane5 andlanell, 68.2°C. Non-specific amplification

bands can bebserved at the bottom of the gel
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3.2.7 Production of thempedl.1 ktert-gfp constructusingGibson
assembly

Having produced thepedl.1region, thektert-gfp region, and theol2 region in sufficient
concentrations | attempted &of the mpedl.1ktert-gfp construct. The GA reactiorligates
several sections of DNA together to prodube desiredconstruct as described in section
3.2.1 | decided that to determine initially if a construct had the desired structure, | would
usetwo diagnostic digeston a purified aliquotTherefore,| usedAPEsoftware to predict
the banding pattern of thenpedl.1ktert-gfp construct if it were produced in the correct
orientation and digested using Xcm1 and Ncolome diagnostialigest, and Xhol aa
seconddiagnostiadigest If the banding patterns produced by the diagnostiigest were

the same as those predicted by A®EN | would take tlat construct forwardto for further

analysis.

3.2.7.1 Generating thenpedL.1ktert-gfp construct usinghe ktert region andol2 produced
using PCR amplification

Initially | attemptedto produce thempedl.lktert-iresgfp construct(Fig. 3.27.1.A)using
the ktert regionproduced using PCRnd thetol2 region produced using PCBespite the
low concentration of theéol2 using these regions mitigated the chance of circular template
crossover during the Sreactionand subsequent transformation. | performed tiBA using
the ktert region at 0.031pmoldl, the mpegl.1region at 0.404pmoldl, and thetol2 region
produced using PCR at 0.00491pnpbl/Both ktert and thempegl.lregion had suitable
concentrations however theol2 region was below the recommended concentration of
0.02pmolsfl. Digesting and running the constructs producedan agarose ggel could not
see a sampl¢hat had thepredicteddiagnostic digespattern (Fig.3.2.1B,C, D), so none

were taken forward.
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Figure 3.2.7.1: Production of thempedl.1ktert-gfp construct using PCR amplifie
regionsA. Theoretical linear map of the desired construgtPredicted banding patterns
for enzymatic digest of desired consttutane 1, DNAveight ladder, lan&€, Xcm1 plus
Ncol,lane3, Xhol.C Diagnostic digest of potential constructs using XHafe 1, lane3
and lane 5 are digests of potential construct@ne 2, lane 4, andlane 6 are circular
template controls using the same potential constru@sBanding pattern from potential
constructs using Xcml1 and Ncddne 1, lane 5, andlane 9 are double digestdane 2,
lane6, andlanel0 are Xcml onlyane 3, lane7, andlane 1l are Ncol onlyane4, lane

8, andlane 12 are circular templat@ositive controls
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3.2.7.2 Generating thenpedl.1ktert-gfp construct usinghe ktert-gfp region andtol2
produced using enzymatic digestion

As the first attempt at producing thepedl.1ktert-gfp construct had not worked | decided
instead to the usé&tert-gfp region produced using PC&hd thetol2 region produced using
enzymatic digestiorgs these had higher concentrations than th@mples used in the first
attempt. | performed @ again using thétert-gfp region at 0.0133pmoldl, the mpeg1.1
promoter at 0.095pmolil, and the tol2 region at 0.0154pmail which was much closer to
the recommended 0.02pmall. Digesting and running thpotential constructsusing Xhol
producedon an agarose gel, | could see four samples that potentially had the correct
diagnostic digest pattern (Fig.372.A). | ran a digest using Xcm1 and Ncol on constructs
10, 11, 17, and 21 to confirm that the bandipgtterns seen were the same as those
predicted (Fig. 3.Z.1.B) and found that constructs 11, 17, and 21 had the appropriate
patterns but that sample 10 had a top band that was not at the predicted weight so was not

taken forward.
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Figure 3.2.7.2: Production of thempedl.1ktert-gfp construct using regions produce

using PCR and digestion of existing construétsDiagnostic digest using Xhol
potential constructs, each sample (e.g., 10A) was run next an undigested control of
(e.g., 10B)B. Confirmatory double digest using Xcml and Ncol of promising consti

10, 11, 17 and 21 run next to undigestpdsitivecontrols of themselves.
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3.2.7.3 Sequencing of thietert region of the potentiampedl.lktert-gfp constructs
To confirm thektert region of the potential constructs had not been mutated durirga@&d
bacterial transformation lhad the ktert region of each of the potential constructs
sequenced. | used APE software to compare the sequence dftdreregions of the @
produced constructs to our predicteith silicosequence of thétert region (Fig. 3.2.3). |
found that constructl7 had an unknownbase pairat position 54 (Fig. 3.2/.3.A), construct
11 had a base paideletion at position 544 (Fig. 3.23.B)and construct2l had multiple
mismatches and unknown base pairs (Fig.73C). Examining the electropherometry plots
in APE of construct 17 indicated that the unknown base pair at position 5awagienine
(Fig. 3.21.3.D) which matched the base pair at the opposite position in the predicted
construct sequenceTherefore,construct 17was not observed to have any detectable

mutationsand was taken foward to be used to produce thepedl.1ktert-gfp transgenic

line.
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Figure 3.2.7.3: Sequencing thétert region of thempedl.1ktert-gfp construct. A.
Sequencing oktert region of construct T compared against hypotheticaditert
region.B. Sequencing oittert region of construct 1 compared against hypothetica
ktert. C. Sequencing oktert region of construct 21 compared against hypothetic
ktert region.D. Unknown point from potential construct 17 shovio be an adenine

base inelectropherometry plot of sequence.
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3.28 Breeding the transgenic zebrafish fish lines

To study the canonical and namanonical functions of telomerase in thpgoject it was
necessaryto generate two transgenic zebrafish lines, one containing the transgene
mpedl.1ltert-gfp and the other the transgenmpedl.1ktert-gfp. To study the effects these
transgenes had on the prematurely agetpegl.I cells found in the zebrafish gut the
transgenes would need to be expressed anprematurely aged zebrafishine. The
prematurely aged zebrafish would beert’ :mpedl.ImCherry as well as either
mpedl.1tert-gfp* or mpedl.1ktert-gfp* depending on the injected transgen€lo
characterise the two lines Hetermined if the transgenewas being expressed in
mpegl.1:mCherfy cells using fluorescence immunohistochemistrythén used whole
genome sequencing to establish the insertion site of the transgenes to ensure that their

insertion would not affect thetransgeniczebrafisitbiology by disrupting other genes.

3.28.1 Breeding thanpegl.1ztert-gfp transgenic line

Based on the utilisation of the hu3430 line and the insertion of the transgene in a manner
that would follow mendelian inheritance | designed a breeding programme to generate the
desiredtert’:mpedL.mCharry.caax;mpelgltert-gfp transgenic fisho study(Fig.3.2.8.7).

To breed thempedl.1tert-gfp transgenicline | used eight potential founders that has been
injected with the transgene before | joined the Henriques lab. These potential founders had
been injected with thempedl.1tert-gfp transgene at lhe single cell fertilised egg stage
before being selected as transgenic due to their expression otthe2egfp expression
andgrown up Therefore, the ggeneration are considered to bghimerasas the transgene
may not be inserted into every cellsing breeding and counting of the number of GRP
compared to the number of GFPy | determined three potential founders heoffspring of
these potential founderswere inheriting the cmcl2:@fp reporter, and therefore
hypothetically the entirenpedl.1tert-gfp transgene, in a mendelian manner as half of the
offspring had GFFheartsand half had GFRearts This indicated that the transgene was

inserted into the germline, and that only one copf/the transgene was inserte@s if two
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copies were inserted we would expect all of the offspring to have ®E&rts The three
potential founders were designated Al, A2, and C1. | then commenced with the breeding of
these potential founders using the breeding plan from Fig.8312GFP fish were selected

and used to further lcaracterise the expressioand function of thempedl.1tert-gfp

transgene to validate the line

tert*;mpegl.1:mCherry.caax crossed with tert*/* - eggs
injected with mpeg-tert-gfp transgenic construct

— 3 months
tert*”;mpegl.1:mCherry.caax;mpegl.1:tert-
gfp crossed with tert** — Po

— Whole genome sequencing

v

tert”;mpegl.1:mCherry.caax;mpegl.1:tert-

gfp crossed with tert** - Do
J 3 months
tert”’*;mpeg1.1:mCherry.caax;mpegl.1:tert-gfp G
crossed with tert”;mpeg1.1:mCherry.caax !
— 3 months
tert”;mpegl.1:mCherry.caax;mpeg1.1:tert-gfp G
]

crossed with tert”;mpeg1.1:mCherry.caax

— 3 months

4

tert*;mpegl.1:mCherry.caax;mpegl.1:tert-gfp — G 3

Figure3.28.1: Breeding plan to for thenpedl.1tert-gfp line.
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3.28.2 Breeding thanpegl.1ktert-gfp transgenic line

To breed thempedl.1ktert-gfp line | injected single cell fertilised embryos withe
transgene. These embryos were selected for Glearts as theemcl2:eGFreporter will be
expressed during heart development and indicate the expression of the trandgege
3.28.A). | identified eight potentialfounders whichwere taken forward for breeding to
determine which had a stable insertion of timepegl.1ktert-gfp transgene in their germ
line. A stable insertion was again determined by the mendelian inheritance of the
cmcl2:eGFPeporter. Threepotential lineswere identified to have a stable insertion and
designated B7, C1A, and CTIBese three lines were taken forward for thegpedl.1ktert-

ofp breeding plan in Figure 322.B.

g tert”*;mpegl.1:mCherry.caaxincrossed - eggs
injected with mpeg1.1:Atert-gfp transgenic construct

l 3 months

tert**;mpeg1.1:mCherry.caax;mpeg1.1:Atert-
gfp crossed with tert*;mpeg1.1:mCherry.caax 0

% Whole genome sequencing

tert”’*;mpeg1.1:mCherry.caax;mpegl.1:Atert-gfp G
crossed with tert*;mpeg1.1:mCherry.caax 0

% 3 months

tert*/;mpegl.1:mCherry.caax;mpeg1.1:Atert-
gfp crossed with tert”;mpeg1.1:mCherry.caax 1!

— 3 months
v

tert’;mpegl.1:mCherry.caax;mpegl.1:Atert-gfp — G,
Figure 3.28.2: Breeding plan for the mpedl.lktert-gfp transgenic line. A.
Representative image of zebrafish frgl@ys posffertilisation dpf), fry on left has GFP
heart indicating insertion othe transgene via expression aicl2:egfp fry on the right

has a GFPheart so has no transgene insertio. Breeding plan to for the
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3.29Validating the expression of thegpedl.1tert-gfp transgene in
potential founderdy detecting expression of GFP and mChesmgg

fluorescence microscopy

Having bred potential founders for thmpedl.1tert-gfp line | aimed to determine ithey
were expressing the transgenerimpedl. LmCherrycaax cells by examining cryosections of
intestinal villi using fluorescence microscopy. Bxeression of mChergyould indicatethat
the transgene was being expressedrpegutilisingcellsthat may be Becells, dendritic cells,
or macrophages(185, 234) GFPexpressionwould indicate that thempedl.ltert-gfp
transgene was being expressed.-€xpressiorof mCherry and GFRRould indicate that the

mpedl.1tert-gfp transgene was being expressednpegl.I cells.

| used fluorescence microscopy éxamire cryosectiongFig.3.2.9, A, B, @ gutvilli taken
from the siblings (n = 3) of four potential G founders (tert*”
;mpedL.1:mCherry.caax;mpegl.l:tegfp), designated Al, A2, (Fig.3.29.D). Founder
siblingswere culled at 6mo, genotypefbr endogenousert astert*”, and screened at 3dpf
for a GFP heart to confirm the expression of ttracl2:eGFReporter indicating expression
of the mpegl.1:tertgfp transgene For the control | usedtert**;mpegdl.LmCherrycaax
(n=1) aged matched (6mo) to the potential foundsiblings For each fish | averaged the
number of cells that were double positive for GFP and mCheardperformed aOneway
Analysis of Variance (ANOVA) test determine if there was a statistically significant
difference between thepotential founders andthe control (Fig. 3.2.D). All potential
founderswere indicatedto have statisticallysignificantnumbers d double positivecells
compared to the negative contr@Fig. 3.2.9.D)Therefore, this preliminary indicator of the
expression of thempegl.l:tertgfp transgene in potential founder lines indicated its

expression in all three line§.he number of biological replicat@s the control groupwas

limited ton=1due to the need for age matchedsh available at the time point required of

this experimen.
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D Determining expression of the mpeg1.7:tert-gfp
transgene in potential founder lines

ek %k %k
% % %k %k

60  Fkkkk
40

204

also expressing GFP/%

Number of mCherry” cells

— - T
WT(AB) C1 A2 Al
Fish Assayed

Figure 3.29: Determining the expression of thenpedl.ltert-gfp transgene by
fluorescence imaging in potential foundei&. Representative images @API and
native fluorescence imaging indicating mCherry positive cells in zebrafish
cryosections ofmpedl.1tert-gfp founder siblings (6mo) B. DAPI and ative

fluorescence imaging indicating GFP positive cells in zebrafish gut cryosectic
mpedl.1ltert-gfp founder siblingsC. DAPI and ative fluorescence imaging indicatin
GFPexpressionin mCherry cellsin zebrafish gut cryosections afpedl.1tert-gfp

founder siblingsD. Quantification of double positive (GRRCherry) cells in potential
founder sibling gutsections(N=3 for potential foundersN=1 for negativecontrol).

