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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 countries. One of the hallmarks of ageing is telomere erosion. Telomeres 

erode in somatic cells with each round of cell division, and due to secondary factors, such as  

Reactive Oxygen Species (ROS) 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 non-canonical 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 the mpeg1.1 promoter in a telomerase mutant background (tert-/-). The other 

line would rescue the expression of a mutant version of TERT (∆TERT) that lacked the RNA-

binding section of TERT in a telomerase mutant background. Together, these two transgenic 

lines would be used to explore the non-canonical functions of TERT in zebrafish mpeg1.1+ 

immune cells. In this study, I investigate how rescuing the expression of TERT mpeg1.1+ 

immune cells affects gene expression using single-cell RNA sequencing.  

I find evidence that indicates both transgenic lines have been successfully produced. In the 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line I see evidence that expression of the 

transgenic TERT in mpeg1.1+ cells is rescuing telomere length. To explore how rescuing TERT 

expression affects zebrafish ageing I use single-cell RNA-sequencing to compare the gene 

expression in the intestines of three zebrafish lines:  tert-/-;mpeg1.1:mCherry.caax, 

tert+/+;mpeg1.1:mCherry.caax, and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp. I isolate 

distinct immune cell populations using markers reported in the literature, and explore how 

the insertion of the mpeg1.1:tert-gfp 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. Single-cell RNA-sequencing analysis indicated 

that insertion of the mpeg1.1:tert-gfp transgene rescued the expression of genes associated 
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with mitochondrial health, ATP production, and both B-cell and macrophage activation and 

polarization state. This indicates that insertion of the mpeg1.1:tert-gfp 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 pro-inflammatory shift in gene expression. 
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1.1 The impact of Ageing in the 21st century 

Initially it is important to establish that humans age in both a chronological and a biological 

manner. Your chronological age is a measure of the amount of time that has passed from 

your birth to the present. On the other hand, biological age is a measure of biological 

markers that indicate your age on a cellular level and evidence is emerging that biological 

age is a better measure of your health with age than chronological (1). Ageing 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 systems that maintain our body in a 

healthy state(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 have allowed 

us to begin to understand the physical mechanisms that contribute to the ageing process. 

 Human populations around the world are rapidly ageing with a widespread increase in the 

number of individuals over the age of 60(3). As of 2019 25% of the population of Europe is 

over 60(3). It is estimated that by 2050 a quarter of the population of every region in the 

world (bar sub-Saharan Africa) will be aged over 60(3). Further to this, the number of people 

aged 80 years and older is increasing. The estimated population of 80 years and over in 1950 

was 14 million; by 2050 it is predicted to reach 402 million, an almost 29-fold increase(4). 

Kingston et al. used their Population Ageing and Care Simulation (PACSim) model to 

estimate the prevalence of multimorbidity in England up to the year 2035(5). The 

researchers found that by 2035 the number of individuals aged 65-74 with multimorbidity 

will have increased to 52.8% from 45.7% in 2015. Further, the number of individuals 65 and 

older suffering from four or more chronic diseases simultaneously will increase to 17% from 

9% in 2015(5). 

Chronic disease, and by extension multimorbidity, is not immediately lethal. Therefore, the 

longer an individual lives, the greater the likelihood of developing one or more chronic 

diseases (6, 7). Bähler et al. showed that, in a study of 229,493 Swiss individuals of 65 or 

over, the prevalence of multimorbidity was 76.6.%, and the average costs of healthcare 

were 5.5 times higher for those with multimorbidity(8). Moreover, there was an increased 

cost of 33% per additional chronic condition. These results demonstrate the strain that an 
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increasingly elderly population can place on a country(8). Meanwhile, a separate study was 

performed by Stokes et al. on a sample size of 8,440,133 patients in England in 2017 to 

2018. These researchers found that 55.3% of the total costs of the cohort were accounted 

for by patients with multimorbidity, despite these patients only accounting for 31.8% of the 

total group. These results indicated the disproportionate cost of caring for those 65 and 

over compared to other age groups(9). This is further supported by Yoon et al. who analysed 

the costs associated with multimorbidity among the American Veteran’s Affairs (VA) 

patients(10). Of a cohort of 5,233,994, one third  had three or more chronic diseases. This 

third of the group accounted for 66% of total VA healthcare costs(10).  

Overall, we can see that countries with an increasing population of people aged 65 and over 

will see an increased strain 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. 

1.1.1 Lifespan vs Healthspan 

The study of the biological basis of ageing and age-related diseases is termed 

biogerontology(11). Biogerontologists study the biological aspects of ageing to better 

understand the mechanisms that cause ageing and how they may contribute to diseases 

associated with ageing(11). By better understanding these mechanisms we may alleviate the 

detrimental effects associated with ageing with the hopes of improving the quality of life of 

an individual(12). However, an under-discussed aspect of biogerontology is the end point of 

an individual who may hypothetically receive a treatment aimed at alleviating an aspect of 

ageing. Are we extending their life with treatment but also prolonging the suffering of an 

individual incapable of independent function? Are we improving an individual’s health at an 

age where they would previously begin to see a serious decline? At what point are we 

extending an individual’s life in an unnatural manner and what are the ethical implications 

of this? To consider these questions we 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 death(13). While lifespan is an inherited factor it is also influenced 
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by socioeconomic and environmental factors that influence an individual’s health . Such 

factors include access to clean water, food, and modern healthcare and medicine, and any 

potential cause of mortality such as accidents or occupational hazards. Inherited factors that 

that affect lifespan are genetic and epigenetic and can include how well the body reacts to 

Deoxyribonucleic acid (DNA) damage and repair, the length of one’s telomeres, and the 

ability of the individual’s body to maintain homeostasis(14, 15) 

Healthspan on the other hand is the section of an individual’s lifespan that is spent free of 

chronic disease or the disabilities we commonly associate with ageing(16). Like lifespan, the 

healthspan of an individual is subject to environmental and genetic factors(17). For 

example, once a person reaches fifty years of age, we witness a steady decline in muscle 

mass known as sarcopenia, with a reduction of 1-2% a year and a reduction in strength of 

1.5-3% per year(18). Therefore, this individual’s body is beginning to fail as the homeostatic 

mechanism’s breakdown. If this breakdown leads to disease, then the healthspan of the 

individual is being affected. Healthspan is affected by environmental and genetic variables in 

much the same way as lifespan. However, it is much more appealing to extend the 

healthspan of an individual than to extend the lifespan, as by doing so we may be able to 

maintain quality of life into old age before seeing a rapid failure to thrive. Alternatively, 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 trajectory. This is illustrated by data obtained from the United Kingdom 

(UK) Office for National Statistics (ONS). The ONS had reported that life expectancy at birth 

is estimated to be 79.3 years for males and 83.1 years for females(19). Additionally, those 

who reached the age of 65 are expected to live a further 18.5 years for males and 21 years 

for females(19). However, the ONS also reported that the Disability-Free Life Expectancy 

(DFLE) at birth for males was 62 years and 60.7 years for females(20). Therefore, this 

indicates that males may expect to live for 17.3-21.5 years, and females 18.1-21 years, with 

one or more chronic diseases. This comparison clearly illustrates how healthspan and 

lifespan are not interchangeable. Furthermore, considering the disproportionate cost of 

caring for those with multimorbidity (see section 1.1), there is a clear case for increasing the 

healthspan of an ageing population. 
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1.2 Ageing associated diseases are caused by the breakdown 

of homeostasis. 

As discussed in section 1.1.1 an increase in the aged population will be accompanied by a 

rise in the incidence of chronic disease. Ageing is broadly considered to be the “time-

dependent functional decline” of an organism and its cells  (12). This functional decline 

results from a breakdown of homeostatic mechanisms, where homeostasis is the steady 

maintenance of physical and chemical conditions that produce a functional state optimal for 

the continued health of the organism(21). This breakdown of homeostatic mechanisms is 

due to factors termed “The Hallmarks of Ageing” which have been outlined by López-Ótin et 

al.(12). According to López-Ótin et al. a hallmark of ageing is defined by the application of 

three criteria as follows:  

1. The hallmark causes time-dependent manifestations of alterations accompanying 

the ageing process. 

2. It is possible to accelerate ageing by experimentally accentuating the hallmark.  

3. Therapeutic interventions targeting the hallmark present the opportunity to 

decelerate, halt, or reverse ageing(12). 

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 communication . All of these 

hallmarks lead to a disruption of the homeostatic state(12, 22). By disrupting homeostasis, 

each hallmark contributes to diseases associated with ageing(12). One method of 

understanding how the hallmarks of ageing interact with each other is to compartmentalise 

them into “primary”, “antagonistic”, or “integrative” hallmarks. Primary hallmarks include 

genomic instability, telomere attrition, epigenetic alterations, and loss of proteostasis(12). 

Primary hallmarks are determined by the fact they have solely detrimental effects on 

organismal health(12).  Antagonistic hallmarks are classed in this category as they are 

beneficial in some respects and detrimental in others, and this category includes the cellular 

senescence, deregulated nutrient sensing, and mitochondrial dysfunction(12).  Integrative 

hallmarks result 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 proteostasis(12) By studying and understanding these mechanisms and their 

interactions with each other, we may be able to alleviate multiple diseases of ageing 

simultaneously. However, a significant challenge in biogerontology is developing therapies 

that can not only ameliorate, but also prevent, multimorbidity 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 

Genetic instability is implicated as one of the main causal factors of ageing via the constant 

exposure of the genome to sources of DNA damage such as ionising radiation and ROS(23) 

Despite the sophistication of DNA damage detection and repair mechanisms, errors are 

inevitable. Additionally, errors 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 diseases related to 

ageing. A major example of this can be seen with cancer, which is a disease that is 

commonly linked with ageing whereby acquired mutations in the genome lead to cell  

exhibiting the hallmarks of cancer and becoming malignant(24). A notable example of this   

can be seen via the Sirtuin 6 (sirt6) gene, which encodes a regulator of histone 

deacetylation. Simon et al. sequenced the sirt6 locus of 450 centenarians and 550 

individuals without a family history of longevity(25). The team identified two linked 

substitutions in the centenarian allele of sirt6 (N308K/A313S) that were not present in the 

sirt6 found in non-centenarians(25). Characterising the centenarian SIRT6 indicated that it 

conferred a high resistance to cancer development associated with  stronger mono-

Adenosine Diphosphate (ADP) ribosyl activity but weaker deacetylase activity(25). 

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 instability can also influence the ageing phenotype by working in tandem with other 

hallmarks of ageing such as stell exhaustion. For example, Hematopoietic Stem Cells (HSCs) 

in the bone marrow ensure haematopoietic homeostasis by regulating the proliferation of 

new progenitor cells(26). As people age, stem cells accumulate mutations that go 
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undetected by proofreading mechanisms during cell division. This can give rise to a 

condition termed Clonal Hematopoesis of Indeterminate Potential (CHIP)(27). CHIP occurs 

when the majority of an individual’s circulating blood cells are derived from a single 

mutated HSC that has gained an advantageous mutation allowing it outcompete other 

HSCs(27). CHIP is commonly associated with mutations in the transcriptional regulators DNA 

methyl transferase 3 A (DNMT3A), Ten-Eleven-Translocation 2 (TET2), and Putative 

Polycomb group protein ASXL1 (ASXL1)(28). In the aged population CHIP is hypothesised to 

be a pre-malignant state of acute 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 are chronic conditions associated with ageing(28). 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 to an organism’s phenotype that concern the expression 

of genes but that do not alter the genetic code itself(29). Examples of epigenetic changes  

include changes to histone protein and chromatin structure via the addition of subunits such 

as acetyl or methyl groups(29).  During the ageing process a global reduction in 

heterochromatin is observed alongside an increase in areas termed Senescence Associated 

Heterochromatin Foci (SAHF). This is accompanied by a decrease in repressive histone 

markers such as methylation (global DNA hypomethylation) except at CpG islands where 

DNA hypermethylation is reported(29). Epigenetic alterations with ageing have been closely 

studied to the point that two epigenetic clocks have been produced, the Hannum epigenetic 

clock(30) and the Horvarth epigenetic clock(31, 32).  

Epigenetic clocks are used to measure an individual’s age on a molecular level  based on the 

methylation of specific epigenetic regions. Higham et al. studied human DNA methylation in 

a cohort of 600 individuals from the ages of 67 to 80. The researchers found 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 age(33). Further to this Hillje et al. 

studied mice liver to determine how histone modification altered with ageing(34). Hillje et 

al. determined an increase in methylation on H3 histones and a decrease in acetylation 

when comparing 12-month-old liver to that of 6-month-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 increased methylation will lead to decreased gene expression at the 

methylation sites as methylation supresses gene expression. Furthermore, by comparing 

Hillje et al. and Higham et al. we can see that the increased methylation is conserved 

between species(33, 34). Hillje et al.  also observed a slower rate of increased methylation in 

dietary restricted mice(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 researchers determined that mice with a SIRT6 knockout 

displayed kras-driven PDAC tumours with a greater propensity to metastasize compared to 

those in sirt6 wild-type (WT) mice(35). Kugel et al. found that deacetylation of H3K56Ac by 

SIRT6 led to a downregulation of the Ribonucleic Acid (RNA)-binding protein Lin28b, which 

had previously been correlated with advanced cancer and poor prognosis(35). Thus, the 

researchers demonstrated that loss of SIRT6 is correlated to poor prognosis in PDAC . 

Comparing the work of Kugel et al. and Simon et al. from section 1.2.1 we can see that a 

single gene (sirt6) is linked 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 alterations(12, 25, 35). 

1.2.3 Altered intercellular communication. 

With ageing, we observe changes in intercellular communication systems, such as in 

endocrine and neuronal signalling, leading to deregulation of such signalling(12). The impact 

of this loss of intercellular communication is observed with ageing in diseases such as CHD 

and dementia. A large proportion of the alterations to intercellular communication 

observed with ageing is accounted for by increased inflammation mediated by Nuclear 

Factor Kappa B (NF-кB) and SIRT1(12). However, beyond inflammation and the 

inflammageing gerotype there are tissue specific examples of altered intercellular 

communication. For example, Huang et al. observed dopaminergic neurons in a Parkinson’s 

Disease (PD) model displaying interactions with non-neuronal cells but a decrease in the 

number of different non-neuronal cell clusters interacted with(36). Huang et al. further 

demonstrated that the Chemokine Motif Ligand (CCL), Vascular Endothelial Growth Factor 
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(VEGF), Growth/Differentiation Factor (GDF), and Nicotinamide Phosphoribosyltransferase 

(NAMPT) pathways were upregulated in PD(36). Additionally, between dopaminergic 

neurons and non-neuronal cells Wnt, Galectin, Interleukin (IL)-4, Calcitonin Receptor 

(CALCR), and Erythropoietin (EPO) were all upregulated(36). The upregulation of Wnt in this 

context is particularly interesting considering that it is a well reported regulator of cell fate 

determination in the neural crest. This potentially implyies that PD results in the 

remodelling of non-neuronal cell clusters. However, this hypothesis would require further 

investigation(36, 37).  

1.2.4 Stem cell exhaustion 

As people a decline in the regenerative potential of tissues is observed that results from a 

slow exhaustion of stem cell(12). Further, exhaustion occurs in every tissue in the body 

where cellular turnover occurs, including the brain, bone, and muscle fibres(12). In the gut 

we see a rapid turnover of somatic cells at the ends of the gut villi  that leads to an increased 

turnover of Intestinal Stem Cells (ISCs)(38). 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 a turnover of five days and in turn, ISCs have a renewal rate of 3-5 days(38). ISCs and 

their progenitor cells reside in inter-villi 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 

ages(39). One of the hallmarks of ageing described by López-Ótin et al. is stem cell 

exhaustion(12). Due to the high turnover of cells in the gut, ISCs accumulate DNA damage 

faster, which leads to a reduction in the capacity of the ISCs to replicate(38). Over time, gut 

tissue homeostasis is, diminished reducing nutrient sensing ability(38). 

Bone strength is preserved throughout life due to the homeostatic activity of osteoclasts 

and osteoblasts constantly remodelling the skeleton. One of the chronic diseases commonly 

observed with ageing is osteoporosis, which occurs due to disruption of the homeostatic 

mechanisms that maintain bone strength. One cell subset responsible for this maintenance 

is the osteoblasts. Osteoblasts are derived from mesenchymal stem cells (MSCs) and 

synthesize new bone(40). Exhaustion of MSCs leads to a decrease in the number of 

progenitor cells that descend from MSCs, including chondrocytes, myocytes, fibroblasts, and 

osteoblasts, so contributing to osteoarthritis(40). For example, Čamernik et al. isolated and 
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cultured MSCs from primary osteoarthritis patients(41). The cultured MSCs derived from 

primary osteoarthritis had reduced osteogenic and chondrogenic potential compared with 

MSCs derived from patients with osteoarthritis occurring due to hip dysplasia(41). Čamernik 

et al. further observed lower expression of Leptin Receptor (LEPR) in the MSCs derived from 

primary osteoarthritis than in those from the hip dysplasia-derived sample(41). Considering 

that Zhou et al. previously indicated that LEPR-expressing MSCs are responsible for the 

majority of bone and adipocyte formation in adult bone marrow(42), the results from  

Čamernik et al. indicate that the lack of expression of LEPR in the primary osteoarthritis 

derived MSCs is a contributor to the onset of osteoarthritis in aged individuals.  

1.2.5 Mitochondrial dysfunction 

Tissue homeostasis is further disrupted by changes in mitochondrial function with age(12). 

Damage to mitochondrial DNA occurs due to the reactivity of the oxidative environment 

inside mitochondria and the lack of protection mitochondrial DNA has from this damage in 

the form of histones or repair mechanisms(12). Evidence suggests that the fission and fusion 

of mitochondria may be indicative of the ageing phenotype(43). For example, mitochondrial 

fusion in Caenorhabditis elegans has been shown to promote longevity via the conserved 

insulin/Insulin-like Growth Factor (IGF)-1 pathway(44). Chaudhari et al. demonstrated that 

disruption of mitochondrial fusion using interfering Ribonucleic Acid (RNAi) of Dynamin-like 

120 kDa protein (EAT-3) led to a decreased lifespan in C. elegans(44). Another regulator of 

mitochondrial fusion is proliferator-activated gamma coactivator (PGC-1α) via its regulation 

of Mfn2 and Drp1(43). PGC-1α also regulates nuclear respiratory factor 1 (NRF1) which acts 

through a signalling cascade to stimulate mitochondrial DNA transcription, maintenance, 

and replication(45). PGC-1α further regulates the oestrogen receptor related (ERR) family of 

proteins, which play a role in regulating mitochondrial biogenesis, cell differentiation , and 

progression through the cell cycle(45). Finally, PGC-1α expression has been shown to 

decrease with age in lung cell mitochondria(46). However, the PGC-1α/mammalian target of 

rapamycin (mTOR) pathway, which activates mitochondrial biogenesis, is upregulated in 

senescent lung cells(46). Therefore, we can see a distinct link between the disruption of 

mitochondrial homeostasis and the advancement of the ageing phenotype, with PGC-1α 

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

Senescent cells are cells that have permanently entered a state of cell-cycle arrest and that 

excrete the Senescence-associated Secretory Phenotype (SASP)(47). 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 ageing such as cataracts, CHD, and cancer(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 mitogenic signals (49-

51). Replicative senescence occurs in the absence of telomerase activity when telomere 

degradation in conjunction with cell division triggers a mitotic cell to enter senescence due 

to the activation of the DNA Damage Response (DDR)(52). Damage to the DNA via other 

avenues, such as oxidative stress, also leads to an activation of the DDR. This may then also 

cause the cell to begin apoptosis or enter senescence(53). Evidence that the DDR causes 

cellular senescence has led to the hypothesis that senescent cells have evolved to protect 

young organisms from cancer early in their life(54, 55). Alongside this, the hypothesis of 

antagonistic pleiotropy for senescent cells suggests that while they are advantageous in a 

young organism, they become detrimental as the organism ages(54, 56). It is important to 

note that only mitotic cells can enter replicative senescence due to their proliferative 

capacity. Thus conversely, it is due to their lack of proliferation that post-mitotic cells will 

not enter replicative senescence(50). 

1.3.1 Senescence markers and formation of senescent cells 

Senescence was first described by Hayflick and Moorhead in their report on the irreversible 

growth arrest of human fibroblasts in serial culture(51). There are four well established 

markers of senescence. The first is the Cyclin Dependent Kinase Inhibitor (CDKI) p16INK4a. The 

activation of p16INK4a prevents the phosphorylation of the retinoblastoma protein (RB), 

which in turn, prevents the progression of the cell cycle into S-phase(57). Increased 

expression of p16INK4a has been documented in aged tissues(58). The elimination of p16INK4a-

expressing cells in aged mice has been shown to reduce the phenotypes of ageing and 

rescue age-related disorders in mice(58).  

A second established marker of senescence is the Cyclin Dependent Kinase (CDK) p21, which 

regulates the progression of a cell through the cell cycle, albeit 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 cycle(60). However, Marhenke et al demonstrated 

that p21 must be tightly regulated(61). The researchers indicated that Multi-Drug Resistant 

2 (MDR2)-p21 knockout mice had delayed hepatocellular carcinoma tumour development 

but also had reduced liver regeneration rate when exposed to injury(61). Additionally, 

Marhenke et al found that expression of p21 in patient derived hepatocellular carcinoma 

was associated with a shorter patient survival rate(61). Therefore, while p21 plays an 

important role in liver regeneration from injury, its expression negatively impacts the 

survival of hepatocellular carcinoma patients. Thus, with the link between p53, p21, cancer 

and wound healing, we can see an indication of the antagonistic pleiotropy exhibited by 

senescent cells; while they protect us from cancer, they also begin to negatively affect 

organismal health with their accumulation in ageing(62). 

A third marker of senescent cell manifests as the activity of the enzyme β-galactosidase. The 

expression of β-galactosidase is significantly higher in senescent cells than in non-senescent 

cells(60). The activity of senescence-associated β-galactosidase (SA-β-gal) can be 

determined using a colorimetric assay whereby the substrate X-gal is added to the tissue at 

pH6. In this assay, a colour change is seen in proportion to the number of senescent 

cells(63). There are two significant drawbacks of using this SA-β-gal assay to assess 

senescence. The first is that the assay can only be performed on fresh or frozen samples as 

the active site of SA-β-gal will be inactivated by crosslinking if the sample is embedded in 

paraffin. The second drawback is that β-gal is expressed in cells as part of their normal 

function. Therefore, the SA-β-gal assay may detect non-senescent cells expressing a high 

level of β-gal due to their function. However, in non-senescent cells, it has been reported 

that the β-gal is activated at pH4 allowing senescent cells to be detected using the pH6 

assay without detecting non-senescent cells(64). 

The final established marker of senescence is lipofuscin. Lipofuscin is a protein and lipid 

aggregate that accumulates around the nucleus with age(57). There is currently little 

evidence that lipofuscin can be degraded in vivo. However, Terman et al. determined that 

lipofuscin degraded with the serial passage of cells in vitro(65). Lipofuscin can be detected in 

fresh, frozen, and fixed tissue samples using GL-13, a biotinylated Sudan Black-B 
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derivative(66). Thus, lipofuscin is a particularly useful marker for determining senescence in 

paraffin-fixed samples. 

Further to these markers, cells may enter senescence via three different routes: Replicative 

senescence, Stress-induced senescence, and Cancer-induced senescence. Each type of 

senescence is defined by specific biomarkers and the route the cell has taken to arrive at 

senescence.  

1.3.1.1 Replicative senescence 

Replicative senescence was the first form of senescence to be described in 1961 by Hayflick 

and Moorhead(51). With each round of division in a human cell, telomeres shorten by 50-

100bp(51). Replicative senescence occurs when the telomeres of somatic cells shorten to 

the point that the cell cannot undergo further divisions without its chromosomes entering 

crisis. This is termed ‘The Hayflick Limit’(67). At this point further divisions will lead to 

chromosomal instability and potentially, apoptosis(51). Once a cell reaches the point where 

it can no longer divide, there are three potential outcomes: 1. the cell enters senescence, 2. 

the cell undergoes apoptosis, or 3. the cell becomes cancerous. Replicative senescence 

described the cell moving down the first pathway. Cells 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 heart(68). Chronic mitogenic signalling can instigate 

chronic ROS activity within the cell via the p16INK4A/RB pathway. Instead of allowing the cell 

to grow and divide, this chronic ROS activity leads to DNA damage and the cell entering 

senescence(69). 

1.3.1.2 Stress-Induced Premature Senescence (SIPS) 

SIPS occurs when a cell undergoes stresses that lead to it entering a senescent state before 

it reaches the Hayflick limit. There are several stresses that may cause a cell to enter 

premature senescence including free radical build-up, accumulation of mutations, and 

prolonged exposure to mitogenic signalling(70). SIPS occurs not due to a specific inducer of 

stress but rather as a response to the cell being in a chronic state of stress.  For example, 

oxidative stress causes damage to DNA, which leads to a DDR. Should the DDR fail to 

recognise the damage, then mutations or double-strand breaks may build up over time 

causing the cell to enter senescence(71). SIPS is characterised by the persistent 
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accumulation of DDR factor phospho- Ataxia-telangiectasia mutated (ATM)/γ-H2A histone 

family member X (H2AX), morphological changes such as increased cell size, and premature 

β-gal staining(72). 

1.3.1.3 Cancer-induced senescence 

Cancer-induced senescence is hypothesised to occur as a mechanism for protecting young 

organisms from cancer. When a cell begins to move down the pathway of carcinogenesis, it 

accumulates mutations that give it the hallmarks of cancer(23). However, before the cell 

becomes carcinogenic it may enter senescence instead. This forms part of the antagonistic 

pleiotropy theory of senescent cells, whereby one advantageous trait has evolved that has a 

secondary effect that is disadvantageous(62). Here, the advantageous effect is that the body 

is protected from cancer, and the disadvantageous effect is that over time, senescent cells 

accumulate to the point that they contribute to the ageing phenotype. The body is 

protected from cancer via this mechanism because the cell enters senescence, division 

ceases, and so the chance of the cell accumulating further DNA mutations is reduced. This 

allows the protection of the organism from cancer that would be more immediately 

detrimental than the slow accumulation of senescent cells. Cancer-induced senescence is 

hypothesised to be regulated via the p16INK4 pathway. p16INK4 inhibits CDK 4/6 and cyclin 2 

to block the advancement through the cell cycle via the RB pathways(73). 

1.3.2 Senescent cells aggravate ageing associated diseases. 

Despite senescent cells residing at a point of permanent cell cycle arrest , they remain 

metabolically active and adopt a senescence phenotype. One component of the senescence 

phenotype is the SASP(49, 50, 54). The SASP includes the secretion of multiple pro-

inflammatory cytokines including IL-1α, IL-1β, IL-6 and IL-8, 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 

“inflammaging”(77, 78). Inflammaging describes the chronic, systemic inflammation that has 

been characterised to occur with ageing(79). Initially it was hypothesised in the 

biogerontology field that the elimination of senescent cells would alleviate the ageing 

phenotype. This hypothesis was tested notably by Baker et al. whereby a mice strain was 

developed that contained a p16Ink4 green fluorescent protein (GFP) reporter and a mutated 

inactive version of the mitotic checkpoint regulator BubR1(58, 59). The p16Ink4a reporter 
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enabled easy visualisation of the senescent cell burden in tissue sections, while 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 cells(58). Baker et al. found that clearing senescent cells 

in the progeroid mice delayed the onset of lordokyphosis, and attenuated muscle atrophy 

and the loss of subdermal adipose tissue in older mice(58). Therefore, Baker et al. 

demonstrate a clear link between the burden of senescent cells and the onset of ageing and 

age-related multimorbidity(48, 58). 

There are several further studies that also support the notion that as senescent cells 

accumulate with age they contribute to the development of multimorbidity associated with 

ageing(80). For example, Yao et al.  generated a novel p53-Angiotensin 2-dependent 

senescence phenotype in mice via the silencing of Sin3a(81). Yao et al. demonstrated that in 

mice with induced senescence in their lung, the accumulation of senescent cells was a 

predictor of the onset of idiopathic pulmonary fibrosis (IPF)(81). This indicates that the 

accumulation of senescent cells may contribute to IPF progression, where IPF is a chronic 

disease associated with an ageing phenotype. Further, Aghali et al. examined biopsies of 

lung tissue from elderly patients and found that those with asthma displayed greater 

fibrosis than those without asthma(82). Additionally, Aghali et al. found that tissue isolated 

from elderly patients with asthma displayed increased markers of senescence including 

elevated phosphor-p53, p21, and p16(82). 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 onset of chronic diseases including 

IPF and asthma, and hence, multimorbidity. 

Bone is another important tissue type that 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 osteoclasts (section 1.2.4). It can be hypothesised that the action of 

senescent cells in preventing efficient wound healing in bone and cartilage may also affect 

bone homeostasis. For example, Jeon et al.  found that senescent cells develop at the site of 

anterior cruciate ligament (ACR) injury in mice but that removing senescent cells that 

formed at the site of the ACR injury attenuated chondrogenesis and alleviated pain and 

post-injury osteoarthritis development(83). Therefore, Jeon et al. showed that the removal 
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of senescent cells during ACR injury improved wound healing(83). This is supported by the 

work of Peilin et al. who demonstrated that the clearance of senescent cells in rats with 

post-traumatic osteoarthritis, attenuated subchondral bone reconstruction(84). This result 

indicated that the presence of senescent cells at the site of injury inhibited efficient wound 

healing. Therefore, there is some evidence to support the hypothesis that senescence 

contributes to osteoporosis and that the presence of senescent cells leads to alterations in 

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

1.3.3 Immuno-senescence 

Immunosenescence is the remodelling of the immune system that occurs with aging. Unlike 

replicative or induced senescence, immunosenescence is a phenotypic shift in the immune 

system that affects its ability to function(85, 86). These changes include impaired 

phagocytosis, natural killing functions, and antigen-presenting capabilities, as well as 

alterations in cytokine and chemokine expression(87, 88). These changes lead to an altered 

inflammatory state(87, 88). Therefore, immunosenescence affects several immune cell 

subtypes including T-cells, B-cells, macrophages, and Natural Killer (NK) cells(87). 

Immunosenescence is a significant risk factor in an ageing population, with indications that 

it contributes to limited efficacy of vaccines and to diseases such as osteoporosis(86, 89, 

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

for its functional rescue. 

1.3.3.1 Immunosenescence of the innate immune system  

Macrophages are cells of the innate immune system that enter immunosenescence with 

ageing. Their principal function is to phagocytose foreign particles and, following activation, 

bridge the gap between cytokine signalling and antigen presentation of the innate and 

adaptive immune systems(91). Additionally, macrophages have been shown to have a wide 

variety of regulatory roles both in wound healing and throughout developmental stages(92-

96). However, there is evidence to suggest that macrophages may undergo 

immunosenescence, with aged macrophages characterised by less effective phagocytosis, 

autophagy, and immune regulation(97). With the advance of ageing, we begin to witness 

diseases linked to the dysregulation of macrophage biology, including Alzheimer’s, cancer, 

and osteoporosis(98, 99). Therefore, it has been hypothesised that macrophages may 

contribute to the decline in function and increase of multimorbidity we see with ageing(98, 
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99). This has been demonstrated by Childs et al. who indicated a link between 

immunosenescent macrophages and the progression of CHD(100). Childs et al. 

demonstrated that in low-density lipoprotein receptor deficient (Ldlr-/-) mice fed with a 

high fat diet (HFD) atherosclerotic lesions developed that contained a high number of 

Senescent Foam Cell Macrophages (SFCMs)(100). Additionally, Childs et al. showed that 

eliminating the SFCMs led to a regression of the atherosclerotic lesions(100).  This indicated 

that the SFCMs played a role in the progression of the atherosclerotic lesions(100). 

Furthermore, it has been indicated that macrophages associated with unstable 

atherosclerotic lesions are pro-inflammatory M1 macrophages that secrete cytokines such 

as Tumour Necrosis Factor-α (TNF-α), IL-1β and ROS (101). Therefore, it can be hypothesised 

that these senescent macrophages may be contributing to the accumulation of senescent 

cells via their excretion of these senescence inducing cytokines(102, 103). Thus, ageing 

macrophages present an appealing target for therapies aimed at alleviating age related 

chronic disease(104). For example, Minhas et al identified a significant increase in 

Prostaglandin E2 (PGE2) synthesis in Monocyte-derived macrophages (MDMs) from elderly 

individuals as well as an increase in the expression of Prostaglandin E2 Receptor 2 

(EP2)(105). The researchers found that inhibition of EP2 in human MDMs increased their 

phagocytic capacity and polarized them to an anti-inflammatory activation state(105). 

Further, they found that pharmacological inhibition of EP2 in aged mice rescued 

hippocampal mitochondria to a youthful state and reversed age-associated spatial memory 

deficits(105). Therefore, it has been indicated that aged macrophages and their 

mitochondria are promising targets for alleviating age-associated cognitive decline. 

1.3.3.2 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 

vaccines(106). T-cells are an integral part of the adaptive immune systems response to 

infection and vaccines. T-cell can be split into two groups, Cluster Differentiation (CD)8+ and 

CD4+, both of which undergo initial maturation in the thymus. CD8+ T-cells are also termed 

cytotoxic T-cells as their primary role is to identify and destroy self-cells. These target cells 

may be infected with viruses or may be tumour cells(107). CD8+ T-cells recognise the cells to 

be destroyed by interacting with polypeptides presented as part of Major Histocompatibility 
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Chain 1 (MHC1), which interacts with the CD8 receptor(108). CD4+ T-cells can become 

regulatory T-cells or helper T-cells. Regulatory T-cells control the immune response by 

preventing autoreactivity and maintaining immunological tolerance(109). Helper T-cells 

initiate a wider response to an infection by stimulating the maturation of B-cells into plasma 

cells and memory B-cells, and activating CD8+ T-cells(110). In the elderly a significant 

decrease in the response of the adaptive immune system to both infection and vaccinations  

is observed due to a process termed thymic involution. Thymic involution described the 

process by which the number of circulating naïve T-cells exponentially declines with 

age(111). For example, Palmer et al. developed an in-silico model examining the number of 

T-cells in an aged population with respect to the incidence of disease(111). From their 

model, Palmer et al. found that increases in both pathogenic diseases and cancer followed 

the decline of circulating naïve T-cells that occurs due to thymic involution(111). However, 

Palmer et al. also noted that incidences of breast and thyroid cancer did not correlate with 

naïve T-cell decline and instead plateaued around middle age. Further, most of the cancers 

they surveyed plateaued after 80 years(111). These results potentially indicate that factors 

alternative to thymic involution had a greater influence on cancer incidence after the 80-

year mark. However, this hypothesis would require further validation.  

The decline in production of true naïve T-cells that occurs as part of immunosenescence is 

accompanied by an increase in T-cells termed “virtual T memory cells” (TVM-cells), which are 

antigen specific despite no previous antigen encounters(106). This lack of new ‘true’ naïve T-

cells combined with the increase in terminally differentiated memory T-cells accumulated 

throughout life, inhibits the ability of the adaptive immune system to respond to novel 

pathogens and vaccines with age(106). A potential ‘model’ of immunosenescence may be 

chronic infections such as Human Immunodeficiency Virus (HIV) and cytomegalovirus (CMV) 

as they are associated with an increase in the number of memory T-cells(112). In patients 

with chronic HIV or CMV infections, memory T-cells have been observed to upregulate 

CD57, a marker of senescence in immune cells, and to downregulate CD28, which is 

required for T-cell activation in conjunction with CD8. These markers indicate that the T-

cells have entered a state similar to immunosenescence(112).  