*eek = 1 < 0,0001
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3.2.10 Sequencing of founder genomes from tinggedl.1tert-gfp
transgenic zebrafish line

Fluorescence microscopy imaging of potential foundedsdated that the mpedl.1tert-gfp

transgene was being expressddoweverthe tol2 transposon inserts the transgene at a

random position. Therefore, the genomes of the three potential founders were sequenced.
Sequencing the genomes of potential founders would enable me to determine where in the
genome the transgenic sequence was insertAdditionally, determining the insertion site

2T GKS (N)rya3aSyS g2dzZ R AYRAOFIGS AT AGQa Ay
G0Ny yaaSyArAO 1T SoNIFAAKQ LIKeaAzfz23& F2NJ SEF YL

insertion of the transgene into another gene.

3.2.10.1 Optimising the extraction of genomic D zebrafish fin clips suitable for whole
genome sequencing

| had not previously performed extraction of DNA from a tail fin clip for the purpose of
whole genome sequencing so decided to optimise the extraction of DNA for this purpose so
that | could provide the best quality DNA sample for sequencing. The quality of the sample
was determined by the concentration, the 260/2@&g. 3.2.10.A, Bilue, and the 260/230
value. The 260/280 value is the ratio of 260nm wavelength light absorbance to 280nm
wavelength light absorbance. DNA absorbs light at 260nm whereas protein contaminants
will absorb light at 280nmTherefore, the ratio of the two measures is an indicator of
protein contamination in the sample. The 260/230 value is the ratio of 260nm wavelength
light absorbance to 230nm wavelength light absorbance. Measuring the absorbance of
230nm light is an indicator of biological and chaotropic contaminants that may affect
hydrogen bonds between atoms. Disrupting hydrogen bonding in the sample will affect the

structure of the DNA and therefore the final quality of the sample.

| used two different methods for isolating genomic DNA from a zebrafish tailipnOne
method utilised the Monarch Genomic DNA extraction and purification kit from New
England Bioscience, and the other was a protocol that utilises the Fermentas DNA extraction
kit. 1 found that the Fermentas kit gave better concentrations of DNA that had less
contaminants as assessed by the 260/280 and 260/230 values3(EiQC). Therefore, |
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proceeded with the Fermentas Kit to purify DNA for whole genome sequencing (Fig.
3.2.10D).
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Figure 3.2.10.10ptimising extraction of DNA suitable for whedenome sequencing
A.Representative absorbance plot of DNA extracted from potential founder A2 L
Fermentas protocol.B. Representative absorbance plot of DNA extracted fre
potential founder A2 using Monarch protocoC. Extracted DNA concentration
comparing Monarch and Fermentas protocols. Extracted DNA readings from &

founders using Fermentas protocol for samples sent for sequencing.
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3.2.10.2 Variant analysis of sequenargdedl.1tert-gfp founder genomes

To determine where in the genome thapedl.1ltert-gfp transgenes were inserted whole
genome sequencing was performed on potential founders. The sequences were then
aligned to an artificiampedl.1tert-gfp chromosomeand the clipped end read sequences
determined. The clipped end read sequences flank eghdrof the inserted transgene. By
determining the sequences of the clipped end read sequences and Basg Local
Alignment Search TooB[LAS)to search for sequences and matching them to a gene | can
determine the insertion site of the transgene as well as how its insertion may affect the
N} yadaSyArAO 1T SoNFTAAKQ LIKSy20(eLIS Ay sl ea 20K

Whole genome sequencing of the potential founders for thedl.1tert-gfp line indicated

that all three had the transgene inserted in its entirety. Founder A2 had niwest
comprehensivaead coverageSupp. Fig..B), followed by founder CB(pp. Fig..C) and

Al Supp. Fig..A). Using the BLAST online software from the National Library of Medicine |
conducted searches to determine where the clipped reads matched the zebrafish
genome. Clipped end reads are sequences of DNA that do not match the reference
sequence but form part of the 150bp read that partially matches a section of the reference
sequence. Therefore, the clipped end reads match partially to the reference sequence
provided by me for thenpedl.1tert-gfp transgene, and partially to the zebrafish reference

genome.

Interestingly thempedl.1ltert-gfp transgenes for both founder A1 and A2 were found to be
inserted in the same place in chromosome 21 from posi#dr004589 to 41004,708
(Supp. Fig. A, B). This places thapedl.1tert-gfp transgene into the untranslated exon
sequence ofarsh The gendarsbis predicted to code for a protein with leucinBNA ligase
activity involved in leuciRNA aminoacylation an important component of protein
synthesis whereby leucine is ligated to tRR®3) Recentlyinoue et algenerated darsh’-
zebrafish line to study the molecular mechanism of the disease state Infantile Liver Failure
Syndrome type 1 (ILFS1) that occurs véttsbhomologue mutations in humai253) Inoue

et al.found that thelarsb’- mutation resulted in death within 12 days post fertilization of
the embryo$253) Therefore, we may hypothesise that despite the insertion of the

mpedl.1ltert-gfp transgene into theéarsbuntranslated exon the insertion is having little to
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no effect on the phenotype of the A1 and A2 founders due to them developing to full

maturity.

Sequencing of thenpedl.1ltert-gfp transgenic founder C1 indicated that the transgene had
been inserted into chromosome 11 from positi@d,906,202 to 24906,258 (Supp. Fig..E).
This insertion site is part of the intron region for the gest@2awhich is predicted to have
1-phosphatidylinositoi3-kinase regulator activity and be involved in phosphatidylinositol
phosphorylation. A homologue of this gene is found in humate2jwhich encodes the
protein srclike-adapter 2 (SLAP2). SLAP2 has been indicated to impair améigeptor
mediated signalling events in humancBll lines and Eell line254) Therefore, if the
insertion of thempedL.1tert-gfp gene into the intron ofla2aaffected expression of the
gene it may affect antigereceptor mediated signalling in-Gells and Bells of the C1

founder line.

From these sequencing results | consider the A2 founder line to be the most promising line
to take forward to generate experimental fish. This is due to it having the medérth

reads of the inserted transgene, increasing the reliability that there are no mutations in the
inserted transgene, and that its insertion into the Untranslatayion (UTR) of thiarsb

gene does not currently seem to affect the zebrafish phenotype.

3.2.11Validation of the expression of thgpedl.1tert-gfptransgene
in  third generation transgenics using fluorescent

immunohistochemistry.

To confirm that thempedl.1tert-gfp transgene had been passed down to theneration 3
(G3) of the C1 founder line | used fluorescence immunohistochemistry to detect the
expression of mCherry and GFP in paraffin fixed gut sectByndetecting mCherrydould
confirm that the cell utilised thenpedl.1 promoter which also drives the expression of the
mpedl.1ltert-gfp transgene (Fig. 3.211C). By detecting GFP | would confirm that the
mpedL.1tert-gfp transgene was being expressed (Fig. 3ZE}) | used duble fluorescence
immunohistochemistry with one primary antibody specific to mCherry (Td&bi6.1
Antibody #1) and the corresponding secondary with aréat fluorescent tag (Tabl2.26.1
Antibody #2), and a second primary antibody specific to GFP (Za6ld Antibody #6) with
the corresponding secondary in GFP (Tab26.1 Antibody #5). A fared fluorophore
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conjugate was used as the mCherry secondary antibody for consistency as later experiments
| planned to perform would examine the effects of the transgenes on telomere length using
the TeloFISH assay which contains a red fluorescent probe and so would necessitate the
use of an alternative probe for mCherry. A eway Analysis of VarianceANOVA
determined that the levels of GFP expression in the mCheglys was not significant (Fig.
3.2.11.1). This indicates that the level of GFP expression detected was not enough to say
with certainty that the transgene was being expressed. However, that there was any GFP
expression detected in mChermgellsindicatedthat GFP was being expressed and that the
transgene was inserted. Therefore, | would perform additioagberiments to further
validate that the mpedl.ltert-gfp transgene was inserted and that TERT was being

expressed in ampedl.1specific manner.
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Figure 3.211: Determining the expression of thepedl.ltert-gfp transgere. A. DAPI
staining of cell nucleus itert”;mpegdl.LmCherrycaaxmpedl.ltert-gfp fish gut.B. IF

showing DAPI staining of cell nucleus plus -am@iherry intert’;mpedl.1:mCherrycaax
fish gut.C.IF showing DAPI staining of cell nucleus plus-am@iherry staining inert”-

;mpedL.mCherrycaaxmpedl.1tert-gfp fish gut. D. IF showing DAPI staining of ce
nucleus plus antGFP intert”;mpedl.:mCherrycaaxfish gut. E. DAPI staining of cel
nucleus plus amtGFP staining itert” ;mpedlL.:mCherrycaaxmpedl.1tert-gfp fish gut.F.

IF showing DAPI staining of cell nucleus plus -am@iherry and antGFP intert”

;mpedL.EmCherrycaaxfish gut.G. IF showing DAPI staining of cell nucleus plus -ai
mCherry and antGFP staining itert”;mpedL.mCherrycaaxmpedl.1tert-gfp fish gut.

H.IFshowing DAPI staining of cell nucleus plus-am@iherry and antGFP staining itert™-

:mpedlL.ImCherrycaax fish gut. . Quantification of double positive (anGFP + ami
mCherry) intert”;mpedL.mCherrycaaxmpedl.1tert-gfp zebrafish gut compared tc
aged matchedert”mpegl.1:mCherrycaaxcontrols (N = 3 for each genotype). Oneay

ANOVA indicated nesignificant, p = 0.053.
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3.212Characterising the effects of tmepedl.1tert-gfp gene on
telomere length

Despite seeing some expression of GFP in mCheshgin the mpedl.1tert-gfp transgenic
the p valueindicated that the expression levels wemnet significant Therefore there was
no statisticaly significant evidence that the mpedl.ltert-gfp transgene was being
expressedThis led to the hypothesis that | could determiiighe transgene ere being
expressedased on the telomere length @ért’;mpegl.1:mCherry.cazmpegl.l:tertgfp
mCherry cells. Henriques et ahad previously reported thatert’" zebrafish have no
detectable telomerase activity which leads to a premature shortening of telon(2i&3
Therefore, irtert”:mpegl.1:mCherry.caax;mpegl.1:tegfp mCherry cells we would expect
to see telomeres longer than tert”;mpegl.1:mCherry.caanCherry cells. Additionally, as
a byproduct of the breeding programme we generated
tert*":mpegl.1:mCherry.caax;mpegl.1:tefip mCherry fish. | decided to include these
fish in this analysis as | would also expect to see an increase in their telomere length relative

+/+.

to tert**:mpegl.1:mCherry.caaand tert’:mpegl.1:mCherry.caafish. By comparing the
the telomere length tert*:mpegl.1:mCherry.caax, té€rHmpegl.1:mCherry.caax,
tert*”*;mpegl.1:mCherry.caax;mpegl.1:teyfp, and tert”-
;mpegl.1:mCherry.caax;mpegl.1:teyfp | would be able to determine if thewpegl.l:tert

gfp transgene was being expressed.

To measure telomere length | uséelomere fluorescence Hsitu hybridisation (teleFISH)
(Fig. 3.2.12.B, EJhe telo-FISHassay uses a fluorescently labelletlAprobe to hybridise
with telomeric DNA The intensity of the fluorescent signal from thelo-FISHprobe is
LINE LJ2 NI A 2 v I (it8lomére lengti Bhe t&tS Tmipe@iil mCherry.caavacts as a
positive control as it will have the telomere intensity we would expect to see with normal
ageing. thetert’”;mpedl.1mCherry.caaxacts as a negative control as it will have
prematurely shortened telomereby 9ma Further, as the expression of the transgene is
under mpegl.1control we would not expect to see any expression in epithelial cells.
Therefore, the teleFISH staining of the epithelial cells can be used to normalise the telo
FISH staining of the mCheftigells to control for potentiainter-samplevariation in staining

and imaging between sections.
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| performed a onevay ANOVA to determind there was a statistically significant difference

in telo-FISH intensity between the mCheftrgells from thetert’mpegl.1:mCherry.caax
compared to the other genotypes. As expected there was a significant difference between
the tert’;mpegl.1:mCherry.caaand tert*’*;mpegl.1:mCherry.caacontrols (Fig. 3.2.12.G).
Further, analysis indicates a statistically significant difference ink&bd1 intensity between
tert’;mpegl.1:mCherry.caax and the tert’;mpegl.1:mCherry.caax;mpegl.1:tefip
mCherry groups indicating that the telomeres of the tert”
:mpegl.1:mCherry.caax;mpegl.l:tefip mCherry cells were longer than those of thert"
’~mpegl.1:mCherry.caaxCherry group. Interestingly, | observe no statistically significant
difference between the tert’;mpegl.1:mCherry.caax;mpegl.1:mCherry.camCherry
group and thetert**:mpegl.1:mCherry.caaxCherry group indicating that the length of

the telomeres in thetert’;mpegl.1:mCherry.caax;mpegl.1:mCherry.caeXherry group

had been rescued to a length comparabletéot*’*:mpegl.1:mCherry.caanCherry group

(Fig. 3.2.12). | also observed a statistically significant difference between the
tert*”*;mpegl.1:mCherry.caax;mpegl.l:tefip group and all other mCherfygroups
indicating that their telomeres may have been longer than all of the other groups (Fig.
3.2.12). Therefore, this data is evidence that the insentegegl.l:tertgfp transgene is
being expressed and that the TERT that results from this expression is performing its
canonical function of elongating telomeres. However, the quality of the staining on the
slides (Fig. 3.2.12.D, E, F) was such that it was difficbik tmtompletely certain that all of

the cells that looked like mChefywere. The mCherry specific staining appeared broken or
globular in some slides (Fig. 3.2.12.D, E, F). Therefore, | would repeat this experiment again
to optimise the staining as well as increasing the N number for the number of slides per fish,

as the quality of the stainingled to N = 1 in some cases so reducing the quality of the data.
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Figure 3.2.2: Determining the expression of thepedl.1tert-gfp transgendn mCherry
cells by quantifying telomere length. A DAPI staining of a

++.

tert”";mpedL.1 mCherry.caax;mpelgltert-gfp gut section.B. IF of DAPIplustelo-FISH

+/+

stainingtert™ ;mpegl.1:mCherry.caax;mpegl.1l:teyfp gut section C.IF of DAPI, tele
FISH, ad mCherry staining ofa tert**:mpegl.1:mCherry.caax;mpegl.1:teyfip gut
section.D. DAPI staining of tert’;mpegl.1:mCherry.caax;mpegl.1:tefip gut section
E.IF of DAPIplus telo-FISH stainingert’;mpegl.1:mCherry.caax;mpegl.1:tefp gut
section F. IF of DAPI, teleFISH, and mChefry staining of a tert”
:mpegl.l:mCherry.caax;mpegl.1l:tgfip gut section.G. Quantification of normalised
telo-FISHstaining intensity in mCherfyand epithelicakells N = 3 per groupN= 13 per

fish. Oneway ANOVAvhere **** p < 0.0001 ns = p >0.05
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3.2130ptimisation of the Telomerase Repeat Amplification Protocol

for the measurement of telomerase activity in zebrafish gut

Having obtained data indicating that TERT was active in mCherry+ cells ofettie
;mpedlL.1mCherry.caax;mpelgltert-gfp genotype (section 3.22) | wanted to further
studythe level of TERActivity to determine if it was being rescued to a level comparable to
that of tert**;mpedl.1mCherry.caaxnCherry+ cellsTo quantify this,| would use the
Telomerase Repeat Amplification Protocol (TRAP assay). The TRAP assay uses the
telomerase active in sample to elongate an artificial telomere, this translates to a
colorimetric reaction where the change in colour intensity is proportional to telomerase
activity. Previously it has been reported that there is no detectable telomerase activity in
tert”’- zebrafish(218) therefore | usedert™*;mpedL.:mCherry.caaxs the positive control
and tert’:mpegdl.ImCherry.caaxas the negative controlAs it has been published that
there is no detectable telomerase activity itert”” zebrafish,| can assume thaany
telomerase activitydetected in thetert”;mpegl.1mCherry.caax;mpeigltert-gfp samples

will be due tothe expression of thenpegtert-gfp transgene

Initially | isolatel a population of mCherrycells using-ACS(Fi@.2.13.A). My hypothesis in
doing this was thatsolating onlymCherry+cells improve the signal in the TRAP asaay
hypothetically all mCherry+ cellfsom the tert”;mpedl.1mCherry.caax;mpegltert-gfp
linewould be expressing th@pedl.1tert-gfp transgene, and the TRAP signal would not be
diluted by including the protein from other cell§o accurately compare the TRAP assay of
each sampld neeced to add the same amount of proteiaextract from each sampleTo
determine the protein concentration extracted from the cells of each sample | used the BCA
assay (Fig. 3.2.3.B) The BCA assay produces a standard curve of known protein
concentrations that | can then use to calculate the protein concentration in my extracted

samples.

Assayngthe protein concentration isolated from the FACS sampidgatesthat there was

too little protein isolated for me to obtain an accurate measure of its concentration using
the BCA curvéFig.3.2.13.0). Therefore, considering tt the tert”" fish have been reported

to have no detetable telomerase activity218)| decided to use whole gut lysate with the

TRAP assay to determine the telomerase activity in théert”’"
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;mpedl.1mCherry.caax;mpelgltert-gfp transgenic as this would provide me with a much

higher concentration of proteiand therefore more telomerase

+/+.

Initially | testeddifferent amounts of protein from aert™";mpedL.1:mCherry.caagontrol to
determine the telomerase activity | would expect to sesng difference amounts of protein
(Fig. 3.2.3.0). | also added an additional positive controlldT1080 cellsan immortalised
cell linewith constitutive telomerase expressioihe data indicatedetectable telomerase
activity in 3ug, 1.5ug, and 0.5ug tert**;mpedl.1mCherry.caaxprotein sampleéFig.
3.2.13.0.

| decided to use @g of protein isolate from zebrafish whole gut to determine telomerase
activity in the transgenic as this would maximise the amount of TERT added to the sample
and therefore maximise the amount of telomerase activifijo determine the telomerase
activity in the tert”;mpedl.LmCherry.caaxapedl.ltert-gfp transgenic | used
tert*";mpegl.mCherry.caaas a positive control as well as HT1080 isellateas second
positive controland tert’:mpedlL.:mCherry.caaxsolate as the negative controlFresh
protein aliquots were isolated froraebrafish gut an®ug of proteinwas usedrom each
isolate. Both the tert’ mpedlL.mCherry.caax  and the tert”-
;mpedl.ImCherry.caax;mpéegltert-gfp had negative values for their telomerase activity

measurements indicating a lack of any detectable telomerase acfivity 3.2.3.D).
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Figure 3.2.13: Quantifying the activity otelomeraseexpressed by the
mpedl.1ltert-gfp transgenc line A. Representativeating for the soring of
mCherry cells from thetert**;mpedl.1:mCherrycaax zebrafish gut.B.

ExampleBCA standard curve generated to detect protein concentrat
from cell lysatesC. Telomerase activity measured using the TR&PRay
from differing protein concentrationsD. Telomerase activity of differen

genotypes measured using the TRAP assay.
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3.2.14 Quantification of the expression ofpedl.1ktert-gfpin
mCherry positive cells in potential foundarsing fluorescent

immunohistochemistry

Todetermine if potentialG; founders of thempedl.1ktert-gfp transgenenad been inserted

| determined to use fluorescent immunohistochemistry to detect the expression of GFP in
mCherry+ cells. Detecting the GFP would indicate thatrtipegl.1ktert-gfp was being
expressed due to the GFP repartadditionally,fluorescent immunohistochemistry would
detect GFP and mCherry in paraffin fixed sectiand fixing the sections in paraffin would
allow us to keep the sections for longer to perform other experiments on them such as the
telo-FISH assaypoth GFP and mCherry transgene are under the control ofripegl.1
promoter, so any cell that was mChetishould also hypothetically be GFP+.

Using fluorescent immunohistochemistry to detect GFP and mCherry | counted the number
of cells that were both GFRnd mCherryin sections of fixed zebrafish guthere N=3 for

the number of zebrafish and = 3 for the number of sections of guk.founder almost no

cells expressing GEIRd mCherry despite finding mChetppositive cells (Fig. 3.241C). This

was unexpected as the potential transgenic founders had GFP positive hearts, indicating the
insertionand expressionfthecmd2:eGFRection of the transgenet Is possible thabnly

the cmcl2eGFPRsection of theransgene insertedind so itis this that is being inherited from
generation to generatioimstead of the entireampegl.1ktert-gfp transgene Despite having

little evidence that thempedl.1ktert-gfp transgene was inserted | decided to continue with
breedingto the point of the G generationdue to the presence of the fluorescent green
heartsindicating that a transgene was being inheritexhd then repeat this experiment in

the mpedl.1ktert-gfp Gs generation.
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Figure3.2.14: Quantifying the expression of thepedl.1ktert-gfp transgene in potential
founders.A. DAPI staining of cell nucleustert* mpegl.1:mCherrycaaxmpegl.1ktert-
gfp potential founder sibling gutB. IF showingDAPI staining of cell nucleus tiert*"
;mpedlL.mCherrycaaxgut. C.IFshowing DAPI staining of cell nucleus plus-amiiherry
in tert*:mpedlL.mCherry.caaxnpedl.1ktert-gfp potential founder sibling gutD. IF
showing DAPI staining of cell nucleus plus-am@iherry intert*;mpedl.:mCherrycaax
gut. E. DAPI staining of cell nucleus plus a@&P in tert™
:mpedL.ImCherry.caaxnpegl.lktert-gfp potential founder sibling gutF. IF showing
DAPI staining of cell nucleus plus a@fP intert*;mpegl.:mCherrycaaxgut. G. IF
showing DAPI staining of cell nucleus plus -am@iherry and antGFP intert*”
:mpedl.ImCherry.caaxnpedl.lktert-gfp potential founder sibling gutH. IF showing
DAPI staining of cell nucleus plus amiCherry and antGFP in tert*”
;mpedlL.mCherrycaaxgut.l. Quantification of double positive (anGFP + ardmCherry)
in tert*”;mpedL.LmCherry.caax;mpeglktert-gfp potential founder sibling fish gu
compared to aged matchedert*;mpedl.LmCherry.caaxcontrols (n =3 for each

genotype).
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3.2.15Variant analysis of sequencatpedl.lktert-gfp founder

genomes

Previously | found evidence that the G3 generation of theedl.lktert-gfp were
expressing GFP indicating insertion and expression of the transgene. However, | had also
previously found that the G1 generation had very little evidence of the expression of the
mpegl.1ktert-gfp. To determine where thanpedl.1ktert-gfp transgene was inserted in

0KS 3Sy2YSs L RSOARSR (2 KI@®S GKS F2dzy RSNEQ
to determine where in the genome the transgene was inserted. By determining the

insertion site, | may be able to ascertain why the expression differed from G1 and G3.