Interestingly, Morris et al. demonstrated that these immunosenescent memory T-cells are 

still capable of proliferation when they are stimulated by IL-15(113). This indicates that 
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immunosenescence, in the case of memory T-cells at least, may be able to be reversed to 

some extent. Further, Morris et al. determined that IL-15 was preventing apoptosis via 

regulation of the anti-apoptotic protein Bcl-2 and promoting proliferation via the Signal-

Transducer and Activator of Transcription 5 (STAT5) and mammalian target of rapamycin 

complex 1 (mTORC1) pathways(113). As such, Morris et al. indicated that stimulation of the 

immunosenescent T-cells is inhibited by the administration of rapamycin, which inhibits the 

activity of mTORC1(113). Rapamycin is indicated  to increase the lifespan of treated 

individuals. Therefore, it can be hypothesised 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 inflammageing(114). 

In addition to the lack of response to novel infections and vaccines, there is evidence that 

the pro-inflammatory phenotype associated with immunosenescence contributes to 

increased tissue ageing. For example, Yousefzadeh et al. selectively deleted Ercc1 in mouse 

lymphoid tissues to stimulate premature senescence of the murine immune system(115). 

Ercc1 protects cells from DNA damage caused by ROS. Therefore, deleting Ercc1 induces 

senescence due to a lack of DNA protection(115). Yousefzadeh et al. found in their Ercc1-/fl 

model that both T-cell and B-cell populations declined with age, whereas in WT mice they 

remained stable(115). Further, Yousefzadeh et al. found increased levels of senescence 

markers in T-cells, B cells, NK, and CD11b+ myeloid cells (macrophages, microglia, and 

dendritic cells(116))  of the Ercc1-/fl mice, which indicates that large sections of the immune 

system were entering premature senescence(115). Yousefzadeh et al. also found that 

expression of senescent cell markers p16 and p21 was increased in non-lymphoid organs of 

Ercc1-/fl mice, including in the lung, intestines, kidney, heart, and brain(115). Therefore, 

evidence suggests that immunosenescence is a driver of tissue ageing independent of the 

non-immune cells within that tissue entering senescence. 

1.4 Telomeres and telomerase 

1.4.1 The structure and function of telomeres 

Telomeres are repeating 5’-TTAGGG-3’ units of non-coding DNA around 15 kilobases (KB) in 

length found at the end of linear chromosomes (Fig.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 breaks by forming a T-loop structure (Fig.1.4.1)(117, 118). Due to the end-

replication problem, the ends of our chromosomes shorten with each cell division. The end-

replication problem occurs because DNA polymerase requires a template to replicate DNA. 

When DNA polymerase reaches the end of chromosomes there is no Okazaki fragment 

providing a basis for replication of that section, leading to a 20-40 bp loss per cell 

division(119). Capping chromosomes with non-coding telomeric structures prevents genes 

located at the end of the chromosome from being lost during subsequent rounds of cell 

division. However, the shortening of telomeres will eventually lead to telomere uncapping 

and the consequent activation of a DDR(120). This DDR leads to either cell death by 

apoptosis or the cell entering replicative senescence(121). Therefore, telomere shortening 

effectively limits the number of times a cell may divide, and this limit is known as the 

Hayflick limit(51). The interaction of telomeres with shelterin has two major functions(118). 

The first function is to coordinate the formation of T-loop structures at the end of 

telomeres, which prevents the recognition of telomere ends by DNA repair 

mechanisms(118). The second function of the interaction is the regulation of telomerase 

accessibility and activity(118). The T-loop structure forms due to the overhang found at the 

end of telomeres (Fig.1.4.1). The formation of the T-loop structure is facilitated by shelterin 

but also by the guanine rich sequence of telomere DNA forming G-

quadruplexes(Fig.1.4.1)(122). 
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1.4.2 The structure and function of telomerase 

Telomerase is a ribonucleoprotein complex, the canonical function of which is to elongate 

telomeres. The telomerase complex in humans is made up of two of each of Telomerase 

Reverse Transcriptase (TERT), telomerase RNA component (TERC) and Dyskerin(123). 

Dyskerin recruits and stabilises the structure in conjunction with shelterin  (Fig.1.4.2)(123). 

There are several peripheral components: Nuclear Protein 10 (NOP10), NHP2, GAR1, WD40-

encoding RNA antisense to p53 β (WRAP53β), Reptin, and Pontin (Fig.1.4.2)(124, 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 domain(126). Data from Ghanim et al. indicate 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). 

Figure 1.4.1: A representative figure of the end structure of a telomere forming a T-loop 

structure in conjunction with the shelterin complex. Shelterin is complex made up of the 

protein subunits: Telomere Repeat binding Factor 1 (TRF1), Telomere Repeat binding 

Factor 2 (TRF2), Repressor/Activator Protein 1 (RAP1), Protector of Telomere 1 (POT1), 

TRF1 and TRF2 Interacting Nuclear Protein 2 (TIN2), and TPP1 which is associated with 

the ACD gene. 
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In humans, telomerase is only expressed in certain cell subsets such as progenitor stem 

cells, cancer cells, germ cells, and in some circumstances, immune cells(127-129). In most 

human cells tested so far, TERC appears to be ubiquitously expressed(130). As such, the rate 

limiting component for telomerase is the TERT subunit of the complex. The expression of 

TERT is tightly regulated in humans(131). Further to its telomere-lengthening function, 

known as the “canonical function” of telomerase, telomerase and its subunits have 

functions that are not associated with the lengthening of telomeres, termed “non-canonical 

functions,” that are still being elucidated(132). 

 

 

 

 

Figure 1.4.2: A representative image of the structure and function of human 

telomerase. Human telomerase elongates telomeres in a repeating TTAGGG 

manner using the TERC subunit as a template. Telomerase complex assembly 

requires the recruitment of two of each of TERT, TERC, and Dyskerin as well as 

recruitment of the proteins Nuclear Protein 10 (NOP10), NHP2, GAR1, WD40-

encoding RNA antisense to p53 β (WRAP53β), Reptin, and Pontin 
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1.4.2.1 The structure and function of the Telomerase Reverse Transcriptase subunit  

The telomerase subunit TERT is an enzymatic subunit that contains the telomerase active 

site, giving telomerase its enzymatic function of elongating telomeres. The TERT subunit of 

telomerase has four tertiary structural domains: an N-terminal domain, an RNA-binding 

domain, a reverse transcriptase domain, and a C-terminal extension(123, 126).  TERT binds 

to the telomere at the same time as accommodating the alignment of TERC to the telomere 

whereby the 3’ of TERC aligns with the 3’ of the overhang allowing bases to be added by 

TERT until they reach the 5’ end of TERC(124). In this manner, TERC acts as a pseudo-

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 of the unicellular eukaryote, Tetrahymena. 

Jiang et al. used cryo-electron microscopy to report a 4.8Å resolution structure of 

Tetrahymena TERT bound to telomeric DNA(133). Recently Ghanim et al. reported the 

structure of human telomerase bound to telomeric DNA determined using cryo-electron 

microscopy at a 3.8Å resolution (123). This elucidation indicated that human telomerase has 

a double-lobed structure unlike that of Tetrahymena, which has only a single-lobed 

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 telomeres(123). However, 

instead of the full TTAGGG interaction, only the AGGG has been observed binding to the 3’ 

end of the DNA substrate(123). Ghanim et al. hypothesised that the remaining TT is added 

via the addition of free Nucleoside Triphosphates (dNTPs), and that the TERT motif Y717 

acts a steric gate that only allows dNTPs to enter the vacant TT site and not rNTPs(123).  

1.4.2.2 The non-canonical functions of TERT 

The canonical function of the TERT subunit of telomerase is synthesising telomeric 5’ -

TTAGGG-3’ repeats as part of telomerase to maintain telomere length. However TERT is also 

indicated to have non-canonical functions independent of its enzymatic role in telomere 

maintenance and extension(134).  

The activity of TERT is regulated post-transcriptionally via phosphorylation by the kinases 

Protein Kinase C (PKC), Extracellular Signal-regulated Kinase (ERK), and Protein Kinase B 



46 
 

(Akt)(135, 136). Specifically, phosphorylation by Akt on serine 227 marks TERT for transport 

into the nucleus, whereas phosphorylation at tyrosine 707 by Src marks TERT for transport 

to the mitochondria (Fig.1.4.2.2)(137, 138). The localisation of TERT to the mitochondria has 

been indicated to increase positive prognosis for various disease and injuries due to its 

protective effects against the activity of ROS(139). For example, Haendeler et al. found that 

TERT localizes and binds to mitochondrial DNA, which in turn increases respiratory chain 

activity and protects mitochondrial DNA from oxidative stress-induced damage 

(Fig.1.4.2.2)(Table 1.4.2.2)(139). Haendeler et al. hypothesised that the protective effects of 

TERT in vivo are most pronounced in tissues that have a high respiratory rate and low 

regenerative capability, such as the myocardium, as these tissues would rely more on 

healthy mitochondria over time due their low cellular turnover(139). Haendeler et al. 

demonstrated that mitochondria isolated from myocardial samples taken from TERT mutant 

mice displayed a significant reduction in respiratory chain complex-1 functionality that was 

not observed in their wild-type TERT counterparts(139). Further to this, Haendeler et al. 

isolated liver mitochondria from mutant TERT and wild-type TERT mice and found no 

significant difference in their function. This result provided evidence to support their 

hypothesis as liver cells have a much higher turnover than those of the myocardium(139).  

If it is true that the protective effects of TERT are most pronounced in cells with high 

respiratory rates and low turnover, then it can be hypothesised that TERT will have a non-

canonical protective effect in low-proliferation, low-turnover cell types such as nerve cells, 

and subsets of immune cells that do not undergo clonal expansion, such as macrophages. 

Supporting this hypothesis, Spilsbury et al. demonstrated the expression of TERT in human 

hippocampal neurons and microglia and found that TERT was localised to the soma and 

dendrites rather than the nucleus. This indicated that TERT was not performing its canonical 

function of elongating telomeres(140). Spilsbury et al. found that wild-type TERT cultured 

neurons were less susceptible to hydrogen peroxide induced ROS build-up than TERT 

mutant neurons. This suggested that wild-type TERT was protecting the neuronal 

mitochondria from the detrimental activities of ROS(Table 1.4.2.2)(140). Together these 

experiments indicate that TERT has a protective effect on hippocampal neurons 

independent of telomere elongation.  
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Further evidence of the protective effects of TERT have been provided by Hu et al.(141). Hu 

et al. demonstrated that administering the α2-adrenergic receptor agonist, 

dexmedetomidine, to rats with intestinal ischemia-reperfusion injuries (IRI) led to increased 

shuttling of TERT to the mitochondria (Fig.1.4.2.2)(Table 1.4.2.2)(141). Dexmedetomidine 

treatment in the high-dose group had a protective effect on mitochondrial DNA and 

morphology, leading to less deletions resulting from oxidative stress and less mitochondrial 

membrane destruction(141). Therefore, Hu et al. demonstrated that dexmedetomidine 

treatment can alleviate cellular stress resulting from IRI. It can be hypothesised that this is 

due to the protective effects of TERT in the mitochondria. Examining the results from 

Haendeler et al., Spilsbury et al., and Hu et al. together it can be seen that there is evidence 

that TERT can protect cells, and more specifically their mitochondria, from the effects of 

ROS-induced damage. Therefore, that TERT may play an important role in continued 

mitochondrial health. 

A further non-canonical function of TERT that has been reported in the literature is its role 

in brain development(142). Zhou et al. generated a mutant version of TERT (here referred to 

as ∆TERT) that lacked amino-acid residues 702-712. These residues are integral to the 

function of the active site. Therefore, ∆TERT was unable to elongate telomeres when 

incorporated into telomerase(142). Zhou et al. observed that tert-/- mice had poor spatial 

learning ability compared to their tert+/+ counterparts, demonstrating that TERT is involved 

in the formation of spatial memory(142). Zhou et al. then examined a primary culture of 

tert-/- mouse hippocampal neurons and found that both the dendritic length and spine 

density were significantly lower than for wild-type TERT cultured neurons(142). However, 

when Zhou et al. introduced ∆TERT into the primary cultured tert-/- neurons via a lentiviral 

vector, the reduced dendritic length and spine density that had previously been observed 

was rescued(142). This indicates that TERT has a role in maintaining neuronal health 

independent of its canonical functions of elongating telomeres as part of the telomerase 

enzyme (Table 1.4.2.2)(142).  

In further experiments by Zhou et al.it was found that levels of Synapsin 1 expression in the 

cornu amonis 3 (CA3) region of the hippocampus was lower in tert-/- mice than in 

tert+/+(142). Synapsin 1 has been indicated to be involved in modulating the release of 

neurotransmitters and the CA3 region is integral to the formation of spatial memory in 
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mice(143, 144). Therefore, Zhou et al. hypothesised that TERT is integral to the formation of 

spatial memory in mice (Table 1.4.2.2)(142). However, further investigation into the 

mechanism by which TERT is involved in this non-canonical function is needed. Zhou et al. 

made no indications on the localisation of TERT within the cultured neurons so we cannot 

assume that this non-canonical function is linked to TERT’s previously discussed role in 

mitochondrial protection from ROS. Further experiments may be performed to determine 

the mechanism that links Synapsin1 and TERT. 

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

the regulation of ROS damage (145). The researchers found that mice on a calorie restricted 

diet accumulated TERT in brain mitochondria which led to an improvement in spatial 

memory in aged mice(145). Rapamycin inhibits the activity of mTOR so acting as a dietary 

restriction mimic. Miwa et al. found that in mice fed with rapamycin for 4 months TERT 

transcription was increased in the brain when compared to control mice that had not been 

fed rapamycin. Further, TERT protein levels were elevated in brain cell mitochondria but not 

in brain tissue homogenate. These results indicated that TERT was localising to the 

mitochondria(Fig.1.4.2.2)(Table 1.4.2.2)(145) Miwa et al. found that the localisation of TERT 

to the mitochondria correlated with a decrease in intracellular ROS levels, but this decrease 

was not found in tert-/- mice. This result suggested that the observed protection of 

mitochondria from ROS was TERT dependent(145). In further experiments, Miwa et al. 

found that in mice treated with the Proto-oncogene tyrosine-kinase Src (SRC) inhibitor, 

bosutinib, TERT was not localised to the mitochondria and ROS damage increased 

(Fig.1.4.2.2)(145). This supports previous findings by Haendeler et al. that TERT shuttling to 

the mitochondria is SRC dependent(139, 145). Considering that Zhou et al. reported a non-

canonical function of TERT in the health of neurons and Miwa 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 subunit TERT  has been indicated to have non-canonical functions in other 

tissues,systems, and cells. For example, Gizard et al. showed that macrophages stimulated 

with pro-inflammatory mediators displayed increased TERT mRNA expression and 

telomerase activity, indicating that the TERT expressed was localised to the nucleus(146). 
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Further, the same researchers showed that TERT expression was modulated by NF-кB, as 

sequencing detected an NF-кB binding site in the TERT promoter region (Fig.1.4.2.2)(Table 

1.4.2.2)(146). NF-кB was mediating the upregulation of TERT and pro-inflammatory 

cytokines(146). Further evidence published by Wu et al. indicates that the regulation of 

TERT by NF-кB is part of a negative feedback loop that influences macrophage 

physiology(147). In a murine model of Alcoholic liver disease (ALD), Wu et al. demonstrated 

that TERT expression and telomerase activity were upregulated in liver-associated 

macrophages(147). Wu et al. also demonstrated that using small-interfering RNA (siRNA) to 

knockdown TERT expression in cultured RAW264.7 macrophages led to a decrease in the 

secretion of inflammatory cytokines including TNF-α, IL-1β, IL-6, and IL-12(147). As these 

cytokines are associated with the pro-inflammatory M1 macrophage phenotype, this led to 

the hypothesis that TERT may be regulating macrophage polarisation. To examine this 

hypothesis, Wu et al. demonstrated that NF-кB stimulated the expression of p65 in liver 

tissue and Kupfer cells (KCs) (specialised liver macrophages). Further, the overexpression of 

TERT led to increased expression of p65, indicating again that NF-кB and TERT are part of 

the same feedback loop (Fig.1.4.2.2)(Table 1.4.2.2)(147). This supports the idea that TERT 

may be involved in regulating macrophage polarization and influencing the M1 phenotype 

due to its regulation of the expression of p65 and association with other inflammatory 

cytokines. 

Further evidence of a regulatory relationship between TERT and NF-кB has been indicated 

by Yang et al. These researchers showed that micro-RNA 216a (mir216a). Mir216a is a 

mediator of Akt activation by Transforming Growth Factor-β (TGF-β) (Fig.1.4.2.2)(148). 

Overexpression led to increased TERT expression and telomerase activity, which potentially 

indicated that the additional TERT expressed remained localised to the nucleus(149). 

Further, Yang et al. showed via immunofluorescence (IF) analysis that mir-216a increased 

the translocation of NF-кB p65 subunit to the nucleus in macrophages and that this 

upregulation was further mediated by SMAD3(Fig.1.4.2.2)(149). Interestingly, mir216a also 

upregulated the expression of p53, p16, and SA-β-gal in M1-polarised macrophages 

indicating that mir216a may play a role in M1 macrophages entering senescence and further 

indicating that mir216a may play a role in modulating immunosenescence(149). Finally, 

Yang et al. showed that TERT overexpression in M2-polarised (anti-inflammatory) 
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macrophages in vitro caused them to switch to a phenotype more characteristic of M1, as 

measured by the markers Monocyte Chemoattractant Protein 1 (MCP1) and TNF-α(149). 

Together, data from Gizard 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, via NF-kB modulation(Table 1.4.2.2)(147, 

150). However, further work needs to be performed to determine if the switching of 

macrophage subsets is mediated by the telomere elongating activity of telomerase, or by a 

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

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-ĸβ) is an important 

regulator of several processes in macrophage biology that can affect ageing tissues. For 

example, osteoclasts are cells responsible for the breakdown of bone tissue for the purpose 

of bone remodelling over time(92). Osteoclasts are formed from the fusion of macrophages 

due to the activity of Receptor Activator of NF-ĸβ Ligand (RANKL) and Macrophage Colony-

Stimulating Factor (M-CSF)(40). The action of NF-ĸβ can be inhibited by Silent Information 

Regulator T1 (SIRT1), and it has been reported by Edwards et al. that this inhibition in 

osteoclasts and osteoblasts is integral to healthy bone remodelling in a murine 

model(Fig.1.4.2.2)(151). Additionally, Edwards et al. have shown that osteoclastogenesis is 

regulated by the interaction between NF-ĸβ and SIRT1 where osteoclastogenesis was 

promoted in SirT1 knockout mice(151). Notably, further findings bring us back to the 

previously discussed non-canonical role of TERT in protecting mitochondria from ROS 

damage. SIRT1 was found to be a regulator of mitochondrial biogenesis via the PGC-1α 

pathway(152, 153). Additionally, SIRT1 is well reported to be involved in the macrophage 

inflammatory response pathway(154). As well as being an anti-inflammatory, the 

stimulation or increased expression of SIRT1 is indicated to increase positive outcomes in 

inflammatory disease and cancer(153, 155, 156). Thus, overall, I have discussed here how 

TERT, NF-ĸβ, SIRT1, and PGC-1α are potentially linked in a regulatory web. Further, there is 

evidence that TERT plays a role in protecting mitochondria from the activities of ROS and is 

linked via NF-ĸβ to SIRT1. Thus, it can be hypothesised that TERT is linked to the continued 

health and function of cells and tissues in a non-canonical manner that is extra to its 

function in elongating telomeres. Further, considering that TERT is evidenced to also play a 



51 
 

role in macrophage physiology, the role of TERT in macrophage immunosenescence may be 

an unexplored area of significant research interest. 

 

 

 

 

 

Figure 1.4.2.2: A representative diagram indicating  non-canonical functions of the 

telomerase subunit TERT that have been reported. Separate publications indicate that  

TERT upregulates NF-кβ expression and this in turn is regulated by Sirtuin 1 (SIRT1), 

and micro-RNA 216a (mir-216a). TERT is also indicated to localise to the mitochondria, 

but this localisation may be influenced by molecular Target of Rapamycin (mTOR) and 

proto-oncogene tyrosine-protein kinase Src (Src). Overall this image indicates that 

TERT has several non-canonical functions that are tightly regulated by both 

intracellular and extracellular mechanisms. 
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Tissue or cell non-
canonical function 
is observed in 

Location in Cell Specific non-canonical 
function 

Paper 
reported 
in 

Liver Mitochondria Protection from effects of 

ROS 

Haendeler 

et al. 

Brain Mitochondria Protection from ROS Spilsbury 
et al. 

Intestine Mitochondria Protection damage due to 

reperfusion injury 

Hu et al. 

Brain - Neuronal 
health/development 

Zhou et al. 

Brain - Neurotransmitter production Zhou et al. 

Brain Mitochondria Protection from effects of 
ROS 

Miwa et al. 

Macrophages/Liver Nucleus Feedback loop with NF-ƙβ via 
p65 regulating inflammatory 

cytokine expression 

Gizard et 
al. 

Wu et al. 
Yang et al. 

 

 

 

 

 

 

Table 1.4.2.2: Summary table of the non-canonical functions discussed in section 1.4.2.2 

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

canonical function reported, and the paper reporting it. 
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1.5 Alleviating ageing and ageing-associated multimorbidity 

As discussed in section 1.1, as humans age, the occurrence of multimorbidity increases(157). 

The increasingly ageing population coupled with the increase in multimorbidity occurrences 

has a disproportionate economic impact on healthcare infrastructure(10). Additionally, with 

ageing we observe an increase in frailty that occurs due to the hallmarks and diseases 

associated with ageing(12). Therefore, it is of great economic and social importance that we 

investigate potential treatments for ageing-associated diseases with the hope of alleviating 

their burden on both individuals and healthcare. 

1.5.1 Lifestyle changes 

One hypothesis proposes that as people age their activity levels decline and they become 

more sedentary. This causes a “chronic positive energy state” leading to weight gain and 

obesity(158, 159). Obesity leads to inflammation, and an increased risk of cancer, diabetes, 

and dementia; all of which are chronic diseases that increase in incidence with ageing. 

Therefore, obesity can, to a certain extent, act as a model  of the effects of ageing(160, 161). 

Additionally, it has been observed that fat accumulates with age and that this accumulation 

is associated with a chronic low-grade inflammation caused by adipokines(162). However, 

regular physical exercise has been associated with a reduction in visceral fat that, in turn, 

leads to a decrease in the associated inflammation(162). This reduced inflammation has 

been suggested to be due to a decrease in the levels of pro-inflammatory cytokines 

including IL-6 and TNF-α, and an increase in the anti-inflammatory cytokine IL-10(162). 

Further, Lowder et al. demonstrated increased survival of mice that undertook moderate 

exercise when infected with influenza with respect to infected mice that did not undertake 

exercise(163). However, in the same study it was reported that mice that undertook 

vigorous exercise displayed a reduced survival rate(163). These results indicate that the 

benefits of exercise may be dependent on the type and duration of said exercise(163). 

However, these studies indicate the beneficial effects of exercise in an ageing-model 

context. 

A second lifestyle change suitable for reducing the negative effects of ageing is calorie 

restriction. Calorie restriction is a well-documented method for extending lifespan in model 

organisms such as rats, mice, and apes(162). Further to this, calorie restriction has been 
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indicated to improve maintenance of the thymic microenvironment, reducing the effects of 

immunosenescence such as thymic involution, and increasing the number of circulating 

naïve T-cells (162). However, there are contraindicatory effects of calorie restriction. For 

example, Effros et al. have reported that calorie-restricted mice were able to mount an 

effective immune response to influenza(164). In contrast, Ritz et al. found that calorie-

restricted mice displayed increased susceptibility to infection(162, 165). Ritz et al. 

hypothesised that increased susceptibility to infection had been masked by influenza 

vaccines being used as a proxy for infection(165). Logically they concluded 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 age-related multimorbidity in mammals. 

1.5.2 Anti-ageing therapeutics 

Evidence indicates that the build-up of senescent cells with ageing is 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 cells, we may 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 age-related diseases(166). Meanwhile, senostatic 

therapies target the SASP with the aim of alleviating its pro-inflammatory effects(167-169).  

1.5.2.1 Senolytics 

Two of the first senolytic drugs tested were Dasatinib and Quercetin(166, 170). Dasatinib is 

a chemotherapy drug primarily used to treat cancers that involve the Philadelphia 

chromosome translocation, whereby translocation of genetical material from chromosome 

9 and chromosome 22 leads to the creation of the fusion gene BCR-ABL1, such as chronic 

myelogenous leukaemia and acute lymphoblastic leukaemia(171). Quercetin is a flavonol 

found in plants where it acts as polar auxin transport inhibitor. Xu et al. indicated that the 

administration of Dasatinib and Quercetin as a dual therapy to aged mice extended their 

median lifespan by 36%, independent of affecting physical fitness or the burden of 

multimorbidity(172). Subsequently the efficacy of a dual therapy of Dasatanib and 

Quercetin is being explored in humans. For example, Justice et al. conducted a pilot study on 



55 
 

fourteen patients with IPF(173). The researchers found that physical function in the patients 

was significantly improved after three weeks of the dual treatment(173). However, the 

reported health of the patients was unchanged and the effects on circulating SASP factors 

were undetermined, but changes were observed(173). In a separate pilot study, Hickson et 

al. used Dasatinib and Quercetin as a dual therapy to treat nine individuals with diabetic 

kidney disease(174). Hickson et al. found that administering the dual therapy for 3 days 

significantly decreased p16Ink4a-positive cells in adipose tissue and significantly reduced 

circulating SASP factors IL-1α, IL-6, Matrix Metallopeptidase (MMP)-9 and MMP-12(174, 

175). Therefore, these studies provide promising preliminary evidence that Dasatinib and 

Quercetin can prove an effective dual therapy for the improvement of healthspan and the 

alleviation of age-related multimorbidity. However, the small sample size of these studies 

prevents significant conclusions being drawn other than that further investigation is 

warranted.  

Besides Dasatinib and Quercetin, there is evidence that the flavonoid, Fisetin, may also be a 

useful senolytic. Yousefzadeh et al. demonstrated in a progeroid Ercc-/∆;p16Ink4a-luciferase 

mouse line fed with a Fisetin diet (60mg/kg/day), that the expression of p16INK4a-luciferase 

were significantly reduced with respect to untreated progeroid mice(176). Therefore, both 

flavonoids, Fisetin and Quercetin, have been reported to be functional senolytics. These 

findings warrant that other members of the flavonoid family be investigated for their 

senolytic potential(177).  

Even considering these promising avenues for exploring senolytic, the removal of senescent 

cells may not be wholly desirable despite their evidenced contribution to increased frailty 

with ageing. Grosse et al. indicated that the majority of cells expressing high concentrations 

of p16 (marking that they had entered senescence) in mice livers were endothelial cells, 

macrophages, or adipocytes(178). Grosse et al. found that removal of senescent cells in the 

livers of young mice did not lead to the replacement of the senescent cells by younger cells, 

but instead by fibrosis(178). Further, investigating the removal of senescent cells in the liver 

of aged mice, Grosse et al. found that the blood vessels became more permeable(178). 

Therefore, we can hypothesise that the removal of senescent cells is not strictly better for 

the aged animal, and 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 build-up of senescent cells is an appealing target for 

interventions intended to alleviate ageing and the symptoms experienced by long term 

cancer survivors(179). To alleviate this burden, research is being conducted into therapies 

termed senostatics that reduce the pro-inflammatory effects of the SASP. Currently the 

most widely researched senostatic is Metformin, which was originally developed to treat 

diabetes and polycystic ovary syndrome(180). Hu et al. found that in mice grafted with head 

and neck squamous cell carcinoma administration of Metformin plus a CDK4/6 inhibitor led 

to no significant change in the number of senescent cells, but did lead to the 

downregulation of SASP components IL-6 and IL-8(167). Further, Fielder et al. found that in a 

low-dose irradiation model of senescence in mice, administering Metformin led to a 

reduction in the levels of SASP components IL-17, CCL2, and TNF-α for over 6 months after 

the end of treatment(168). Together, these studies indicate that Metformin may provide a 

novel senostatic therapy for use in conjunction with senolytics to alleviate the effects of the 

SASP in the elderly, and in patients experiencing an increased senescence burden after 

chemotherapies aimed at inducing senescence in cancer. 

1.5.3 Improved immunosurveillance with ageing 

Immunosurveillance is the process by which the immune system detects immunogenic 

threats. Most commonly the immune system is searching for pathogens however evidence 

suggests that the immune system can also recognise and eliminate senescent cells(181-

183). Therefore, a potentially fruitful avenue of research is enhancing the immune system’s 

ability to remove senescent cells with ageing. Macrophages are essential to the clearance of 

senescent cells during tissue development. However, with ageing, macrophages enter 

immunosenescence and become less efficient at phagocytosis and so the clearance of 

senescent cells contributing to their accumulation(184, 185). Tasat et al. demonstrated that 

immunosenescent alveolar macrophages in rats have a decreased response to  Toll-like 

Receptor (TLR) stimulation by Lipopolysaccharide (LPS) as well as reduced 

phagocytosis(186). Therefore, we can hypothesise that the elimination of senescent cells by 

macrophages is inhibited with ageing. Additionally, NK cells have been demonstrated by 

Sagiv et al. to remove senescent cells via granule exocytosis in mice liver tissue utilising 

upregulation of Decoy death receptor 2 (DCR2)(182). 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 cells(183).  

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 cerevisiae or yeast is a single-cell fungus that is estimated to share 30% of its 

genome with humans(194). Yeast has been widely used to study ageing(195). Yeast ageing is 

monitored using both replicative and chronological lifespan(195). 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 cells(195). The chronological lifespan refers to using 

yeast to model differentiated cells that have ceased rapidly dividing(195). A drawback of 

yeast is that being a single-celled 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 cells in vivo can 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 

DNA(195). 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 an in vivo model of ageing that is comparable to other eukaryotic 

organisms(195). Yeast has been used widely for the study of ageing at the genetic and 

molecular level(196). For example, the overexpression of sir2 in yeast was one of the first 

identified interventions demonstrated to extend replicative lifespan(196). Further, yeast has 

been used to study the molecular basis for several hallmarks of ageing(12). These include 
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changes to the epigenome, mitochondrial dysfunction, and a decay of proteostasis (196). 

This has led to yeast being integral in the discovery of potential anti -aging compounds such 

as resveratrol and rapamycin(195). 

1.6.2 Caenorhabditis elegans 

Caenorhabditis elegans is 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, as C. elegans is 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 system(197). C. elegans has 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 lifespan(44, 197). For example, Tullet et al. found the short lifespan 

exhibited by skn-1 mutants was mediated by the Forkhead Box Protein (DAF-16) 

transcription factor(198). The researchers found that overexpression of DAF-16 rescued the 

reduced lifespan of skn-1 mutants up to 34%(198). As DAF-16 is conserved in humans, this 

study is an example of the use of C. elegans as a model of mammalian ageing(199).  

Drawbacks of using C. elegans as a model organism include the lack of organ systems that 

present in mammals, such as a circulatory system and respiratory system. Further, C. 

elegans lacks 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 in C. elegans is not as well understood as in higher 

organisms(197). Additionally, while C. elegans is a useful model in the study of ageing, a 

study by Bayat et al. indicated that overexpression of telomerase did not lead to the 

elongation of telomeres in C. elegans (200).  

1.6.3 Drosophila melanogaster 

Drosophila melanogaster is a widely used model organism, the genome sequence of which 

was first published in its entirety in 2000(201). Using D. melanogaster as 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 using D. melanogaster to study 
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telomere biology as D. melanogaster does not elongate telomeres in a manner comparable 

to humans (202, 203). Further,  D. melanogaster does not age in a telomere-dependent 

manner as humans do. Instead of using the telomerase enzyme and instead uses the 

retrotransposon HeT-A (204) to elongate telomeres via the integration of telomere lengths 

post-reverse transcription. This is not to say that D. melanogaster is not a useful model 

organism in ageing research, as it has been used extensively to study neurodegenerative 

disorders that occur with ageing such as Alzheimer’s disease(205), and how oxidative stress 

influences ageing(206). 

1.6.4 Zebrafish - Danio rerio 

Zebrafish are freshwater fish native to India and southern Asia that were pioneered as a 

model organism in the 1970’s and 1980’s by George Streisinger(207). Initially zebrafish rose 

to prominence as one of the first vertebrates to be successfully cloned(207). However, in 

the following decades zebrafish has been cemented into the model organism pantheon in 

part due 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(208-211). Keeping zebrafish as a vertebrate model is considered more affordable 

when compared to keeping rodents or apes due to their small size allowing several 

thousand fish to kept in an aquarium, whereas a mouse colony of a similar number would 

require much more space, and apes even more. Zebrafish are a shoaling fish so are kept in 

groups of 4-12 fish per litre of water(212). Additionally, zebrafish have high fecundity and 

quickly develop to sexual maturity (3 months) enabling better statistical powering of 

experiments as the N can be increased(213). Further, the zebrafish genome has been fully 

sequenced, and it has been found that approximately 70% of human genes have at least one 

orthologue indicating good translatability into other model organisms and humans(214). A 

further advantage of using zebrafish to study ageing is that their genome can be readily 

altered to facilitate transgenic studies, using techniques such as small interfering RNA 

(siRNA), transposon-mediated mutagenesis using the tol2 system, and CRISPR/Cas9(216, 

217).  With regards to biogerontology, zebrafish have been shown to age in a telomerase-

dependent manner comparable to that found in humans, demonstrating that zebrafish 

provide a useful model for studying the ageing phenotype in a whole organism context(218-

220) (Fig. 1.6.4). Zebrafish ageing has been well-characterised in the literature, with several 
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of the hallmarks of ageing observed in humans also being observed in zebrafish, including 

telomere attrition and cellular senescence(12, 219, 221). Further to this, it has been 

demonstrated that zebrafish age in a telomerase-dependent manner analogous to that of 

humans, whereby with each round of cell division their telomeres shorten  eventually 

leading to the cell becoming senescent or undergoing apoptosis(218, 220). Additionally, 

telomere length in zebrafish can be rescued via the activity of telomerase the same as it can 

be in humans, further demonstrating the similarities between zebrafish and human 

ageing(218, 219). Accordingly, the telomerase mutant zebrafish tert-/- model has been 

described as a premature ageing model, displaying several phenotypes associated with 

natural aging but in an accelerated manner; specifically, the tert-/- model exhibited 

gastrointestinal wasting, infertility, sarcopenia, and retina degeneration(218, 222). This 

indicates that zebrafish provides us with a useful model for gastrointestinal ageing(185, 219, 

223).   

 

Further to gastrointestinal ageing, there is evidence that indicates zebrafish are also a 

suitable model organism for use in studying immune cells. The presence gut resident 

immune cells such as macrophages and dendritic cells has been demonstrated , and 

zebrafish have both an innate and adaptive immune system comparable to that of other 

vertebrates(210, 224). Transgenic models have also been produced for the specific study of 

immune cell subsets, such as the mpeg1.1:mCherry.caax line(225, 226). Additionally, 

demonstrating the translatability of immune system studies, D. rerio macrophages have 

been shown to have active and immune-regulatory phenotypes as has been seen with 

mammalian macrophages(227). For example, Nguyen-Chi et al. has found that zebrafish 

macrophages, as with human macrophages, have the subsets M1 and M2(227). M1 

macrophages are reported to have a pro-inflammatory phenotype whereas M2 

macrophages have a regulatory phenotype(227). Nguyen-chi et al. found that macrophages 

of the M1 subset would switch to the M2 subset once local inflammation resolved, with M2 

being identified by looking for mammalian M2 markers also found in humans, including 

transforming growth factor beta-1 (TGFβ-1), C-C chemokine receptor type 2 (CCR2), and C-X-

C chemokine receptor type 4 (CXCR4), demonstrating the translatability of studies on 

zebrafish macrophages(227).  
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Figure 1.6.4: Zebrafish lifecycle and ageing. A. Illustrative figure of the zebrafish lifecycle 

indicating the ability to genetically engineer transgenic lines at the single-cell stage of 

development after breeding, and the ease of which internal organs can be observed in fry 

enabling easy study and selection using microscopy techniques. B. Illustrative comparison 

of zebrafish and human ageing indicating how both age in a telomere dependent manner 

which the accumulation of senescent cells leading to comparable ageing phenotypes.  
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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). Muñoz-Lorente et al. demonstrated that generating mice with hyper-long 

telomeres in all tissues led to increased longevity and improved glucose and cholesterol 

regulation without increased cancer incidence(188). Further, work by Amano et al. 

demonstrated that telomere shortening in telomerase-knockout mice led to the repression 

of all seven characterised sirtuins(229). The sirtuin family of proteins are involved in DNA 

damage repair and knockout models have been shown to exhibit a prematurely-aged 

phenotype(230). 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 CHD(231). 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 action of telomerase(232). 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 

immunosenescence and the role of telomeres and telomerase. Further, we have briefly 

covered model 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 telomere and ageing biology(213, 233). For example, prior work by Henriques et 

al. has shown that tert-/- zebrafish age and die prematurely(218). The researchers 

demonstrated that tert-/- zebrafish develop premature infertility, sarcopenia, accumulation 

of DNA damage, p53 activation, and accumulation of senescent cells in(218). Moreover, 
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premature necrotising enteritis was observed in the tert-/- zebrafish and correlated with the 

accumulation of senescent cells in their guts(218). These ageing markers are 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 dependent(220). 

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 system. For example, Nguyen-Chi et al. 

has found that zebrafish macrophages have pro-inflammatory M1 and regulatory M2 

subtypes comparable to humans(227). These subsets were identified by looking for 

mammalian M2 markers also found in humans, including TGFβ-1, C-C chemokine receptor 

type 2 (CCR2), and C-X-C chemokine receptor type 4 (CXCR4)(227). This indicates the 

translatability of studies on zebrafish macrophages to humans(227). Additionally, transgenic 

zebrafish lines exist that increase the ease with which we can study immune cell subsets, 

such as the mpeg1.1:mCherry.caax line(225, 226). This line utilises the mpeg1.1 promoter to 

express the mCherry fluorophore in macrophages and B-cells(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. 

The mpeg1.1 promoter was initially identified as a macrophage specific promoter in murine 

macrophages under the name mpg-1, with evidence also being observed in human 

macrophages (235). Subsequently, mpeg1.1 expression was identified in embryonic 

macrophages in zebrafish larvae (236). Consequently, work by Ellett et al. details the 

production of a novel line of transgenic zebrafish that contains the mpeg1.1 promoter 

conjugated to mCherry, which codes for the mCherry fluorophore (226). The generation of 

the mpeg1.1:mCherry.caax reporter line allowed Ellett 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 utilising the mpx:eGFP reporter 

line which indicated both macrophages and neutrophils (226). However, work published by 

Ferrero et al. indicated that the mpeg1.1 promoter was not exclusive to macrophages, but 

instead may also be expressed in B-cell populations derived from zebrafish gut, peritoneum, 
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and head kidney (234). Additionally, work published by Moyse et al. demonstrated that -

mpeg1.1+ B-cells and NK-like 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 system, Ellis et 

al. identified populations of mpeg1.1+ cells in the zebrafish gut with telomerase dependent 

hyper long telomeres(185). The researchers found that that a high number of these cells 

were macrophages with telomeres longer than macrophages found in their haematopoietic 

tissue of origin, indicating a regulation of the expression of tert and therefore telomerase 

activity(185). Further, Ellis et al. found a subset of mpeg1.1+ immune cells expressed tert in 

young zebrafish (<6 months) but that the number of these tert expressing mpeg1.1+ cells 

decreased with age(185). Additionally, the decrease in tert expression occurs in tandem 

with increased DDR, telomere shortening, decreased expression of immune response and 

autophagy markers, reduced phagocytic function in vivo, and increased gut 

permeability(185). Therefore, we can hypothesise that rescuing tert expression in these 

mpeg1.1+ cells may rescue their aged phenotype. Further, that rescuing tert expression in 

mpeg1.1+ cells may impact tissue ageing in the gut.  

1.7.1 PhD hypothesis and aims. 

The primary hypothesis of this project is that telomerase has non-canonical functions that 

affect the health of gut-associated macrophages via the TERT subunit. To test this 

hypothesis, we have generated two transgenic zebrafish lines with differing telomerase 

activities. To generate these lines, we have used an existing telomerase mutant (tert-/-) 

zebrafish line that possess an mpeg1.1:mCherry.caax transgene. This allows for the 

convenient visualization of cells that utilise the mpeg1.1 promoter. Both transgenic lines 

were generated in zebrafish that were bred to be homozygous tert-/- which has been 

characterised to have no detectable telomerase activity(218). 

The first transgenic line will express canonically active TERT under the control of the 

mpeg1.1 promoter. 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 the mpeg1.1 promoter. I will refer to the 



65 
 

mutated version of TERT as ∆TERT and correspondingly the mutated tert gene will be 

referred to as ∆tert. Zebrafish were chosen as the model organism for this study as they age 

in a telomerase-dependent manner that is comparable to humans(218, 232). The objective 

of this PhD thus became to generate two novel zebrafish lines, one containing mpeg1.1:tert 

and one containing mpeg1.1:∆tert, for the further study of the role of telomerase in 

zebrafish mpeg1.1+ cells. An additional aim was to determine the effects that zebrafish 

ageing has on immune cell populations present in the zebrafish gut using single-cell RNA 

sequencing. Therefore, in summary, the objectives were as follows: 

1. Establish a transgenic zebrafish line that is tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp. 

2. Establish a second transgenic zebrafish line that is tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp. 

3. Perform single-cell RNA sequencing on whole zebrafish gut using the generated 

transgenics. 

4. Determine how ageing alters the gene expression in the zebrafish gut and how 

rescuing the expression of TERT or ∆TERT affects gene expression in the prematurely 

aged zebrafish gut. 

The establishment of the tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line had been 

initiated before I entered the research programme, with Pam Ellis using the tol2 transposon 

system to establish G0 founders. I continued with the selection and breeding of the line, as 

well as the characterisation of the insertion. To establish the tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp line I planned to use the Gibson assembly (GA) 

method to produce a construct containing the mpeg1.1:tert-gfp gene. I then aimed to use 

the tol2 transposon system to insert the gene into fertilised zebrafish eggs. Breeding and 

selection will then be performed to establish a stable line, which can then be characterised 

in the same manner as the tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line. To 

characterise the two lines, the first step would be to determine if the transgene was being 

expressed in mCherry+ cells using fluorescence immunohistochemistry. Whole genome 

sequencing would then be used to establish the insertion site of the transgenes to ensure 

that their insertion did not affect zebrafish biology by disrupting other genes. At the same 

time, I aimed to optimise a process for the isolation of a zebrafish live whole gut suspension 
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that is suitable for single-cell RNA sequencing. Single-cell RNA sequencing of 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax would be used to 

characterise the ageing zebrafish gut, focusing on the resident immune cell populations. 

Single-cell RNA sequencing would also be used to determine if mpeg1.1:tert-gfp rescues the 

gene expression in tert-/-;mpeg1.1:mCherry;mpeg1.1:tert-gfp fish. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

 

 

 

 

 

 

 

Chapter 2: Materials and Methods 
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2.1 Zebrafish  

2.1.1 Zebrafish husbandry 

All zebrafish were housed in the aquarium at the Bateson Centre, University of Sheffield, 

and maintained with a 14 hour-light and 10 hour-dark cycle, at 27-28°C. Zebrafish were 

supervised by the NACWO (Named Animal Care and Welfare Officer) from the Biomedical 

Sciences Department, University of Sheffield. All experimental procedures involving 

zebrafish were performed in accordance with UK legislation – Animals (Scientific 

Procedures) Act 1986 - under the Project Licence (PPL) 70/8681, PPL holder Dr. Catarina M. 

Henriques and the personal license I1FEC8906 held 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 line (tertAB/hu3430), available at the Zebrafish Information Network 

(ZFIN) repository (ZFIN ID: ZDB-GENO-100412-50) from the Zebrafish International Resource 

Centre (ZIRC), was previously described by Henriques et al(218). In brief, the tertAB/hu3430 

contains a point mutation in the tert gene, generated by N-Ethyl-N-nitrosourea (ENU) 

mutagenesis, that prevents RNA translation and consequent protein formation. For 

simplicity, the tertAB/hu3430 homozygous mutants will be referred to as tert-/-. Due to it having 

been indicated that tert mutants are generally infertile, the tertAB/hu3430 used in this project 

are derived from in-crossing tertAB/hu3430 heterozygotes, which for the sake of simplicity will 

be referred to as tert+/-(218, 238). Zebrafish that do not contain the tertAB/hu3430 mutation 

and so have fully functional telomerase are referred to as tert+/+. 

The mpeg1.1:mcherry.caax line is an immune reporter line where phagocytes express the 

fluorescent protein mcherry and therefore can be easily identified(226, 234). This line was 

used in some experiments of this project to identify phagocytes. For that, tert+/-; 

mpeg1.1:mcherry.caax progeny were incrossed to generate both tert+/+; 

mpeg1.1:mcherry.caax and tert-/-;mpeg1.1:mcherry.caax.  

When possible, when comparing tert+/+;mpeg1.1:mcherry.caax and tert-/-; 

mpeg1.1:mcherry.caax age-matched siblings were used. In some tests due to the limitation 
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in numbers of fish at specific ages age-matched non-siblings were used instead, including 

tert+/+;mpeg1.1:mcherry.caax and tert-/-;mpeg1.1:mcherry.caax reporter lines. Additionally, 

age-matched WT(AB) fish were used on occasion when appropriate due to a lack of 

available age-matched tert+/+;mpeg1.1:mcherry.caax siblings at the time the experiment was 

carried out. Unless otherwise stated, WT(AB) refers to tert+/+ fish. 

2.2 Plasmids used for cloning. 

Two pre-existing lab plasmids and one novel plasmid were used for the cloning process used 

to produce the sections for the mpeg1.1:∆tert-gfp plasmid.  

 

2.2.1 mpeg1.1:tert-gfp 

Figure 2.2.1: Map of the mpeg1.1:tert-gfp construct used to produce 

ligation components for the generation of the mpeg1.1:∆tert-gfp. 
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2.2.2 IFABP:tert-gfp 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.2: Map of the IFABP:tert-gfp construct used to produce ligation 

components for the generation of the mpeg1.1:∆tert-gfp. 
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2.2.3 ∆tert inserted into the pGEM-T easy vector 

 

 

2.3 Enzymatic digestions 

2.3.1 Plasmid linearisation   

An 80µl mixture was made that contained 2µl of Sal1-HF (New England Biolabs, #R3138), 8µl 

of 10x NEB buffer (New England Biolabs, Ipswich, MA, #B7200S), plasmid to a final 

concentration of 50ng/µl and dH2O up to 80µl. The mixture was incubated at 37°C for 5 

hours.  

Figure 2.2.3: Map of the ∆tert component inserted into the pGEM-T easy construct later 

used to produce ligation components for the generation of the mpeg1.1:∆tert-gfp. 
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2.3.2 Diagnostic digests 

Diagnostic digests were performed on constructs before sequencing to filter 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 0.3µl of each desired enzyme, 5µl of the purified miniprep, 2.5µl 10X 

Cutsmart buffer, and dH2O up to a final volume of 25µl. The digestion was performed in a 

Bio-rad 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 in GA of the lab stock IFABP:tert-gfp plasmid 

was triple digested in a 90µl mixture. The mixture contained 28.8µl plasmid with a final 

concentration of 100ng/µl, 1.5µl each of SalI-HF, ClaI and BamH1, 9µl 10x cutsmart buffer, 

and dH2O up to 90µl. 

2.4 PCR amplification 

Polymerase Chain Reaction (PCR) was performed using a Bio-rad T100 Thermal cycler. 

Amplification was achieved in a 50µl reaction volume consisting of 10µl 5x Q5 reaction 

buffer (New England Biolabs, Ipswich, MA, #MO491S), 1µl dNTPs (final concentration 

200µM) (Thermo Fischer scientific, Waltham, MA, #R0181) 2.5µl forward primer (final 

concentration 0.5µM) (Integrated DNA technologies, Coralville, IA) 2.5µl reverse primer 

(final concentration 0.5µM) (Integrated DNA technologies), 1µl plasmid template (1ng/µl 

stock), 0.5µl Q5 High-Fidelity DNA polymerase (New England Biolabs, Ipswich, MA, 

#MO491S), and nuclease free water up to 50µl. 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 
Number 

Primer name 5'-3' sequence 

1 mpeg1.1-promoter-forward aaacagactacAAAGTTGTTGGAGCACATCTG 

2 mpeg1.1-promoter-reverse tggcccttcatAAACTTGTTTTGCTGTCTCC 

3 ∆tert forward primer TCATCTGTGTAAGGGCCAGT 

4 ∆tert reverse primer CAGGTTTTTTTTACACCCGC 

5 ∆tert-IRES-GFP Reverse ttatcatgtctggatcatcatcgatCATCGATTGTATAA 

TAAAGTTGGAAAAAACCTCCC 

6 ∆tert-IRES-GFP Forward caaaacaagtttgATGAAGGGCCAGTGGAGGCC 

7 tol2-vector-
ires+heart_fwd_corrected 

aaaacctgaaCTTTCTTGTACAAAGTGGCC 

8 tol2-vector-ires+heart_rev  acaactttGTAGTCTGTTTTTTATGCAAAATC 

 

 

2.5 Gel electrophoresis 

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., 

#BIO-33026). 

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 of Ethylenediaminetetraacetic acid (EDTA).  

2.6 NEBuilder® HiFi DNA Assembly Cloning Kit cloning 

protocol 

To produce a mpeg-tert-IRES-GFP clone for injection the NEBuilder® HiFi DNA Assembly 

Cloning Kit (New England Biolabs, # E2621) was used according to the manufacturer’s 

guidelines. The guidelines recommend using a 1:2 molar ratio of vector to insert. The 

Table 2.4.1: A table of all primers used for the experiments described in this 

thesis. 
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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 0.03–0.2pmols of each section of the 

assembly, 10µl of NEBuilder® HiFi DNA Assembly Master Mix (New England Biolabs, #  

E2621), and dH2O up to 20µl. 

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 Biolabs, # E2621) was performed using NEB 5-alpha 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 µl 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 competent cells, it is 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 water-bath at 42°C for 30 seconds. The tubes were then transferred to ice for 2 

minutes before 950µl of room-temperature Super Optimal Broth (SOC) 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 100µg/ml Ampicillin selection plates were warmed to 37°C. After 

1 hour of incubation 100µl of the incubated cells were spread onto the warmed selection 

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

2.8 Δtert PCR product A-tailing 

For the Δtert PCR product to be cloned into the pGEM-T easy vector it first had to undergo 

A-tailing. A-tailing was performed in a 10µl reaction volume consisting of 7µl of Δtert PCR 

product, 1µl of 10x standard taq buffer (New England Biolabs, #B90145), 1µl of standard taq 

polymerase (New England Biolabs, #M02735), and nuclease free water up to 10µl. The 

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

2.9 pGEM-T easy cloning 

DNA products such as PCR amplifications can be inserted into the pGEM-T easy 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 

pGEM-T easy vector systems cloning kit (Promega, Madison, WI, #A1380). Insertion was 

performed according to the manufacturer’s guidelines. Insertion was performed in a 

reaction mixture consisting of 5µl 2X Rapid Ligation Buffer, 1µl pGEM-T easy vector (stock 

concentration 50ng/µl), 1µl T4 DNA ligase (stock at 3 Weiss units/µl), varying concentrations 

of DNA insert, nuclease free water up to 10µl. The concentrations of DNA insert added were 

calculated using the equation: (ng of vector x kb size of insert/kb size of vector) x 

insert:vector molar ratio = ng of insert. 

2.10 LB/ampicillin/Isopropyl β-d-1-thiogalactopyranoside 

(IPTG)/X-Gal plates 

Sterile warm LB (lysogeny broth) agar with 100µg/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 

workbench (sterilised using 70% ethanol) for 1 hour. After this, 40μl of X-Gal Solution (20 

mg/ml) (Thermo Scientific, Cat #R0941) was added and spread around the plate use a sterile 

glass spreader, before 40μl of 100mM IPTG Solution (Thermo Scientific, Cat #R1171) was 

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 50µg/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 pGEM-T easy transformation protocol  

Before transformation prepare two LB/ampicillin/IPTG/X-Gal plates for each ligation 

reaction and warm the plates to room temperature. First 2μl of each ligation reaction was 

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 

being extremely fragile. 50μl of competent cells were transferred into each tube containing 

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 heat-shocked for 45 

seconds in a water bath at exactly 42°C. The tubes were then immediately returned to ice 

for 2 minutes. 950μl of room-temperature SOC medium was then added to the mixtures, 

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

After this incubation period 100μl of each transformation culture was plated onto 

LB/ampicillin/IPTG/X-Gal plates. Additionally, the remaining mixture was centrifuged at 

1,000g for 10 minutes, resuspended in 100μl of SOC medium, and plated onto 

LB/ampicillin/IPTG/X-Gal plates. The plates were then incubated overnight at 37°C. White 

colonies contain inserts whereas blue colonies do 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 bacto-agar 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 to set and dry in aseptic conditions.  

2.14 Quick mini-prep protocol 

The quick mini prep is a faster, cheaper, miniprep than a miniprep kit that is performed 

using reagents made in-house. Colonies were chosen to be cultured over-night in a liquid 

culture of 10ml LB broth with 50µg/µl Ampicillin. 1.5ml of the culture was centrifuged for 3 

minutes at 3000 RPM and the pellet then re-suspended in 100µl of TE+ (Tris-EDTA) and 

1/100 RNAse A dilution from RNAse A stock (#R4642-50MG Sigma). 300µl of Tris-EDTA-

Sodium hydroxide (NaOH)-Sodium Dodecyl Sulfate (SDS) (TENS) was added and mixture 

vortexed until sticky/viscous. 150µl of 3M Potassium Acetate pH 5.2 was then added and 

the mixture vortexed for 2-5 seconds before being centrifuged for 5 minutes at 13,000 

Rotations Per Minute (RPM) and the supernatant transferred to a fresh tube and mixed with 

900ul of chilled (in -20OC 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 in -20°C) 70% ethanol and centrifuging for a further 2 minutes at 13,000 RPM. 
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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 being re-suspended in 50µl dH2O 

2.14.1 TENS solution 

The EDTA present in the TENS solution chelates Mg2+ and Ca2+ which are required for the 

function of DNAses, therefore preventing the degradation of the DNA by these enzymes.  

TENS solution is made in-house 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 

Glycerol stocks are made of any successfully transformed bacteria by adding 500μL of the 

overnight culture to 500μL of 50% glycerol in a 2ml eppendorf tube and freeze immediately 

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

2.16 Clean Miniprep protocol 

For a higher quality purification of DNA for sequencing the Sigma-Aldrich GenElute HP 

Plasmid Miniprep Kit (#NAO150) was used according to the manufacturer’s instructions. 

1.5ml of transformed cells were centrifuged at 12,000g for 1 minute. The supernatant was 

discarded, and the cells resuspended in 200μl of resuspension solution with the RNase A 

added. The pellet was pipetted up and down to thoroughly resuspend the cells until they 

were homogeneous 200 μl of the lysis buffer was added. The solution was then mixed 

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 

for longer than 5 minutes as this may also affect the quality of the final eluted DNA. 350μl of 

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 prepared by inserting them into the provided 

microcentrifuge tubes, adding 500μl of the column preparation solution to each column and 
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centrifuging at 12,000g for 1 minute. After centrifuging the cleared lysate was loaded into 

the prepared columns, and these were then centrifuged at 12,000g for 1 minute. The flow 

through was discarded, and the columns washed with by adding 500μl of wash solution 1 

and centrifuging 12,000g 1 minute. The flow through was then discarded and the column 

washed again by adding 750μl of the diluted wash solution 2 to the column and centrifuging 

at 12,000g for 1 minute. The flow through was discarded, and excess ethanol removed by 

centrifuging the column at 12,000g for 1 minute. Finally, the DNA was eluted by transferring 

the column to a fresh tube and adding 50μl of dH2O before centrifuging at 12,000g for 1 

minute.  

2.18 Sequencing 

2.18.1 Plasmid sequencing 

Sequencing was performed by the Core 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 loading 1µl of DNA extract and observing the 

260nm and 280nm readings to determine protein contamination levels. Sequencing was 

performed by Source Bioscience using Illumina 150bp paired-end 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. 

Cut fins are placed into a 2 ml eppendorf tube containing the lysis buffer and incubated at 

50°C overnight with shacking at 700 RPM. The next day add 630µl cold chloroform and 

emulsify by gently inverting 4-5 times then centrifuge 13,300 RPM for 7 mins. The upper 

aqueous phase is transferred to a new 1.5 ml eppendorf tube. Next 720µl dH 2O and 80 µl of 
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Precipitation solution are added and the Eppendorf is inverted constantly for 2 mins at  

Room Temperature (RT). Centrifuge at 13,300 RPM for 10 mins and then remove the 

supernatant completely. Dissolve the DNA pellet in 100µl NaCl and add 300µl 100% ethanol 

that is cooled to -20°C and let DNA precipitate overnight at -20°C. The next day centrifuge at 

13,300 RPM for 10 mins then remove the ethanol with a micropipette. Wash the pellet (flick 

gently with your finger) with 200µl 70% ethanol cooled to -20°C. Centrifuge at 13,300 RPM 

for 10 mins then remove the supernatant with a micropipette. Place the tubes opened on a 

hotplate at 37°C and let it dry for 15-30 min. Add 30µl DNA-free sterile dH2O 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 generating Quality Control 

(QC) reports using FastQC, the Trimmomatic tool was used to remove any poor-quality 

bases (base quality < 20) and bases that match sequencing adapters(239). The 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 parameters(240). Prior to analysis and 

visualization, potential PCR duplicates (reads with identical sequence and alignment) were 

identified using the sambamba tool(241). 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 is greater or smaller than expected or aligning to 

different reference sequences) and aligned reads that contain soft-clipped bases (bases that 

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

2.20 Wizard® SV Gel and PCR Clean-Up System protocol 

The Wizard® SV Gel and PCR Clean-Up System 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. 10µl 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 16,000g for 1 

minute. The flowthrough was discarded, and the minicolumn reinserted into the collection 

tube. 700µl of membrane wash solution was added and the assembly centrifuged at 

16,000g for 1 minute. The flowthrough was discarded, and the minicolumn reinserted into 

the collection tube. 500µl of membrane wash solution was added and the assembly 

centrifuged at 16,000g 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 30µl 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 at –20°C. 

2.21 Cryopreservation of zebrafish tissue for cryosectioning 

Transgenic Zebrafish larvae were culled at 3 days post-fertilization by immersion in 

concentrated MS-222 and fixed in 4% Paraformaldehyde (PFA) (SIGMA-ALDRICH, 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 overnight at 4°C for cryoprotection. Before embedding in 

mounting media (O.C.T. compound, VWR International, #00411243), the larvae were 

immersed in 50%:50% solution of 30% sucrose: O.C.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 at -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 using either a widefield fluorescent DeltaVision microscope or 

Nikon widefield fluorescent microscope both using a 40x oil objective lens at the Wolfson 

Light Microscopy Facility at the University of Sheffield Biomedical sciences department. To 
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quantify changes in fluorescence and staining images were quantified via a Z-projection 

generated using imageJ (Rasband, W.S., ImageJ, U. S. National Institutes of Health, 

Bethesda, Maryland, USA, https://imagej.nih.gov/ij/, 1997-2018.). 

2.23 Statistical analysis  

Statistical analysis was performed using GraphPad Prism v7.00. For normally distributed 

data the unpaired students T-test was used to determine significance. For non-normally 

distributed data the Mann-Whitney 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 

with methylene blue. Dishes were set up with western blotting glass ‘short’ plates, with the 

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 for up to 1 

month. After using a plate for injection, it is rinsed with distilled water, re-wrapped in 

parafilm, and stored in the fridge. Glass needles are made using a P-100 Falming/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 1µl of RNA-free plasmid miniprep 

(stock concentration at 200ng/µl), 0.8µl tol2 mRNA (stock concentration 250ng/µl), 0.8µl 

phenol red (Sigma-Aldrich, 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 10mm/0.1mm).  

2.24.1 E3 Media Recipe 

To prepare a 60X stock, dissolve the ingredients in dH2O, to 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 µL of 1% methylene blue (Sigma-Aldrich). 
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For a 60X stock solution: 

- 34.8 g NaCl 

- 1.6 g KCl 

- 5.8 g CaCl2 

- 9.78 g MgCl2 

2.25 Paraffin embedding of zebrafish and sectioning 

Adult fish were culled by immersion in concentrated tricaine mesylate (MS-222, SIGMA-

ALDRICH, St. Louis, MO, USA) with confirmation of death via cessation of breathing. After 

confirmation of death fish were fixed by immersion in 50ml of 4% paraformaldehyde 

buffered at pH 7.0 (PFA, SIGMA-ALDRICH) at 4°C for 48-72h with rolling. Fish were then 

decalcified in 50ml of 0.5M EDTA, pH 8.0 for additional 48-72h with rolling. Subsequently 

the whole fish was paraffin-embedded via the following process: formalin (SIGMA-ALDRICH) 

for 10min, formalin (SIGMA-ALDRICH) for 50min, ethanol 50% for 1h, ethanol 70% for 1h, 

ethanol 95% for 1h 30min, ethanol 100% for 2h, ethanol 100% for 2h 30min, 50:50 ethanol 

100%:xilol for 1h 30min, xylene (SIGMA-ALDRICH) for 3h, xylene (SIGMA-ALDRICH) for 3h, 

paraffin for 4h 30min. For the solutions absolute ethanol (Thermo Fisher Scientific, 

Waltham, MA, USA) diluted in distilled water (dH2O, VWR International) and paraffin 

histosec pastilles (Merck & Co, Kenilworth, NJ, USA) were used. Paraffin-embedded 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 cryostat, and stored at room 

temperature (RT). Unless otherwise stated paraffin embedded tissue sections were 

longitudinal (sagittal) 3μm-thick slices. 

2.26 Immunofluorescent staining (IF) 

For the purpose of IF paraffin-embedded sections were deparaffinised and hydrated via the 

following protocol and incubations: histoclear (Scientific Laboratory Supplies, Wilford, 

Nottingham, UK) 2x 5min, ethanol 100% 2x 5min, ethanol 90% 5min, ethanol 70% 5min, and 

dH2O 2x 5min. To produce the diluted ethanol, absolute ethanol (Thermo Fisher Scientific) 

was diluted in dH2O. Antigen retrieval is performed by incubating the sections in 0.01M 

citrate buffer at pH 6.0, made with Trisodium citrate dihydrate (SIGMA-ALDRICH) heated to 

just below boiling at 800W in a microwave for 10min. After antigen retrieval the tissue 
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sections are permeabilised in PBS (PBS, SIGMA-ALDRICH) 0.5% Triton X-100 (SIGMA-

ALDRICH, for 10min) and blocked in blocking solution for 1h. Blocking solution is made from 

3% bovine serum albumin (BSA, SIGMA-ALDRICH), 5% Goat Serum (or Donkey Serum, both 

from SIGMA-ALDRICH), and 0.3% Tween-20 in PBS (SIGMA-ALDRICH). Blocking slides are 

incubated overnight (ON) at 4°C, with the primary antibody, in a humidified box. Following 

ON incubation slides are washed in PBS 0.1% Tween-20 (SIGMA-ALDRICH, 3x 10min) before 

secondary antibody incubation (1h at RT or ON at 4°C). All primary and secondary antibodies 

were diluted in blocking solution before incubation on the slides. Note that two primary 

antibodies can be added at the same time if they come from different species (e.g., a mouse 

monoclonal antibody with a chicken polyclonal antibody) and if the secondary antibody is 

conjugated with different fluorophores (e.g., anti-mouse Alexa Fluor® 488 with anti-chicken 

Alexa Fluor® 568). Finally, the tissues were incubated in 1μg/ml of 4′,6-diamidino-2-

phenylindole (DAPI, Thermo Fisher Scientific), a DNA stain that binds strongly to DNA, 

diluted in PBS (SIGMA-ALDRICH), for 10min at RT. After 3x 10min washes in PBS 1x (SIGMA-

ALDRICH), the slides were mounted with vectashield (Vector Laboratories, Burlingame, CA, 

USA), covered with a glass coverslip (Scientific Laboratory Supplies), and sealed with clear 

nail varnish. 

 

2.26.1 Antibodies used for IF. 

Antibodies used for experiment reported in this thesis can be found listed below.  

Antibody Name Source of acquisition 

Living Colors® mCherry Monoclonal Antibody Clontech Laboratories 

Goat Anti-Mouse IgG Alexa Fluor 647 Thermo-Fischer 

Goat Anti-Mouse IgG Alexa Fluor 568 Thermo-Fischer 

Sheep Anti-GFP Bio-Rad 

Goat Anti-Chicken IgY Alexa Fluor 488 Thermo-Fischer 

Chicken Anti-GFP Abcam 

 

 

 

Table 2.26.1: Table of the antibodies used for immunofluorescent staining 

experiments detailed in this thesis. 
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2.27 Telomere-Fluorescence in situ Hybridization (Telo-FISH) 

Telo-FISH is used to detect telomeres using a peptide nucleic acid (PNA) telomere 

oligonucleotide. Relative telomere length can be quantitatively measured using the intensity 

of the signal of probe in the assayed tissues compared to a control. We use Telo -FISH in 

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 wash excess secondary antibody off, 3x10min RT with 

0.1% Tween20 in PBS, with slow shaking. Crosslink the sample with 4% paraformaldehyde in 

PBS for 20 min with shaking. Wash for 3x5 min with PBS. Dehydrate by in 70%, 90%, and 

100% icy cold ethanol for 3 min each then allow the sections to air dry for at least 20min. 

Apply 10µl hybridization mix per slide and place glass cover slip over the section. Denature 

the DNA at 80°C for 10 min in a pre-heated oven. Remove slides from the oven and allow 

the probe to hybridize to the sections in a humidified chamber in the dark for 2 hr at RT. 

Gently remove the cover slips and wash 1x10 min with 70% formamide/30% 2x Saline 

Sodium Citrate Solution (SSC) diluted from a 20x SSC stock solution. Wash 2x10 min with 

100% 2x SSC. Wash 3x 5min in 1x PBS. Counterstain the nucleus DAPI (1:2000) for at least 

20min. Wash with PBS 10min mounted with vectashield and clear nail varnish. 

2.27.1 Solutions for Telo-FISH 

SSC 20x stock solution 

• 88.3g Tri-sodium citrate dihydrate (Sigma-Aldrich) 

• 175.3g NaCl (Sigma-Aldrich) 

• Diluted to a volume of 1L in dH20 and adjusted to pH7.0 

• Autoclaved  

4% PFA: 

• 4g PFA in 1× PBS at 65°C 

Magnesium chloride buffer (MgCl2) 

• 25mM magnesium chloride (Sigma-Aldrich) 
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• 9mM citric acid (Sigma-Aldrich) 

• 82mM sodium hydrogen phosphate (Sigma-Aldrich) 

Blocking buffer 

• 10x blocking reagent (Merck and Co.) diluted to 1x in maleic acid (Sigma-Aldrich) 

Hybridisation mix for 20 slides (10ul per fish):  

• 2.5µl 1M Tris pH 7.2 (1mM)  

• 21.4µl Magnesium chloride buffer 

• 175µl Formamide deionized 

• 5µl PNA probe (25µg/ml, Applied biosystems) 

• 12.5µl of 1x Blocking reagent (Roche) 

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

• 33.6µl des. Water 

2.28 Fluorescence Associated Cell Sorting (FACS) dissociation 

First sacrifice and confirm the death of the zebrafish as previously described, making sure 
that the fish was not fed for 24hr beforehand. Dissect out the gut, discard the colon, and 

open the gut longitudinally with scissors or a small blade and trim into smaller pieces. Wash 
these pieces twice in cold, filtered 1x PBS. Transfer the washed pieces to a 1.5ml eppendorf 
tube containing 0.3ml filtered PBS (calcium and magnesium free)/2mM EDTA/1mM 
Dithiothreitol (DTT). Further chop the tissue inside the tube to encourage dissociation. 
Agitate at 700rpm for 15 min at RT. Collect supernatant and transfer to a clean 1.5ml 
Eppendorf tube on ice. Add 0.3ml fresh 1x PBS/2mM /1mM DTT to tissue pieces and repeat 
the process twice more, each time collecting Inter-epithelial lysate (IEL) into same tube as 
before. After the last media change, remove as much liquid as possible, add to the IEL and 

store on ice. Dissociate the remaining fragments of gut by incubating with 0.3ml Leibovitz’s 
media (L15) + liberase for 30mins at 37°C at 700 RPM shaking. After 15 mins of incubation 
gently pipette up and down with 5-8 times to help dissociate tissue then continue 
incubation. After 30 mins repeat pipetting to encourage final dissociation. Use a 1ml syringe 
tip to filter the liberase-treated tissue through a 70µm cell strainer into a new 1.5ml 

eppendorf tube. After filtering, rinse strainer with 150µl of L15+liberase and incubate for 
another 10 minutes at 37°C with 700 RPM shaking. After this incubation filter through a 

40µm strainer into a fresh 2ml tube. Gently resuspend IEL cells from before with blue tip 
and pass through same 40um strainer into the same tube and rinse the strainer with 
150µl L15+liberase. Spin at 600g for 5 mins at 4°C then again immediately for 3 mins at 4°C. 
Check pellet is visible and attached to tube wall. Remove all liquid and discard supernatant. 
Disperse pellet by dragging across tube rack 3-5 times and flick the tube to ensure pellet 

dispersion (don’t overdo this as will result in increased cell lysis and death). Resuspend in 
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800ul fresh filtered cold 1x PBS and transfer cells to a 1.5ml Eppendorf tube. Repeat double 
centrifugation as previously described and disperse pellet as above.  
 

2.28.1 Solutions for FACS dissociation 

10ml of 1x PBS/2mM EDTA/1mM DTT: 

• 9.95ml 1x PBS 

• 40µl 0.5M EDTA (Sigma) 

• 10µl 1M DTT (Thermo-Fischer) 

0.3ml L15 + liberase 

• 1.2µl Liberase (Roche) 

• 0.3ml L15 (Roche) 

20ml 1x PBS/0.2% BSA 

• 20ml 1x PBS 

• 0.04g BSA (Sigma) 

2.28.2 FACS data analysis 

FACS data analysis, visualisation and processing was performed using FlowJo V.10.8.1. 

2.29 Telomerase Repeat Amplification Protocol (TRAP) assay 

The TRAP assay is a laboratory kit supplied by Roche called TeloTAGGG Telomerase PCR 

ELISAPLUS (Roche). 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 the Enzyme-linked immunosorbent 

assay (ELISA) plate and a colorimetric reaction occurs the intensity of which can be 

quantified.  

2.29.1 Telomerase Repeat Amplification Protocol assay 

This protocol is a continuation of the FACS dissociation protocol from section 2.26. Based on 
pellet size, resuspend cells in 50-100ul TRAP lysis buffer in RNAse free conditions. Pipette up 
and down repeatedly to homogenise cells until the homogenate is uniform. Incubate lysates 
on ice for 30 mins. Centrifuge lysate at 16,000g for 20 mins at 4°C. Carefully remove 
supernatant and transfer to a precooled fresh tube. Determine the protein concentration 
using the Bicinchoninic acid (BCA) kit. If using the lysate on the same day store at 4°C until 
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use, otherwise flash-freeze lysate in liquid nitrogen. The TRAP assay is carried out according 
to the manufacturer’s instructions for the TeloTAGGG Telomerase PCR ELISAPLUS (Roche) 
following the steps for preparation of extracts from cells. Absorbance readings were taken 
using a Varioskan plate reader. Telomerase activity is measured by the colorimetric change 
of the sample and is determined via the equation: Relative Telomerase Activity (RTA) = 
((absorbance of sample – absorbance of negative control)/Absorbance of the internal 
standard)/((Absorbance of control template – absorbance 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 (Thermo-Fischer). In 1.5ml tubes 

prepare the protein standard curve as shown in table 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 add 5µl of your protein homogenate taken from the previous 

cell lysis steps to 45µl of dH2O (RNAse free). 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 37°C. Add 20µl of copper sulphate solution (reagent B) to each tube after 

incubation. Vortex all tubes. Incubate at for 20 mins in a water bath heated to 37°C. Transfer 

200µl of each sample and BSA curve to a 96-well plate, all in duplicates. Read the 

absorbance at 562nm in the Varioskan microplate reader. 