Whole genome sequencing was carried out by Source Bioscience. | isolated samples of DNA
isolated from zebrafish tail fuslips with appropriate concentrations and purity. This
allowed me to determine the presence ahy transgene, and by using the BLAST software,

to determine its insertion site which would indicate how the insertion of the transgene may
affect zebrafish physiology in ways that would not be immediately apparent with more

specific experiments such as fluorescent immunohistochemistry.

Sequencing of the B7 potentiaipedl.1ktert-gfp founder indicated an insertion site on
chromosome 16 at positiod9,790508 to 19790589 (Supp. Fig. .A, D). This places the
transgene in a norwoding region of chromosome 16. The nearest upstream gene of this site
is abcb5which is predicted to code for aAdenosine Triphosphatas@TRse)}coupled
transmembrane transporter involved in the detoxification of mercury ions. If this genes
expression was altered by the insertion of thgedl.1lktert-gfp via upstream signalling
disruption we may expect to see less survivability of the embryos of this line, as the
orthologue abcb4 has been shown to provide protection against toxins in the
environmen{255) The nearest downstream gene to the insertion site of the transgene is
macclhas been reported to function in development of zebrafish craniofacial structure as
well brain developmen{256) Therefore any effects of the transcription of this gene would
become immediately apparent as the transgenic zebrafish developed. Currently, we do not
observe any problems with zebrafish embryo survival or craniofacial development,
therefore we may hypothesise currently that the changes observed due to the insertion of

the mpedL.1ktert-gfp are solely due to the effects of the transgene.
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Sequencing of the C2A and C2B potentigkdl.1ktert-gfp founders indicated that there

was no detectable insertion of the insertion of the whole transgene but thatrtipegl.1
region, theGFPregion and thecmcl2:eGFPegion may been insertedS@pp. Fig. .B, C).
Thismay explainthe observationof GFP expression in the heart during development for
these founders. However, as the whole transgene is not inserted these lines will be

terminated here and not taken forward for further study.

3.2.16 Quantification of the expression ofpedl.1ktert-gfpin
mCherry positive cells in paraffin zebrafish gut using fluorescent

immunohistochemistry

The potentialmpedl.1lktert-gfp line was bredto the G generationwith the expression of
the cmcl2:eGFPeported being recorded to be expressed andherited in a mendelian
mannerindicatingexpression and inheritance of thapegdl.1ktert-gfp would also follow a
mendelian pattern Fluorescent immunohistochemistry was usedl \alidate thatthe
mpedl.1ktert-gfp transgenewas being expresseid the G; fish (n = 3)Fig. 3.2.6). A one

way ANOVA indicated @ao significant difference in the number of double positive cells
present (mCherriyand GFB in the mpedl.1ktert-gfp potential founder(Fig. 3.2.4.1).
However, double positive cells were observed (Fig. B8.&)1 indicating that the
mpegl.1lktert-gfp transgene was being expressed and that further characterisation and

validation of this line should be performed.

134



mpegl. 1:Atert-gfp  tert”;mpegl.1:mCherry.caax

| Determining expression of GFP in
the 2-B7 mpeg1.1:Atert-gfp founder line
ns

1
ns ns

80- !

60

40

20

Number of mCherry* cells
also expressing GFP/%

Genotype

Figure 3.2.16: Quantification of the expression of thmpedl.1lktert-gfp transgene in
third generation transgenics.A. DAPI staining of cell nucleus inert”
:mpedlL.ImCherrycaaxmpedl.1ktert-gfp gut. B. IF showing DAPI staining of ce
nucleus intert’:mpedL.:mCherrycaaxgut. C.IF showing DAPI staining of cell nucle!
plus anttmCherry intert”’;mpedl.mCherrycaaxmpedl.1ktert-gfp gut. D. IFshowing
DAPI staining of cell nucleus plus amCherry intert’;mpegdl.LmCherrycaaxgut. E.
DAPI staining of cell nucleus plus aBHP in  tert”
:mpedl.LmCherrycaaxmpedl.lktert-gfp gut. F. IF showing DAPI staining of ce
nucleus plus antGFP irert”’;mpedl.mCherrycaaxgut. G.IFshowing DAPI staining c
cell nucleus plus artnCherry and antGFP in  tert”
;mpedL.mCherrycaaxmpedl.1ktert-gfp gut. H. IF showing DAPI staining of ce
nucleus plus antinCherry and antGFP intert”;mpegl.LmCherrycaax gut. I.
Quantification of double positive (anGFP + aminCherry) in tert”
‘mpedl.mCherrycaaxmpedl.1ktert-gfp gut compared to aged matchedert”

:mpedl.ImCherrycaax N= 3 for each genotypeN = 3 per fis, ns = p>0.05
135



3.2.17 Discussiorof the generation and validation of the two

transgenic lines

3.2.17.1 Characterisation and validation of thgedl.1tert-gfp line

The work carried out in this chapter provides preliminary evidence thantpegl.1:tert

gfp transgenic line has been successfully produced via insertion ofhegl.1:tertgfp
transgene with tol2 mediated transgenesis. Further, evidence in this chapter suggests that
mpegl.l:tertgfp transgene is expressed in ampegl.1lspecific manner, and that the TERT
resulting from this expression is performing its Rcanonical function of elongating
telomeres (Fig3.2.12).

Figure 3.2.12 indicates the expression of TERT in thetert’
;mpedL.mCherry.caax;mpelgltert-gfp line in an mpedl.1 specific manner However,
figure 3.2.11 indicates thaGFPis not being reliably expressenh the mpegl.1l:tertgfp
transgenic line. Therefore, | céaypothesise that the IRES region may not be functioning as
intended This is supported byestion 3.2.D where the genomic sequencing data indicates
that the mpedL.ltert-gfp transgene has been successfully inserted in its entiretjushing

the IRES and GFP regiohkerefore, itisareasonable to hypothesise that the IRES region
has not been aeliable method forseparating thetert and gfp exons in this caseOne
explanation may be that the ribosome is failing to bind to the IRES region leading to a lack of
GFP translatiorurtherinvestigation and characterisation of thepedl.1tert-gfp line was
warranted to determine whyvariable expression o6FPis observed. Using both native
fluorescence (section 3.2.9) and fluorescence immunohistochemistry (section 3.2.11) the
expression of GFP has been evidehdherefore, future experiments may utilise proteomic
methods to quantify the translation of GFP in the transgenic line. For example, using a
western blot to determine the level of GFP expression itert”
;mpedl.ImCherry.caax;mpegltert-gfp mCherry cells compared to TERT in the same
genotype may illunmiate if both are being translated at equal levels or if the TERT is being
translated and the GFP not. Further to this, the commissioning of a zebrafish TERT specific
antibody would be required as at the time writing the Henriques lab has not found a

suitable TER$pecific antibody that works in zebrafisWaking use of a zebrafish TERT
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specific antibody discussed above would enable further investigation into the level of TERT
expression that results from the insertion of tmepegl.l:tertgfp transgene. A zebrafish
TERT specific antibody would enable the detection of TERT via western blotting, providing
additional evidence that TERT is being expressed. Further, it would enable quantification of
the expression of the TERT protein from thgegl.1l:tertgfp. This could be used to
determine if the expression level of TERT in tiy@egl.1:tertgfp transgenic is expressed to

+/+

a level comparable to gert™" and indicate its activity level.

Future analysis of telomere length using téitSH stainingnay also investigateising a
centromere FISH probe #siswould provide a celspecific control that the teld-ISH signal

could be normalised toA centromere FISH control was not included in the experiments
discussed in this thesis due to the number of fluorophores included preventing any
additional fluorescentwavelengths being included. Repeating the experiment could utilise
the following fluorophores: DAPI for the nucleus, a GFP labelled centromere FISH probe, a

red labelled teleFISH probe, and a faed labelled mCherry secondary antibody.

Analysisof telomere lengthusing the teleFISH assay indicated that telomere length was
being rescued irtert”;mpedl.mCherry.caax;mpegltert-gfp mCherry cells to a level
comparable totert**;mpedl.LmCherry.caaxnCherry cells(Fig. 3.2.12)However, due to

the quality of the staining in this assay further optimisation of the protocol is required.
WhilemCherry cells can clearly be observed in some sections, in other sections the quality
of the mCherry specific staining is not of a quality thatamg we can be certain that a
specific cell is mCheriyThis may be due to the high temperature required for the {EI8H
probe staining section of the protocol denatngthe antibodyfluorophore conjugatelf the
protocol is affectinghe staining due to antibodygonjugatedenaturing this mayrovide an
alternativeexplanation ofthe lack of GFPstaining we are observinig the transgenic fish.
Future optimisation may investigate performing the tdltSH and fluorescence
iImmunohistochemistry on separatsections. However, without the mChergpecific
staining it would not be possible to determine the tefldSH staining in specific cell types.
Therefore, an alternative method for determining telomere length in these transgenic
animals may be investigateOne method may be to perform Terminal Restriction Fragment
(TRF) southern blot analyé267) However, to use this method on specific cell subsets

would require a sufficient population of the desired cells to be separated from a
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heterogenous population via a method such as FACS. A second method for quantifying
telomere length may be the use of quantitative FZ%8) However, while potentially less
labour intensivehan using TRF southern blot analysisvould also require in the case of

this experiment the isolation of the cell population of interest via a method such as FACS.
The isolation of a sufficient population of cells of interest would also potentially require

further optimisation.

It was not possible to quantify the level of telomerase activity in these cells using the TRAP
assay nterestingly, when quantifying theert**:mpegl.1:mCherry.caasamples thel.5ug
sample had less telomerase activity than the 0.5[ige protein concentration is calculated
based on the BCA assay, but this does not take into account the TERT content of the protein
isolate. Therefore tliis may be due to the variation in TERT content of the isolated protein
samples. The lack of telomerase activity from the tert”
;mpedL.mCherry.caax;mpgl.1ltert-gfp sample may indicate that the transgene is not
being expressear the concentration of the transgenic TERT expression may be so low in
the whole gut isolate that too little is being carried over in the protein isolate for the TRAP
assay to detect its activity. In future optimisation | would suggest using FACS to sort the
mCherry populations of severatert*’* zebrafish guts into a pool and deterniiry the
telomerase activity of this pool as a standard. The experiment could then be conducted
using pools fromtert**:mpedl.ImCherry.caax tert’mpegl.:mCherry.caax, tett

:mpedlL.mCherry.caax;mpegltert-gfp fish gut.

Interestingly the calculated telomerase activity of the positive controls was directly
related to its calculated concentratio’ relative telomerase activity of 225 was measured
from 10ug ofHT108(Qprotein (Fig. 3.2.11.Gyhereasa relative telomerase activity of #as
measuredfrom 3ug of isolated protein (Fig. 3.2.11.0herefore, with the HT1080 protein
the change in protein amount if was proportional to the change in relative telomerase
activity.In contrasta proportionate change in activity was not observeam the zebrafish

gut cell lysate. For exampl#éhe 3ug tert”*;mpedl.mCherry.caasample in Fig. 3.2.11.C
was calculated to have a relative telomerase activity of 1.8, whereas the
tert*’”*;mpedl.mCherry.caaxsample in Fig. 3.2.11.as a calculatedelative telomerase
activity of 15 Thisindicatesthat the TRAP assay is reliable when utilised to measure

telomerase activity in cells expressing high levels of telomerase such as the HT1080 cell
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culture but is notasreliable when measuring telomerase activity in zebrafish tissue samples
and so may not be a suitable assay for characterising the generated transgenic lines moving
forward. However, @iture work shouldcontinue to optimise the TRAP assay protocol to
accurately measure telomerase activity in mChéosils. Further optimisation of the TRAP
assay would involveoolingthe FACS of mChefmgell samplesromto provide an increased
concentration of TERT. Further, FACS sorting mChegtg directly into TRAP asslygis

buffer may better preserve the TERT protein as it would lyse cells before they could undergo

apoptosis.