 

 

 

 

 

 

 

 

 

 

BSA protein 

standard/µl 

dH2O/µl 

0 50 

5 45 

10 40 

20 30 

30 20 

40 10 

50 0 

Table 2.29.2: BSA protein standard 

solutions. 
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2.30 IPEX dissociation 

Zebrafish were culled using 100% tricaine before blood Intraperitoneal exudate (IPEX). A 

ventral, midline incision was made, and 5ul ice-cold 1× PBS 2% Foetal Bovine Serum (FBS) 

was injected to lavage the intraperitoneal space. IPEX cells were collected via lavage with 

phosphate-buffered saline using four sequential 5 μL washes using a 10-μL syringe 

(Hamilton) for a total volume of 20 μL. 

2.31 Wright-giemsa staining 

Wright-Giemsa staining was 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 poly-D lysine coated glass 

slips to prevent cell loss from cytospinning. Cells were incubated with the poly-D-lysine 

coated slips for 2hrs to allow adherence 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. 2-3 drops of Wright-giemsa stain were added by dropper to the air-dried 

slips and incubated at RT for 3 minutes. Wright-giemsa stain was rinsed off the slip by 

dipping the slip in dH2O 7-8 times until the stain turned a pinker hue. Coverslips were 

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

2.31.1 Poly-D-Lysine coating  

A stock solution of 50µg poly-D-lysine was prepared in 1x PBS to a concentration of 

50ug/ml. Coverslips were sterilised by incubating them in 95% ethanol and drying before 

coating. To coat coverslips are placed in a single layer in a petri dish containing enough 

50µg/ml stock solution to fully cover the layer of coverslips. Coverslips are incubated for 1hr 

at 37°C. Remove coverslips using sterile forceps and allow surface to dry on blue roll. Do not 

wipe dry as this will disturb the Poly-D-lysine coating. Coated coverslips can be stored for up 

to 3 months at 4°C.  
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2.32 Single-cell RNA-sequencing 

Sample preparation was performed by Catarina Henriques and Pam Ellis from the University 

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 for differences in gene expression due to sex. Samples 

were prepared and submitted as three 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 with 75 cycles of PCR and 

sequenced on an Illumina MiSeq at the University of Nottingham. 

2.32.1 Computational analysis of Single cell RNA-sequencing data 

2.32.1.1 Cellranger pipeline 

The resulting sequencing data was analysed using the 10X Cellranger pipeline, version 2.2.0 

using standard quality control, normalization, and analysis steps to remove empty droplets 

and potential doublets(244). Cellranger mkfastq 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 count for alignment, filtering, barcode counting and 

Unique Molecular Identifier (UMI) counting to produced feature-barcode matrices. 

Cellranger aggr then aggregated and normalised the runs from each fish and aggregated 

them into groups based on their genotype. Reads were aligned to the zebrafish genome 

GRCz11. Additional quality control was applied during reclustering whereby cells with <200 

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

2.32.1.2 Loupe browser analysis  

Cell clustering and annotations were performed using Loupe Browser version 4.0. Cell types 

were assigned according to specific marker genes for the cell types based on reported 

markers in the literature. Differential gene expression is determined by comparing the mean 

expression of a gene in the cluster to the mean expression in all other clusters being 

analysed at that point. 

2.32.1.3 Gene set enrichemnet  

Gene set enrichment analysis was carried out using ShinyGO version 7.7 with a minimum P 

value of 0.05(245). 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 analysis of protein-protein interaction networks was 

performed using STRING using a minimum network score of 0.4. Interactions are identified 

by STRING using text-mining (yellow), experiments previously performed (pink), databases 

(light blue), co-expression (black), neighbourhood in the genome (green), gene fusion (red) 

and co-occurrence in publications (dark blue)(246). Gene expression lists were compared 

using Venny v2.1. Cell types were determined using FishSCT and EnrichR(247, 248). 

2.33 Statistical analysis 

Statistics were performed using GraphPad Prism v9.5.1. Normality was assessed by the 

Shapiro–Wilk test. For normally distributed data either an unpaired t-test or a one-way 

ANOVA was used depending on the number of variables. For non-normally distributed data 

the Mann–Whitney test or the Kruskal–Wallis tests were used instead. A critical value for 

significance of p < 0.05 was used throughout all analysis. 
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Chapter 3: Generating novel transgenic zebrafish 

telomerase rescue lines. 
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3.1 Introduction 

 

Previous work by Ellis et al. has shown that a subset of zebrafish-gut immune cells has 

telomerase-dependent, proliferation-independent “hyper-long” telomeres, relative to 

surrounding epithelial cells and that these are also present in human gut tissue(185). These 

“hyper-long telomeres” cells are mostly macrophages and dendritic cells (mpeg1.1+ or cd45+  

mhcII+)(185). Further, Ellis et al. describe mpeg1.1+ cells as having much longer telomeres in 

the gut than in their haematopoietic tissue of origin, the Head Kidney (HK), suggesting that 

there is further modulation of telomerase in these immune cells(185). In addition, 

telomerase activity is higher in the gut than in the HK, and there is a higher percentage of 

mpeg1.1+ tert+ cells in the gut in the HK(185) indicating that the “hyper-long telomeres” did 

not result from the cell’s originating in the HK. Further, Ellis et al. indicate that in the 

absence of telomerase activity there is an observed impairment of phagocytosis as well as a 

decrease in the expression of Light-Chain 3-B (LC3B)(a marker of autophagy), a decrease in 

the expression of TNF-α, and a decrease in expression of IL-6(185). Additionally, these 

observations were also made independent of telomere shortening, indicating that they may 

depend on non-canonical functions of telomerase(185). In section 1.4.2.2 I explored the 

published non-canonical 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. Therefore, the 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 non-canonical roles of 

telomerase. 

Building on the work of Ellis et al. (185) I aimed to further explore the role of telomerase in 

the zebrafish immune system and to further explore the non-canonical roles of telomerase 

in this context. To do this I would need to determine which roles of telomerase could be 

rescued by a canonically active TERT that enabled telomerase activity. Further, I 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 had already been described in a paper by Imamura et al. (238) and termed ∆TERT 
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which I have described in section 1.7.1. To study these effects of TERT and ∆TERT I would 

need to generate two new transgenic zebrafish lines that expressed the proteins of interest. 

Therefore, in this chapter I had two aims: 

1. Establish and characterise the mpeg1.1:tert-gfp transgenic zebrafish line whereby 

TERT is being expressed in an mpeg1.1 specific manner and retains its canonical 

ability to elongate telomeres as part of telomerase. 

2. Establish and characterise the mpeg1.1:∆tert-gfp transgenic zebrafish line whereby 

∆TERT is being expressed in an mpeg1.1 specific manner and determine 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 and assembly method 

Both the mpeg1.1:tert-gfp and the mpeg1.1:∆tert-gfp transgene were produced using the 

GA method (Fig. 3.2.1.A). GA utilises a 5’ exonuclease, DNA polymerase, and DNA ligase to 

anneal complementary strands together (Fig. 3.2.1.A). Furthermore, GA requires a 1:1 ratio 

of components that will be ligated together. The range of concentration of components it is 

possible to use is 0.2-1pmols. I calculated the concentration of each component to be added 

in pmols using the following equation: pmols = (weight in ng) x 1000/ (base pairs x 650 

daltons). The mpeg1.1:tert-gfp transgene (Fig. 3.2.1.B) had already been established by the 

Henriques lab and G0 founders produced. The mpeg1.1:∆tert-gfp transgene (Fig. 3.2.1.B) 

would be produced by annealing together the mpeg1.1 promoter, the ∆tert-gfp gene, and 

the tol2 region that contained the transposon sites. 

The design of the transgenes was based on the mpeg1.1 promoter being a published 

immune cell marker in zebrafish (226, 227, 234). To detect the expression of telomerase a 

GFP region was added downstream of the tert or ∆tert gene, with an Internal Ribosomal 

Entry Site (IRES) separating the gfp from the tert or ∆tert. The IRES region acts as a 

ribosomal binding point leading to the translation of the tert or ∆tert and the gfp  as two 

separate proteins (249)(Fig. 3.2.1.B). In addition to the mpeg1.1:tert-gfp or mpeg1.1:∆tert-

gfp section, a cmcl2-eGFP was introduced in a 3’ to 5’ orientation so as not to be expressed 

in conjunction with the mpeg1.1:tert-gfp or mpeg1.1:∆tert-gfp (Fig. 3.2.1.B). The cmcl2 

promoter is utilised in early heart development of zebrafish fry(250). Therefore, having 

eGFP expressed under the control of the cmcl2 promoter leads to expression of GFP at an 

early developmental stage (2dpf). This allows the early detections and selection of zebrafish 

fry with successful transgenic insertion and expression and prevents the unnecessary raising 

of excess non-transgenic zebrafish (250). The transposase system was the method chosen to 

introduce the mpeg1.1:∆tert-gfp and mpeg1.1:tert-gfp transgenes into the zebrafish as it is 

a well-documented method for zebrafish genetic manipulation that utilises an adapted 

version of the naturally occurring tol2 transposon to insert the desired gene(251, 252).  
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To study the effects of rescuing TERT or ∆TERT expression in a prematurely aged model both 

the mpeg1.1:tert-gfp and the mpeg1.1:∆tert-gfp transgene would be inserted into zebrafish 

lines that contained the hu3430 telomerase mutation. The hu3430 mutation is a 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 telomerase by introducing 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 their tert gene containing 

the hu3430 mutant have been reported to be accurate models of premature ageing, 

exhibiting an ageing phenotype at a relatively young age (12mo) (218, 222). Furthermore, a 

line of the hu3430 telomerase mutant was available that also contained the 

mpeg1.1:mCherry.caax reporter gene which has been characterised as a fluorescent 

reporter for cells that utilise the mpeg1.1 promoter and so would provide a method for 

verifying that the expression of the rescued tert or ∆tert is present in mpeg1.1+ positive cell 

via the mCherry fluorophore(226, 234). 
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Figure 3.2.1: Method used for the producing transgenic constructs. A. Representative 

diagram of the process of GA. B. Representative diagram of the mpeg1.1:tert-gfp 

transgene and mpeg1.1:∆tert-gfp transgenes indicating their canonical telomerase 

activity. 
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3.2.2 Optimising PCR amplification of the mpeg1.1 promoter region 

and production of the mpeg1.1 promoter region for producing the 

mpeg1.1:∆tert-gfp transgene. 

The mpeg1.1 promoter is an established marker in zebrafish immune cell development(226, 

234, 237). Therefore, the mpeg1.1 promoter would be used to specify that rescue of ∆tert 

expression only occurred in zebrafish mpeg+ immune cells. To generate the novel mpeg-

∆tert-gfp transgene using GA I needed to produce the mpeg1.1 promoter fragment in a high 

concentration that also had a high purity to avoid adding unwanted sections to the GA 

reaction. To produce a sample of the mpeg1.1 promoter suitable for use in the GA reaction I 

optimised the PCR amplification of mpeg1.1 from an available plasmid (Fig. 2.2.1). I used 

primers one and two (Table 2.4.1) (Figure 3.2.2.B) and the software NEBtm calculator to 

estimate an annealing temperature at which both primers would anneal to the construct in 

a sequence specific manner. This annealing temperature considers the length of the 

primers, the GC content of the primers, and the solvents used for the reaction. Based on this 

temperature I decided upon a range of annealing temperatures to test from 55.6oC to 

65.1oC (Fig. 3.2.2.D). I ran the PCR products on gel electrophoresis and found a strong band 

for each of the five temperatures tested at the predicted size of the mpeg1.1 fragment of 

1866bp (Fig. 3.2.2.C). As each band was at the correct predicted size of the fragment all 

bands were excised from the gel, pooled, and purified together for a final concentration of 

115.6ng/µl of the mpeg1.1 fragment used during GA. 
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Figure 3.2.2: Optimising of the PCR reaction to produce the mpeg1.1 

promoter region for the mpeg1.1:∆tert-gfp transgenic construct. A. Linear 

map of the construct used as a basis for the PCR optimisation of the 

mpeg1.1 region including forward primer* and reverse primer** sites. B. 

Forward and reverse primer sequences. C. Predicted position of PCR band at 

1866bp with DNA ladder representation. D. Optimisation of mpeg1.1 

promoters using varied annealing temperatures with amplified products 

outlined in green: lane 1, 65.1oC, lane 2, 63.6oC, lane 3, 61.3oC, lane 4, 

58.6oC, lane 5, 56.3oC, lane 6, 55.6oC, lane 7 negative control. 
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3.2.3 Optimisation of the PCR amplification of the ∆tert region  

To produce the mpeg1.1:∆tert-gfp transgene I needed to produce ∆tert of a sufficient 

concentration for the GA process. To do this I used PCR amplification of a plasmid containing 

tert using primers designed to amplify ∆tert from tert. To do this I used the software NEBtm 

to provide an estimate of the ideal annealing temperature for primer three and four (Table 

2.4.1) then tested a range of temperatures around the estimated ideal annealing 

temperature (Fig. 3.2.3.B, D).  

To determine if the bands amplified by the primers were ∆tert I ran the amplified samples 

using gel electrophoresis. I determined that ∆tert would be 1586bp long so I should see a 

band at 1586bp relative to the DNA ladder (Fig. 3.2.3.C). The bands produced were at the 

predicted size however also that the circular control (Fig. 3.2.3.D lane 7) was at a similar 

position to the PCR products which meant I could not be certain the PCR products were not 

circular plasmid. To remove the possibility of circular plasmid contaminating the product  I 

optimised the PCR amplification using varying concentrations of a linearised version of the 

template plasmid with an annealing temperature of 71.2oC (Fig. 3.2.3.E). The bands 

produced using linear plasmid as a template matched the predicted weight of the ∆tert 

section (Fig, 3.2.3.E). The bands were removed from the gel and purified, and the 

concentrations measured: lane one 31.4ng/µl, lane two 29.5ng/µl, lane three 18.6ng/µl, 

lane four 53.2ng/µl.  

As the bands were found to be at the predicted size for the ∆tert fragment and they had 

been produced using a linearised template they were deemed suitable for use in GA. 

Specifically, the sample from lane 4 (Fig. 3.2.3.E) was taken forward for GA as it was the 

most concentrated sample produced. Were the experiment to be repeated I would have 

included a circular template control into the same gel I ran the linearised bands on to aid in 

the identification of any circular template contamination in the linearised samples.  
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Figure 3.2.3: Optimisation of the PCR protocol to produce the ∆tert gene for the 

mpeg1.1:∆tert-gfp transgenic construct. A. Linear map of the 5’-3’ hypothesised insertion 

of the ∆tert inserted into the pGEM-t easy vector with forward primer* and reverse 

primer** sites indicated. B. Forward and reverse primer sequences. C. Estimated position 

of band of ∆tert if amplified using the primers from table 2.4.1 at 1586bp. D. Annealing 

temperature optimisation using a range of temperatures: lane 1, 71.2oC, lane 2, 70.4oC, 

lane 3, 69.5oC, lane 4, 68.8oC, lane 5, 68.3oC, lane 6, 68oC, lane 7 is a positive control of 

the circular p36 construct (Fig. 2.2.1). E. Further optimisation of the amplification of the 

∆tert section using varied concentrations of linear p36 construct as a template: lane 1, 

1ng linear template, lane 2, 3ng linear template, lane 3, 5ng linear template, lane 4, 1ng 

circular template, lane 5, negative control. 
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3.2.4 Generating the tol2 region using PCR amplification. 

The tol2 region of the construct is the DNA component of the transposon system that will 

allow the insertion of the transgene. To produce the tol2 section of the construct to be used 

in GA I optimised the PCR amplification of the tol2 section of an available lab construct using 

primers seven and eight (Table 2.4.1) (Fig. 3.2.4.B). I used NEBtm software to estimate the 

ideal annealing temperature for primers seven and eight (Table 2.4.1) and then used a range 

of temperatures based on this estimated annealing temperature to determine which 

temperature led to the highest concentration of tol2 to be produced (Fig. 3.2.4.D). Initially I 

did not see a successful PCR amplification of the tol2 region as no bands were indicated 

when the PCR sample was run using gel electrophoresis (Fig. 3.2.4.D). I 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, so I decided to use a range of higher temperatures to 

improve increase the chance of the primer annealing to the template. Three of the higher 

temperatures led to bands being produced which can be seen in lanes two, four, and five of 

Figure 3.2.4.E. Additionally, these bands were at the predicted length of 7763bp when 

compared to the DNA ladder (Fig. 3.2.4.E). These bands were isolated from the gel and 

purified with the following concentrations: lane two at 3.1ng/µl, lane four at 5ng/µl, lane 

five at 8ng/µl.  

The maximum volume of the reaction was 20µl, 10µl of which was the GA master mix, 

therefore I could add up to 10µl of my component samples which would need to be divided 

between the three components. Therefore, the concentrations were too low to be 

appropriate for use in GA. To increase the concentration of the sample for GA I used PCR to 

amplify the tol2 section using 65.5oC as the annealing temperature as this had given the 

highest concentration of product previously (Fig. 3.2.4.F). 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 concentration 24.8ng/µl. I calculated this to have a 

concentration of 0.005 pmol/µl. While this was still very low I could feasibly use this sample 

due to the high concentrations I 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 I deemed that a higher concentration should also be tried that was produced using an 

alternative method. 
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Figure 3.2.4: Optimisation of the PCR protocol to produce the tol2 transposon 

section of the mpeg1.1:∆tert-gfp transgenic construct. A. Linear map of the 

construct used as the template for the PCR reaction with forward* and 

reverse** primers indicated. B. Forward and reverse primer sequences. C. 

Predicted weight of the amplified band at 7763bp. D. Annealing temperature 

optimisation: lane 1, 65.1oC, lane 2, 63.6oC, lane 3, 61.3oC, lane 4, 58.6oC, lane 

5, 56.3oC, lane 6, negative control. E. Further optimisation of primer annealing 

temperature using higher annealing temperatures:  lane 1, 70.7oC, lane 2, 

69.2oC, lane 3, 67.7oC, lane 4, 66.4oC, lane 5, 65.5oC, lane 6, negative control. G. 

PCR amplification of tol2 using linear template and annealing temperature of 

65.5oC (lane 3 and lane 4), tol2 indicated by green box, with lane 5 being a 

negative control. 
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3.2.5 Generating an alternative tol2 region using enzymatic digestion. 

Due to the tol2 section produced using PCR being of a low concentration, we decided to also 

use an alternative method for its production. We chose restriction digestion of a plasmid 

that had been transformed into bacteria for culture and purification. We hypothesised that 

we would be able to produce a higher concentration of the tol2 section as we would be able 

to grow the transformed bacteria to confluence before purification. I determined to use the 

existing lab plasmid named #p19 (Fig. 3.2.5. A) as a transformed sample stored in glycerol 

was readily available to be cultured. I determined that I could use a triple digestion of the 

available lab plasmid #p19 to digest the plasmid into separate regions. By using a triple 

digest, I would be able to digest the remaining plasmid I did not require into smaller pieces 

which would improve their separation from tol2 when the digest was run on agarose gel 

before purification. I used A Plasmid Editor (APE) software to determine that the enzymes 

Sal1, BamH1 and Cla1 had binding sites within the plasmid (Fig. 3.2.5. A) and that these 

enzymes would digest the tol2 section. I then used the APE software to predict the size of 

the bands if using single digests for each of the enzymes I would use (Fig.3.2.5. B, C, D) and 

the band positions with the triple digest (Fig. 3.2.5. E). However, due to the points of 

incision by the restriction enzymes I would not be able to produce a tol2 section that 

contained the IRES-GFP region as the previous method had attempted to do. 

E. coli containing 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 and loaded into an agarose gel. I saw clean separation of four bands, with the 

bands of interest indicated (Fig. 3.2.5.F). These bands were removed from the gel and 

purified together to give a concentration of 62ng/µl, much higher than I was getting from 

the PCR amplification process. Using the 62ng/µl sample would allow me to add the tol2 

section at a concentration of 0.015pmol/µl, threefold more concentrated than the PCR 

sample giving a higher chance of it being incorporated during GA and so a higher probability 

of the mpeg1.1:∆tert-gfp construct being produced.   

 

 



104 
 

 

 

 

 

 

Figure 3.2.5:  Optimisation of the production protocol for the tol2 region of the 

mpeg1.1:∆tert-gfp transgenic construct. A. Map of the construct digested to produce the 

desired section for GA using the indicated enzymes. B. Predicted banding pattern of 

digestion using Cla1. C. Predicted banding pattern of digestion using Sal1. D. Predicted 

banding pattern of digestion using BamH1. E. Predicted banding pattern of digestion 

using triple digest of Cla1, Sal1, and BamH1 with desired band at 6187bp F. Enzymatic 

digest of the p19 construct: lane 1, circular template positive control, lane 2, Sal1-HF only 

digest control, lane 3, Cla1 only digest control, lane 4, BamH1 only digest control, lane 5 

and lane 6 are triple digests with the desired bands at 6187bp indicated by the green box. 

G. Linear map of the desired region that would be obtained from the triple digest. 
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3.2.6 Generation of the ∆tert-ires-gfp region using PCR amplification  

 

The new tol2 section I had produced in section 3.2.5 lacked the ires-gfp region unlike the 

tol2 region produced in section 3.2.4. Therefore, I needed to introduce the ires-gfp region 

into the construct in a different way. I hypothesised that I could do this either by using PCR 

to amplify the ires-gfp section on its own to be added to the GA mix, or by producing a 

∆tert-ires-gfp section. We decided to produce the ∆tert-ires-gfp as one section instead of 

just ires-gfp as it would ensure that the ires-gfp section was oriented in-line with the ∆tert 

section during the GA as well as keeping the number of different sections that needed to be 

added during GA to three rather than increasing it to as this which would increase the 

chance of an undesirable construct being produced during GA. 

I decided to use PCR amplification of the existing mpeg1.1:tert-gfp construct (Fig. 3.2.6.A) to 

produce the ∆tert-ires-gfp section. For the amplification I designed two new primers 

designated primers five and six (Table 1) (Fig. 3.2.6.B) and used the NEBtm software to 

calculate an estimated ideal annealing temperature. I then decided to optimise the 

amplification using a range of annealing temperatures based upon the estimated ideal 

annealing temperature calculated by the NEBtm software. I tested the range of 

temperatures using both circular and linear template (Fig. 3.2.6.C). Linear template is the 

preferred template as there is very little chance of linear template being carried over and 

transformed into the E. coli after the GA step, 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 than linear template making the circular 

template still worth testing. Despite this, if I could obtain a high concentration of product 

from the linear template it would be preferable.  

On an agarose gel the PCR amplification using a circular template showed several additional 

bands which may be non-specific amplification of regions within the template that have 

some complementarity to the primers, or it may be that primer dimers are being amplified 

during the reaction into long products (Fig. 3.2.6.D). However, I 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 

∆tert-ires-gfp product 3180bp (Fig. 3.2.6.B, D). The bands from linear template 

amplifications were removed and pooled before purification. The purified concentration for 

the linear template pool sample was 27.8ng/µl. Similarly, the bands from the circular 

template amplifications were pooled before purification. Once purified the circular template 

pool sample had a concentration of 91.8ng/µl. Due to the difference in concentration I now 

needed to decide if the increased concentration from the circular template sample was 

worth the risk of using it for GA.  
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Figure 3.2.6: Generating the ∆tert-ires-gfp region for production of the transgenic 

construct. A. Linear map of the construct used as the template for the PCR amplification 

of the ∆tert-ires-gfp segment indicating forward* and reverse** primer sites. B. 

Forward and reverse primer sequences. C. Predicted position of the band for amplified 

∆tert-ires-gfp at 3180bp. D. Optimisation of primer annealing temperature, lanes 1-5 

using linear construct, lanes 7-11 using circular construct, lanes 6 and 12 are relative 

negative controls: lane 1 and lane 7, 73oC, lane 2 and lane 8, 72.4oC, lane 3 and lane 9, 

71.5oC, lane 4 and lane 10, 69.8oC, lane 5 and lane 11, 68.2 oC. Non-specific amplification 

bands can be observed at the bottom of the gel. 
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3.2.7 Production of the mpeg1.1:∆tert-gfp construct using Gibson 

assembly. 

Having produced the mpeg1.1 region, the ∆tert-gfp region, and the tol2 region in sufficient 

concentrations I attempted GA of the mpeg1.1:∆tert-gfp construct. The GA reaction ligates 

several sections of DNA together to produce the desired construct as described in section 

3.2.1. I decided that to determine initially if a construct had the desired structure, I would 

use two diagnostic digests on a purified aliquot. Therefore, I used APE software to predict 

the banding pattern of the mpeg1.1:∆tert-gfp construct if it were produced in the correct 

orientation and digested using Xcm1 and Nco1 as one diagnostic digest, and Xho1 as a 

second diagnostic digest.  If the banding patterns produced by the diagnostic digests were 

the same as those predicted by APE then I would take that construct forward to for further 

analysis. 

 

3.2.7.1 Generating the mpeg1.1:∆tert-gfp construct using the ∆tert region and tol2 produced 

using PCR amplification. 

Initially I attempted to produce the mpeg1.1:∆tert-ires-gfp construct (Fig. 3.2.7.1.A) using 

the ∆tert region produced using PCR, and the tol2 region produced using PCR. Despite the 

low concentration of the tol2 using these regions mitigated the chance of circular template 

crossover during the GA reaction and subsequent transformation. I performed the GA using 

the ∆tert region at 0.031pmol/µl, the mpeg1.1 region at 0.404pmol/µl, and the tol2 region 

produced using PCR at 0.00491pmol/µl. Both ∆tert and the mpeg1.1 region had suitable 

concentrations however the tol2 region was below the recommended concentration of 

0.02pmols/µl. Digesting and running the constructs produced on an agarose gel, I could not 

see a sample that had the predicted diagnostic digest pattern (Fig.3.2.7.1.B, C, D), so none 

were taken forward.  
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Figure 3.2.7.1: Production of the mpeg1.1:∆tert-gfp construct using PCR amplified 

regions. A. Theoretical linear map of the desired construct. B. Predicted banding patterns 

for enzymatic digest of desired construct: lane 1, DNA-weight ladder, lane 2, Xcm1 plus 

Nco1, lane 3, Xho1. C. Diagnostic digest of potential constructs using Xho1: lane 1, lane 3 

and lane 5 are digests of potential constructs, lane 2, lane 4, and lane 6 are circular 

template controls using the same potential constructs. D. Banding pattern from potential 

constructs using Xcm1 and Nco1: lane 1, lane 5, and lane 9 are double digests, lane 2, 

lane 6, and lane 10 are Xcm1 only, lane 3, lane 7, and lane 11 are Nco1 only, lane 4, lane 

8, and lane 12 are circular template positive controls. 
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3.2.7.2 Generating the mpeg1.1:∆tert-gfp construct using the ∆tert-gfp region and tol2 

produced using enzymatic digestion. 

As the first attempt at producing the mpeg1.1:∆tert-gfp construct had not worked I decided 

instead to the use ∆tert-gfp region produced using PCR, and the tol2 region produced using 

enzymatic digestion, as these had higher concentrations than the samples used in the first 

attempt. I performed GA again using the ∆tert-gfp region at 0.0133pmol/µl, the mpeg1.1 

promoter at 0.095pmol/µl, and the tol2 region at 0.0154pmol/µl which was much closer to 

the recommended 0.02pmol/µl. Digesting and running the potential constructs using Xho1 

produced on an agarose gel, I could see four samples that potentially had the correct 

diagnostic digest pattern (Fig.3.2.7.2.A). I ran a digest using Xcm1 and Nco1 on constructs 

10, 11, 17, and 21 to confirm that the banding patterns seen were the same as those 

predicted (Fig. 3.2.7.1.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 the mpeg1.1:∆tert-gfp construct using regions produced 

using PCR and digestion of existing constructs. A. Diagnostic digest using Xho1 of 

potential constructs, each sample (e.g., 10A) was run next an undigested control of itself 

(e.g., 10B). B. Confirmatory double digest using Xcm1 and Nco1 of promising constructs 

10, 11, 17 and 21 run next to undigested positive controls of themselves. 
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3.2.7.3 Sequencing of the ∆tert  region of the potential mpeg1.1:∆tert-gfp constructs. 

To confirm the ∆tert region of the potential constructs had not been mutated during GA and 

bacterial transformation I had the ∆tert region of each of the potential constructs 

sequenced. I used APE software to compare the sequence of the ∆tert regions of the GA 

produced constructs to our predicted in silico sequence of the ∆tert region (Fig. 3.2.7.3). I 

found that construct 17 had an unknown base pair at position 54 (Fig. 3.2.7.3.A), construct 

11 had a base pair deletion at position 544 (Fig. 3.2.7.3.B) and construct 21 had multiple 

mismatches and unknown base pairs (Fig. 3.2.7.3.C). Examining the electropherometry plots 

in APE of construct 17 indicated that the unknown base pair at position 54 was an Adenine 

(Fig. 3.2.7.3.D) which matched the base pair at the opposite position in the predicted 

construct sequence. Therefore, construct 17 was not observed to have any detectable 

mutations and was taken forward to be used to produce the mpeg1.1:∆tert-gfp transgenic 

line. 
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Figure 3.2.7.3: Sequencing the ∆tert region of the mpeg1.1:∆tert-gfp construct.  A. 

Sequencing of ∆tert region of construct 17 compared against hypothetical ∆tert 

region. B.  Sequencing of ∆tert region of construct 11 compared against hypothetical 

∆tert. C. Sequencing of ∆tert region of construct 21 compared against hypothetical 

∆tert region. D. Unknown point from potential construct 17 shown to be an adenine 

base in electropherometry plot of sequence. 
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3.2.8 Breeding the transgenic zebrafish fish lines. 

To study the canonical and non-canonical functions of telomerase in this project it was 

necessary to generate two transgenic zebrafish lines, one containing the transgene 

mpeg1.1:tert-gfp and the other the transgene mpeg1.1:∆tert-gfp. To study the effects these 

transgenes had on the prematurely aged mpeg1.1+ cells  found in the zebrafish gut the 

transgenes would need to be expressed in a prematurely aged zebrafish line. The 

prematurely aged zebrafish would be tert-/-:mpeg1.1:mCherry+ as well as either 

mpeg1.1:tert-gfp+ or mpeg1.1:∆tert-gfp+ depending on the injected transgene. To 

characterise the two lines I determined if the transgene was being expressed in 

mpeg1.1:mCherry+ cells using fluorescence immunohistochemistry. I then used whole 

genome sequencing to establish the insertion site of the transgenes to ensure that their 

insertion would not affect the transgenic zebrafish’ biology by disrupting other genes. 

 

3.2.8.1 Breeding the mpeg1.1:tert-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 I designed a breeding programme to generate the 

desired tert-/-;mpeg1.1:mCharry.caax;mpeg1.1:tert-gfp transgenic fish to study (Fig. 3.2.8.1). 

To breed the mpeg1.1:tert-gfp transgenic line I used eight potential founders that has been 

injected with the transgene before I joined the Henriques lab. These potential founders had 

been injected with the mpeg1.1:tert-gfp transgene at the single cell fertilised egg stage 

before being selected as transgenic due to their expression of the cmcl2:egfp expression 

and grown up. Therefore, the Go
 generation are considered to be chimeras as the transgene 

may not be inserted into every cell. Using breeding and counting of the number of GFP+ fry 

compared to the number of GFP- fry I determined three potential founders. The offspring of 

these potential founders were inheriting the cmcl2:egfp reporter, and therefore 

hypothetically the entire mpeg1.1:tert-gfp transgene, in a mendelian manner as half of the 

offspring had GFP+ hearts and half had GFP- hearts. This indicated that the transgene was 

inserted into the germline, and that only one copy of the transgene was inserted, as if two 
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copies were inserted we would expect all of the offspring to have GFP+ hearts. The three 

potential founders were designated A1, A2, and C1. I then commenced with the breeding of 

these potential founders using the breeding plan from Fig. 3.2.8.1. GFP+ fish were selected 

and used to further characterise the expression and function of the mpeg1.1:tert-gfp 

transgene to validate the line. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.8.1: Breeding plan to for the mpeg1.1:tert-gfp line. 
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3.2.8.2 Breeding the mpeg1.1:∆tert-gfp transgenic line. 

To breed the mpeg1.1:∆tert-gfp line I injected single cell fertilised embryos with the 

transgene. These embryos were selected for GFP+ hearts as the cmcl2:eGFP reporter will be 

expressed during heart development and indicate the expression of the transgene (Fig. 

3.2.8.A).  I identified eight potential founders which were taken forward for breeding to 

determine which had a stable insertion of the mpeg1.1:∆tert-gfp transgene in their germ 

line. A stable insertion was again determined by the mendelian inheritance of the 

cmcl2:eGFP reporter. Three potential lines were identified to have a stable insertion and 

designated B7, C1A, and C1B. These three lines were taken forward for the mpeg1.1:∆tert-

gfp breeding plan in Figure 3.2.8.2.B.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.8.2: Breeding plan for the mpeg1.1:∆tert-gfp transgenic line. A. 

Representative image of zebrafish fry 3 days post-fertilisation (dpf), fry on left has GFP+  

heart indicating insertion of the transgene via expression of cmcl2:egfp, fry on the right 

has a GFP- heart so has no transgene insertion. B.  Breeding plan to for the 

mpeg1.1:∆tert-gfp line. 
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3.2.9 Validating the expression of the mpeg1.1:tert-gfp transgene in 

potential founders by detecting expression of GFP and mCherry using 

fluorescence microscopy. 

Having bred potential founders for the mpeg1.1:tert-gfp line I aimed to determine  if they 

were expressing the transgene in mpeg1.1:mCherry.caax+ cells by examining cryosections of 

intestinal villi using fluorescence microscopy. The expression of mCherry would indicate that 

the transgene was being expressed in mpeg utilising cells that may be B-cells, dendritic cells, 

or macrophages (185, 234). GFP expression would indicate that the mpeg1.1:tert-gfp 

transgene was being expressed. Co-expression of mCherry and GFP would indicate that the 

mpeg1.1:tert-gfp transgene was being expressed in mpeg1.1+ cells.  

I used fluorescence microscopy to examine cryosections (Fig.3.2.9, A, B, C) of gut villi taken 

from the siblings (n = 3) of four potential G1 founders (tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp), designated A1, A2, C1 (Fig. 3.2.9.D). Founder 

siblings were culled at 6mo, genotyped for endogenous tert as tert+/-, and screened at 3dpf 

for a GFP heart to confirm the expression of the cmcl2:eGFP reporter indicating expression 

of the mpeg1.1:tert-gfp transgene. For the control I used tert+/+;mpeg1.1:mCherry.caax 

(n=1) aged matched (6mo) to the potential founders siblings. For each fish I averaged the 

number of cells that were double positive for GFP and mCherry and performed a One-way 

Analysis of Variance (ANOVA) test to determine if there was a statistically significant 

difference between the potential founders and the control (Fig. 3.2.9.D). All potential 

founders were indicated to have statistically significant numbers of double positive cells 

compared to the negative control (Fig. 3.2.9.D). Therefore, this preliminary indicator of the 

expression of the mpeg1.1:tert-gfp transgene in potential founder lines indicated its 

expression in all three lines. The number of biological replicates in the control group was 

limited to n=1 due to the need for age matched fish available at the time point required of 

this experiment.   
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Figure 3.2.9: Determining the expression of the mpeg1.1:tert-gfp transgene by 

fluorescence imaging in potential founders. A. Representative images of DAPI and 

native fluorescence imaging indicating mCherry positive cells in zebrafish gut 

cryosections of mpeg1.1:tert-gfp founder siblings (6mo). B. DAPI and native 

fluorescence imaging indicating GFP positive cells in zebrafish gut cryosections of 

mpeg1.1:tert-gfp founder siblings. C. DAPI and native fluorescence imaging indicating 

GFP expression in mCherry+ cells in zebrafish gut cryosections of mpeg1.1:tert-gfp 

founder siblings. D. Quantification of double positive (GFP+ mCherry+) cells in potential 

founder sibling gut sections (N=3 for potential founders, N=1 for negative control). 