By fully characterising thepedl.1tert-gfp transgenic we may better understand if it is an
appropriate control for the canonical functions of telomeraSequencing ompedl.1tert-

gfp founders indicatsthat thempedl.1tert-gfpisinsertedinto the untranslated regiorof
larsb in founders Al and A2, and into tre#a2agene of founder C1 (Fig. 3.2.12.1.D, E).
Further investigation into the how this affects zebrafish phenotype should be conducted to
determine if the insertion of thenpedl.1tert-gfp affects the genes it is inserted into. This
may preliminarily take the form of reaiime quantitative polymerase chain reaction (RT
gPCR) to determine if transcription lairsbor sla2ais affected. If this is the case then the
transgenic line should not be considered suitable for further experiments as the
observations cannot reliably be considered to be a result of the expression of the
mpedl.1tert-gfp transgene.Currently whole genome sequencing is not standard practice
when a new transgenic zebrafish is generated using the tol2 systeelieve that thismay

bea shortsighted approach to generating transgenic lines in the zebrafish community that
could leado complications with the established transgenic models in later experiments due
to the random nature of transgene insertion when using the tol2 system. If | were to
generate novel transgenics in future studies using tol2 | believe that whole genome
seqguencing and analysis would be an invaluable tool for determining the insertion sites of
the transgenes. Without knowing the insertion sites of transgenes and how this may affect
zebrafish physiology, we cannot know that the effegbserved intransgenidinesare due

to the inserted transgene and not due to the disruption of the genome caused by the

transgene.

During the breeding of the transgenic lines developments in the literature indicated that the

mpedl.1 promoter was not macrophage specific as had previously been repg¢228)but
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was expressed also ird@lls and Natural killer (N#ike cell§234, 237) Further to this there

Is evidence that thempegl.l:mCherry.caaxransgene had not been adequately
characterised due to the variation in fluorescence observed in the FACS populations in
section 3.2.13However, bydetecting mChernyjit was still possible to confirm that eell

utilised thempedL.1 promoter andtherefore maybe a macrophage,-Bell, or Nlike cell.

3.2.17.2 Characterisation of thmpedl.1ktert-gfp line

This chapter has detailed the method of production of theegl.1ktert-gfp transgenic

line, as well as illustrating preliminary data on characterising the insertion sites and
expression of thenpegl.lktert-gfp transgene.lnitial validation of thempedl.lktert-gfp
transgenc line has indicated that the futhpedl.1ktert-gfp transgene is inserted (section
3.2.15). Further, the expression of GFP from the transgene has been indicated in mCherry
cells (Fig. 3.2.16) indicating that the transgene is being expressed undenpbgl.1l
promoter. Whole genome sequencing (section 3.2.15) demonstrated rifaggl.1ktert-

gfp was inserted in its entirety into thB7 founder line but that onlythe mpeg, GFPand
cmcl2:eGFBegments of the transgene had been inseriethe C2A and C2B founder lines
This demonstrates the need for whole genome sequencing when using multiple reporters as
without sequencing GFP expression may still have been observed indicating the expression
of the inserted transgene. Conversely this also highlights the need for further validation of
this line. Further validation would include quantification of the telomere lentght”-
;mpedL.ImCherry.caax;mpeglktert-gfp mCherry cells as has been performed for the
tert’;mpedL.:mCherry.caax;mpegliert-gfp line to determine if the insertion of the
mpedl.1lktert-gfp transgene is rescuing the function of telomerase. Kteet is designed so

that its expression should not rescue telomerase function, but this needs to be verified.
Further, the production of a custom antibody that is specificktert would enable the
quantification of its expression level via western blotting. This would provide data on the

comparability of the expression level d&tert gene compared to the nativeert in

tert*’”*:mpedL.mCherry.caaxontrols.

Thetol2 transposon is a widely characterised tool used for transgenesis in zel@8ish
252) Further, transgenes introduced usingl2 as a vector are reported to be reliable
expressed without silencing from the hd269) Howevertol2is not a perfect tool as it has

been reported to be promiscuous in its target site selection leading to unpredictable
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insertions(259) Further tothis,tol2has been indicated to preferentially insert into A€h

and transcriptional regulatory region$259) Considering both the advantages and
disadvantages of théol2 vector it was still a logical option for use in generating these
transgenic lines due to its wide use on generating zebrafish transgenics. However, the
downsides noted here acted as a motivator for the whole genome sequencing of the

generated transgenic lines

A potential explanation for the variable expression of both thpegl.1l:tertgfp and the
mpegl.lktert-gfp gene is the variation in utilisation of thepegl.1lpromoter in zebrafish
immune cells. The effect of premature ageing on zebrafish immune cells has not been fully
characterised. While some literature suggests thgtegl.1is utilised in bothtert*”* and

tert”- gut associated immune celfsrther work must be undertaken to further explore the
effects of premature ageing on the zebrafish immune sygf38) Literature indicates that
ageing affects both macrophage anec@I function185, 260, 261)Considering the normal
function of thempeg1l.1lin perforin expression, its utilisation may hinge on the polarisation,
tissue of residence, current cytokine or chemokine signalling, or response to infewion,
can hypothesise that prematurely ageing the zebrafish immune system may have a similar
effect, or indeed affect immune cells in a way that has not yet been characterised.
Therefore, the use ompegl.las an immune cell marker in ageing cells requires further

investigation.
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Chapter 4Optimising the isolation of a zebrafish gut

dissociatiorfor Singlecell RNAequencing
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4.1 Introduction

Chapter 3 detailed the generaton of two novel zebrafish transgenic models, the
mpedL.1tert-gfp line and thempedl.1ktert-gfp line.One of theaims of this PhD was tese

these lines tastudy the noncanonical functions of telomerase mpeg1.1 cells.Singlecell

RNA sequencing was considered an appropriate method for studying the effects of the
mpedL.1tert-gfp transgene on zebrafish physiology due to both the amount of data this
would provide and that it had previously been used to study zebr@Zh 262267)
However, the literature had highlighted the difficulty with producing a sample suitable for
singlecell RNAsequencing from zebrafish, particularly in reference to the low number of
iImmune cells isolate(234) As this project is focusing on gut immune cell populations due
to the gut being one of the fastest ageing organs th€herry the singlecell population
would be isolated from the zebrafish gut. Therefatavas expected that thlow number of
immune cellsproblemreported in the literaturewould be exacerbated due to the harsh
conditions foundin the gut leading to a higher level of cell loss during sample preparation
and that any carryover of intestinal contents may lead to issues with siogleRNA
sequencing library preparatioherefore,it was appropriate taoptimise a protocol that
would provide a samplaith a high number of live single celghile removing the harsh
digestive components of the lysafEig. 4.1) Additionally, the sample had to Isiitable for

use with a 10x Genomidshromium controllerTo be suitable thesample needed a high
viability ¢00%) to optimise the sample siaead have as little clumping as psible due to

the library preparation stage relying on a dropledsed barcode system from 10x Genomics
The 10x Genomics Chromium controller uses an eight well chip with each well holding a
maximum of 20,000 cells in a maximum volume gfilA@ell. However, the 10x Genomics
Chromium controller can sequence a maximum of 10,000 cells per well. Therefore, adding
more than 10,000 cells to a well will increase the likelihood of doublets. However, adding
more than 10,000 cells also increases the likelihood that the maximum 10,000 cells will be
sequenced.As such, to maximise the number of cells sequenced, my target wipla
samplewith a concentration of 500 cellgl with a viability oh@0% Further, to perform
singlecell RNA sequencing the sample would have little to no clumping to prevent blocking

of the 10x Genomics Chromium controllandto alleviate the number ofloublets.
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To perform singleell RNAsequencing omCherry cells e cells would be isolated from a
suspension of lysed zebrafish whole dbtg. 4.1)Expression of the mCherry fluorophore
would indicate the cell was utilising thmpegl.1promoter. If the cell was utilising the
mpegl.1promoter then hypothetically the cell would also be expressingripedl.1tert-
gfp transgene if it were derived from thepedL.1tert-gfp transgenic line. FACS would be
used to produce a sample suitable for singl#l RNAsequencing to separate the mChetry

population from the mCherrycells. FACS was chosen as it would enable the sorting of

specific cells (in this case mChéjrgnd a specific number of cells.

Figure 4.1 Representative illustration of the steps and potential methods for prepat
samples for singleell RNAsequencing. Moving from zebrafish gut excision after the 1
has been culled (1.), to the dissociation of the gut via the action of enzymatic dige:
stirring, and heat (2.), to produce a cell suspension (3.) which is used to pel
experiments to determine if FACS (4.) or using a haemocytometer (5.) is a better m

for producing a sample for singtell RNAsequencing.
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4.2 Results

4.2.1lsolating an mCherfpopulation of cells from whole zebrafish
gut dissociation using FACS

Initially the gating used tasolate an mCherfypopulationfrom a lysed zebrafish gut cell
suspension would be optimiseBish from thetert**:mpedl.:mCherry.caakine were used
to optimisethe gating for almCherry population as theyvould eventually act as healthy
ageing control in theinglecell RNAequencing experimentWT(AB)zebrafishwere usedas
a control forautofluorescenceThe farred wavelength fluorescent stain TRRG3 was used
to indicate apoptoticand deadcells. TEPRG3 cannot enter living cells but will move
through thedamaged cell membranésdicating thata cell is dead an the process of dying

and soshouldnot be included in the sort of live cells.

FACS gatin@rig. 4.2.1)vas used to isolata population of mCheriycellsfrom the lysed gut

of a tert**:mpedl.mCherry.caax(Fig. 4.2.X0) using gate that had previously been
designated by thélenriques latio select? 6 NJ&A 3 K (i GnCheyfyReell& IRokve€, using
the same gating strategy with tA&T(ABsample(Fig. 4.2.D)A Y RA OF 6§ SR G K I {
included autofluorescent (Fig. 4.203). In the WT(AB) zebrafish gut dissociation sort of
100,000 cells522 cellsvere counted il K S Y/ K Sghithkiad 14Rc&lI¥ithe mCherry
Wo NIga&K(Eid 4.2.D). In thetert™”*;mpedl.mCherry.caaxebrafish gut dissociation
sort of 100,000 cells 1192 cellere presentini K S Y/ K Sgstbidhd 38R xelIin the
Y/ K S NNE gatd@iyJ. A K)iiTAis indicates a potential contamination of 15.3% of the
sample as autoflourescent cellsTherefore, this gating strategy required further

optimisationto reduce the contamination of autoflourescent cells in the mChiegates.
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4.22 Optimising a reduction in autafirescent cell contamination in
the mCherry population gating strategy.

The previous gating strategiFig. 4.2.1)used two gates to isolate two populations of
mCherry cells but was indicated to include a contaminating population of autw#scent
cells. To produce a sample suitable for singgdd RNAsequencing using FACS it was
necessary to optimise gating to produce a single population of mCheefis without
autofluorescent cell contamination. Additionally, the previous gating methieig.¢.2.1)
used two gates, leading to the loss of a small population of mCheelis that fell between
the two gates. Therefore, a single gate that encompassed the entire mClpanpylation
was a logical solutiotp isolate the maximum number of mChefmgells while eliminating

any autoflorescent contamination.

Sorting a celsuspension from aert*’*;mpedl.LmCherry.caaxgut dissociation(Fig. 4.2.2)
enabled the gating of an mChefpyopulation indicating a population of 6068 mChérrglls
from a sort of 100,000 cells (Fig. £22). Utilising the same gate for th&/T(AB) gut
dissociationndicated asort of 1,093mCherry cells from a population 000,000 cells (Fig.
4.22.D). This indicateghat 18% of the mCherfypopulation may be a contaminating
population of autofluorescent cells. Therefore, considering almost one fifth of the
population of mCherricells may be contamination from mCheffigrther optimisation was

required.
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4.230ptimising the detection of a GFRCherry double positive

populationfrom zebrafish gut dissociatiarsing FACS

The mpedl.1tert-gfp transgenicline contains a GFReporter indicating the expression of

the transgenelt was hypothesised that a double positive (mChéaryd GFB population of

cells could be isolated from the transgenic gut to reduce the autoflourescent contamination.
Gating for bottmCherry and GFPcells was based diterature published byNguyenrchi et

al. that utilised FACS to identify macrophagesmpegl.l:mCherry;tnfa:eGRRansgenic
zebrafistl{227) Onegate was mCherfyspecifi¢ the secondvas GFP specifi¢ and the third

was a doublepositive gate designed to detect cells expressing both mCherry and GFP (Fig.
4.23).