**** = p < 0.0001 
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3.2.10 Sequencing of founder genomes from the mpeg1.1:tert-gfp 

transgenic zebrafish line. 

Fluorescence microscopy imaging of potential founders indicated that the mpeg1.1:tert-gfp 

transgene was being expressed. However, the 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 inserted. Additionally, determining the insertion site 

of the transgene would indicate if it’s insertion would have unforeseen effects on the 

transgenic zebrafish’ physiology for example via a frameshift mutation resulting from the 

insertion of the transgene into another gene. 

 

3.2.10.1 Optimising the extraction of genomic DNA from zebrafish fin clips suitable for whole  

genome sequencing. 

I 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 I could provide the best quality DNA sample for sequencing. The quality of the sample 

was determined by the concentration, the 260/280 (Fig. 3.2.10.A, B) value, 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 280nm. Therefore, 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.  

I used two different methods for isolating genomic DNA from a zebrafish tail fin -clip. One 

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. I found that the Fermentas kit gave better concentrations of DNA that had less 

contaminants as assessed by the 260/280 and 260/230 values (Fig. 3.2.10.C). Therefore, I 
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proceeded with the Fermentas Kit to purify DNA for whole genome sequencing (Fig. 

3.2.10.D).  

 

 

 

 

 

 

Figure 3.2.10.1: Optimising extraction of DNA suitable for whole-genome sequencing. 

A. Representative absorbance plot of DNA extracted from potential founder A2 using 

Fermentas protocol. B. Representative absorbance plot of DNA extracted from 

potential founder A2 using Monarch protocol. C. Extracted DNA concentrations 

comparing Monarch and Fermentas protocols. D. Extracted DNA readings from all 

founders using Fermentas protocol for samples sent for sequencing.  
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3.2.10.2 Variant analysis of sequenced mpeg1.1:tert-gfp founder genomes 

To determine where in the genome the mpeg1.1:tert-gfp transgenes were inserted whole 

genome sequencing was performed on potential founders. The sequences were then 

aligned to an artificial mpeg1.1:tert-gfp chromosome, and the clipped end read sequences 

determined. The clipped end read sequences flank eitherend of the inserted transgene. By 

determining the sequences of the clipped end read sequences and using Basic Local 

Alignment Search Tool (BLAST) to search for sequences and matching them to a gene I can 

determine the insertion site of the transgene as well as how its insertion may affect the 

transgenic zebrafish’ phenotype in ways other than those intended.  

Whole genome sequencing of the potential founders for the mpeg1.1:tert-gfp  line indicated 

that all three had the transgene inserted in its entirety. Founder A2 had the most 

comprehensive read coverage (Supp. Fig. 1.B), followed by founder C1 (Supp. Fig. 1.C) and 

A1 (Supp. Fig. 1.A). Using the BLAST online software from the National Library of Medicine I 

conducted searches to determine where the clipped-end 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 the mpeg1.1:tert-gfp transgene, and partially to the zebrafish reference 

genome.  

Interestingly the mpeg1.1:tert-gfp transgenes for both founder A1 and A2 were found to be 

inserted in the same place in chromosome 21 from position 41,004,589 to 41,004,708 

(Supp. Fig. 1A, B). This places the mpeg1.1:tert-gfp transgene into the untranslated exon 

sequence of larsb. The gene larsb is predicted to code for a protein with leucine-tRNA ligase 

activity involved in leucyl-tRNA aminoacylation an important component of protein 

synthesis whereby leucine is ligated to tRNA(253). Recently Inoue et al. generated a larsb-/- 

zebrafish line to study the molecular mechanism of the disease state Infantile Liver Failure 

Syndrome type 1 (ILFS1) that occurs with larsb homologue mutations in humans(253). Inoue 

et al. found that the larsb-/- mutation resulted in death within 12 days post fertilization of 

the embryos(253). Therefore, we may hypothesise that despite the insertion of the 

mpeg1.1:tert-gfp transgene into the larsb untranslated 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 the mpeg1.1:tert-gfp transgenic founder C1 indicated that the transgene had 

been inserted into chromosome 11 from position 24,906,202 to 24,906,258 (Supp. Fig. 1.E). 

This insertion site is part of the intron region for the gene sla2a which is predicted to have 

1-phosphatidylinositol-3-kinase regulator activity and be involved in phosphatidylinositol 

phosphorylation. A homologue of this gene is found in humans (sla2) which encodes the 

protein src-like-adapter 2 (SLAP2). SLAP2 has been indicated to impair antigen-receptor 

mediated signalling events in human B-cell lines and T-cell lines(254). Therefore, if the 

insertion of the mpeg1.1:tert-gfp gene into the intron of sla2a affected expression of the 

gene it may affect antigen-receptor mediated signalling in T-cells and B-cells of the C1 

founder line.  

From these sequencing results I 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 most in -depth 

reads of the inserted transgene, increasing the reliability that there are no mutations in the 

inserted transgene, and that its insertion into the Untranslated Region (UTR) of the larsb 

gene does not currently seem to affect the zebrafish phenotype. 

3.2.11 Validation of the expression of the mpeg1.1:tert-gfp transgene 

in third generation transgenics using fluorescent 

immunohistochemistry. 

To confirm that the mpeg1.1:tert-gfp transgene had been passed down to the generation 3 

(G3) of the C1 founder line I used fluorescence immunohistochemistry to detect the 

expression of mCherry and GFP in paraffin fixed gut sections. By detecting mCherry I could 

confirm that the cell utilised the mpeg1.1 promoter which also drives the expression of the 

mpeg1.1:tert-gfp transgene (Fig. 3.2.11.C). By detecting GFP I would confirm that the 

mpeg1.1:tert-gfp transgene was being expressed (Fig. 3.2.11.E). I used double fluorescence 

immunohistochemistry with one primary antibody specific to mCherry (Table 2.26.1 

Antibody #1) and the corresponding secondary with a far-red fluorescent tag (Table 2.26.1 

Antibody #2), and a second primary antibody specific to GFP (Table 2.26.1 Antibody #6) with 

the corresponding secondary in GFP (Table 2.26.1 Antibody #5). A far-red fluorophore 
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conjugate was used as the mCherry secondary antibody for consistency as later experiments 

I planned to perform would examine the effects of the transgenes on telomere length using 

the Telo-FISH assay which contains a red fluorescent probe and so would necessitate the 

use of an alternative probe for mCherry. A one-way Analysis of Variance (ANOVA) 

determined that the levels of GFP expression in the mCherry+ cells was not significant (Fig. 

3.2.11.I). 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 mCherry+ cells indicated that GFP was being expressed and that the 

transgene was inserted. Therefore, I would perform additional experiments to further 

validate that the mpeg1.1:tert-gfp transgene was inserted and that TERT was being 

expressed in an mpeg1.1 specific manner. 
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Figure 3.2.11: Determining the expression of the mpeg1.1:tert-gfp transgene. A. DAPI 

staining of cell nucleus in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish gut. B. IF 

showing DAPI staining of cell nucleus plus anti-mCherry in tert-/-;mpeg1.1:mCherry.caax 

fish gut. C. IF showing DAPI staining of cell nucleus plus anti-mCherry staining in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish gut. D. IF showing DAPI staining of cell 

nucleus plus anti-GFP in tert-/-;mpeg1.1:mCherry.caax fish gut. E. DAPI staining of cell 

nucleus plus anti-GFP staining in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish gut. F. 

IF showing DAPI staining of cell nucleus plus anti-mCherry and anti-GFP in tert-/-

;mpeg1.1:mCherry.caax fish gut. G. IF showing DAPI staining of cell nucleus plus anti-

mCherry and anti-GFP staining in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish gut. 

H. IF showing DAPI staining of cell nucleus plus anti-mCherry and anti-GFP staining in tert-/-

;mpeg1.1:mCherry.caax fish gut. I. Quantification of double positive (anti-GFP + anti-

mCherry) in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp zebrafish gut compared to 

aged matched tert-/-;mpeg1.1:mCherry.caax controls (N = 3 for each genotype). One-way 

ANOVA indicated non-significant, p = 0.053.  
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3.2.12 Characterising the effects of the mpeg1.1:tert-gfp gene on 

telomere length. 

Despite seeing some expression of GFP in mCherry+ cells in the mpeg1.1:tert-gfp transgenic 

the p value indicated that the expression levels were not significant. Therefore, there was 

no statistically significant evidence that the mpeg1.1:tert-gfp transgene was being 

expressed. This led to the hypothesis that I could determine if the transgene were being 

expressed based on the telomere length of tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

mCherry+ cells. Henriques et al had previously reported that tert-/- zebrafish have no 

detectable telomerase activity which leads to a premature shortening of telomeres(218). 

Therefore, in tert-/;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mCherry+ cells we would expect 

to see telomeres longer than in tert-/;mpeg1.1:mCherry.caax mCherry+ cells. Additionally, as 

a byproduct of the breeding programme we generated 

tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mCherry+ fish. I decided to include these 

fish in this analysis as I would also expect to see an increase in their telomere length relative 

to tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax fish. By comparing the 

the telomere length tert+/+;mpeg1.1:mCherry.caax, tert-/-;mpeg1.1:mCherry.caax, 

tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp, and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp I would be able to determine if the mpeg1.1:tert-

gfp transgene was being expressed.  

To measure telomere length I used telomere fluorescence in-situ hybridisation (telo-FISH) 

(Fig. 3.2.12.B, E). The telo-FISH assay uses a fluorescently labelled DNA probe to hybridise 

with telomeric DNA. The intensity of the fluorescent signal from the telo-FISH probe is 

proportionate to the cell’s telomere length. The tert+/+;mpeg1.1:mCherry.caax acts as a 

positive control as it will have the telomere intensity we would expect to see with normal 

ageing. the tert-/-;mpeg1.1:mCherry.caax acts as a negative control as it will have 

prematurely shortened telomeres by 9mo. Further, as the expression of the transgene is 

under mpeg1.1 control we would not expect to see any expression in epithelial cells. 

Therefore, the telo-FISH staining of the epithelial cells can be used to normalise the telo-

FISH staining of the mCherry+ cells to control for potential inter-sample variation in staining 

and imaging between sections.  
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I performed a one-way ANOVA to determine if there was a statistically significant difference 

in telo-FISH intensity between the mCherry+ cells from the tert-/-;mpeg1.1:mCherry.caax 

compared to the other genotypes. As expected there was a significant difference between 

the tert-/-;mpeg1.1:mCherry.caax and tert+/+;mpeg1.1:mCherry.caax controls (Fig. 3.2.12.G). 

Further, analysis indicates a statistically significant difference in telo-FISH intensity between 

tert-/-;mpeg1.1:mCherry.caax and the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

mCherry+ groups indicating that the telomeres of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mCherry+ cells were longer than those of the tert-

/-;mpeg1.1:mCherry.caax mCherry+ group. Interestingly, I observe no statistically significant 

difference between the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:mCherry.caax mCherry+ 

group and the tert+/+;mpeg1.1:mCherry.caax mCherry+ group indicating that the length of 

the telomeres in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:mCherry.caax mCherry+ group 

had been rescued to a length comparable to tert+/+;mpeg1.1:mCherry.caax mCherry+ group 

(Fig. 3.2.12). I also observed a statistically significant difference between the 

tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp group and all other mCherry+ groups 

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 inserted mpeg1.1:tert-gfp 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 difficult to be completely certain that all of 

the cells that looked like mCherry+ were. The mCherry specific staining appeared broken or 

globular in some slides (Fig. 3.2.12.D, E, F). Therefore, I 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 staining led to N = 1 in some cases so reducing the quality of the data.  
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Figure 3.2.12: Determining the expression of the mpeg1.1:tert-gfp transgene in mCherry+ 

cells by quantifying telomere length. A. DAPI staining of a 

tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut section. B. IF of DAPI plus telo-FISH 

staining tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut section. C. IF of DAPI, telo-

FISH, and mCherry+ staining of a tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut 

section. D. DAPI staining of a tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut section 

E. IF of DAPI plus telo-FISH staining tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut 

section.  F. IF of DAPI, telo-FISH, and mCherry+ staining of a tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut section. G. Quantification of normalised 

telo-FISH staining intensity in mCherry+ and epithelical cells. N = 3 per group. N= 1-3 per 

fish. One-way ANOVA where **** p < 0.0001, ns = p >0.05  
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3.2.13 Optimisation 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 of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp genotype (section 3.2.12) I wanted to further 

study the level of TERT activity to determine if it was being rescued to a level comparable to 

that of tert+/+;mpeg1.1:mCherry.caax mCherry+ cells. To quantify this, I 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 I used tert+/+;mpeg1.1:mCherry.caax as the positive control 

and tert-/-;mpeg1.1:mCherry.caax as the negative control. As it has been published that 

there is no detectable telomerase activity in tert-/- zebrafish, I can assume that any 

telomerase activity detected in the tert-/;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp samples 

will be due to the expression of the mpeg-tert-gfp transgene. 

Initially I isolated a population of mCherry+ cells using FACS(Fig. 3.2.13.A). My hypothesis in 

doing this was that isolating only mCherry+ cells improve the signal in the TRAP assay, as 

hypothetically all mCherry+ cells from the tert-/;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

line would be expressing the mpeg1.1:tert-gfp transgene, and the TRAP signal would not be 

diluted by including the protein from other cells. To accurately compare the TRAP assay of 

each sample I needed to add the same amount of protein extract from each sample. To 

determine the protein concentration extracted from the cells of each sample I used the BCA 

assay (Fig. 3.2.13.B). The BCA assay produces a standard curve of known protein 

concentrations that I can then use to calculate the protein concentration in my extracted 

samples.  

Assaying the protein concentration isolated from the FACS samples indicates that there was 

too little protein isolated for me to obtain an accurate measure of its concentration using 

the BCA curve (Fig. 3.2.13.C). Therefore, considering that the tert-/- fish have been reported 

to have no detectable telomerase activity (218) I decided to use whole gut lysate with the 

TRAP assay to determine the telomerase activity in the tert-/--
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;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp transgenic as this would provide me with a much 

higher concentration of protein and therefore more telomerase.  

Initially I tested different amounts of protein from a tert+/+;mpeg1.1:mCherry.caax control to 

determine the telomerase activity I would expect to see using difference amounts of protein 

(Fig. 3.2.13.C). I also added an additional positive control of HT1080 cells, an immortalised 

cell line with constitutive telomerase expression. The data indicates detectable telomerase 

activity in 3µg, 1.5µg, and 0.5µg tert+/+;mpeg1.1:mCherry.caax protein samples(Fig. 

3.2.13.C).  

I decided to use 3µg 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 activity. To determine the telomerase 

activity in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp transgenic I used 

tert+/+;mpeg1.1:mCherry.caax as a positive control as well as HT1080 cell isolate as second 

positive control and tert-/-;mpeg1.1:mCherry.caax isolate as the negative control. Fresh 

protein aliquots were isolated from zebrafish gut and 3µg of protein was used from each 

isolate. Both the tert-/-;mpeg1.1:mCherry.caax and the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp had negative values for their telomerase activity 

measurements indicating a lack of any detectable telomerase activity (Fig. 3.2.13.D).  
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Figure 3.2.13: Quantifying the activity of telomerase expressed by the 

mpeg1.1:tert-gfp transgenic line. A. Representative gating for the sorting of 

mCherry+ cells from the tert+/+;mpeg1.1:mCherry.caax zebrafish gut. B. 

Example BCA standard curve generated to detect protein concentration 

from cell lysates. C. Telomerase activity measured using the TRAP assay 

from differing protein concentrations. D. Telomerase activity of different 

genotypes measured using the TRAP assay. 
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3.2.14 Quantification of the expression of mpeg1.1:∆tert-gfp in 

mCherry positive cells in potential founders using fluorescent 

immunohistochemistry. 

To determine if potential G1 founders of the mpeg1.1:∆tert-gfp transgene had been inserted 

I determined to use fluorescent immunohistochemistry to detect the expression of GFP in 

mCherry+ cells. Detecting the GFP would indicate that the mpeg1.1:∆tert-gfp was being 

expressed due to the GFP reporter. Additionally, fluorescent immunohistochemistry would 

detect GFP and mCherry in paraffin fixed sections and 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 assay. Both GFP and mCherry transgene are under the control of the mpeg1.1 

promoter, so any cell that was mCherry+ should also hypothetically be GFP+.  

Using fluorescent immunohistochemistry to detect GFP and mCherry I counted the number 

of cells that were both GFP+ and mCherry+ in sections of fixed zebrafish gut where N=3 for 

the number of zebrafish and n = 3 for the number of sections of gut. I founder almost no 

cells expressing GFP and mCherry despite finding mCherry+ positive cells (Fig. 3.2.14.C). This 

was unexpected as the potential transgenic founders had GFP positive hearts, indicating the 

insertion and expression of the cmcl2:eGFP section of the transgene. It is possible that only 

the cmcl2:eGFP section of the transgene inserted and so it is this that is being inherited from 

generation to generation instead of the entire mpeg1.1:∆tert-gfp transgene. Despite having 

little evidence that the mpeg1.1:∆tert-gfp transgene was inserted I decided to continue with 

breeding to the point of the G3 generation due to the presence of the fluorescent green 

hearts indicating that a transgene was being inherited, and then repeat this experiment in 

the mpeg1.1:∆tert-gfp G3 generation. 
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Figure 3.2.14: Quantifying the expression of the mpeg1.1:∆tert-gfp transgene in potential 

founders. A. DAPI staining of cell nucleus in tert+/- mpeg1.1:mCherry.caax;mpeg1.1:∆tert-

gfp potential founder sibling gut. B. IF showing DAPI staining of cell nucleus in tert+/-

;mpeg1.1:mCherry.caax gut. C. IF showing DAPI staining of cell nucleus plus anti-mCherry 

in tert+/;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp potential founder sibling gut. D. IF 

showing DAPI staining of cell nucleus plus anti-mCherry in tert+/-;mpeg1.1:mCherry.caax 

gut. E. DAPI staining of cell nucleus plus anti-GFP in tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp potential founder sibling gut. F. IF showing 

DAPI staining of cell nucleus plus anti-GFP in tert+/-;mpeg1.1:mCherry.caax gut. G. IF 

showing DAPI staining of cell nucleus plus anti-mCherry and anti-GFP in tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp potential founder sibling gut. H. IF showing 

DAPI staining of cell nucleus plus anti-mCherry and anti-GFP in tert+/-

;mpeg1.1:mCherry.caax gut. I. Quantification of double positive (anti-GFP + anti-mCherry) 

in tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp potential founder sibling fish gut 

compared to aged matched tert+/-;mpeg1.1:mCherry.caax controls (n = 3 for each 

genotype). 
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3.2.15 Variant analysis of sequenced mpeg1.1:∆tert-gfp founder 

genomes  

Previously I found evidence that the G3 generation of the mpeg1.1:∆tert-gfp were 

expressing GFP indicating insertion and expression of the transgene. However, I had also 

previously found that the G1 generation had very little evidence of the expression of the 

mpeg1.1:∆tert-gfp. To determine where the mpeg1.1:∆tert-gfp transgene was inserted in 

the genome, I decided to have the founders’ genomes sequenced. This would also allow me 

to determine where in the genome the transgene was inserted. By determining the 

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

Whole genome sequencing was carried out by Source Bioscience. I isolated samples of DNA 

isolated from zebrafish tail fin-clips with appropriate concentrations and purity.  This 

allowed me to determine the presence of any 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 potential mpeg1.1:∆tert-gfp founder indicated an insertion site on 

chromosome 16 at position 19,790,508 to 19,790,589 (Supp. Fig. 2.A, D). This places the 

transgene in a non-coding region of chromosome 16. The nearest upstream gene of this site 

is abcb5 which is predicted to code for an Adenosine Triphosphatase (ATPase)-coupled 

transmembrane transporter involved in the detoxification of mercury ions. If this genes 

expression was altered by the insertion of the mpeg1.1:∆tert-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 

environment(255). The nearest downstream gene to the insertion site of the transgene is 

macc1 has been reported to function in development of zebrafish craniofacial structure as 

well brain development (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 mpeg1.1:∆tert-gfp are solely due to the effects of the transgene. 
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Sequencing of the C2A and C2B potential mpeg1.1:∆tert-gfp founders indicated that there 

was no detectable insertion of the insertion of the whole transgene but that the mpeg1.1 

region, the GFP region and the cmcl2:eGFP region may been inserted  (Supp. Fig. 2.B, C). 

This may explain the observation of 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 of mpeg1.1:∆tert-gfp in 

mCherry positive cells in paraffin zebrafish gut using fluorescent 

immunohistochemistry 

The potential mpeg1.1:∆tert-gfp line was bred to the G3 generation with the expression of 

the cmcl2:eGFP reported being recorded to be expressed and inherited in a mendelian 

manner indicating expression and inheritance of the mpeg1.1:∆tert-gfp would also follow a 

mendelian pattern. Fluorescent immunohistochemistry was used to validate that the 

mpeg1.1:∆tert-gfp transgene was being expressed in the G3 fish (n = 3) (Fig. 3.2.16). A one-

way ANOVA indicated a no significant difference in the number of double positive cells 

present (mCherry+ and GFP+) in the mpeg1.1:∆tert-gfp potential founder (Fig. 3.2.16.I). 

However, double positive cells were observed (Fig. 3.2.16.G) indicating that the 

mpeg1.1:∆tert-gfp transgene was being expressed and that further characterisation and 

validation of this line should be performed. 
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Figure 3.2.16: Quantification of the expression of the mpeg1.1:∆tert-gfp transgene in 

third generation transgenics. A. DAPI staining of cell nucleus in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp gut. B. IF showing DAPI staining of cell 

nucleus in tert-/-;mpeg1.1:mCherry.caax gut. C. IF showing DAPI staining of cell nucleus 

plus anti-mCherry in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp gut. D. IF showing 

DAPI staining of cell nucleus plus anti-mCherry in tert-/-;mpeg1.1:mCherry.caax gut. E. 

DAPI staining of cell nucleus plus anti-GFP in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp gut. F. IF showing DAPI staining of cell 

nucleus plus anti-GFP in tert-/-;mpeg1.1:mCherry.caax gut. G. IF showing DAPI staining of 

cell nucleus plus anti-mCherry and anti-GFP in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp gut. H. IF showing DAPI staining of cell 

nucleus plus anti-mCherry and anti-GFP in tert-/-;mpeg1.1:mCherry.caax gut. I. 

Quantification of double positive (anti-GFP + anti-mCherry) in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp gut compared to aged matched tert-/-

;mpeg1.1:mCherry.caax. N = 3 for each genotype, N = 3 per fish, ns = p>0.05. 
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3.2.17 Discussion of the generation and validation of the two 

transgenic lines 

 

3.2.17.1 Characterisation and validation of the mpeg1.1tert-gfp line 

The work carried out in this chapter provides preliminary evidence that the mpeg1.1:tert-

gfp transgenic line has been successfully produced via insertion of the mpeg1.1:tert-gfp 

transgene with tol2 mediated transgenesis. Further, evidence in this chapter suggests that 

mpeg1.1:tert-gfp transgene is expressed in an mpeg1.1 specific manner, and that the TERT 

resulting from this expression is performing its non-canonical function of elongating 

telomeres (Fig. 3.2.12).  

Figure 3.2.12 indicates the expression of TERT in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1tert-gfp line in an mpeg1.1 specific manner. However, 

figure 3.2.11 indicates that GFP is not being reliably expressed in the mpeg1.1:tert-gfp 

transgenic line. Therefore, I can hypothesise that the IRES region may not be functioning as 

intended. This is supported by section 3.2.10 where the genomic sequencing data indicates 

that the mpeg1.1tert-gfp transgene has been successfully inserted in its entirety including 

the IRES and GFP regions. Therefore, it is a reasonable to hypothesise that the IRES region 

has not been a reliable method for separating the tert and gfp exons in this case.  One 

explanation may be that the ribosome is failing to bind to the IRES region leading to a lack of 

GFP translation. Further investigation and characterisation of the mpeg1.1:tert-gfp line was 

warranted to determine why variable expression of GFP is observed. Using both native 

fluorescence (section 3.2.9) and fluorescence immunohistochemistry (section 3.2.11) the 

expression of GFP has been evidenced. Therefore, 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 in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mCherry+ cells compared to TERT in the same 

genotype may illuminate 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 TERT-specific antibody that works in zebrafish. Making 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 the mpeg1.1:tert-gfp 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 the mpeg1.1:tert-gfp. This could be used to 

determine if the expression level of TERT in the mpeg1.1:tert-gfp transgenic is expressed to 

a level comparable to a tert+/+ and indicate its activity level. 

Future analysis of telomere length using telo-FISH staining may also investigate using a 

centromere FISH probe as this would provide a cell-specific control that the telo-FISH signal 

could be normalised to. A centromere FISH control was not included in the experiments 

discussed in this thesis due to the number of fluorophores included preventing any 

additional fluorescent wavelengths being included. Repeating the experiment could utilise 

the following fluorophores: DAPI for the nucleus, a GFP labelled centromere FISH probe, a 

red labelled telo-FISH probe, and a far-red labelled mCherry secondary antibody. 

Analysis of telomere length using the telo-FISH assay indicated that telomere length was 

being rescued in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mCherry+ cells to a level 

comparable to tert+/+;mpeg1.1:mCherry.caax mCherry+ cells (Fig. 3.2.12). However, due to 

the quality of the staining in this assay further optimisation of the protocol is required. 

While mCherry+ cells can clearly be observed in some sections, in other sections the quality 

of the mCherry specific staining is not of a quality that means we can be certain that a 

specific cell is mCherry+. This may be due to the high temperature required for the telo-FISH 

probe staining section of the protocol denaturing the antibody-fluorophore conjugate. If the 

protocol is affecting the staining due to antibody-conjugate denaturing this may provide an 

alternative explanation of the lack of GFP+ staining we are observing in the transgenic fish. 

Future optimisation may investigate performing the telo-FISH and fluorescence 

immunohistochemistry on separate sections. However, without the mCherry specific 

staining it would not be possible to determine the telo-FISH staining in specific cell types. 

Therefore, an alternative method for determining telomere length in these transgenic 

animals may be investigated. One method may be to perform Terminal Restriction Fragment 

(TRF) southern blot analysis(257). 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 PCR(258). However, while potentially less 

labour intensive than using TRF southern blot analysis, it would 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. Interestingly, when quantifying the tert+/+;mpeg1.1:mCherry.caax samples the 1.5µg 

sample had less telomerase activity than the 0.5µg. The protein concentration is calculated 

based on the BCA assay, but this does not take into account the TERT content of the protein 

isolate. Therefore, this may be due to the variation in TERT content of the isolated protein 

samples. The lack of telomerase activity from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp sample may indicate that the transgene is not 

being expressed or 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 I would suggest using FACS to sort the 

mCherry+ populations of several tert+/+ zebrafish guts into a pool and determining the 

telomerase activity of this pool as a standard. The experiment could then be conducted 

using pools from tert+/+;mpeg1.1:mCherry.caax,  tert-/-;mpeg1.1:mCherry.caax, tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish gut.  

Interestingly, the calculated telomerase activity of the positive controls was not directly 

related to its calculated concentration. A relative telomerase activity of 225 was measured 

from 10µg of HT1080 protein (Fig. 3.2.11.C) whereas a relative telomerase activity of 70 was 

measured from 3µg of isolated protein (Fig. 3.2.11.D). Therefore, with the HT1080 protein 

the change in protein amount if was proportional to the change in relative telomerase 

activity. In contrast a proportionate change in activity was not observed from the zebrafish 

gut cell lysate. For example, the 3µg tert+/+;mpeg1.1:mCherry.caax sample in Fig. 3.2.11.C 

was calculated to have a relative telomerase activity of 1.8, whereas the 

tert+/+;mpeg1.1:mCherry.caax sample in Fig. 3.2.11.D has a calculated relative telomerase 

activity of 15. This indicates that 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 not as reliable 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, future work should continue to optimise the TRAP assay protocol to 

accurately measure telomerase activity in mCherry+ cells. Further optimisation of the TRAP 

assay would involve pooling the FACS of mCherry+ cell samples from to provide an increased 

concentration of TERT. Further, FACS sorting mCherry+ cells directly into TRAP assay lysis 

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

apoptosis.  

By fully characterising the mpeg1.1:tert-gfp transgenic we may better understand if it is an 

appropriate control for the canonical functions of telomerase. Sequencing of mpeg1.1:tert-

gfp founders indicates that the mpeg1.1:tert-gfp is inserted into the untranslated region of 

larsb in founders A1 and A2, and into the sla2a gene 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 the mpeg1.1:tert-gfp affects the genes it is inserted into. This 

may preliminarily take the form of real-time quantitative polymerase chain reaction (RT-

qPCR) to determine if transcription of larsb or sla2a is 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 

mpeg1.1:tert-gfp transgene. Currently whole genome sequencing is not standard practice 

when a new transgenic zebrafish is generated using the tol2 system. I believe that this may 

be a short-sighted approach to generating transgenic lines in the zebrafish community that 

could lead to complications with the established transgenic models in later experiments due 

to the random nature of transgene insertion when using the tol2 system. If I were to 

generate novel transgenics in future studies using tol2 I believe that whole genome 

sequencing 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 effects observed in transgenic lines are 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 

mpeg1.1 promoter was not macrophage specific as had previously been reported (226) but 
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was expressed also in B-cells and Natural killer (NK)-like cells(234, 237). Further to this there 

is evidence that the mpeg1.1:mCherry.caax transgene had not been adequately 

characterised due to the variation in fluorescence observed in the FACS populations in 

section 3.2.13. However, by detecting mCherry it was still possible to confirm that a cell 

utilised the mpeg1.1 promoter and therefore may be a macrophage, B-cell, or NK-like cell. 

3.2.17.2 Characterisation of the mpeg1.1:∆tert-gfp line 

This chapter has detailed the method of production of the mpeg1.1:∆tert-gfp transgenic 

line, as well as illustrating preliminary data on characterising the insertion sites and 

expression of the mpeg1.1:∆tert-gfp transgene. Initial validation of the mpeg1.1:∆tert-gfp 

transgenic line has indicated that the full mpeg1.1:∆tert-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 under the mpeg1.1 

promoter. Whole genome sequencing (section 3.2.15) demonstrated that mpeg1.1:∆tert-

gfp was inserted in its entirety into the B7 founder line, but that only the mpeg, GFP, and 

cmcl2:eGFP segments of the transgene had been inserted in the 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 length tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp mCherry+ cells as has been performed for the 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line to determine if the insertion of the 

mpeg1.1:∆tert-gfp transgene is rescuing the function of telomerase. The ∆tert 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 specific to ∆tert would enable the 

quantification of its expression level via western blotting. This would provide data on the 

comparability of the expression level of ∆tert gene compared to the native tert in 

tert+/+;mpeg1.1:mCherry.caax controls.  

The tol2 transposon is a widely characterised tool used for transgenesis in zebrafish (251, 

252). Further, transgenes introduced using tol2 as a vector are reported to be reliable 

expressed without silencing from the host (259). However, tol2 is 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 to this, tol2 has been indicated to preferentially insert into AT-rich 

and transcriptional regulatory regions (259). Considering both the advantages and 

disadvantages of the tol2 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 the mpeg1.1:tert-gfp and the 

mpeg1.1:∆tert-gfp gene is the variation in utilisation of the mpeg1.1 promoter in zebrafish 

immune cells. The effect of premature ageing on zebrafish immune cells has not been fully 

characterised. While some literature suggests that mpeg1.1 is utilised in both tert+/+ and 

tert-/- gut associated immune cells further work must be undertaken to further explore the 

effects of premature ageing on the zebrafish immune system(185). Literature indicates that 

ageing affects both macrophage and B-cell function(185, 260, 261). Considering the normal 

function of the mpeg1.1 in perforin expression, its utilisation may hinge on the polarisation, 

tissue of residence, current cytokine or chemokine signalling, or response to infection,  we 

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 of mpeg1.1 as an immune cell marker in ageing cells requires further 

investigation. 
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Chapter 4: Optimising the isolation of a zebrafish gut 

dissociation for Single-cell RNA sequencing 
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4.1 Introduction 

Chapter 3 detailed the generation of two novel zebrafish transgenic models, the 

mpeg1.1:tert-gfp line and the mpeg1.1:∆tert-gfp line. One of the aims of this PhD was to use 

these lines to study the non-canonical functions of telomerase in mpeg1.1+ cells. Single-cell 

RNA sequencing was considered an appropriate method for studying the effects of the 

mpeg1.1:tert-gfp transgene on zebrafish physiology due to both the amount of data this 

would provide and that it had previously been used to study zebrafish (234, 262-267). 

However, the literature had highlighted the difficulty with producing a sample suitable for 

single-cell RNA sequencing from zebrafish, particularly in reference to the low number of 

immune cells isolated (234). As this project is focusing on gut immune cell populations due 

to the gut being one of the fastest ageing organs the mCherry+ the single-cell population 

would be isolated from the zebrafish gut. Therefore, it was expected that the low number of 

immune cells problem reported in the literature would be exacerbated due to the harsh 

conditions found in 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 single-cell RNA 

sequencing library preparation. Therefore, it was appropriate to optimise a protocol that 

would provide a sample with a high number of live single cells while removing the harsh 

digestive components of the lysate (Fig. 4.1). Additionally, the sample had to be suitable for 

use with a 10x Genomics Chromium controller. To be suitable the sample needed a high 

viability (≥90%) to optimise the sample size and have as little clumping as possible due to 

the library preparation stage relying on a droplet-based 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 of 40µl/well. 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 was a 40µl 

sample with a concentration of 500 cells/µl with a viability of ≥90%. Further, to perform 

single-cell RNA sequencing the sample would have little to no clumping to prevent blocking 

of the 10x Genomics Chromium controller and to alleviate the number of doublets. 
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To perform single-cell RNA sequencing on mCherry+ cells the cells would be isolated from a 

suspension of lysed zebrafish whole gut (Fig. 4.1). Expression of the mCherry fluorophore 

would indicate the cell was utilising the mpeg1.1 promoter. If the cell was utilising the 

mpeg1.1 promoter then hypothetically the cell would also be expressing the mpeg1.1:tert-

gfp transgene if it were derived from the mpeg1.1:tert-gfp transgenic line. FACS would be 

used to produce a sample suitable for single-cell RNA sequencing to separate the mCherry+ 

population from the mCherry- cells. FACS was chosen as it would enable the sorting of 

specific cells (in this case mCherry+) and a specific number of cells.  

 

 

 

 

 

Figure 4.1: Representative illustration of the steps and potential methods for preparing 

samples for single-cell RNA-sequencing. Moving from zebrafish gut excision after the fish 

has been culled (1.), to the dissociation of the gut via the action of enzymatic digestion, 

stirring, and heat (2.), to produce a cell suspension (3.) which is used to perform 

experiments to determine if FACS (4.) or using a haemocytometer (5.) is a better method 

for producing a sample for single-cell RNA-sequencing.  
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4.2 Results 

4.2.1 Isolating an mCherry+ population of cells from whole zebrafish 

gut dissociation using FACS. 

Initially the gating used to isolate an mCherry+ population from a lysed zebrafish gut cell 

suspension would be optimised. Fish from the tert+/+;mpeg1.1:mCherry.caax line were used 

to optimise the gating for an mCherry+ population as they would eventually act as healthy 

ageing control in the single-cell RNA sequencing experiment. WT(AB) zebrafish were used as 

a control for autofluorescence. The far-red wavelength fluorescent stain TO-PRO-3 was used 

to indicate apoptotic and dead cells. TO-PRO-3 cannot enter living cells but will move 

through the damaged cell membranes indicating that a cell is dead or in the process of dying 

and so should not be included in the sort of live cells. 

FACS gating (Fig. 4.2.1) was used to isolate a population of mCherry+ cells from the lysed gut 

of a tert+/+;mpeg1.1:mCherry.caax (Fig. 4.2.1.C) using gates that had previously been 

designated by the Henriques lab to select ‘bright’ and ‘dim’ mCherry+ cells. However, using 

the same gating strategy with the WT(AB) sample (Fig. 4.2.1.D) indicated that the ‘dim’ gate 

included autofluorescent (Fig. 4.2.1.D). In the WT(AB) zebrafish gut dissociation sort of 

100,000 cells, 522 cells were counted in the mCherry ‘dim’ gate and 140 cells in the mCherry 

‘bright’ gate (Fig. 4.2.1.D). In the tert+/+;mpeg1.1:mCherry.caax zebrafish gut dissociation 

sort of 100,000 cells 1192 cells were present in the mCherry ‘dim’ gate and 3322 cells in the 

mCherry ‘bright’ gate (Fig. 4.2.1.C). This indicates a potential contamination of 15.3% of the 

sample as autoflourescent cells. Therefore, this gating strategy required further 

optimisation to reduce the contamination of autoflourescent cells in the mCherry+ gates.  
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Figure 4.2.1: Optimising the FACS of an mCherry+ population from zebrafish gut. A. 

Representative gating of single cells to removed doublets. B. Representative gating of 

live cells. C. Initial gating for mCherry+ ‘bright’ and ‘dim’ populations on a 

tert+/+;mpeg1.1:mCherry.caax gut dissociation, N = 1. D. Gating for mCherry+ ‘bright’ 

and ‘dim’ populations on a WT(AB) gut dissociation, N = 1.  
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4.2.2 Optimising a reduction in autofluorescent cell contamination in 

the mCherry+ population gating strategy. 

The previous gating strategy (Fig. 4.2.1) used two gates to isolate two populations of 

mCherry+ cells but was indicated to include a contaminating population of autofluorescent 

cells. To produce a sample suitable for single-cell RNA sequencing using FACS it was 

necessary to optimise gating to produce a single population of mCherry+ cells without 

autofluorescent cell contamination. Additionally, the previous gating method (Fig. 4.2.1) 

used two gates, leading to the loss of a small population of mCherry+ cells that fell between 

the two gates. Therefore, a single gate that encompassed the entire mCherry+ population 

was a logical solution to isolate the maximum number of mCherry+ cells while eliminating 

any autofluorescent contamination. 

Sorting a cell-suspension from a tert+/+;mpeg1.1:mCherry.caax gut dissociation (Fig. 4.2.2) 

enabled the gating of an mCherry+ population indicating a population of 6068 mCherry+ cells 

from a sort of 100,000 cells (Fig. 4.2.2.C). Utilising the same gate for the WT(AB) gut 

dissociation indicated a sort of 1,093 mCherry+ cells from a population of 100,000 cells (Fig. 

4.2.2.D). This indicates that 18% of the mCherry+ population may be a contaminating 

population of autofluorescent cells. Therefore, considering almost one fifth of the 

population of mCherry+ cells may be contamination from mCherry- further optimisation was 

required. 
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Figure 4.2.2: Optimising the FACS of an mCherry+ population from zebrafish gut. A. 

Representative gating of single cells to removed doublets. B. Representative gating of 

live cells. C. Gating for entire mCherry+ population on a tert+/+;mpeg1.1:mCherry.caax  

gut dissociation, N = 1. D. Gating for entire mCherry+ population on WT(AB) gut lysis, 

N = 1. 
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4.2.3 Optimising the detection of a GFP+/mCherry+ double positive 

population from zebrafish gut dissociation using FACS. 

The mpeg1.1:tert-gfp transgenic line contains a GFP reporter indicating the expression of 

the transgene. It was hypothesised that a double positive (mCherry+ and GFP+) population of 

cells could be isolated from the transgenic gut to reduce the autoflourescent contamination. 

Gating for both mCherry+ and GFP+ cells was based on literature published by Nguyen-chi et 

al. that utilised FACS to identify macrophages in mpeg1.1:mCherry;tnfa:eGFP transgenic 

zebrafish(227). One gate was mCherry+ specific, the second was GFP+ specific, and the third 

was a double-positive gate designed to detect cells expressing both mCherry and GFP (Fig. 

4.2.3).  

Gut dissociations from three genotypes underwent FACS using the new gates, WT(AB), 

tert+/+;mpeg1.1:mCherry.caax, and tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (Fig. 

4.2.3). From the sort of the WT(AB) gut dissociation 29 cells were detected in the mCherry+ 

gate, 7 GFP+ cells were detected in the GFP+ gate, and 194 cells in the double+ gate from a 

total of 96,000 cells (Fig. 4.2.3.C). From the sort of the tert+/+;mpeg1.1:mCherry.caax gut 

dissociation 1600 cells were mCherry+, 56 were GFP+ cells, and 680 were double+ cells from 

a total of 113,000 cells (Fig. 4.2.3.D). From the sort of the tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut dissociation 37 mCherry+ cells were detected, 

63 GFP+ cells were detected, and 941 double+ cells were detected from a total of 235,000 

cells (Fig. 4.2.3.E). 

The contamination of the double+ gate may be explained by the expression of mCherry 

causing crossover into the double+ gate in the tert+/+;mpeg1.1:mCherry.caax sample (Fig. 

4.2.3.D). However, in the double+ gate from the tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-

gfp sample a distinct double+ population is observed (Fig. 4.2.3.E). However, this data does 

indicate that contamination of the double+ gate is occurring with autofluorescent and 

mCherry+ only cells which may equate up to 72% of the double+ population in the tert+/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp sort. Therefore, further optimisation of the gating 

strategy is required if FACS is to be used to produce a sample that is suitable for single-cell 

RNA sequencing. 
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Figure 4.2.3: Optimising the gating of a double positive (GFP+/mCherry+) population from 

zebrafish gut dissociation. A. Representative gating of single cells to removed doublets. B. 

Representative gating of live cells.  C. Representative gating of GFP+, mCherry+, and 

double+ cells from WT(AB) zebrafish gut dissociation, N = 1. D. Representative gating of 

GFP+, mCherry+, and double positive cells from tert+/-;mpeg1.1:mCherry.caax zebrafish 

gut dissociation, N = 1. E. Representative gating of GFP+, mCherry+, and double positive 

cells from tert+/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp zebrafish gut dissociation, N = 

1. 
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4.2.4 Determining the different cell populations present in the FACS 

mCherry+ population. 

At the start of the project the published literature detailing the production of the 

mpeg1.1:mCherry.caax line indicated that the mpeg1.1:mCherry.caax transgene was a 

macrophage specific reporter(226). However, more recent literature was published that 

demonstrated in adult zebrafish the mpeg1.1:mCherry.caax transgene is expressed in both 

populations of macrophages and B-cells in the zebrafish gut(234). Therefore, it was 

important to determine the phenotype of cells being selected for by the 

mpeg1.1:mCherry.caax gene as this would also indicated which cells were potentially 

expressing the mpeg1.1:tert-gfp transgene.  

FACS of an tert+/+;mpeg1.1:mCherry.caax gut dissociation was used to determine the cells 

that made up the heterogenous mCherry+ population alongside a method described by 

Lugo-villarino et al.(268). An mCherry+ population was sorted onto glass discs coated with 

poly-D lysine and incubated to allow cells to adhere. The disks were then fixed the with the 

cells before staining with wright-giemsa stain. However, upon inspection using a light 

microscope (Fig. 4.2.4.A, B) the cells had lysed during the protocol indicating that further 

optimisation would be required. Therefore, and alternative method was used to determine 

heterogenous cell types that constituted the mCherry+ population.  

The alternative method for determining the heterogenous cells that constituted the 

mCherry+ population replicated a gating strategy reported by Ferero et al.(234) that uses the 

side-scatter and forward-scatter of the sorted cells to determine their phenotype. Using a 

WT(AB) zebrafish gut dissociation as a negative control for the mCherry+ signal indicated 14 

cells had been selected by the mCherry+ gate (Fig. 4.2.4.C). From a 

tert+/+;mpeg1.1:mCherry.caax gut dissociation found 2020 mCherry+ cells were sorted (Fig. 

4.2.4.E). Using the gating strategy described by Ferero et al(234) (Fig. 4.2.4.D, F) it was 

determined that the mCherry+ cell population was made up of both lymphocyte and 

myelomonocyte populations as well as additional un-characterised cells. Therefore, the 

mCherry+ population is indicated to be a heterogenous mix of cell types that hypothetically 

all would use the mpeg1.1 promoter and therefore may all express the mpeg1.1:tert-gfp 

transgene. 
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Figure 4.2.4: Determining the cell phenotypes present in the mCherry+ population. A. 

Representative figure of 20x imaging of wright-giemsa stained FACS of gut lysate fixed 

using methanol. B. Representative figure of 60x imaging of wright-giemsa stained FACS of 

gut lysate fixed using PFA. C. Representative gating of mCherry+ population from a 

WT(AB) zebrafish gut dissociation, N = 1. D. Representative gating of Myelomonocyte and 

Lymphocyte populations derived from mCherry+ gate from a WT(AB) zebrafish gut 

dissociation. E. Representative gating of mCherry+ population from a 

tert+/+;mpeg1.1:mCherry.caax zebrafish gut dissociation, N = 2. F.  Representative gating 

of Myelomonocyte and Lymphocyte populations derived from mCherry+ gate from a 

tert+/+;mpeg1.1:mCherry.caax zebrafish gut dissociation. 
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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 for single-cell 

RNA sequencing it was necessary to determine how FACS affected cell viability. A 90% 

sample viability was the target, based on recommendation from 10x Genomics guidelines, 

to produce high-quality single-cell RNA sequencing data. To assess the effect of FACS on cell 

viability the viability of the sample would be determined after dissociation before FACS and 

during FACS. 

Dissociated samples of one WT(AB) control (Fig. 4.2.5.A) and three 

tert+/+;mpeg1.1:mCherry.caax (Fig. 4.2.5.B, C, D) were prepared then split, one half for 

viability and cell counting using a microscope and trypan blue staining, the other half for 

FACS. Trypan blue is a 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 cell. Comparing the cell counts from the FACS to the haemocytometer 

we see a higher range in the number of cells counted on the FACS ranging from 52-263/µl 

(Fig. 4.2.5.E) compared to those counted on the haemocytometer ranging from 63-73/µl per 

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 viability indicated that the viability of the 

WT(AB) sample and the three tert+/-;mpeg1.1:mCherry.caax samples ranged from 60.89% - 

79.3% indicating that they would not have sufficient viability to meet the 90% threshold for 

use in single-cell RNA sequencing (Fig. 4.2.5.F). Using the haemocytometer to determine cell 

viability indicated that the WT(AB) sample had a viability of 76% and tert+/-

;mpeg1.1:mCherry.caax sample 1 had a viability of 69% (Fig. 4.2.5.F) also indicating that they 

would not meet the 90% viability threshold for use in single-cell RNA sequencing. Data for 

the tert+/-;mpeg1.1:mCherry.caax samples 2 and 3 using the haemocytometer is unavailable 

due to human error. Interestingly the viability assessment of the FACS samples using 

TOPRO-3 indicates that as time progresses the number of cells taking up TOPRO-3 increase 

(Fig. 4.2.5.A, B, C, D). As TOPRO-3 is added 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 TOPRO-3. This 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 

single-cell RNA sequencing sample, it made practical sense to eliminate the FACS element of 

the protocol and focus on optimising the production of a sample suitable for single-cell RNA 

sequencing using the gut dissociation protocol only. 
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Figure 4.2.5: Determining how FACS affects cell viability. A. Viability count from WT(AB), 

N = 1. B. Viability count from tert+/-;mpeg1.1:mCherry.caax 1. C. Viability count from 

tert+/-;mpeg1.1:mCherry.caax 2. D. Viability count from tert+/-;mpeg1.1:mCherry.caax 3. 

E. Comparing cell counts from FACS and haemocytometer. F. Comparing viability from 

FACS  and haemocytometer.  
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4.2.6 Determining the efficacy of using a cell suspension from 

zebrafish gut dissociation for use in single-cell RNA sequencing with 

methanol fixation. 

To optimise the protocol for preparing a suitable sample for single-cell RNA-sequencing the 

viability and cell number was determined when our general gut dissociation protocol was 

used. This would provide preliminary information on the effectiveness of isolating a single-

cell suspension using this protocol and inform the steps that could be taken optimise the 

process. Three samples using tert+/-;mpeg1.1:mCherry.caax zebrafish guts were prepared 

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

that an optimisation to increase viability would be required (Fig. 4.2.6.A). Cell number 

ranged from 178-198/µl (Fig. 4.2.6.B) indicating a sufficient cell number in all samples for 

single-cell RNA sequencing. Determining the number of clumps (≥2 cells together) in a 

sample indicated a range of 1-6/5µl (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 preparing a single-

cell RNA sequencing sample from zebrafish gut dissociation half of each sample was fixed 

according to the 10x Genomics methanol fixation protocol. The cell number and clumping of 

each sample was then assessed and comparisons made between before and after methanol 

fixation (Fig. 4.2.6, B, C). Cell number was reduced in each sample and to a range of 65-

168/µl 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 2-9 clumps/5µl (Fig. 4.2.6.C).  

The variation in cell number be due to the methanol fixation protocol may be due to the 

methanol causing some cells to lyse. Additionally, 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. However, the data indicates that the methanol fixation 

process negatively affects the quality of the sample by increasing the number of clumps and 
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decreasing the number of single cells (Fig. 4.2.6). Therefore, it does not appear that this 

would be a viable method to produce a single-cell RNA sequencing sample. 
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Figure 4.2.6: Determining the efficacy of using a single-cell suspension from zebrafish 

gut dissociation for use in single-cell RNA sequencing. A. Sample viability after gut 

dissociation. B. Cell number before and after methanol fixation. C. Number of clumps 

observed before and after methanol fixation.  
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4.2.7 Optimising the protocol to produce a sample suitable for single-

cell RNA sequencing from a whole zebrafish gut lysate.  

To produce a sample suitable for single-cell RNA sequencing using the 10x Genomics 

Chromium controller it was necessary to optimise the protocol to maximise cell 

concentration and viability and minimise clumping. 

 

4.2.7.1 Optimising the protocol to increase final cell concentration. 

The protocol to prepare a sample for single-cell RNA sequencing included three washes to 

optimise the isolation of live cells from zebrafish gut. It was hypothesised that during these 

wash steps cells were being lost. To test this two lysed gut samples, one WT(AB) and one 

tert+/-;mpeg1.1:mCherry.caax were produced with the number of cells being calculated 

using a haemocytometer between washes (Fig. 4.2.7.1.A). The calculated cell number 

counts indicated that the number of cells did not decrease with subsequent washes 

demonstrating that cells were not being lost (Fig. 4.2.7.1.A). However, the counts had high 

variation from sample to sample ranging from 570-1,430/µl for the WT(AB) and 215-750/µl 

for tert+/-;mpeg1.1:mCherry.caax potentially indicating inefficient resuspension (Fig. 

4.2.7.1.A).  

Further to determining cell number between washes, viability was also determined (Fig. 

4.2.7.1.B). Viability declined in the WT(AB) sample from 90.48% to 75.9% over the course of 

the washes (Fig. 4.2.7.1.B). Further, the viability of the tert+/-;mpeg1.1:mCherry.caax sample 

declined from 93.33% to 80% (Fig. 4.2.7.1.B). This indicated that cells were dying during the 

time it took to perform the washes so reducing the quality of the final sample (Fig. 

4.2.7.1.B).  
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Figure 4.2.7.1: Determining how cell viability and number is 

affected through the washing steps. A. Cell number counts 

between washes. B: Viability assessments between washes. 
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4.2.7.2 Optimising the protocol to reduce  cell clumping. 

Section 4.2.6 indicated that an increase in the number of clumps may be occurring over time 

which would be detrimental to the quality of the single-cell RNA sequencing data. 

Additionally, there was a concern that a large clump of cells in the sample for single-cell RNA 

sequencing could cause a blockage. Therefore, the protocol was optimised to reduce the 

clumping of cells. The alterations to the protocol to reduce clumping were an additional 

40µm filtration step or the addition of different concentrations of EDTA. EDTA chelates free 

Calcium and Magnesium ions so preventing intercellular bonds forming so preventing the 

cells from clumping.  

Three samples were prepared from tert+/-;mpeg1.1:mCherry zebrafish gut to test the effect 

of adding an additional filtration step to the protocol. Additional filtering led to a decrease 

in cell numbers in the sample tert+/-;mpeg:mCherry 1 where the count significantly 

decreased from 185/µl to 83/µl. However, cell numbers for samples tert+/-;mpeg:mCherry 2 

and tert+/-;mpeg:mCherry 3 increased slightly (Fig. 4.2.7.2.A). Sample tert+/-;mpeg:mCherry 3 

demonstrated a significant decrease in the number of clumps with additional filtering (Fig. 

4.2.7.2.B). However, the number of clumps in sample tert+/-;mpeg:mCherry 1 and tert+/-

;mpeg:mCherry 2 could not be accurately measured. 

Three gut dissociations from tert+/-;mpeg:mCherry.caax were produced to investigate the 

effects of adding 0.1mM EDTA. The number of clumps with and without additional EDTA 

was measured as well as the viability of the samples. Measuring the viability of the samples 

with and without EDTA indicated that there was no significant negative or positive effect on 

the viability (Fig. 4.2.7.2.C) as viability was observed at ≥90% for each sample. Determining 

the number of clumps seen with and without the addition of EDTA indicated a significant 

decrease in the number of clumps in sample tert+/-;mpeg:mCherry 2 and a slight decrease in 

sample tert+/-;mpeg:mCherry 2 (Fig. 4.2.7.2.D). However, a slight increase in sample tert+/-

;mpeg:mCherry 3 was observed (Fig. 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.  Two samples of zebrafish gut 

dissociation from tert+/-;mpeg:mCherry.caax were prepared and the effect of adding 10mM 

EDTA determined. Viability did not significantly differ between the samples with  and 

without the additional 10mM EDTA (Fig. 4.2.7.2.E) indicating that the increased 



162 
 

concentration was not significantly affecting cell viability. Comparing 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. 4.2.7.2.F). Therefore, this data 

indicates that the increased EDTA concentration is alleviating the clumping issue. Further, 

the viability in the trials was consistently above ≥90% indicating samples with a viability 

appropriate for single-cell RNA sequencing. 
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Figure 4.2.7.2: Optimising the method for producing a sample suitable for single-cell 

RNA-sequencing. A. Comparison of cell numbers with and without additional filtering 

step. B. Comparison of clumps with and without additional filtering step.  C. Measuring 

the effect of adding EDTA on cell viability. D. Measuring the effect of increasing EDTA on 

clumping. E. Determining the effect on viability of adding an increased concentration of 

EDTA. F. Determining the effect on clumping of adding an increased concentration of 

EDTA. 
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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 single-cell RNA sequencing using the 10x Genomics Chromium controller. 

Here I have demonstrated the optimisation of a method for the preparation of a 

heterogeneous dissociation of zebrafish gut to a quality suitable for single-cell RNA-

sequencing. 

Initial gating using the ‘dim’ and ‘bright’ gates established by the Henriques lab. indicated 

that there was a contaminating population of autofluorescent cells. The ‘dim’ and ‘bright’ 

gates indicated a wide range in the levels of the mCherry fluorophore from the 

mpeg1.1:mCherry.caax line. This range may be due to the natural differential regulation of 

the mpeg1.1 gene, it may be due to the mpeg1.1:mCherry.caax gene having an unknown 

number of insertions, or it may be due to the insertion site of the mpeg1.1:mCherry.caax 

gene. Therefore, further study of the mpeg1.1:mCherry.caax line 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 

potentially autofluorescent cells was determined from WT(AB) gut dissociations. These cells 

were present in gates designed to identify mCherry+ cells and so would dilute the specificity 

of RNA-seq. performed on an mCherry+ sample if they were included. One hypothesis for 

the contaminating cells being present in the mCherry+ gate is that zebrafish goblet cells 

found in the gut excrete digestive enzymes into vesicles that can then be autofluorescent. 

As this can prove problematic in fluorescence microscopy, it is also possible that it is causing 

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

Further analysis of the mCherry+ population from FACS demonstrated that it was possible to 

determine a heterogenous population of mCherry+ cells, that included both lymphoid and 

myeloid derived cells, present in the mpeg1.1:mCherry.caax line used to generate the 

mpeg1.1:tert-gfp and mpeg1.1:∆tert-gfp transgenic. The identification heterogenous cell 

types constituting the mCherry+ population supports the use of single-cell RNA sequencing 

to investigate the different cell types that have been reported to util ise the mpeg1.1 
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promoter and the effects of the mpeg1.1:tert-gfp transgene, as other methods such as bulk 

RNA sequencing would not have cell specificity.  

Additionally, section 4.2.5 indicated that viability was decreasing in the FACS of the samples 

as their viability plots appear to shift to the right in proportion to how long the sample was 

waiting on ice before it was loaded (Fig. 4.2.5.) indicating an increase in apoptotic cells. In 

WT(AB) and tert+/-;mpeg1.1:mCherry.caax sample 1 a clear population of viable cells is 

observed inside the viable gate (Fig. 4.2.5.A, B). However, for tert+/-;mpeg1.1:mCherry.caax 

samples 2 and 3 the population shifts to the right (Fig. 4.2.5.C, D) indicating an increase in 

the number of apoptotic cells. The FACS samples were run chronologically starting with 

WT(AB), then tert+/-;mpeg1.1:mCherry.caax 1, 2 and 3. Therefore, one hypothesis would be 

that the increase in TOPRO-3 uptake 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 4°C. This indicates that time is of the essence when preparing the 

samples for single-cell RNA sequencing even with proper storage. Further, that if FACS were 

to be used for the preparation of a single-cell RNA sequencing sample that the increase in 

time would be detrimental to the sample quality. 

The change in viability observed with FACS samples led to concerns that the time taken to 

perform FACS may also lead to alterations of gene expression in the cells which would affect 

the RNA sequencing data. Therefore, a method for preparing a sample suitable from single-

cell RNA sequencing from whole zebrafish gut lysate was optimised (Fig. 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 not be mpeg1.1+ 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 single-cell RNA sequencing experiment. The 

University of Sheffield lacking a single-cell RNA sequencing facility and the closest viable 

option was the University of York. This required us to take the experimental fish to the 

University of York live and to prepare the samples on the day that their 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 be very impractical to prepare the 

samples and have their libraries prepared the same day. Section 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 a low-quality 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 protocol was to maximise viability and concentration while reducing 

clumping to prevent doublets and blockages of the machine. Initial considerations were to 

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 that adding an additional step 

filtering the sample through a 40µm strainer would eliminate large clumps. However, 

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 adding DNAse or 

RNAse would be undesirable as they may interfere 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. Increasing concentrations of EDTA demonstrated a quantifiable 

decrease in clumping (Fig. 4.2.7.2.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 single-cell RNA sequencing sample 

preparation based on the results observed in these experiments.  
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Optimising a protocol for the isolation of zebrafish whole gut suspension suitable for single-

cell RNA sequencing will enable the study of the effects of the mpeg1.1:tert-gfp transgene in 

the tert-/-;mpeg1.1:mCherry.caax background in a zebrafish gut context. Further, sequencing 

whole gut dissociation will produce a single-cell RNA sequencing landscape of the zebrafish 

gut. This will enable the study of differences in RNA expression in many cell types, providing 

clues as to how rescuing the expression of TERT in mpeg1.1+ cells affects the ageing gut as 

whole.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.8: Representative illustration of the final process for preparing a sample for 

single-cell RNA-sequencing. Initially the zebrafish is sacrificed, and the intestine removed 

(1.), which is then dissociated (2.). This produces a cell suspension (3.) which is then 

filtered several times (4.) to remove clumps. The cell number and viability are checked 

using a hemocytometer (5.) before the sample is diluted to an appropriate concentration 

and loaded into the 10x Chromium device which then uses a droplet-based method to 

isolate single-cells (6.). 
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Chapter 5: Determining the effects of the mpeg1.1:tert-

gfp transgene on tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp intestinal cell 

physiology using single-cell transcriptomics 
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5.1 Introduction 

Characterising the aged zebrafish gut using single-cell RNA-seq. 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 transgenic tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp  line would provide 

additional data on how rescuing TERT expression in mpeg1.1+ immune cell subsets affects 

intestinal ageing. 

With the advent of increasingly accessible Single-cell RNA sequencing it is possible to create 

atlases of cell transcripts that provide in-depth knowledge of the transcription occurring in 

the cell at the time of sequencing(262). Single-cell RNA is being used with increasing 

frequency in the zebrafish model organism to perform in depth studies of RNA expression. 

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 protein and 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 organisms.  For example, Wagner et al. performed single-cell RNA sequencing on 

using zebrafish embryos to map gene expression and cell lineage in the developing zebrafish  

up to 24 hours post-fertilisation (hpf) providing an atlas of genes that may be investigated in 

future developmental genetics work that tries to understand genetic diseases that affect 

foetal development (266). Farnsworth et al. used Single-cell RNA-sequencing of 44,012 cells 

from developing zebrafish up to 5dpf to produce a zebrafish developmental atlas that 

captured rare cell types such as Putative Germ Cells (PGCs) that may be studied in future 

work looking at stem cell regeneration(264). Additionally Farnsworth et al’s study enabled 

the tracking of changes in RNA-expression over the 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 work(264). 
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The zebrafish is a widely accepted in vivo model with its use in the field of biogerontology 

growing steadily(213, 218, 219, 269). Previously, I have detailed the two novel transgenic 

models I have created to allow us to determine the role of telomerase in macrophage 

biology and discriminate between the canonical versus the non-canonical 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 affect mpeg1.1+ cell physiology. To determine this I would 

use single-cell RNA-sequencing to examine the altered gene expression between 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax to provide an overview of 

significant transcriptional differences observed between the two which would represent the 

difference between a healthy and prematurely aged gut phenotype. I would then utilise 

single-cell RNA-sequencing to determine how the insertion of the mpeg1.1:tert-gfp 

transgene affected gene expression in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

line.  

Single-cell RNA sequencing was performed on 12 month old fish as it is at this age that tert-/- 

fish are considered to be prematurely aged and begin exhibiting the aged phenotype we see 

at 30 months in tert+/+(220). By comparing 12-month-old tert-/-;mpeg1.1:mCherry.caax to 

age matched tert+/+;mpeg1.1:mCherry.caax I aimed to highlight the transcriptomic 

differences seen between the aged mpeg+ in tert-/-;mpeg1.1:mCherry.caax and the young 

macrophages observed in the tert+/+;mpeg1.1:mCherry.caax line. Additionally, to determine 

how the mpeg-tert-gfp transgene affected the gene expression of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp I would compare the single-cell RNA sequencing 

data from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line to that of the tert-/-

;mpeg1.1:mCherry.caax. 

However, there are limitations to single-cell RNA sequencing. When sequencing populations 

of single cells, unless the population has been selected using processes such as FACS, the 

population will be heterogeneous and 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 post-sequencing during the data quality control step 

or during the data analysis step. Additionally, the experiment must be designed to reduce 

batch effect. Batch effect occurs 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 of(270). We designed our single cell RNA sequencing 

experiment with the aim of reducing batch effect. We used the 10x Chromium controller for 

single cell partitioning and barcoding so were limited to eight samples per run  due to the 

design of the machine. As the experiment consisted of eighteen samples total and the 

samples had to be prepared on the day to we decided that six samples be loaded each day 

over the course of three days. Additionally, each day one of each sex (male or female) would 

be loaded per genotype (tert-/-;mpeg1.1:mCherry.caax, tert+/+;mpeg1.1:mCherry.caax, tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-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 high-quality single-cell 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+/+;mpeg1.1:mCherry.caax male, 1x tert+/+;mpeg1.1:mCherry.caax female, 1x tert-/-

;mpeg1.1:mCherry.caax male, 1x tert-/-;mpeg1.1:mCherry.caax female, 1x tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp male, 1x tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp female. The combined total number of cells was 

115,731 (tert+/+;mpeg1.1:mCherry.caax 44,366 cells, tert-/-;mpeg1.1:mCherry.caax 39,119 

cells, tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 32,246 cells(Table 5.2)), with the 

median number of gene reads being 3,304 and the mean feature number being 325.   

To ensure that apoptotic cells were not included in the single-cell RNA sequencing analysis a 

list of genes the expression of which was reported to be upregulated after organismal death 

and expressed during apoptosis was used to remove apoptotic cells(271). The list of genes 

consisted of: Caspase apoptosis-related cysteine peptidase (Casp3b), Inhibitor of apoptosis-

binding mitochondrial protein a (Diabloa), Diablob and alkaline ceramidase 3 (Acer3). 

Apoptotic cells were grouped, and their UMI’s exported as a Comma Separated Values (CSV) 

file. This file was then used to remove apoptotic cells during the Loupe browser processing 

pipeline from the tert+/+;mpeg1.1:mCherry.caax, tert-/-;mpeg1.1:mCherry.caax, and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp single-cell RNA-sequencing samples. Using these 

genes to remove apoptotic cells a total of 7,154 cells from the grouped samples: 1,879 from 

the tert-/-;mpeg1.1:mCherry.caax aggregate, 2,661 from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp aggregate, and 2,614 from the 

tert+/+;mpeg1.1:mCherry.caax aggregate (Table 5.2). 
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Genotype group Total cell 
number of 

group 

Number of 
apoptotic cells 

removed from 
group 

Percentage of 
group that was 

removed (%) 

tert-/-;mpeg1.1:mCherry.caax 32,246 1,879 5.8 

tert+/+;mpeg1.1:mCherry.caax 39,119 2,614 6.7 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-
gfp 

44,366 2,661 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Table 5.2: Apoptotic cells removed from each sequenced genotype 

group. 
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5.3 Identification of mpeg1.1+ cell populations and 

characterisation of the differential gene expression between 

genotypes. 

In humans mpeg1 acts as a promoter for perforin-2 that is expressed as part of the innate 

immune response to bacterial infection(272, 273). Previous work by Ellet et al. indicated 

mpeg1.1 to be macrophage specific in zebrafish, however more recent work has indicated 

that zebrafish lymphoid cells also utilise mpeg1.1(226, 227, 234, 237). The mpeg1.1:tert-gfp 

transgene was designed so that mpeg1.1 utilising cells would express TERT in an mpeg1.1 

dependent manner. Therefore, any cell that utilises the mpeg1.1 promoter would also 

express the inserted mpeg1.1:tert-gfp transgene. By identifying mpeg1.1+ populations I can 

isolate the cells that the mpeg1.1:tert-gfp transgene will be expressed in in the transgenic 

line. I can then compare the mpeg1.1+ population from the tert+/+;mpeg1.1:mCherry.caax to 

the mpeg1.1+ group from the tert-/-;mpeg1.1:mCherry.caax group and determine which 

genes are differentially expressed. This will indicate the difference in gene expression 

between a healthy population and a prematurely aged population. I can then compare the 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mpeg1.1+ population to the tert-/-

;mpeg1.1:mCherry.caax  mpeg1.1+ population to determine how rescuing TERT expression 

under control of the mpeg1.1 promoter affects their gene expression and if there are 

similarities that can be drawn between the tert+/+;mpeg1.1:mCherry.caax and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mpeg1.1+ populations.  

 

5.3.1 Ontological analysis of differentially expressed genes in the tert -

/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and 

tert+/+;mpeg1.1:mCherry.caax mpeg1.1+  populations 

Identifying populations of mpeg1.1+ cells in each group aggregate I found 157 mpeg1.1+ cells 

from the tert+/+;mpeg1.1:mCherry.caax group, 48 cells from the tert-/-

;mpeg1.1:mCherry.caax group, and 91 cells from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp. Considering the total number of cells in each 



175 
 

group (Table 5) the numbers of mpeg1.1+ were much lower than expected, as in the 

literature Ellis et al. reported between ten and twenty percent of zebrafish intestinal cells 

were mpeg1.1+ (185).  

To further understand how the insertion of the mpeg1.1:tert-gfp transgene may be affecting 

mpeg1.1+ cell physiology the ontology of the differentially expressed genes was determined 

(Fig. 5.3.1). Initially, the differentially regulated genes between the tert-/-

;mpeg1.1:mCherry.caax (homozygous tert mutant) and the tert+/+;mpeg1.1:mCherry.caax 

(WT) mpeg1.1+ populations were determined. These were then compared to the 

differentially regulated genes between tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

(homozygous tert mutant with mpeg1.1:tert-gfp transgene inserted) and the 

tert+/+;mpeg1.1:mCherry.caax mpeg1.1+ populations using Venny (Fig. 5.3.1.A). The tert-/-

:mpeg1.1:mCherry.caax line was used as a comparison for both the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line and the tert+/+;mpeg1.1:mCherry.caax. The 

working hypothesis is that genes differentially regulated between the tert-/-

;mpeg1.1:mCherry.caax and the tert+/+;mpeg1.1:mCherry.caax will be differentially 

regulated due to the effects of telomerase dependent ageing. Further, the genes 

differentially regulated between the tert-/-:mpeg1.1:mCherry.caax line and the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line would be so due to the effects of the inserted 

mpeg1.1:tert-gfp transgene. I could then compare the genes differentially regulated in each 

comparison (Fig. 5.3.1.A) and the genes differentially regulated in only the yellow circle 

would be as a result of the mpeg1.1:tert-gfp transgene. This indicated sixty-four genes that 

were differentially regulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-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 mpeg1.1:tert-gfp transgene. 

The software ShinyGO was used to determine the ontology of the sixty-four genes that were 

differentially regulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (Fig. 5.3.1.B, C, 

D, E)(245). 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 cells(274). 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 health(275, 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 al. had indicated a subset of mpeg1.1+ macrophages present in zebrafish gut had 

impaired phagocytosis with ageing that occurred in line with telomerase-dependent 

molecular alterations(185). Additionally, non-canonical functions of TERT in mitochondrial 

function have been reported (section 1.4.2.2)(132, 139, 145). Therefore, observing a change 

in gene expression associated with mitochondrial function indicates we may be rescuing 

mitochondrial in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 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, this is an indication that 

insertion of the mpeg1.1:tert-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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Figure 5.3.1: Upregulated genes from each mpeg1.1+ population and their associated 

pathways. A. Venn diagram of the differentially regulated genes between the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax 

mpeg1.1+ population (yellow) compared to the tert-/-;mpeg1.1:mCherry.caax and  

tert+/+;mpeg1.1:mCherry.caax mpeg1.1+ population (blue) with genes that 

upregulated in both populations indicated in the shaded centre. B. Gene ontology 

analysis of the differentially regulated genes from the KEGG database. C. Gene 

ontology analysis of the differentially regulated genes from the GOBP database. D. 

Gene ontology analysis of the differentially regulated genes from the GOCC database. 

E. Gene ontology analysis of the differentially regulated genes from the GOMF 

database. 
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5.3.2 Exploring the effects of the insertion of the mpeg1.1:tert-gfp 

transgene on rescuing gene expression towards 

tert+/+;mpeg1.1:mCherry.caax levels. 

To determine if insertion of the mpeg1.1:tert-gfp transgene rescues the ageing phenotype 

of mpeg1.1+ cells I compared the ten most upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax compared to the ten most upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp using the tert-/-;mpeg1.1:mCherry.caax as the 

baseline. Comparing the population of mpeg1.1+ cells from tert+/+;mpeg1.1:mCherry.caax to 

the population from tert-/-;mpeg1.1:mCherry.caax indicated several upregulated genes in 

the tert+/+;mpeg1.1:mCherry.caax population, the ten most significant of which were: 

BX855618.1, claudin b (cldnb), zgc:193726, epithelial cell adhesion molecule (epcam),  

si:ch211-137i24.10, si:dkeyp-110c12.3, BX908782.2, keratin 15 (krt15), krt91, and krt4(Fig. 