Gut dissociations from three genotypasmderwent FACS using the new gaté¢T(AB),
tert*”*;mpedlL.mCherry.caax and tert*:mpedl.:mCherry.caax;mpegltert-gfp (Fig.
4.2.3) From the sort of th&/T(AB)ut dissociation 2&ellswere detected in themCherry
gate 7 GFPcells were detectedn the GFPgate, and194 cellsn the doubl€ gatefrom a
total of 96,000 cellgFig.4.2.3.0). From the sort of thetert*”*;mpedl.1:mCherry.caaxgut
dissociatiorl600 cells were mCherry56 were GFReells, and 680 were doubleellsfrom
a total of 113,000 cells (Fig. 4.23.D). From the sort of the tert*
;mpedl.ImCherry.caax;mpeglitert-gfp gut dissociation 37 mCherrgells were detected,
63 GFPcells were detected, and 941 doubleells were detectedrom a total of 235,000

cells(Fig.4.23.E).

The contamination of thelouble” gate may be explained by the expression of mCherry
causing crossover into the doublgate in thetert**:mpegl.:mCherry.caasample (Fig.
4.2.3D). However, in the doublgate from thetert*’;mpedl.mCherry.caax;mpeigltert-

gfp sample a distinct doubfgopulation is observed (Fig. 4.Z8.However, this data does
indicate that contamination of the doublegate is occurring with autofluorescent and
mCherry only cellswhich may equate up to 72% of the doublgopulation in thetert*"
:mpedL.mCherry.caax;mpegltert-gfp sort. Therefore, further optimisation of the gating

strategy is required if FAGSto be usedo produce a sample that is suitable for singkl

RNAsequencing.
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4.24 Determining the different cell populations presentime FACS

mCherry population

At the start of the projectthe published literature detailing the production of the
mpedl.LmCherrycaax line indicated that thempegdl.LmCherrycaax transgene was a
macrophage specific reporté226) However, more recentiterature was published that
demonstrated in adult zebrafish thmpedl.1:mCherry.caaxransgene is expressed in both
populations of macrophages and-dlls in the zebrafish g(@34) Therefore, it was
important to determine the phenotype of cells being selected for by the
mpedl.LmCherry.caaxgene as this would also indicated which cells were potentially

expressing thenpedl.1ltert-gfp transgene.

FACS of atert*":mpedl.mCherry.caaxgut dissociation was used tteterminethe cells
that made up the heterogenoumCherry population alongside a method described by
Lugovillarino etal.(268) An mCherrypopulation was sortednto glassdiscscoated with
poly-D lysineand incubated to allow cells to adhere. Thiskdwere thenfixed thewith the
cells before staining withwright-giemsa stain However, gpon inspection using a light
microscope(Fig. 4.24.A, B)the cellshad lysedduring the protocolindicating that further
optimisation would be requiredl herefore, and alternative method was used to determine

heterogenouscell typesthat constitutedthe mCherry population.

The alternative method for determining the heterogenous cells that constituted the
mCherry population replicatea gating strategy reported biyerero et a(234)that uses the
sidescatter and forwarescatter of the srted cells to determine their phenotypéJsinga
WT(ABYebrafish gut dissociation asagativecontrol for the mCherrysignalindicated14
cells had been selected by the mChérrygate (Fig. 4.2.4.C) From a
tert™*;mpedL.mCherry.caaxut dissociationfound 2020mCherry cells were sorted (Fig.
4.2.4.E) Using the gating strategy described bgrero et g34) (Fig. 4.2.4.D, F) it was
determined that the mCherfycell population was made up of both lymphocyte and
myelomonocyte populations as well aslditional urcharacterised cellsTherefore, the
mCherry population is indicated to be a heterogenous mix of cell types that hypothetically
all would use thempegl.1lpromoter and therefore may all express thmepedl.1tert-gfp

transgene
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4.2 5 Determining the effects of FACS on cell viability

To further determine if FACS was a suitable method for preparing a sample forsgtigle
RNAsequencing it was necessary to determihew FACS affected cell viability. A 90%
sample viability was the target, based on recommendation from 10x Genomics guidelines,
to produce highguality singlecell RNAequencing datal oassess the effect of FACS on cell
viability the viability of the sample would lzketermined after dissociatiorbefore FAC&nd
during FACS

Dissociaed samples of one WT(AB) control (Fig. 4.25.A) and three
tert"”*;mpedL.mCherry.caaxFig. 4.2.5.B, C, Mere prepared then split, one half for
viability and cell counting using a microscope and trypan blue staining, the b#itfor
FACSTrypan blue i stain used to selectively stain dead or dying cells. Trypan blue cannot
enter a cell with an intact membrane. However, trypan blue will enter a cell with a damaged
membrane, so indicating that the cell is dead or undergoing apoptosis and should not be
considered as a live ceComparing the cell counts from the FACSHe haemocytometer

we see a higher range in the number of cells counted on the FACS ranging #268/GR

(Fig. 4.2.5.E) compared to those counted on the haemocytometer ranging frof8/@Bper
sample (Fig. 4.2.5.E). Therefore, there is more variation in the FACS cell counts than the
haemocytometer.Using FACS to observe the cell viabihiyicated thatthe viability of the
WT(AB) sample and théree tert*:mpedL.:mCherry.caasamplesranged from 60.89%
79.3% indicating that they would not have saiént viability to meet the 90% threshold for
use in singlecell RNAequencing (Fig. 4.2.5.F)sing the haemocytometer to determine cell
viability indicated that the WT(AB) sample had a viability of 76% &ewd*"
;mpedL.mCherry.caassample 1 had aiability of 69% (Fig. 4.2.5.&)so indicating that they
would not meet the 90% viability threshold for use in singgd RNAsequencingData for

the tert*;mpedL.:mCherry.caasamples 2 and 3 using the haemocytometer is unavailable
due to human error.Interestingly the viability assessment of the FACS samples using
TOPRE3B indicates that as time progresses the number of cells taking up TORRease

(Fig. 4.2.5.A, B, C, D). As TOBRadded to the sample a set time before it is loaded into
the FACS machine this increased uptake cannot be accounted for by increased incubation
time in the presence of TOPRBOThis then may indicate that as the samples are waiting to

be loaded, cells are entering apoptosis. Considering this, and the fact that undertaking the
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FACS element of the protocol adds a great deal of time to the protocol for preparing a
singlecell RNAsequencing sample, it made practical sense to eliminate the FACS element of
the protocol and focus on optimising the production of a sample suitable for soajldRNA

seguencing using the gut dissociation protocol only.
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4.2 6 Determining theefficacy of using cell suspension from
zebrafish gut dissociation for use in singgdl RNA sagencingwith

methanol fixation.

To optimi® the protocol for preparing a suitable sample for singdd RNAsequencinghe
viability andcell number was determine@hen our general gut dissociation protocalas
used This would provide preliminary information on the effectiveness of isolating a single
cell suspensiomsing thisprotocol andinform the steps thatould be takenoptimise the
process.Threesamples usindert*;mpedl.mCherry.caaxebrafish gutswere prepared

and their viability and the cell number assessed. Viability ranged 62#83% indicating

that an optimisation to increase viability would be required (Fig. 4.2.6.A). Cell number
ranged from 178198/ul (Fig. 4.2.6.B) indicating a sufficient cell number in all samples for
singlecell RNAsequencing. Determining the number of clump® cells together)n a
sample indicated a range ot@l5ul (Fig. 4.2.6.C) indicating that further optimisation to
reduce clumping would be beneficial, as the fewer clumps the less chance of multiple cell

libraries being prepared in the same droplet and better data quality.

An alternative method provided by 10x Genomics for preparing a sample for use with the
10x Genomics chromium controller is to fix the cells that you wish to sequence using a
methanol fixation process. To determine if this was a viable method for preparsngle

cell RNA sequencing samgltem zebrafish gut dissociatiomalf of each samplavas fixed
according to the 10x Genomiggethanol fixation protocalThe cell number and clumping of
each sample was then assessed and comparisons made between before and after methanol
fixation (Fig. 4.2.6, B, QJell number was reduceth each sample antb a range of 65

168/ul indicating that up to 35% of the cells from a single sample could be lost during
methanol fixation(Fig. 4.2.6.B)The number of clumps in the sample had increased after

methanol fixation to a range of-2 clumps/ql (Fig. 4.2.6.C).

The variationin cell numberbe due to the methanol fixation protocohay be due to the
methanol causingome cells to lyséAdditionally, there is an indication that the methanol
fixation leads to additional clumping, although this may also be due to the fact that the cells
have spent longer in media as well. Howevke data indicates thathe methanol fixation

process negatively affects the quality of the sample by inéregke number of clumps and
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decreasing the number of single cells (Fig.6}.Z herefore, it does not appear that this

would be a viable method to produce a singkdl RNAsequencing sample.
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Figure 4.26: Determining the efficacy of using a singlel suspension from zebrafis
gut dissociation for use in singl®ll RNAsequencingA. Sample viability after gut
dissociationB.Cellnumberbefore and after methanol fixatiorC.Number of clumps

observed before and after methanol fixation.
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4.27 Optimisinghe protocol to produce a sample suitable for single

cell RNAequencingrom a whole zebrafish gut lysate.

To produce a sample suitable for singkll RNAsequencingusing the 10x Genomics
Chromium controllerit was necessaryto optimise the protocol to maximise cell

concentrationand viability and minimise clumping

4.2.7.1 Optimising the protocol to increase final calhcentration

The protocol to prepare a sample for singlell RNAsequencingncluded three washes to
optimise the isolation of live cells from zebrafish gititwas hypothesised that during these
wash steps cells were being lost. To test tfwe lysedgut samples, on&VT(ABxand one
tert”:mpegl.1mCherry.caaxvere produced with the number of cells being calculated
using a haemocytometer betweewashes(Fig. 4.2.7.1.A). The calculatedlicnumber
counts indicated that the number of cells did not decrease with subsequent washes
demonstrating that cells were not being lo@tig. 4.2.7.1.A). However, the counts had high
variation from sample to samplenging from570-1,430 pl for the WT(AB)nd 215-750/ul

for tert”:mpegl.I:mCherrycaax potentially indicating inefficient resuspensiofFig.
4.2.7.1.A.

Further to determining cell number between washes, viability was also determined (Fig.
4.2.7.1.B). Mbility decined in theWT(ABBample from 90.48% to 75.99%er the course of

the washes (Fig. 4.2.7.1.B). Further, the viabilitsheftert”:mpegl.1:mCherrycaaxsample
declined from93.33% to 80%Fig. 4.2.7.1.B). This indicated tteals were dyingluring the

time it took to perform the washes seeducing the quality of the final sampldig.
4.2.7.1.B.
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between washesB: Viability assessmentisetween washes
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4.2.7.2 Optimising the protocol to reducell clumping

Sectiod.2.6 indicated that an increase in the number of clumps may be occurring over time
which would be detrimental to the quality of the singtell RNAsequencing data.
Additionally there was a concern that a large clump of cells in the safoplsinglecell RNA
sequencingcould cause a blockage. Therefore, the protocol was optimised to reduce the
clumping of cells. The alterations to the protocol to reduce clumping veeradditional

40um filtration steporthe addition of different concentrations of EDTRDTA chelates free
Calcium and Magnesium ions so preventing intercellular bonds forming so preventing the

cells from clumping.

Three samples were prepared froi@rt*’;mpedl.mCherryzebrafish gut to test the effect

of adding an additional filtration step to the protoc#dditional filtering led to a decrease

in cell numbers in the sampléert*;mpeg:mCherryl where the count significantly
decreased from 185l to 83/ul. However cell numbers for sample®rt™:mpeg:mCherry2
andtert*:mpeg:mCherrgincreased slightlyFig. 4.2.7.2. Asampletert*;mpeg:mCherrg
demonstrated a significant decrease in the number of clumps with additional filtering (Fig.
4.2.7.2.B). However, the number of clumps in samele* :mpeg:mCherryl and tert*"

;mpeg:mCherry could not be accurately measured

Three gut dissociations frortert*:mpeg:mCherry.caawere produced toinvestigate the
effects of adding 0.1mM EDTAhe number of clumps with and without additional EDTA
was measured as well as the viability of the samples. Meastinmgiability of the samples
with and without EDTA indicated that there wassignificant negative or positiveffect on
the viability (Fig. 4.2.7.2.C) as viabiligis observedt X¥90% for each sampl®etermining
the number of clumps seen with and without the addition of EDTA indicateidnificant
decrease in the number of clumps in samf@e*;mpeg:mCherrg and a slight decrease in
sampletert*;mpeg:mCherng (Fig. 4.2.7.2.D). However,stight increase in samplert*"
;mpeg:mCherrg was observedFig. 4.2.7.2.D).

Further optimisation of the protocol was tested to determine if the addition of a high

concentration of EDTA would further alleviate clumping. Bamples of zebrafish gut

dissociation frontert™;mpeg:mCherry.caawere prepared and the effect of adding 10mM

EDTAdetermined. Vability did not significantly differ between the samples widmd

without the additional 10mM EDTA (Fig. 4.2.7.2.E) indicating that the increased
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concentration was nosgignificantlyaffecting cell viabilityComparing the number of clumps
with and without the increased EDTA concentration indicated a significant reduction in the
number of clumps in the samples with the EDTA (Fig. 4.2.7PHi€yefore, this data
indicates thatthe increased EDTA concentration is alleviating the clumping issue. Furthe
the viability in the trials was consistently abo@0% indicatingsamples with a viability

appropriate forsinglecell RNAsequencing.
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Figure 4.2.7.2: Optimising the method foproducing a sample suitable for singiell

RNAsequencingA. Comparison of cell numbers with and without additional filterii
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the effect of addindgEDTA on cell viabilitld. Measuring the effect of increasing EDTA
clumpingE.Determining the effect on viability of adding an increased concentratior

EDTAF. Determining the effect on clumping of adding an increased concentratiol
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4.2 8 Discussion

The aim of this chapter was to optimise a protocol for producing a sample that met the
parameters for singkeell RNAsequencingusing the 10x Genomics Chromium controller.
Here | have demonstrated the optimisation of a method for the preparation of a
heterogeneous dissociation of zebrafish gut to a quality suitable for sedleRNA

sequencing.

LYAGAFE 3IFGAy3 dzaAy3d GKS WRAYQ YR WOoNRIKGQ
GKFEG GKSNB gta + O2ydFYAYFGAYy3 L2z GA2Yy 2
gates indicated a wide range in the levels of the mCherry fluorophore from the
mpedl.LmCherrycaaxline. This range may be due to the natural differential regulation of

the mpegl.lgene, it may be due to thewpedl.mCherry.caaxyyjene having an unknown

number of insertions, or it may be due to the insertion site of thpedl.1mCherry.caax

gene. Therefore, further study of thepedlL.1:mCherry.caaxine should be performed to

better characterise its effects on the zebrafish phenotype, adding weight to the point from
section 3.2.17.2 that whole genome sequencing of novel transgenic lines should be more

commonplace.

Further to issues with the levels of mCherry fluorescence, a contaminating population of
potentiallyautofluorescent cells was determined from WT(AB) gut dissociations. These cells
were present in gates designed to identify mChéoslls and so would dilute the specificity

of RNAseq. performed on an mChefrgample if they were included. One hypothesis for
the contaminating cells éing present in the mCherhgateis that zebrafishgoblet cells
found in the gutexcrete digestive enzymesto vesicles that can then be autofluorescent

As this can prove problematic in fluorescence microscapy also possible thatitis causing

an issue with the specific of FACS of zebrafish gut dissociation.

Further analysis of thenCherry population from FAC&monstrated that it was possible to
determine a heterogenous population of mCheérpglls, that included both lymphoid and
myeloid derived cells, present in thepedl.LmCherry.caaXine used to generate the
mpedl.1ltert-gfp and mpedl.1lktert-gfp transgenic.The identificationheterogenous cell
types constituting thenCherry population supports the use of singéell RNAsequencing

to investigate the different cell types that have been reported toiséilthe mpegl.1
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promoter and the effects of thenpedl.1ltert-gfp transgene, as other methods such as bulk

RNAsequencingvould not have cell specificity.

Additionally, section 4.2.5 indicated that viability was decreasirthe FACS of theamples

as their viabilityplots appear to shift to the righin proportion to how long the sample was
waiting on ice before it was loaddgFig. 4.2.5.)ndicating an increase in apoptotic cella
WT(AB) andert*;mpedl.mCherry.caaxsample 1 a clear population of viable ceis
observedinside theviablegate (Fig. 4.2.5.A, BYowever, for tert*;mpedL.mCherry.caax
samples?2 and 3the population shifts to the right (Fig. 4.2.5.C,ijicating an increase in
the number of apoptotic cellsThe FACS samples were run chronologically starting with
WT(AB), thetert*;mpedl.mCherry.caat, 2 and 3. Therefor@ne hypothesis would be
that the increase in TOPRDuptake of the populations may be occurring due to the cells
membranes becoming permeable as the samples are waiting to be loaded, despite the
samples being stored at’@. This indicates that time is of the essence when preparing the
samples for singleell RNA sequencing even with proper stordgerther, that if FACS were

to be used for the preparation of a singtell RNAsequencingsample that the increase in

time would be detrimental to the sample quality.

The change in viability observed with FACS sanipte$o concerns that the time taken to
perform FACS may also lead to alterations of gene expression in the cells which would affect
the RNAsequencinglata.Therefore a method for preparing a sample suitable from single

cell RNAseqguencindgrom whole zebrafish gut lysate was optimiggédg. 4.2.8)This protocol

would have the advantage of being much shorter without the FACS step. However, a
potential disadvantage would be that the sample would nonygedl.1" cell specific as had

been the aim with FACS. However, this may be considered an advantage as sequencing a
whole gut would enable the study of many distinct cell types. Further to this was the
practical considerations of performing the singlell RNAsequencingexperiment. The
University of Sheffield lacking a singlell RNAsequencingacility and the closest viable
option was the University of York. This required us to takedkperimentalfish to the
University of York live and to prepare the saegon the day that thie libraries were going

to be prepared Adding the process of FACS to producing the samples would have extended
the time of the protocol to the point that it would bgery impractical to prepare the

samples and have their libraries prepared the same 8aygtion 4.2.6 details the test of the
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methanol fixation protocol suggested as an alternative to moving zebrafish to the University
of York. However, data indicated that with methanol fixation clumping was greatly
increased (Fig. 4.2.6.C) which may lead to adowality sample. This was supported by the
cell concentration decreasing after methanol fixation (Fig. 4.2.6.B) potentially due to cells
aggregating into clumps. An additional concern was that the RNA expression of the cells
would alter due to methanol fixation, although this would not change once the cell had
been fixed. However, the clumping and loss of concentration led to a halt in testing the

methanol fixation protocol.

The focus of the protocolvas to maximise viability and concentration while reducing
clumping to prevent doublets and blockages of the machine. Initial considerationstwere
quantify how cell numbers and viability were changing through the protocol to determine
how it may be improved (section 4.2.7.1). Data indicated viability decreased steadily with
each wash step (Fig. 4.2.7.1.B) however the data on cell concentration did not paint a clear
picture on how concentration was changing throughout the protocol (Fig. 4.2.7.1.A).
However, clumping was noted throughout the protocol despite washes indicating that this
required further optimisation. It was then hypothesised thadding an additional step
filtering the sample through a 46n strainer would eliminate large clumpslowever,
testing this (Fig. 4.2.7.2.B) led to no clear quantifiable indication that an additional filtering
step led to less clumps in the final sample. An alternative method to prevent clumping
would be the addition of a reagent to the sample that may prevent clumping. Both RNA and
DNA released from apoptotic cells can be causes of clumping, however ddNikgeor
RNAsewould beundesirable as they maipterfere with the library preparation step the
sample was being prepared for. Therefore, the addition of EDTA was deemed a suitable
solution. EDTA works by chelating free metal ions preventing their use by the cells for
intracellular adhesion.nicreasingconcentrations ofEDTAdemonstrated a quantifiable
decrease in clumping (Fig. 42.D, F) while viability was maintained at a suitable level (Fig.
4.2.7.2.C, E). While 0.1mM led to slightly less clumping (Fig. 4.2.7.2.D) 10mM EDTA provided
a more noticeable difference in the number of clumps (Fig. 4.2.7.2.F). Hence, 10mM EDTA
was determined to be a more suitable concentration for sirgdd RNAsequencingample

preparationbased on the results observed in these experiments
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Optimising a protocol for the isolation of zebrafish whole gut suspension suitable forsingle
cell RNAsequencingvill enable thestudyof the effects of thanpedl.1ltert-gfptransgenein

the tert”;mpedl.1mCherry.caavackgroundn a zebrafish gut contexFurther, sequencing
whole gut dissociation will produce a singlell RNAsequencindandscape of the zebrafish
gut. This will enable the study offferences in RNAxpression imanycell types providing
clues as tdhow rescuing the expression of TERTmegl.1 cells affects theageing gut as

whole.

Figure 4.2.8Representative illustration of the final process for preparing a sample
singlecell RNAsequencing. Initially the zebrafish is sacrificed, and the intestine remc
(1.), which is then dissociated (2.). This produces a cell suspension (3.) which i
filtered several times (4.) to remove clumps. The cell number and viability are che
using a hemocytometer (5.) before the sample is diluted to an appropriate concentr:
and loaded into the 10x Chromium device which then usdsoplet-basedmethod to

isolate singlecells (6.).

167



Chapter 5Determininghe effects of theanpedl.1tert-

gfp transgene ortert”’-

‘mpegl.l:mCherry.caarpedl.ltert-gfpintestinal cell

physiology usinginglecell transcriptomis
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5.1 Intraduction

Characterising the aged zebrafish gut using siegleRNAseq. would be provide useful and
novel data on how ageing affects gene expression in several different cell subsets within the
zebrafish gut, indicating how it affects the organ as a whole. Further to this, characterising
the gut in the transgenitert’;mpedL.mCherry.caax;mpegltert-gfp line would provide
additional data on how rescuing TERT expressianpagl.l immune cell subsets affects

intestinal ageing.

With the advent of increasingly accessible Sirmg# RNA sequenciriigis possible tacreate
atlases of cell transcriptbat provide indepth knowledge of the transcription occurring in

the cell at the time of sequencii@g62) Singlecell RNA isbeing used with increasing
frequencyin the zebrafish model organistoe perform in depth studies of RNA engssion
Understanding the alterations that occur in RNA expression in a cell provides the basis for
further research. For example, if we can determine the gene that the RNA is being
transcribed from we may be able to determine which signalling pathways regulate that
genes expression and so extrapolate which pathways are being affected by the experimental
conditions. Further to this, if the RNA codes for a protaimd we can determine which
protein that is we can design experiments to quantify the levels of that protein that being
expressed and its function in the different experimental conditions. This forms the basis for
planning future experiments that will test different aspects of the alterations observed in
the model organismsFor exampleWagner et al performed singlecell RNA sequencing on
using zebrafish embryos to map gene expression and cell lineage in the developing zebrafish
up to 24hours postfertilisation (hpf)providing an atlas of genes that may be investigated in
future developmental genetics work that tries to understand genetic diseases that affect
foetal developmen{266) Farnsworth et alused Singleell RNAsequencing of 44,012 cells
from developing zebrafish up to 5dpd produce azebrafishdevelopmental atlaghat
captured rare cell types such as Putative Germ Cells (RiEshay be studied in future
work looking at stem cell regenerati(@64) AdditionallyC I NJ/ & ¢ 2 Ndiutyerfaled f Q&
the tracking of changes in RMXpression ovetthe first five days of the zebrafishes
development, which may enable future research into proteins that we now know are

integral to the advancement of the zebrafish lifecycle thanks to their (&o)
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The zebrafish is a widely acceptedvivomodel with its use in the field of biogerontology
growing steadil{213, 218, 219, 269Previously, | have detailed the two novel transgenic
models | have created to allow us to determine the role of telomerase in macrophage
biology and discriminate between the canonical versus the-camonical functions that
may make up this role (section 3). The aim of creating these models is to determine how the
non-canonical functions of TERT affegpedl.1" cell physiology. To determine this | would
use singlecell RNAsequencing to examine the altered gene expression between
tert**;mpedL.mCherry.caaxnd tert”;mpedl.LmCherry.caaxo provide an overview of
significant transcriptional differences observed between the two which would represent the
difference between a healthy and prematurely aged gut phenotype. | would then utilise
singlecell RNAsequencing to determine how the insertion of thmpedl.ltert-gfp
transgene affected gene expression in tteet’;mpegdl.:mCherry.caaxnpedl.1tert-gfp

line.