5.3.2).  

Currently the gene zgc:193726 is predicted to be protein coding however the function has 

yet to be investigated. The genes krt15, krt91, and krt4 code for keratin that forms part of 

the intermediate filament. The BX855618.1 codes for a section of zebrafish chromosome 4 

that contains the dopamine receptor D4 (drd4) gene which is predicted to have G protein-

coupled receptor activity and dopamine neurotransmitter activity. Further, the gene 

si:dkeyp-110c12.3 is predicted to encode a Guanosine Trypohosphate-ase (GTP-ase), cldnb 

which is predicted to be involved in sodium ion transport, and epcam which is a cell 

adhesion molecule. The expression of these genes is important to the continued 

maintenance of cell physiology, and their dysregulation in the prematurely aged phenotype  

is consistent with the prematurely aged phenotypes gut atrophy. The region BX908782.2 is 

indicated to contain the genes Lymphocyte antigen 97, tandem duplicate 2 (ly97.2) and 

Sodium channel, voltage gated, type XII, alpha a (scn12aa). Ly97.2 is indicated to bind to 

exhibit LPS binding activity and therefore is involve in the defence response to gram-

negative bacteria and LPS. Scn12aa is predicted to have voltage-gated sodium channel 

activity and to be expressed in the nervous system and to be involved in heart contraction 

regulation. 
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To determine how the effects of the mpeg1.1:tert-gfp transgene affects gene expression in 

the prematurely aged mpeg1.1+ population examined the differential expression of genes 

between mpeg1.1+ cells from the tert-/-;mpeg1.1:mCherry.caax group to that of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp group.  From this analysis the ten most significant 

genes upregulated in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mpeg1.1+ positive cells 

include  apolipoprotein A-II (apoa2), apolipoprotein A-Ib (apoa1b), zgc:193726, fatty acid 

binding protein 11a (fabp11a),  ferritin, heavy polypeptide-like 28 (fthl28), tumor necrosis 

factor b (tnfb), CABZ011124091.1, XLOC_025423, si:dkey-203a12.9, and BX323596.2 (Fig. 

5.3.2). Initially we can see that apoa2, apoa1b, and fabp11a are involved in lipid and 

cholesterols metabolism. This is interesting as it has been reported  human macrophages 

process cholesterol and fat in both the liver and in atherosclerotic plaques  (100) and that 

apoa acts in a similar manner in zebrafish(277). Therefore, this may indicate that the 

expression of the mpeg1.1:tert-gfp transgene is contributing to change in the processing of 

fatty acids and cholesterol. This would be in-line with the observations of Gizard et al. 

whereby the induction of TERT expression was observed in macrophages present in 

atherosclerotic plaques(146). The gene fthl28 is predicted to have ferric ion binding activity 

and therefore may be involved in iron homeostasis. This is intriguing as it is reported that 

iron homeostasis is linked to macrophage function phenotype via NF-кB signalling, DNA 

methylation, and histone modification(278). The upregulation of tnfb (in humans known as 

lymphotoxin-α) is interesting as the tumour necrosis family of proteins has been reported to 

be a regulator of the macrophage and B-cell physiology(279). CABZ011124091.1 is predicted 

to encode a copy of the zebrafish mucin gene muc2.4 which is expressed to produce mucin 

which protects cells from the harsh environment of the gut. The gene si:dkey-203a12.9 is 

predicted to encode a serine peptidase inhibitor responsible for the cleaving of peptide 

bonds in proteins, however further detail is not available at this time. Additionally, while 

zgc:193726 is registered gene it has not yet been studied to the point that any conclusions 

can be made about its function. Further, XLOC_025423 has also yet to be characterised to 

the point that its function is understood. Therefore, this initial evidence indicates that 

expression of the mpeg1.1:tert-gfp transgene is rescuing the expression of genes important 

to normal macrophage and B-cell function and the maintenance of their physiology (apoa2, 

apoa1b, fabp11a). Further, it suggests that it is affecting their inflammatory signalling 

pathway via tnfb signalling potentially altering their inflammatory state. While this analysis 
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provides some interesting preliminary insights into the effects of the mpeg1.1:tert-gfp 

transgene on mpeg1.1+ cells, further investigation into specific cell subsets is required to 

increase the specificity of the analysis in terms of its effects on cell physiology. 

 

 

 

 

 

 

 

 

 

Figure 5.3.2: The ten most differentially upregulated genes in mpeg1.1+ populations. A. 

Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (abbreviated to WT) (n=157) 

versus tert-/-;mpeg1.1:mCherry.caax (abbreviated to N) (n=48) mpeg1.1+ populations. B. 

Upregulated genes from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (abbreviated to 

NTg) (n=91) compared to tert-/-;mpeg1.1:mCherry.caax (n=48) mpeg1.1+ populations.  
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5.3.2.1 Exploring the commonly upregulated genes between tert+/+;mpeg1.1:mCherry.caax 

and tert -/ -;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp mpeg1.1+  populations 

As there was no correlation between the ten most significantly upregulated genes in the 

mpeg1.1 populations I determined to broaden the search and ascertain if there were any 

upregulated genes in the top fifty upregulated genes (Fig. 5.3.2.1). This analysis indicated 

eleven genes were upregulated in both the tert+/+;mpeg1.1:mCherry.caax and the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mpeg1.1+ populations (Fig. 5.3.2.1.A). These 

genes were: Metallothionein 2 (mt2), mitochondrial Cytochrome b (mt-cyb), mitochondrial 

Nicotinamide adenine dinucleotide (NADH)-ubiquinone oxidoreductase chain 3 (mt-nd3), mt-

nd4, md-nd5, mitochondrial Cytochrome c oxidase subunit 1 (mt-co1), mt-co2, mt-co3, 

mitochondrial ATP-synthase subunit a (mt-atp6), krt4, and si:ch211-39i22.1 which is 

predicted to be a CD99-like molecule. Ontological analysis of this data indicates that 

insertion of the mpeg1.1:tert-gfp transgene has led to an upregulation of genes involved in 

ATP synthesis via oxidative phosphorylation (Fig. 5.3.2.1.B). Further, protein interaction 

network analysis indicates that the proteins encoded by the upregulated genes interaction 

(Fig. 5.3.2.1.C). Specifically, we can see that mt-nd3, mt-nd4, mt-nd5, mt-atp6, mt-cyb, mt-

co1, mt-co2, and mt-co3 form an interaction network. Therefore, this data indicates that 

insertion of mpeg1.1:tert-gfp transgene may have rescued mitochondrial function in tert-/-

;mpeg1.1:mCherry.caax mpeg1.1+ cells towards the expression levels of 

tert+/+;mpeg1.1:mCherry.caax mpeg1.1+ cells. 
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Figure 5.3.2.1: A comparison of genes upregulated in both 

tert+/+;mpeg1.1:mCherry.caax and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp mpeg1.1+ populations. A. 

Comparison of the top fifty upregulated genes in each genotype with 

genes commonly upregulated indicated by a red box. B. Ontology analysis 

of the commonly upregulated genes. C. Interaction network of the 

proteins encoded by the upregulated genes Interactions are identified by 

STRING using text-mining (yellow), experiments previously performed 

(pink), databases (light blue), co-expression (black), neighbourhood in the 

genome (green), gene fusion (red) and co-occurrence in publications (dark 

blue). 
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5.3.3 Determining the cell subsets that constitute the mpeg1.1+ cell 

population. 

As discussed in the introduction to section 5.1, the mpeg1.1 promoted has been identified 

to be utilised in both zebrafish macrophages and B-cells(226, 234, 236). Therefore, I wanted 

to determine the cell subsets that constituted the mpeg1.1+ cells from my zebrafish gut 

dissociation single-cell RNA sequencing data. I would expect there to be a population of B-

cells and macrophages, however additional populations may also be present.  

To determine the cell subsets the mpeg1.1+ population from all groups underwent 

unsupervised clustering (Fig. 5.3.3.A). This produced four distinct clusters (Fig. 5.3.3.A). The 

upregulated genes from cluster were compared to determine which genes were uniquely 

upregulated in each cluster (Fig. 5.3.3.B). The uniquely upregulated genes from each cluster 

were then used as markers to determine which cells were mostly likely in each cluster. From 

the sixty-three genes unique to cluster 1 markers were identified primarily indicating 

precursors to blood cells, immune cells, and subsets of immune cells including monocytes 

and B-cells (Fig. 5.3.3.C). From the seventy-one genes from cluster 2, predominantly 

macrophage markers are identified, with other immune cell subsets markers such as those 

for neutrophils and monocytes (Fig. 5.3.3.D). From the sixty-four genes from cluster 3 a wide 

variety of markers are identified indicating a mix of cells including microglia, enterocytes, 

and brush border cells (Fig. 5.3.3.E). From the one hundred and fifteen genes from cluster 4 

several markers are identified for epidermal and epithelial cells (Fig. 5.3.3.F). Therefore, 

several cell subsets are identified as potentially being part of the mpeg1.1+ group. 

Considering the literature, we would expect to see macrophages and B-cells indicated, 

which we do (Fig. 5.3.3.C, D)(226, 234). However, the data also indicates markers for non-

immune cells including epidermal and epithelial cells (Fig. 5.3.3.F). Therefore, further 

investigation into the expression of mpeg1.1 in other zebrafish cell subsets may be 

warranted. 
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Figure 5.3.3: Unsupervised clustering of the mpeg1.1+ populations from all genotypes 

indicates four distinct clusters. A. Four clusters that are determined using unsupervised 

clustering of the mpeg1.1+ population from all genotypes. B. Upregulated genes from 

each cluster are compared to determine the genes unique to each cluster. C. Cluster 1 

cell type markers. D. Cluster 2 cell type markers. E. Cluster 3 cell type markers. F. Cluster 

4 cell type markers. 
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5.4 Exploring the effects of the mpeg1.1:tert-gfp gene on 

macrophages 

The mpeg1.1 gene was initially identified as being a macrophage specific gene and I have 

identified a macrophage population in the mpeg1.1+ cluster (Fig.5.3.2.D)(226). Therefore, 

the mpeg1.1:tert-gfp transgene will hypothetically be expressed in gut resident 

macrophages in the transgenic line I have generated. To determine how the expression of 

the mpeg1.1:tert-gfp transgene affects gut resident macrophage physiology I used a tailored 

panel of genes to isolate the tert+/+;mpeg1.1:mCherry.caax and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophage populations. The tailored panel of 

genes included: Colony stimulating factor 1 receptor a (CSF1ra), CSF1rb, Marco, Macrophage 

stimulating 1 (MST1), Monocyte to macrophage differentiation 1 (MMD1), MMD2a, 

MMD2b, microfibrillar-associated protein 4 (mfap4) based on previous publications 

characterising zebrafish immune cell subsets(234, 280, 281). 

 

5.4.1 Analysis of pathways differentially expressed genes are involved 

in for macrophages. 

To better understand how the insertion of the mpeg1.1:tert-gfp transgene may be affecting 

macrophage physiology, the ontology of the differentially regulated genes was determined 

(Fig. 5.4.1). Initially, the differentially regulated genes between the tert-/-

;mpeg1.1:mCherry.caax and the tert+/+;mpeg1.1:mCherry.caax macrophage populations 

were determined. These were then compared to the differentially regulated genes between 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and the tert+/+;mpeg1.1:mCherry.caax 

macrophage populations using Venny (Fig. 5.4.1.A). This indicated sixty-two differentially 

regulated genes from the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophage 

population that were not differentially regulated in either of the other genotypes (Fig. 

5.4.1.A). Therefore, it was assumed that these genes were differentially regulated due to 

the effects of inserting the mpeg1.1:tert-gfp transgene. 

The ontology of the sixty-two differentially regulated genes was determined using ShinyGO 

(Fig. 5.4.1.B). Ontological analysis indicated that the upregulated genes were involved 
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protein processing, endocytosis, the spliceosome, Mitogen Activated Protein Kinase (MAPK) 

signalling, the adipocytokine signalling pathway, and salmonella infection (Fig. 5.4.1.B). 

Upregulation of genes involved in endocytosis indicates that insertion of the mpeg1.1:tert-

gfp transgene is leading to an increase in endocytic processes. In gut associated 

macrophages this may play a role in immunogenic sensing of the local microenvironment. 

Further, as phagocytosis is a form of endocytosis, this may indicate that insertion of the 

mpeg1.1:tert-gfp transgene is leading to an upregulation of genes that play a role in the 

immune functions of the macrophages. This is supported by data from Fig. 5.4.1 that 

indicates the phagocytic function of mpeg+ cells was upregulated (Fig. 5.4.1.B). Additionally, 

upregulation of the MAPK pathways I also interesting as this pathway is linked to the 

regulation of several internal kinase cascades that regulate proliferation, differentiation, and 

inflammation.  

To more specifically examine how the expression of the mpeg1.1:tert-gfp transgene was 

affecting macrophage physiology ontological analysis was performed on the differentially 

regulated genes from the tert-/-;mpeg1.1:mCherry.caax:mpeg1.1:tert-gfp macrophages(Fig. 

5.4.1.B, C, D). From the GOBP database analysis there is indication of the differential 

regulation of genes associated with the regulation of the innate immune response, the 

regulation of antigen processing and presentation, and the regulation of the actin 

cytoskeleton (Fig. 5.4.1.B). From the GOMF, we can observe the differential regulation of 

genes associated with RNA-binding, chromatin binding, and the regulation of endopeptidase 

activity (Fig. 5.4.1.C). From the GOCC analysis, we can see the differential regulation of 

genes associated with mitochondrial respiration, chromatin binding, major 

histocompatibility complex (MHC) class 1, and ribosome formation (Fig. 5.4.1.D). Therefore, 

this data indicates that insertion of the mpeg1.1:tert-gfp transgene is leading to the 

differential regulation of pathways associated with mitochondrial respiration, ribosome 

structure and function, chromatin binding, and the function of the innate immune response 

in macrophages (Fig. 5.4.1). This provides additional evidence that telomerase may have 

non-canonical roles in the regulation of cellular respiration via the mitochondria, translation 

of mRNA, and the immune response. 
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Figure 5.4.1: Exploring differentially regulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophage population. A. Venn diagram of 

the differentially regulated genes between the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax macrophage  

population compared to the tert-/-;mpeg1.1:mCherry.caax and  

tert+/+;mpeg1.1:mCherry.caax macrophage population. B. Gene ontology analysis of the 

differentially regulated genes from the GOBP database. C. Gene ontology analysis of the 

differentially regulated genes from the GOMF database. D. Gene ontology analysis of the 

differentially regulated genes from the GOCC database. 
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5.4.2 Exploring the differentially expressed genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophages. 

To determine the effects of the insertion of the mpeg1.1:tert-gfp gene in the tert-/-

;mpeg1.1:mCherry.caax background I determined the ten most upregulated genes when 

comparing tert+/+;mpeg1.1:mCherry.caax to tert-/-;mpeg1.1:mCherry.caax, and the ten most 

upregulated genes when comparing tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp to tert-/-

;mpeg1.1:mCherry.caax in macrophages. 

The tert+/+;mpeg1.1:mCherry.caax macrophage population displays significantly upregulated 

expression of the genes vitellogenin 1 (vtg1), vitellogenin 2 (vtg2), vitellogenin (vtg4), 

vitellogenin (vtg6), vitellogenin (vtg7), somatostatin 2 (sst2), CR556712.1, si:dkeyp-75b4.10, 

si:dkey-203a12.2, and CABZ01058647.1 (Fig. 5.4.2). Interestingly, we see five members of 

the vitellogenin family in the ten most significantly upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax macrophage population. The vitellogenin family is involved in 

the modulation of lipid metabolism. Therefore, in the tert+/+;mpeg1.1:mCherry.caax 

macrophages we may be observing an increased regulation of lipid sensing and metabolism. 

This is perhaps unsurprising considering the well documented role of macrophages in 

regulating lipid levels(282, 283). I also observe the upregulation of sst2 which is involved in 

the regulation of cell migration, and CR556712.1 which encodes a region containing several 

genes from the krt family, indicating that the macrophage population is producing keratin as 

part of the cytoskeleton. Together, the upregulation of these genes may indicate that 

tert+/+;mpeg1.1:mCherry.caax macrophages have increased cell migration compared to tert-

/-;mpeg:mCherry.caax macrophages. The si:dkeyp-75b4.10 region is predicted to have 

carbohydrate binding activity. Both si:dkey-203a12.2 and CABZ01058647.1 have not been 

characterised to the point that I can comment on their function. However, overall this data 

suggests that tert+/+;mpeg1.1:mCherry.caax macrophages have a higher expression of genes 

associated with nutrient sensing compared to tert-/-;mpeg1.1:mCherry.caax macrophages. 

The genes upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp population 

include CR556712.1, High mobility group nucleosomal binding domain 2 (hmgn2), Hairy and 

enhancer of split-related 15 tandem duplicate 1 (her15.1), her6, High mobility group box 2a 

(hmgb2a), hmgb2b, si:ch73-1a9.3, XLOC_000431, XLOC_013964, and BX908782.2. 
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Interestingly we see that CR556712.1 is significantly upregulated in both the 

tert+/+;mpeg1.1:mCherry.caax macrophage population and the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophage population to the same level (Fig. 

5.4.2). This may indicate that the expression of the krt genes in this region are linked to 

telomerase length or TERT expression as insertion of the mpeg1.1:mCherry.caax has rescued 

the expression of CR556712.1 in the tert-/-;mpeg1.1:mCherry.caax macrophages to a level 

comparable to the tert+/+;mpeg1.1:mCherry.caax macrophages. Both her6 and her15.1 are 

predicted to be involved in mitogenic signalling and the Notch pathway and therefore are 

reported to take part neural development and bone regeneration(284-286). We also 

observed upregulation of hmgb2a and hmgb2b. Both hmgb2a and hmgb2b are indicated to 

be involved in the positive regulation of transcription via interaction with RNA-polymerase 

II. Additionally, both are indicated to be involved in the positive regulation of the innate 

immune response(287). Si:ch73-1a9.3 has not been extensively characterised however it 

may be associated with hmgn1b. If so, hmgn1b is predicted to have chromatin binding 

activity as is hmgn2.  The region BX908782.2 is indicated to contain the genes ly97.2 and 

scn12aa. Ly97.2 is indicated to bind to exhibit LPS binding activity and therefore is involve in 

the defence response to gram-negative bacteria and LPS. Scn12aa is predicted to have 

voltage-gated sodium channel activity and to be expressed in the nervous system and to be 

involved in heart contraction regulation. Unfortunately, XLOC_000431 and XLOC_013964 

have not yet been characterised to the point that I can comment on how their upregulation 

may affect macrophage biology. 
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Figure 5.4.2: The ten most significantly upregulated genes in each macrophage 

population. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 641) versus 

tert-/-;mpeg1.1:mCherry.caax (n = 538) macrophage populations. B. Upregulated genes 

from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 819) compared to tert-/-

;mpeg1.1:mCherry.caax (n = 538) macrophage  populations. 



191 
 

5.4.2.1 Exploring the similarities in upregulated genes to determine if 

insertion of the mpeg1.1:tert-gfp genes rescues macrophage function 

To further explore how insertion of the mpeg1.1:tert-gfp gene was affecting gene 

expression in tert-/-;mpeg1.1:mCherry.caax;mpeg1.1tert-gfp macrophages I determined I 

determined the fifty most upregulated genes when comparing tert+/+;mpeg:mCherry.caax to 

tert-/-;mpeg:mCherry.caax, and the fifty most upregulated genes when comparing tert-/-

;mpeg:mCherry.caax;mpeg1.1:tert-gfp to tert-/-;mpeg:mCherry.caax. These lists were then 

compared using Venny (Fig.5.4.2.1.A) and nine genes were indicated to be significantly 

upregulated in both populations. These genes were: CR556712.1, XLOC_010899, 

zgc:193726, Proenkephalin a precursor (penka), Prothymosin alpha (si:ch211-222l21.1), 

prothymosin alpha-a (ptma-α), hmgb2b, her6, and hmgn2 (Fig.5.4.2.1). STRING analysis of 

these genes indicates and link in the function of si:ch211-222l21.1 and ptma-α (Fig. 

5.4.2.1.B). Interestingly, Emmanouilidou et al demonstrated that knockdown of ptma-α led 

to increased rates of cell death in head and tail regions during embryo development in 

conjunction with an increase in the active form of caspase-3 indicating increased apoptosis 

levels(288). Further, Pai et al indicated that overexpression of ptma-α in zebrafish skin 

epidermis led to a resistance to the apoptosis inducing effects of Ultraviolet B (UVB) 

radiation via the increased expression of bcl2(289). Therefore, the increased expression of 

ptma-α may indicate an increase in anti-apoptosis signalling in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophages towards levels observed in 

tert+/+;mpeg1.1:mCherry.caax macrophages (Fig. 5.4.2.1.A). This may indicate that insertion 

of the mpeg1.1:tert-gfp transgene is leading to less apoptosis which is an indicator that the 

premature ageing phenotype is being rescued, to an extent, in macrophages. 
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Figure 5.4.2.1: A comparison of genes upregulated in both tert+/+;mpeg1.1:mCherry.caax 

and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophages. A. Comparison of the 

top fifty upregulated genes in each genotype with genes commonly upregulated 

indicated by a red box. B. Ontology analysis of the commonly upregulated genes using 

the GOMF database. C. Ontological analysis of the upregulated genes from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp using the KEGG database. 
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5.5 Exploring the differentially expressed genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell populations. 

Recent literature has demonstrated that zebrafish B-cells utilise the mpeg1.1 

promoter(234). Therefore, we can hypothesise that the mpeg1.1:tert-gfp transgene will be 

expressed in the zebrafish gut B-cell population in the mpeg1.1:tert-gfp transgenic line 

characterised in Chapter 3. To determine if insertion of the mpeg1.1:tert-gfp transgene 

affects the physiology of the B-cell population a tailored panel of B-cell specific genes was 

used to identify B-cell populations from in the single-cell RNA sequencing aggregate 

populations. B-cell populations were identified using the genes CD22, CD79a, CD79b, CD74a, 

CD74b, B cell linker (Blnk), and Paired box 5 (Pax5)(234, 280). 

 

5.5.1 Differentially regulated gene pathways from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population. 

To further understand how the insertion of the mpeg1.1:tert-gfp transgene may be affecting 

B-cell physiology the ontology of the differentially genes was determined (Fig. 5.5.1). 

Initially, the differentially regulated genes between the tert-/-;mpeg1.1:mCherry.caax and 

the tert+/+;mpeg1.1:mCherry.caax B-cell populations were determined. These were then 

compared to the differentially regulated genes between tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and the tert+/+;mpeg1.1:mCherry.caax B-cell 

populations using Venny (Fig. 5.5.1.A). This indicated forty-eight genes that were 

differentially regulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp that were not 

differentially regulated in either of the other genotypes (Fig. 5.5.1.A). Therefore, it was 

assumed that these genes were differentially regulated due to the effects of inserting the 

mpeg1.1:tert-gfp transgene. 

To determine how the insertion of the mpeg1.1:tert-gfp transgene affects gene regulation in 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cells physiology, the ontology of the forty-

eight differentially regulated genes was determined using Shiny GO (Fig. 5.5.1.B, C, D). 

Analysis using the KEGG database indicated the differential regulation of genes associated 

with the phagosome, apoptosis, oxidative phosphorylation, and the regulation of the actin 
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cytoskeleton (Fig. 5.5.1.B). Further analysis using the GOMF database indicates that 

differential expression of genes involved in antigen binding, oxidoreductase activity, and the 

regulation of endopeptidase activity (Fig. 5.5.1.C). Additionally, analysis using the GOBP 

database indicates that genes associated with the negative regulation of endopeptidase 

activity, the electron transport chain, the activation of the complement pathway, and the 

immune response to viruses were differentially regulated (Fig. 5.5.1.D). The differential 

regulation of genes associated with these pathways is further evidence that telomerase may 

have non-canonical functions associated with the regulation of metabolism, autophagy (via 

endopeptidase activity), and the immune response. 
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Figure 5.5.1: Exploring differentially regulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population. A. Venn diagram of the 

differentially regulated genes between the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-

gfp and tert+/+;mpeg1.1:mCherry.caax B-cell population compared to the tert-/-

;mpeg1.1:mCherry.caax and  tert+/+;mpeg1.1:mCherry.caax B-cell population. B. Gene 

ontology analysis of the differentially regulated genes from the KEGG database. C. 

Gene ontology analysis of the differentially regulated genes from the GOMF database. 

D. Gene ontology analysis of the differentially regulated genes from the GOBP 

database. 
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5.5.2 Differentially expressed genes between the B-cell populations. 

To explore the effects of the insertion of the mpeg1.1:tert-gfp gene in the tert-/-

;mpeg1.1:mCherry.caax background I determined the ten most upregulated genes when 

comparing tert+/+;mpeg1.1:mCherry.caax to tert-/-;mpeg1.1:mCherry.caax, and the ten most 

upregulated genes when comparing tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp to tert-/-

;mpeg1.1:mCherry.caax in B-cell populations. 

In the tert+/+;mpeg1.1:mCherry.caax I observe differential upregulation of the genes 

Cathepsin S tandem duplicate 2 (ctss2.2), Heat shock 105/110 protein 1 (hsph1), serine 

peptidase inhibitor kazal type 2 tandem duplicate 2 (spink2.2), Ferritin heavy polypeptide like 

27 (fthl27), anterior gradient 2 (agr2), zgc:64051, BX855618.1, si:dkey-96g2.1, si:dkey-

203a12.2, and si:dkeyp-75b4.10(Fig.5.5.2.A). Ctss2.2 is predicted to be involved in the 

regulation of the immune response via proteolysis and the lysosome. Hsph1 is part of the 

heat shock protein family so is predicted to have ATP binding capacity. Spink2.2 is predicted 

to have serine-type endopepotidase inhibitor activity. Additionally, si:dkey-203a12.2 is 

associated with spink2.7 indicating it may have a similar function. Fthl27 is predicted to have 

ferric ion binding activity and so be involved in the sequestering on intracellular iron ions.  

Agr2 is indicated to act either upstream or within intestinal epithelial cell 

differentiation(290, 291). Zgc:64051 is predicted to be involved in plasma membrane 

structure. Si:dkeyp-75b4.10 is predicted to have carbohydrate binding activity and to be 

orthologous to human Regenerating family member 1 alpha (Reg1a). Unfortunately, 

BX855618.1 and si:dkey-96g2.1 have not been characterised to the point that I can 

comment on their effects on macrophage biology. 

In the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp I observe upregulation of the genes 

mmp13a, pyyb, il1b, zgc:172053, si:dkeyp-75b4.10, si:dkey-102g19.3, si:ch1073-67j19.1, 

LOC110437886, beta-microseminoprotein-like LOC110437731 (LOC110437731), and 

BX322787.1(Fig. 5.5.2.B). Upregulation of the mmp13a gene indicates that the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population is upregulating 

metalloendopeptidase activity which can influence cell migration, remodelling of the 

extracellular matrix, and wound healing(292).  Pyyb is involved in regulating feeding 

behaviour indicating there may be some alteration in nutrient sensing as a results of the 

insertion of mpeg1.1:tert-gfp. Further to this, Both zgc:172053 and si:dkeyp-75b4.10 are 
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both indicated to be involved in the regulation of nutrient sensing and have human 

orthologs in the Islet of Langerhans Regenerating Protein (REG) family. Il1b is involved in 

regulation of the immune response, and oxidative stress, its upregulation in the 

mpeg1.1:tert-gfp transgenic indicates we may be observing a rescue of B-cell function or a 

polarisation of transgenic B-cells as a consequence of the transgenes insertion. This may 

potentially be in a coordination axis with macrophages(293). The gene LOC110437731 is 

predicted to code for a beta-microseminoprotein like protein, which in humans is indicated 

to have inhibin like properties and bind to immunoglobulin. The region BX322787.1 contains 

four genes: DNA-activate protein kinase catalytic subunit (prkdc), SMAD family member 3b 

(smad3b), ATP-binding cassette sub-family F member 2b (abcf2b), and chondroitin 

polymerizing factor 2 (chpf2). Most interestingly, prkdc codes for a DNA-dependent protein 

kinase with serine/threonine kinase activity that acts as part of B-cell differentiation and 

V(D)J recombination. In conjunction with prkdc upregulation we see an upregulation of 

SMAD3b, a DNA-binding transcription factor. Further, we see upregulation of abcf2b, an 

ATP-binding cassette sub-family member that will increase energy release, and chondroitin 

polymerizing factor 2 involved in chondroitin biosynthesis. Therefore, we may be seeing the 

upregulation of a pathway that influences B-cell differentiation and expansion due to the 

effects of the mpeg1.1:tert-gfp transgene. Unforturnately si:dkey-102g19.3 and si:ch1073-

67j19.1 have not yet been characterised to the point that I can comment on the effects of 

their upregulation. 
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Figure 5.5.2: The ten most differentially upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell 

populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 1,946) 

versus tert-/-;mpeg1.1:mCherry.caax (n = 473) B-cell populations. B. Upregulated genes 

from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 1,201) compared to tert-/-

;mpeg1.1:mCherry.caax (n = 473) B-cell  populations. 
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5.5.2.1 Further exploration of the rescue of B -cell gene expression in the tert -/ -

;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp B-cell population 

To further understand how insertion of the mpeg1.1:tert-gfp transgene affected B-cell gene 

expression I determined the fifty most upregulated genes in both 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cells 

when compared to tert-/-;mpeg1.1:mCherry.caax B-cells (Fig. 5.5.2.1.A). Comparing these 

upregulated gene sets indicated fifteen genes upregulated in both populations (Fig. 

5.5.2.1.A). These genes included: si:dkey-96g2.1, si:ch211-39i2.2, hmgn2, Profilin-1 (Pfn1), 

XLOC_010899, Beta thymosin-like protein 4x (Tmsb4x), ptma-α, Suppressor of cytokine 

signaling 3a (Socs3a), Ferritin heavy-polypeptide like (fthl27), Proline-rich nuclear receptor 

coactivator 2 (pnrc2), Anterior gradient protein 2 (agr2), CCAAT/enhancer binding 

protein(C/EBP) beta (Cebpb), Si:dkeyp-75b4.10, Serine protease inhibitor kazal-type 2 

(spink2.2), and Si:dkey-203a12.2. Interestingly, we see and upregulation of ptma-α in the 

macrophage population (Fig. 5.4.2.1) as well as here in the B-cell population (Fig. 5.5.1.1.B).  

This correlation may indicate that in both cell populations, the insertion of the mpeg1.1:tert-

gfp transgene is potentially leading to a rescue of the premature ageing phenotype in 

mpeg1.1+ immune cells. Further to this, the upregulation of Socs3a and Cebpb (Fig. 

5.5.2.1.B) indicates the activation of STAT3, an important component in zebrafish immune 

cell function, potentially indicating a rescue of immune cell function in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population(294).  
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Figure 5.5.2.1: A comparison of genes upregulated in both tert+/+;mpeg1.1:mCherry.caax 

and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cells. A. Comparison of the top fifty 

upregulated genes in each genotype with genes commonly upregulated indicated by a 

red box. B. Ontology analysis of the commonly upregulated genes. 
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5.6 Identification of immune cell populations and differential 

gene expression within them between tert-/-

;mpeg1.1:mCherry.caax and tert+/+;mpeg1.1:mCherry.caax 

As both macrophages and B-cells have roles in regulating the immune response via 

interactions with other immune cell subtypes I decided to investigate the gene expression of 

other immune cell populations found in the zebrafish gut. If the mpeg1.1:tert-gfp gene were 

altering the physiology of macrophages and B-cells then a consequence of this alteration 

may be changes in communication with other immune cell subtypes via either via cell -to-cell 

interactions or via intercellular signalling molecules such as cytokines. Macrophages are 

documented to interact with T-cells, Neutrophils, and NK cells(295-297). B-cells interact 

with T-cells and NK cells(298, 299). Therefore, it is logical to hypothesise that T-cells, NK 

cells, and neutrophils may have an altered physiology based on their interactions with tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophages and B-cells compared to tert-/-

;mpeg1.1:mCherry.caax populations.  

To characterise how tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp macrophages and B-

cells were affecting the physiology of other gut resident immune cell populations I would 

examine the differentially regulated genes in the single-cell RNA sequencing data. I would 

characterise normal T-cell, NK cell, and Neutrophil populations by analysing the 

differentially regulated genes between the tert+/+;mpeg1.1:mCherry.caax populations and 

the tert-/-;mpeg1.1:mCherry.caax populations. I would then explore how the presence of the 

mpeg1.1:tert-gfp in macrophage and B-cell populations affected tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp  T-cell, NK, and neutrophil populations. 
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5.6.1 Does insertion of the mpeg1.1:tert-gfp gene rescue T-cell gene 

expression in the tert--/-;mpeg1.1:mCherry.caax;mpeg1.1-tert-gfp 

phenotype. 

T-cell populations were identified using the marker genes: CD28, CD4, CD8, si:dkey-11f4.2, 

and T-cell receptor detal (trdc)(300, 301). Comparing the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax aggregate T-

cell populations to the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp T-cell population 

provided a list of differentially regulated genes. To determine if inserting the mpeg1.1:tert-

gfp transgene had rescued T-cell gene expression in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1-tert-gfp population such that it was comparable to the 

tert+/+;mpeg1.1:mCherry.caax population I compared the top ten most upregulated genes in 

each T-cell population (Fig. 5.6.1).  

Exploring the differentially regulated genes between the tert-/-;mpeg1.1:mCherry.caax and 

tert+/+;mpeg1.1:mCherry.caax T-cell populations I can see that vtg1, lysozyme (lyz), vtg4, 

vtg5, serine peptidase inhibitor Kazal type 2 tandem duplicate 5 (spink2.5), CABZ01058647.1, 

keratin 91 (krt91), si:dkey-203a12.7, BX908782.2, and transcobalamin beta a (tcnba) are all 

upregulated in the tert+/+;mpeg1.1:mCherry.caax group. The genes vtg1, vtg4, and vtg5 code 

for variants of vitellogenin which is indicated to act as part of the cellular response to an 

oestrogen stimulus(302). Vtg1 also exhibits antioxidant activity and has been indicated to be 

an integral membrane component(303). Vtg4 and Vtg5 are further indicated to have lipid 

transport capabilities(303). Lyz codes for the lysozyme enzyme that forms part of the of the 

immune response to bacteria, whereby lysozyme acts to degrade the peptidoglycan cell wall 

of the bacteria. The BX908782.2 region contains ly97.2 and scn12aa. Spink2.5 codes for a 

serine-type endopeptidase inhibitor and si:dkey-203a12.7  is indicated to act as a regulator 

of transcription by RNA Polymerase II. Additionally, tcnba is indicated to be a 

transcobalamin transporter and so may form part of the digestive response to the uptake of 

vitamin B12.  

Genes alternatively regulated in the transgenic include lyz, npsn, leukocyte cell derived 

chemotaxin 2 (lect2l), mmp13a, si:ch1073-67j19.1, CABZ01058647.1, purine nucleoside 

phosphorylase 5a (pnp5a), LOC110437886, il1b, zgc:172053. Upregulation of lyz potentially 
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indicates an upregulated immune response to gram negative bacteria. This may be a result 

of interactions with macrophages initiating a more sensitive state to infection. Additionally, 

it is interesting that lyz is upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

T-cell population to the same level as that observed in the tert+/+;mpeg1.1:mCherry.caax 

population. This may indicate that the mpeg-tert-gfp gene is altering the physiology of B-cell 

and macrophage populations to induce the expression of lyz in T-cells. Further, upregulation 

of lect2l indicates an increased sensitive to leukocyte chemotaxis signalling. This is in 

conjunction with the upregulation of il1b which also acts to sensitive T-cells to leukocyte 

chemotaxis signalling. Therefore, the changes in physiology in macrophages and B-cells due 

to the mpeg1.1:tert-gfp gene’s insertion may be leading to an increase in intercellular 

communication and an altering of the physiology of T-cells to be pro inflammatory.  