Singlecell RNAsequencing was performed on 12 month old fish as it is at this ageteintt

fish are considered to be prematurely aged and begin exhibiting the aged phenotype we see
at 30 months intert**(220) By comparing Ihonth-old tert’:mpedlL.:mCherry.caaxo

age matched tert*;mpedl.mCherry.caax| aimed to highlight the transcriptomic
differences seen between the agedped in tert’mpegl.1:mCherry.caaxand the young
macrophages observed in thert**;mpegl.:mCherry.caakine. Additionally, to determine

how the mpegtert-gfp transgene affected the gene expression of thert”-
:mpedL.mCherry.caaxnpedl.1tert-gfp | would compare the singleell RNAsequencing

data from tert”;mpedl.LmCherry.caaxnpedl.ltert-gfp line to that of the tert”

;mpedL.mCherry.caax

However, there are limitations to singtell RNA sequencing. When sequencing populations
of single cells, unless the population has been selected using pex®ssh as FACS, the
population will be heterogeneouand require profiling sequencing. Further to this, the
single cell population being sequenced will contain cells at different stages of the cell cycle
that may affect gene expression levels, as well potentially apoptotic cells. Apoptotic cells
will need to be filtered out of the data postequenang during the data quality control step

or during the data analysis step. Additionallye experiment must be designed teduce

batch effect. Batch effeaiccurs when the variation observed between samples occurs due
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to the technical arrangement of the experiment rather than the change in biological factors
you intend to observe the effects (&70) We designed ousingle cell RNAequencing
experiment with the aim of reducing batch effedWeused the 10x Chromium controller for
single cell partitioning and barcoding so were limited to eight samples peduerto the
design of the machine. As the experiment consisted of eighteen samplesantathe
samples had to be prepared on the di@mywe decidedthat six samples be loaded each day
over the course of three days. Additionally, each day one of eactnsae or femalejvould

be loaded per genotypéert’:mpedlL.1:mCherry.caaxtert**:mpegl.1:mCherry.caaxtert™’

;mpedl.ImCherry.caaxnpedl.1ltert-gfp) to control for variation between sex.
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5.2 Elimination of apoptotic cells using a tailored panel of

apoptosis related genes

To produce highguality singlecell transcriptional data guts were isolated from six fish per
genotype following the protocol optimise in the previous chapter. To control for variation of
transcript profiles due to sex each group constituted three females and three males. To
control for batch variation, six dissociations were sequenced per sequencing run, 1x
tert””*:mpedL.mCherry.caaxmale, 1x tert*’*:mpedl.LmCherry.caaxfemale, 1x tert”-
'mpegl.l:mCherry.caax male, 1x tert’;mpegl.l:mCherry.caaxfemale, 1x tert’
;mpedl.ImCherry.caaxnpedl.1ltert-gfp male, 1x tert”-
;mpedL.mCherry.caaxpedl.1tert-gfp female. The combined total number of cells was
115,731 {ert*":mpedl.mCherry.caax44,366 cellstert’;mpegl.1:mCherry.caa89,119
cells, tert’:mpegdl.:mCherry.caaxnpedl.1tert-gfp 32,246 cells(Table 5.2)), with the

median number of gene reads beiB¢04 and the mean feature number being 325.

To ensure thadpoptotic cellavere not includedn the singlecell RNA sequencing analyais
list of geneghe expression of which wasported to be upregulated after organismal death
and expressed during apoptosis wasedto remove apoptoticell271) Thelist of genes
consisted ofCaspase apoptosielated cysteine peptidase (Casp3hjibitor of apoptosis
binding mitochondrial protein gDiabloa), Diablob and alkaline ceramidase 3Acer3.
Apoptotic cells wergrouped)} Y R (i K Sekpddef as ECOMmMa Separated Values (CSV)
file. This file was then usead removeapoptotic cellsduring the Loupe browser processing
pipeline from the tert**:mpegl.1:mCherry.caaxtert’mpegl.1:mCherry.caaxand tert”
:mpedlL.mCherry.caax;mpelgltert-gfp singlecell RNAsequencingsamples Using these
genes to remove apoptotic celstotal of7,154cellsfrom the grouped sampled:,879from
the tert’:mpedlL.mCherry.caax aggregate, 2,661 from the tert”-
;mpedlL.mCherry.caax;mpelgltert-gfp  aggregate, and 2,614 from the
tert*’”:mpedL.mCherry.caaxggregateTable 52).
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Genotype group Total cell | Number of | Percentage  of
number of | apoptotic cells| group that was
group removed from | removed (%)

group

tert’-;mpedl.mCherry.caax 32,246 1,879 5.8

tert**:mpedL. mCherry.caax 39,119 2,614 6.7

tert”’-;mpedl.LmCherry.caax;mpeigltert- 44,366 2,661 6

ofp

Table 52: Apoptotic cells

removed from
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5.3 lIdentification of mpegll* cell populations and
characterisation of the differential gene expression between

genotypes

In humanampedl acts as a promoter for perforid that is expressed as part of the innate
immune response to bacterial infecti@2i72, 273) Previous work b¥llet et al.indicated
mpegl.1lto be macrophage specific in zebrafish, however more recent work has indicated
that zebrafisHymphoid cells also utilismpegl.X226, 227, 234, 237ThempedL.1tert-gfp
transgenewas designed so thatpegl.lutilising cells would expresBEERTn anmpedl.1
dependent manner Therefore, any cell that utiliseshe mpegll promoter would also
express the insertethpedl.1tert-gfptransgene. By identifyinmpegl.1 populationsl can
isolatethe cells that thempedL.1tert-gfp transgene will be expressed intine transgenic
line. | can then compare thepegl.T population from thetert**:mpedl.1mCherry.caaxo
the mpeg1.1 group from thetert’;mpedl.:mCherry.caaxgroup and determine which
genes aredifferentially expressed Thiswill indicate the differencen gene expression
between a healthy population and a prematurely aged population. | can then compare the
tert’;mpedL.mCherry.caax;mpegltert-gfp mpegl.? population to the tert”
:mpedl.ImCherry.caaxmpegl.1 population todetermine howrescuing TERT expression
under control of thempegl.lpromoter affects their gene expression and if there are
.

similarities that can be drawn between thetert**:mpegl.1:mCherry.caaxand tert”

:mpedl.ImCherry.caax;mpegliert-gfp mpegl.I populations.

5.3.10ntological analysis of differentially expressed gertbeitert-
/:mpegdlL.1:mCherry.caax;mpédgltert-gfp and
tert**;mpegdL.1:mCherry.caampegdl.1* populations

Identifying populations afpegL.1* cells in each group aggregate | found D8Fedl. 1" cells

from the tert*":mpedl.LmCherry.caax group, 48 cells from the tert”
;mpedlL.mCherry.caax  group, and 91 cells from the tert”

:mpedL.mCherry.caax;mpegltert-gfp. Considering the total number of cells in each
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group (Table 5) the numbers ahpedl.1” were much lower than expected, as in the
literature Ellis et alreported between ten and twenty percent of zebrafish intestinal cells
were mpedl.1" (185)

To further understand how the insertion of tmepedl.1tert-gfp transgene may be affecting
mpedL.1" cell physiology the ontology of the differentiablxpressedjenes was determined
(Fig. 5.3.1). Initially, the differentially regulated genes between thert”
:mpedl.LmCherry.caaxhomozygous tert mutantand the tert**;mpegdl.1mCherry.caax
(WT) mpedl.I" populations were determined. These were then compared to the
differentially regulated genes betweertert’;mpedl.:mCherry.caax;mpeigltert-gfp
(homozygous tert mutant with mpegl.l:tertgfp transgene inserted) and the
tert*”*:mpedL.:mCherry.caax mpegl* populationsusing Venny (Fig. 5.3.1.A)hetert”
:mpegl.l:mCherry.caaxline was used as a comparison for both theert’
:mpedL.mCherry.caax;mpegltert-gfp line and thetert**:mpegl.1:mCherry.caaxThe
working hypothesis is that genes differentially regulated between thert”-
:mpedl.LmCherry.caax and the tert**;mpedl.LmCherry.caaxwill be differentially
regulated due to the effects of telomerase dependent ageing. Further, the genes
differentially regulated between thetert’:mpegl.1:mCherry.caakne and the tert”
;mpedlL.mCherry.caax;mpelgltert-gfp linewould be so due to the effects of the inserted
mpegl.l:tertgfp transgene. | could then compare the genes differentially regulated in each
comparison (Fig. 5.3.1.A) and the gemBferentially regulated in only the yellow circle
would be as a result of thempegl.1:tertgfp transgene Thisindicated sixtyfour genes that
were differentially regulated in thetert”;mpedl.LmCherry.caax;mpegltert-gfp that
were not differentially regulated in either of the other genotypes (Fig. 5.3.1.A). Therefore, it
was assumed that these genes were differentially regulated due to the effects of inserting

the mpedL.1:tert-gfp transgene.

The software ShinyGO was used to determine the ontology of the-kintygenes that were
differentially regulated in theert’;mpedL.1:mCherry.caax;mpegltert-gfp (Fig. 5.3.1.B, C,

D, Ej245) ShinyGO was used in conjunction with the Kyoto Encyclopaedia of Genes and
Genomes (KEGG) database and the Gene Ontology database to gain a broader
understanding of the data. Specifically, the KEGG database is designed as a database that

links genes to biological functions in céX84) Using the KEGG database then indicates that
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the genes also have known biological functions in the cell. The Gene Ontology database is
used as it has three groups that can be utilised (molecular function, cellular component, and
biological process) that indicate how differentially regulated genes relate to organismal
function on three levels giving a wider understanding of how they interact and may affect
an organisms heali275, 276)Initial analysis using the KEGG database indicated that the
differentially regulated genes are involved in the regulation of apoptosis, cytokine receptor
interactions, actin cytoskeleton regulation, the formation of the phagosome and the
lysosome, and oxidative phosphorylation (Fig. 5.3.1.B). This was intriguing as previous work
by Ellis et alhad indicated a subset afipegl.I macrophages present in zebrafish gut had
impaired phagocytosis with ageing that occurred in line with telomeidegendent
molecular alteration§l85) Additionally, norcanonical functions of TERT in mitochondrial
function have been reported (section 1.4.4232, 139, 145)Therefore, observing a change

in gene expression associated with mitochondrial function indicates we may be rescuing
mitochondrial in theert”;mpegl.1:mCherry.caax;mpegl.1:tefp genotype Analysis with

the Gene Ontology Biological Processes (GOBP) database indicated differential regulation of
pathways involved in the immune response to bacteria and the cellular response to
superoxide free radicals (Fig. 5.3.1.C). Analysis using the Gene Ontology Cellular
Components (GOCC) database indicated differential regulation of pathways involved in
respiration and the cytochrome complex as well as formation of ribosomes (Fig. 5.3.1.D).
Further, analysis using the Gene Ontology Molecular Functions (GOMF) database indicated
differential regulation of pathways involved in chromatin binding, cytochrome and electron
transfer activity, and peroxidase activity (Fig. 5.3.1.E). Overall, tlan isdication that
insertion of thempedl.1tert-gfp transgene is causing differential regulation of genes that
play a part in the regulation of mitochondrial structure, respiration, ribosome formation and

structure, and the immune response (Fig. 5.3.1).
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Differentially upregulated genes in tert
/:mpegl.1:mCherry.caax compared to
tert”*;mpegl.1:mCherry.caax

Figure 5.31: Upregulated genes from eachpegdl.1” population and their associate
pathways.A. Venn diagram of the differentially regulated genes between taet

;mpedl.ImCherry.caax;mpegltert-gfp and tert**;mpedL.mCherry.caax
mpegl.1" population (yellow) compared to the ert’;mpedl.LmCherry.caaxand

tert”*;mpedlL.mCherry.caax mpdgl" population (blue) with genes that
upregulated in both populations indicated in the shaded cenBeGene ontology
analysis of the differentially regulated genes from the KEGG dataliaggene
ontology analysis of the differentially regulated genes from the GOBP databas
Gene ontology analysis of the differentially regulated genes from the GOCC date

E. Gene ontology analysis of the differentially regulated genes from the G¢
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