Interestingly, we also see upregulation of the metalloendopeptidase mmp13a and the 

metalloendopeptidase activity regulator npsn indicating increased metal ion regulation and 

sensitivity. Further metabolic change is indicated by the upregulation of pnp5a which plays a 

role in purine metabolism feeding into the production ATP so indicating an increase in 

metabolic processes. This is supported by upregulation of zgc:172053 which is orthologues 

to human REG1A so is indicated in insulin signalling and that IL1-β is involved in the 

regulation of energy metabolism. 
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Figure 5.6.1: The ten most differentially upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

T-cell populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 

428) versus tert-/-;mpeg1.1:mCherry.caax (n = 314) T-cell populations. B. 

Upregulated genes from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 708) 

compared to tert-/-;mpeg1.1:mCherry.caax (n = 314) T-cell  populations. 
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5.6.1.1 Exploring the upregulated pathways in the tert -/ -

;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp and tert+ /+ ;mpeg1.1:mCherry.caax T-cell 

populations 

As there was no correlation between the ten most upregulated pathways in both the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax T-cell 

populations I wanted to explore the pathways the upregulated genes in each population 

were part of (Fig. 5.6.1.1). This would enable further exploration of how the insertion go the 

mpeg1.1:tert-gfp gene had affected T-cell gene expression in a prematurely aged 

phenotype. 

Using ShinyGO software I determined the ten pathways that were most significantly  

upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp T-cell population (Fig. 

5.6.1.1.A). I found that these ten pathways were split into two groups of five by the ShinyGO 

software (Fig. 5.6.1.1.A). The top group indicated the upregulation of pathways involved in 

myeloid cell development, myeloid differentiation, and thymus development (Fig. 5.6.1.1.A). 

Therefore, this may indicate an upregulation of genes involved in T-cell cell development 

and differentiation. Additionally, it may indicate upregulation of myeloid lineage genes in T-

cells, which are from a lymphoid lineage. In the bottom group we can see an upregulation of 

pathways involved in enterocytes, epithelial cells, lipid localisation and absorption, and 

basement membrane formation (Fig. 5.6.1.1.A). This may indicate that the insertion of the 

mpeg1.1:tert-gfp gene is leading to the upregulation of genes involved in lipid metabolism 

and the differentiation of enterocytes even in a T-cell population.   

Using ShinyGO software I determined the ten pathways that were most significantly 

upregulated in the tert+/+;mpeg1.1:mCherry.caax T-cell population (Fig. 5.6.1.1.B). Pathways 

involved in T-cell differentiation and thymus development were upregulated, as well as 

pathways involve in lymphoid progenitor cell differentiation, and haematopoiesis (Fig. 

5.6.1.1.B). This indicates that in tert+/+;mpeg1.1:mCherry.caax cells we see an upregulation 

of genes involved in T-cell differentiation and development when compared to tert-/-

;mpeg1.1:mCherry.caax T-cells.  

To determine which pathways were upregulated in both tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax T-cells I used 

Venny to compare the significantly upregulated genes in both populations (Fig. 5.6.1.1.B). 
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This indicated 51 genes shared between populations (Fig. 5.6.1.1.C). By examining the genes 

shared between the populations I can determine a set of genes that would be upregulated 

in a healthy T-cell population compared to a prematurely aged population but that were 

also upregulated in the transgenic T-cell population, indicating that their expression had 

been rescued by the mpeg1.1:tert-gfp transgene. To further explore the pathways these 51 

genes were involved in I used ShinyGO to determine the ten most upregulated pathways 

(Fig. 5.6.1.1.D). This indicated upregulation in pathways associated with T-cell 

differentiation in the thymus, myeloid cell development, microglial cell development, 

chemoattractant and cytokine activity, and hematopoietic cell differentiation (Fig. 

5.6.1.1.D). Overall, these results indicate that the insertion of the mpeg1.1:tert-gfp 

transgene is affecting T-cell gene expression. Further, that the expression of a specific 

subset of genes in the T-cell population derived from tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut is being rescued towards an expression level 

comparable to the tert+/+;mpeg1.1:mCherry.caax T-cell population.  
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Figure 5.6.1.1: Exploring upregulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax T-cell 

populations. A. The ten most upregulated pathways from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp T-cell population. B. The ten most upregulated 

pathways from the tert+/+;mpeg1.1:mCherry.caax T-cell population. C. Venn diagram 

comparing the upregulated genes in the tert+/+;mpeg1.1:mCherry.caax T-cell population 

(blue) to the upregulated genes in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp T-

cell population (yellow). D. The ten most upregulated pathways from the genes 

upregulated in both T-cell populations. 
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5.6.2 Neutrophils 

As both B-cells and macrophages interact with neutrophils I hypothesised that changes in 

the physiology of tert-/-;mpeg1.1:mCherry;mpeg1.1:tert-gfp macrophage and B-cell groups 

may affect the physiology of neutrophils via intercellular interactions(304). To determine 

these changes I isolated the neutrophil populations from the tert-/-

;mpeg1.1:mCherry;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax populations and 

examined the differential regulation of genes between them and the tert-/-

;mpeg1.1:mCherry.caax population. I identified Neutrophil populations using the differential 

expression of the gene Six-cysteine containing astacin protease 1 (C6ast1) and Myeloid-

specific peroxidase (Mpx)(305).  

This group includes the genes sst2, sst1.2, calca, lyz, stc1l, spink2.2, CR556712.1, si:dkeyp-

75b4.10, si:dkeyp-203a12.2,  and zmp:0000001323 (Fig. 5.6.2). Sst2 encodes the 

somatostatin receptor gene and acts to regulate cell migration and activity. Sst2 has 

homologs in humans that have been indicated in the induction of pancreatic cancer due to a 

single point mutation(306). Sst1.2 has also been indicated to regulate cell migration. Calca 

encodes the peptides calcitonin, calcitonin gene-related peptide and katacalcin, with the 

final peptide expressed being determined by tissue-specific alternative RNA splicing of gene 

transcripts and cleavage of inactive precursor proteins. Due to this variability, calca may be 

involved in calcium ion regulation or anti-microbial activity. Stc1l is also indicated to be 

involved in calcium ion regulation and the negative regulation of gene transcription. Lyz 

encodes the lysozyme enzyme, part of the innate immune defence against pathogenic 

bacteria. Spink2.2m is linked to male fertility in humans and is required for the normal 

development of spermatozoa via its action as a trypsin and acrosin inhibitor. si:dkeyp-

75b4.10 is predicted to have carbohydrate binding activity and be involved in the regulation 

of insulin levels. si:dkeyp-203a12.2  is indicated to have Adenosine Triphosphate (ATP) 

binding activity and so be involved in intracellular signalling. zmp:0000001323 encodes 

microfibril associated protein 4.6 (mfap4.6) in zebrafish, a protein involved in the 

maintenance of elastic fibres as well as regulating cell-to-cell adhesion. CR556712.1 has not 

yet been studied in detail to the point that its function may be determined.  
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Transgenic genes include si:dkeyp-75b4.10, zgc:172053, si:dkey-203a12.2, itln1, spink2.2, 

ccl34b.9, zmp:00000001323, si:ch211-14a17.10, si:dkey-152b24.8, and npsn. In this we see a 

change in the regulation of several genes involved in metabolic processes including si:dkeyp-

75b4.10, itln1, zgc:172053, spink2.2, and si:dkey-152b24.8. As a group, the differential 

regulation of these genes indicates a change in nutrient sensing to both lipids and 

carbohydrates such that they both may be utilised as an energy source. Further, 

upregulated expression of si:ch211-14a17.10, which is predicted to have ubiquitin ligase 

activity, potentially indicates increased turn-over of proteins/increased autophagy. Most 

interestingly we see and upregulation of ccl34b.9 and npsn. Where ccl34b.9 is predicted to 

be a chemokine receptor and so will regulate responses to leukocyte chemotaxins, 

cytokines, and the extracellular signal-regulated kinases (ERK) cascade. In conjunction npsn 

is predicted to be involved in the immune response to bacteria and its upregulation may 

indicate a more sensitised state that has occurred in response to the upregulation of 

ccl34b.9. Unfortunately, the regions zmp:00000001323 and si:dkey-203a12.2 have not been 

sufficiently characterised that I may determine how their differential regulation affects cell 

physiology.  
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Figure 5.6.2: The ten most differentially upregulated genes in the tert-/-

;mpeg1.1:mCherry;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax neutrophil 

populations.  A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 268) versus 

tert-/-;mpeg1.1:mCherry.caax (n = 232) neutrophil populations. B. Upregulated genes 

from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 296) compared to tert-/-

;mpeg1.1:mCherry.caax (n = 232) neutrophil  populations. 
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5.6.2.1 Exploring the upregulated pathways in the tert -/ -

;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp and tert+ /+ ;mpeg1.1:mCherry.caax neutrophil 

populations. 

To further explore the pathways affected by the upregulated genes in the tert-/-

;mpeg1.1.mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax populations I 

used ShinyGO software(Fig. 5.6.2.1). Initially, I determined the 10 pathways that were most 

significantly upregulated in the tert+/+;mpeg1.1:mCherry.caax neutrophil population (Fig. 

5.6.2.1.A). This analysis indicated that the 10 most significantly upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax neutrophils were all involved in mitochondrial health and ATP 

production (Fig. 5.6.2.1.A). This indicates that the tert+/+;mpeg1.1:mCherry.caax neutrophils 

have increased expression of genes associated with the regulation of mitochondria and 

energy release when compared to the tert-/-;mpeg1.1:mCherry.caax neutrophils.  

Using ShinyGO I then determined the ten most upregulated gene pathways in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp neutrophil population compared to the tert-/-

;mpeg1.1:mCherry.caax population (Fig. 5.6.2.1.B). The 10 most upregulated pathways were 

shown in include neutrophil activation and response to cytokines, leukocyte differentiation 

and migration, immune cell development and granulocyte migration (Fig. 5.6.2.1.B). This 

indicates that insertion of the mpeg1.1:tert-gfp transgene is leading to an upregulation of 

several genes involved with neutrophil function leading to increased response to cytokine 

signalling, increased cell migration, and potentially influencing neutrophil differentiation 

(Fig. 5.6.2.1.B). 

To investigate if insertion of the mpeg1.1:tert-gfp transgene rescues the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp towards tert+/+;mpeg1.1:mCherry.caax expression 

levels I used Venny to determine which genes were upregulated in both neutrophil 

populations indicating 73 genes in common (Fig. 5.6.2.1.C). To determine which pathways 

these genes were part of I used ShinyGO to determine the 10 most significantly upregulated 

pathways (Fig. 5.6.2.D). This analysis indicated an upregulation in both neutrophil 

populations of pathways involved in lipid absorption, basement membrane assembly, and 

intestinal epithelial cell function (Fig. 5.6.2.D). 
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Figure 5.6.2.1: Exploring upregulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax neutrophils. 

A. The ten most upregulated pathways from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp neutrophil population. B. The ten most 

upregulated pathways from the tert+/+;mpeg1.1:mCherry.caax neutrophil population. C. 

Venn diagram comparing the upregulated genes in the tert+/+;mpeg1.1:mCherry.caax 

neutrophil population (blue) to the upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp neutrophil population (yellow). D. The ten 

most upregulated pathways from the genes upregulated in both neutrophil populations.  
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5.6.3 Natural Killer cells 

Due to NK cells interacting with macrophages it was logical to determine how NK cell 

physiology may have been altered due to the change macrophage physiology due to the 

mpeg1.1:tert-gfp transgene insertion. Therefore, I determined the populations of NK cells 

(Fig. 5.6.3) in order to explore the differentially regulated genes between the tert-/-

;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp genotypes, and 

the tert-/-;mpeg1.1:mCherry.caax and tert+/+;mpeg1.1:mCherry.caax genotypes. NK cell 

populations were determined using the gene Zinc finger and BTB domain containing 32 

(zbtb32)(305).  

The differentially upregulated genes from the tert+/+;mpeg1.1:mCherry.caax genotype 

includes CT573383.1, nucleoside diphosphate kinase 2b tandem duplicate 2 (nme2b.2), 

epithelial cell adhesion molecule (epcam), Jun dimerization protein 2b (jdp2b), heat shock 

protein alpha-crystallin-related 1 (hspb1), cd74a, chitinase acidic 6 (chia.6), 

si:ch730343g19.4, zgc:193726, and BX855618.1. The CT573383.1 region contains the ice2 

gene which is predicted to be involved in the positive regulation of gene transcription, 

indicating the upregulation of RNA polymerase activity. Further jdp2b is also predicted to be 

involved in transcription factor activity and to regulate histone deacetylation and 

modification. Therefore, we may be seeing that the tert-/-;mpeg1.1:mCherry.caax genotype 

has decreased RNA transcription. Upregulation of nme2b.2 indicates increased use of 

Guanosine triphosphate (GTP) potentially indicating increased energy use for genetic 

translation as a consequence of the upregulated transcription. Upregulation of hspb1 

indicates a more sensitive autophagy response due to its chaperone protein activity. 

Upregulation of chia. 6 may indicate an upregulated sensitivity to certain pathogen 

associated molecular patterns (PAMPs) (307). The hypothesis of increased immune sensitive 

in the tert+/+;mpeg1.1:mCherry.caax population is supported by the upregulation of CD74a 

which is involved in the activation of T-cells. The region BX855618.1 contains several genes 

the function of which has not yet been determined, however it also contains the gene 

dopamine receptor D4 related sequence (drd4-rs) which is predicted to have dopamine 

receptor activity. This further indicates a crosstalk between immune cells and neural cells in 

the zebrafish gut. Unfortunately, the regions si:ch730343g19.4 and zgc:193726 have not 
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been studied to the point that I can comment on how their upregulation may affect NK cell 

physiology.  

The differentially upregulated genes from the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-

gfp population include si:ch211-214p16.1, si:dkeyp-75b4.10, LOC110437731, BX332787.1, 

tnfb, si:dkey-152b24.8, pglyrp5, spink2.2, fthl28. The gene si:dkeyp-75b4.10, is predicted to 

have carbohydrate binding activity, potentially indicating a shift in regulating the 

metabolism of carbohydrates. The region LOC110437731 is predicted to be a beta-

microseminoprotein-like protein an immunoglobulin that is indicated to have inhibin-like 

properties therefore potentially affecting growth regulation. Upregulation of tnfb is 

interesting as it has a wide range of regulatory effects on mechanisms including cell 

proliferation, apoptosis, and lipid metabolism. Therefore, in the upregulation of tnfb we 

may be observing a factor that is influencing the upregulation of other genes such as 

si:dkey-152b24.8 which is predicted to be involved in the lipid metabolic processes. 

Upregulation of spink2.2 may indicate an increased regulation endopeptidase activity. 

Upregulation of fthl28 may indicate an increase in the cells ability to regulate iron ion 

homeostasis. Upregulation of pglyrp5 indicates an increase in the regulation of the response 

to bacterial immunogenic stimulation. This is interesting in the context of NK cells as they 

are part of the innate immune system and so are responsible for the early response to 

infection. In the gut we expect to see a more tolerogenic environment so upregulation of a 

protein responsible for modulating the defence response to bacteria may indicate a 

heightened state of responsiveness to potential pathogenic threats. Additionally, if this is 

occurring due to the effects of the expression of mpeg1.1:tert-gfp in the macrophages and 

B-cells then I may be observing a link between the effects of TERT on immune cell 

physiology and the immune response. Unfortunately, regions si:ch211-214p16.1 and 

BX332787.1 have not been studied to the point that I may determine how they would affect 

physiology. 
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Figure 5.6.3: The ten most differentially upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax Natural 

Killer cell populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 20) 

versus tert-/-;mpeg1.1:mCherry.caax (n = 29) NK cell populations. B. Upregulated genes 

from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 22) compared to tert-/-

;mpeg1.1:mCherry.caax (n = 29) NK cell populations. 
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5.6.3.1 Exploring the upregulated pathways in the tert -/ -

;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp and tert+ /+ ;mpeg1.1:mCherry.caax NK cell 

populations 

To further investigate how the insertion of the mpeg1.1:tert-gfp transgene had affected NK 

cell gene expression, and if it had rescued gene expression in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp cells to tert+/+;mpeg1.1:mCherry.caax cell levels I 

wanted to explore the pathways upregulated in both populations (Fig. 5.6.3.1). Using 

ShinyGO software I performed gene enrichment analysis and determined the ten pathways 

that were most significantly upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-

gfp NK cell population (Fig. 5.6.3.1.A). The pathways were divided into two groups, one of 

six connected pathways and one of four connected pathways (Fig. 5.6.3.1.A). The group of 

six related pathways were indicated to be involved in protein folding,  the formation of 

cataracts, and kidney structure formation. The separate group of four indicated an 

upregulation of genes involved in pathways involved in myeloid and leukocyte development 

and differentiation, as well as neutrophil mediated immunity. 

Using ShinyGO software I determined the ten pathways that were most significantly  

upregulated in the tert+/+;mpeg1.1:mCherry.caax NK cell population (Fig. 5.6.3.1.B). I found 

the upregulated pathways separated into three groups (Fig. 5.6.3.1.B). The first group 

constituted pathways involved in cellular response to growth stimuli and ethanol 

metabolism, the second of pathways involved in protein chaperoning and folding, and the 

third of pathways that formed part of the electron transport chain (Fig. 5.6.3.1.B).  

To further explore how insertion of the mpeg1.1:tert-gfp gene affected NK cell gene 

expression I used Venny to determine the genes that were upregulated in both tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax NK cells (Fig. 

5.6.3.1.C). This indicated fifty-one genes that were shared between the two NK cell 

populations (Fig. 5.6.3.1.C). Using ShinyGO I determined the ten most upregulated pathways 

these genes were part of (Fig. 5.6.3.1.D). This analysis indicated that eight of the ten 

pathways were involved in the regulation of immune cell differentiation and response to 

chemokine signalling (Fig. 5.6.3.1.D). Two of the pathways, groove and ventral wall of dorsal 

aorta, were pathways regulating anatomical structure (Fig. 5.6.3.1.D).Overall, this data 

indicates that tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp NK cell gene expression is 



217 
 

altered such that the expression of genes involved in protein folding and chaperoning was 

upregulated to level comparable to tert+/+;mpeg1.1:mCherry.caax NK cells. Further, that 

both tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax NK 

cells exhibit an upregulation of genes involved in immune cell response to chemoattractant 

signalling, differentiation, and development. However, this data is constrained by the small 

sample size of NK cells extracted from the RNA sequencing groups. Therefore, it may be 

considered preliminary data indicating an avenue for further investigation into premature 

ageing affects NK cell gene expression. 
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Figure 5.6.3.1: Exploring upregulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax NK cells. 

A. The ten most upregulated pathways from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp NK cell population. B. The ten most 

upregulated pathways from the tert+/+;mpeg1.1:mCherry.caax NK cell population. C. 

Venn diagram comparing the upregulated genes in the tert+/+;mpeg1.1:mCherry.caax 

NK cell population (blue) to the upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp NK cell population (yellow). D. The ten most 

upregulated pathways from the genes upregulated in both NK cell populations.  
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5.7 Investigating the effects of mpeg1.1:tert-gfp transgene on 

tissue ageing in non-immune zebrafish gut populations. 

Both macrophages and B-cells interact with their resident tissue(308). Therefore, I wanted 

to explore how the insertion of the mpeg1.1:tert-gfp gene affected other intestinal cell 

groups where we would not expect the transgene to be expressed. The three groups we 

decided to study were epithelial cells, neural cells, and stem cells, as they have all been 

indicated to interact with macrophages or B-cells or both in tissues throughout the zebrafish 

model organism(281, 309). 

 

5.7.1 Exploring the differential gene regulation of epithelial cells 

between the three genotypes. 

Epithelial cell populations were determined using the genes fatty acid binding protein 2 

(fabp2), apolipoprotein A-1a (apoa1a), apolipoprotein A-4a (apoa4a), and vil1 (vil1). Altered 

gene expression in the tert+/+;mpeg1.1:mCherry.caax included fatty acid binding protein 6 

(fabp6), ferritin heavy polypeptide-like 27 (fthl27), anterior gradient 2 (agr2), mitochondrial 

NADH dehydrogenase 2 (mt-nd2), mitochondrial cytochrome c oxidase 3 (cox3), 

mitochondrial NADH dehydrogenase 4 (mt-nd4), mitochondrial cytochrome c oxidase 2 (mt-

co2), mitochondrial cytochrome b (mt-cyb), NC_002333.4 and NC_002333.17 (regions of the 

D. rerio mitochondrial genome) (Fig. 5.7.1). Upregulation of fabp6 indicates that the 

tert+/+;mpeg1.1:mCherry.caax epithelial cell population has an increased uptake of fatty-

acids compared to the tert-/-;mpeg1.1:mCherry.caax epithelial cell population. Upregulation 

of the ferritin gene fthl27 indicates an increase in intracellular iron storage of 

tert+/+;mpeg1.1:mCherry.caax  epithelial cells. A decrease in the regulation of intracellular 

iron storage has been indicated as a factor in age related pathologies such as Alzheimer’s 

disease and dysregulated bone resorption(310) Therefore, observing a significant difference 

in the zebrafish intestinal epithelial cells expression of a ferritin gene between a healthy and 

premature aged phenotype potentially indicates that dysregulation of iron homeostasis 

begins in the gut. Upregulation of agr2 is interesting due anterior gradient 2 being predicted 

to act within intestinal epithelial cell differentiation, indicating that its upregulation in the 
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tert+/+;mpeg1.1:mCherry.caax epithelial cell population may be influencing their 

differentiation. I also observe differential regulation of five specific mitochondrial genes as 

well as two regions of the zebrafish mitochondrial genome all of which are indicated to act 

as part of the electron transport chain production of Adenosine Triphosphate (ATP) . 

Therefore, this indicates that the tert+/+;mpeg1.1:mCherry.caax epithelial cell population has 

increased ATP production and potentially healthier mitochondria compared to the tert-/-

;mpeg1.1:mCherry.caax population. This is interesting as there have been several papers 

detailing the non-canonical functions of TERT in mitochondrial biology and the tert-/-

;mpeg1.1:mCherry.caax genotype exhibits premature ageing due to a mutation in its TERT 

gene(132, 218) 

Altered gene expression in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp included 

XLOC_00431, BX908782.2, BX004857.1, Ictacalcin (icn), XLOC_010899, High mobility group 

nucleosomal binding domain 2 (hmgn2), Ovarian Cancer Immunoreactive Antigen domain 

containing 2 (ociad2), fabp6, CT57338.1, and agr2. Initially it is interesting to see that both 

fabp6 and agr2 are upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

population compared to the tert-/-;mpeg1.1:mCherry.caax population as both of these are 

also observed to be upregulated in the tert+/+;mpeg1.1:mCherry.caax population compared 

to the tert-/-;mpeg1.1:mCherry.caax (Fig. 5.7.1). Therefore, this may indicate that rescuing 

the expression of TERT in mpeg1.1+ cells altering their physiology leading to an altering of 

the physiology of the epithelial cells via extracellular interactions or excretions. The protein 

coded by the gene ociad2 is indicated to be involved in endocytosis and the Janus Kinase-

Signal Transducer and activator of Transcription proteins (JAK-STAT) pathway, therefore this 

may indicate that the epithelial cells have an increased endocytic uptake. Upregulation of 

icn2 indicates increased regulation of calcium ions as ictacalcin is predicted to en able 

calcium-dependent protein binding activity. The gene hmgn2 encodes a protein that is 

predicted to enable chromatin binding and organisation; therefore, upregulation of this 

gene may indicate a chromatin reorganisation. In mice High Mobility Group Nucleosome-

binding 2 (HMGN2) has been found to maintain chromatin accessibility at promoter regions 

(311) indicating it’s expression has the ability to alter the expression of genes involved in 

cellular development (311). Further, BX004857.1 encodes a region containing si:ch211-

217i17.1 predicted to be involved in chromosome segregation potentially indicating 
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additional regulation of gene transcription. The region BX908782.2 encodes ly97.2 which 

enables LPS binding and the calcium ion channel scn12aa. Unfortunately, the genes 

XLOC_010899, XLOC_00431, and CT57338.1 have not been studied to the extent that I can 

comment on how they may affect epithelial cell physiology.  
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Figure 5.7.1: The ten most differentially upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax epithelial 

cell populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 30,018) 

versus tert-/-;mpeg1.1:mCherry.caax (n = 20,158) epithelial cell populations. B. 

Upregulated genes from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 20,158) 

compared to tert-/-;mpeg1.1:mCherry.caax (n = 25,616) epithelial cell populations. 
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5.7.1.1 Exploring the upregulated pathways in both tert -/ -

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax epithelial cells  

To further determine how the insertion of the mpeg1.1:tert-gfp gene affects epithelial cell 

gene expression via their interaction with mpeg1.1+ cells I determined the genes that were 

upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and 

tert+/+;mpeg1.1:mCherry.caax epithelial cell populations. Upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax population would indicate which cells were upregulated in a 

healthy gut. Upregulated genes in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

population would indicate which genes were upregulated due to the effects of the insertion 

of the mpeg1.1:tert-gfp gene. This would not be due to the expression of the transgene in 

the epithelial cells. Rather, it would be downstream effects of the expression of the 

transgene in mpeg1.1+ cells.  

Cluster analysis indicated twenty-three significantly upregulated genes in the 

tert+/+;mpeg1.1:mCherry.caax population and twenty-seven significantly upregulated genes 

in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp population. Analysis using Venny 

software indicated thirteen genes were upregulated in both populations. As these genes are 

upregulated in a healthy epithelial cell population they can be thought of as characteristic of 

a healthy gut. As they are upregulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

population as well, hypothetically they are being rescued to a level comparable to that in 

the healthy gut. Ontological analysis of these genes indicates that they are predominantly 

involved in ATP generation and the electron transport chain (Fig. 5.7.1.1.B, C, D, E). 

Therefore, this data indicates that epithelial cells derived from the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp gut have increased expression of metabolism 

related genes comparable to epithelial cells derived from the tert+/+;mpeg1.1:mCherry.caax 

population. 
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Figure 5.7.1.1: Exploring differentially regulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax epithelial 

cell populations. A. Venn diagram displaying the upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax epithelial 

cell populations and the genes upregulated in both genotypes B. Gene ontology analysis 

of the common upregulated genes from the KEGG database. C. Gene ontology analysis 

of the common upregulated genes from the GOMF database. D. Gene ontology analysis 

of the common upregulated genes from the GOCC database. E. Gene ontology analysis 

of the common upregulated genes from the GOBP database. 

 

 



225 
 

5.7.2 Exploring the differential gene regulation of neural cells 

between the three genotypes. 

 

Neural cell populations were determined using the genes Nerve Growth Factor Receptor 

(NGFR), Kinesin-like calmodulin-binding protein (zwi), and embryonic lethal abnormal vision-

like 3 (elavl3). Upregulated genes from the tert+/+;mpeg1.1:mCherry.caax genotype include 

icn, BX004816.2, BX908782.2, krt18a.1, her6, si:ch211-214p16.3, tmem176I.2, pyyb, agr2, 

fabp6. The upregulation of the gene icn indicates an increase in expression of the ictacalcin 

protein which is predicted to have calcium ion binding activity so may indicate increased 

regulation of calcium ion levels. The gene her6 is predicted to enable RNA-polymerase II 

activity upstream of neural cell development and the Notch signalling pathway. As Notch 

signalling promotes proliferation, upregulation of her6 may indicate increased proliferative 

signalling in the tert+/+;mpeg1.1:mCherry.caax compared to the tert-/-

;mpeg1.1:mCherry.caax population. The gene tmem176l.2 which codes for a 

transmembrane protein involved in cellular differentiation. The gene ppyb allows for the 

regulation of type 2 neuropeptide Y receptor binding activity and is predicted to be involved 

in feeding behaviour. Differential regulation of genes associated with feeding behaviour 

may further indicate why we see reduced nutrient sensing in the aged gut. The genes agr2 

and fabp6 have also been shown to be upregulated in epithelial cells (section 5.7.1). These 

genes are essential to intestinal cell development and differentiation and nutrient sensing. 

Therefore, their repeated differential regulation in different cell populations may indicate a 

link between them and the physiological changes we see with the ageing gut . The region 

si:ch211-214p16.3 is associated with the plb1 gene which is involved in phospholipid 

metabolism. The region BX004816.2 is indicated to code for a large section of chromosome 

3 making it difficult to determine how its upregulation may affect the physiology of the cell. 

The region BX908782.2 contains both the lyz97 gene and the scn12aa gene. lyz97 exhibits 

lipopolysaccharide binding activity and so is involved in responding to gram negative 

bacteria, and scn12aa is predicted to have voltage gated sodium ion channel activity which 

may indicate in the context of neural cells the healthy maintenance of an action potential . 
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Upregulated genes from the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp genotype 

include BX908782.2, CABZ01072614.1, NC_002333.4, NC_002333.17, mt-cyb, mt2, 

zgc:158463, wu:fb18f06, Cytochrome c oxidase subunit III (COX3), rps27l. Interestingly, we 

see BX908782.2 upregulated in both the tert+/+;mpeg1.1:mCherry.caax neural cell 

population and the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp population, potentially 

indicating that the mpeg1.1:tert-gfp transgene is rescuing the expression of the genes in this 

region although not to the same level of expression as is observed in the 

tert+/+;mpeg1.1:mCherry.caax population (Fig. 5.7.2). The region BX908782.2 codes for both 

the scn12aa and the ly97.2 genes. The gene ly97.2 is part of the response to 

lipopolysaccharide. Upregulation of ly97.2 may indicate a tolerogenic response to 

commensal gram-negative bacteria in the zebrafish gut. Upregulation of the scn12aa gene 

may indicate a regulation of calcium as part of the nutrient absorbing process . The gene 

rps27l codes for a ribosomal protein therefore it’s upregulation may indicate an increase 

translation or an increase in ribosomal turnover. Interestingly, mt-cyb, mt2, COX3, 

NC_002333.4, and NC_002333.17 are all genes associated with the mitochondria or regions 

of the mitochondria associated with the production of ATP via oxidative phosphorylation. 

Upregulation of these in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp may indicate 

that the expression of the mpeg1.1:tert-gfp gene is causing a change in metabolism. This 

hypothesis is supported by literature that reports TERT as being shuttled to mitochondria 

and having non-canonical functions that improve mitochondrial health(139). Unfortunately, 

CABZ01072614.1 and zgc:158463 have not been studied to the point that I can comment on 

how their upregulation may affect neural cell physiology.  
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Figure 5.7.2: The ten most differentially upregulated genes in the tert-/-

;mpeg1.1:mCherry;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax neural cell 

populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 297) 

versus tert-/-;mpeg1.1:mCherry.caax (n = 266) Neural cell populations. B. 

Upregulated genes from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 296) 

compared to tert-/-;mpeg1.1:mCherry.caax (n = 266) Neural cell populations. 
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5.7.2.1 Further exploration of the effects of the neural cell gene expression in 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp intestinal 

neural cell populations.  

To further investigate how the insertion of the mpeg1.1.:tert-gfp transgene may be affecting 

gene expression in neural cells I determined the genes that had been upregulated in both 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp neural 

cells (Fig. 5.7.2.1.A). This analysis indicated one-hundred and six upregulated genes were 

present in both populations (Fig. 5.7.2.1.A). Ontological analysis of these genes against the 

KEGG database indicates an upregulation of pathways involved in oxidative 

phosphorylation, regulation of the actin cytoskeleton, and protein processing (Fig. 

5.7.2.1.B). Upregulation of pathways involved in ATP production and respiration are also 

indicated in analysis using the GOCC database and the GOBP database (Fig. 5.7.2.1.D, E). 

Analysis against the GOMF database indicates and upregulation of pathways involved in 

RNA binding and translation (Fig. 5.7.2.1.C). Upregulation of pathways involved in 

translation, RNA splicing, and mRNA processing are also indicated in analysis using the GOBP 

database (Fig. 5.7.2.1.E). Therefore, this data indicates that insertion of the mpeg1.1:tert-

gfp transgene is leading to a rescue in the expression of genes involved mRNA translation, 

gene expression, and metabolism in prematurely aged gut neural cells. 
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Figure 5.7.2.1: Exploring differentially regulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax neural cell 

populations. A. Venn diagram displaying the upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax neural cell 

populations and the genes upregulated in both genotypes B. Gene ontology analysis of 

the common upregulated genes from the KEGG database. C. Gene ontology analysis of 

the common upregulated genes from the GOMF database. D. Gene ontology analysis of 

the common upregulated genes from the GOCC database. E. Gene ontology analysis of 

the common upregulated genes from the GOBP database. 
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5.7.3 Exploring the differential gene regulation of stem cells between 

the three genotypes. 

I wanted to determine how a change in intestinal environment resulting from introduction 

of the mpeg1.1:tert-gfp transgene affected stem cell biology. To isolate the stem cell 

population, I used the differential upregulation of the protein arginine methyl transferase 

(prmt1) gene(312). Upregulated genes from tert+/+;mpeg1.1:mCherry.caax include vtg5, 

insl5a, sst2, sst1.2, vtg6, vtg2, vtg7, vtg1, CR556712.1, vtg4. Interestingly, we see 

upregulation of the majority of the vtg family, similar to the differentially regulated genes 

observed in the macrophage population (section 5.3.1). The vtg family regulates the 

response of the cell to lipid metabolism and antioxidant activity as well as playing a role in 

determining egg quality. Therefore, increased expression in stem cells may indicate a 

healthy regulation of lipid processing. Upregulated expression of the sst in the stem cell 

population may indicate a response to growth hormone signalling or cell mitosis signalling. 

In the context of stem cells this may be a signal to continue division and expansion.  

Upregulation of insl5a indicates a potential increase in G-protein coupled receptor binding 

activity. Upregulation of the CR556712.1 may lead to an increase in keratin expression as 

this region contains the keratin genes krt98, krt99, and krt15.  

Upregulated genes from the transgenic include si:zfos-2372e4.1, spink2.2, si:dkey-203a12.2, 

si:dkeyp-75b4.10, BX322787.1, CT573383.1, XLOC_010899, ociad2, hmgn2, BX004857.1. As 

spink2.2 is a serine-type endopeptidase inhibitor its upregulation would indicate an increase 

in serine-type endopeptidase inhibitor activity. This is further supported by the upregulation 

of si:dkey-203a12.2 which codes for spink2.7 Upregulation of ociad2 may indicate better 

regulation of the stem cell population’s homeostasis as it  has been predicted to be a 

regulator of the JAK-STAT pathway. Interestingly hmgn2 is a chromatin binding factor hence 

its upregulation may indicate epigenetic changes in the stem cell population that are 

occurring as a result of the effects of the mpeg1.1:tert-gfp transgene.  This is supported by 

the upregulated expression of CT573383.1 which codes for Interactor Of Little Elongation 

Complex ELL Subunit 2 (ICE2). ICE2 is predicted to be involved in the positive regulation of 

RNA polymerase II mediated gene transcription. Hence chromatin remodelling followed by 

increased gene transcription would be an elegant indicator of the gene transcription non -

canonical function of TERT. The gene si:dkeyp-75b4.10 is predicted to be orthologues to 
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human REG1A and so is predicted to have carbohydrate binding activity. This is an 

interesting contrast to the upregulation of the vitellogenin family we see in the 

tert+/+;mpeg1.1:mCherry.caax population potentially indicating the mpeg-tert-gfp is 

affecting the metabolism of the cell in a more specific way than rescuing overall 

physiological health. The region BX322787.1 contains the genes chpf2, samrd3b, and prkdc 

all of which are involved in the regulation and activity of the cytoskeleton . The region 

BX004857.1 contains the gene si:ch211-217i17.1 which is predicted to have 

serine/threonine kinase activity and be involved in chromosomal segregation potentially 

indicating altered cell-cycle regulation. Unfortunately, the region XLOC_010899 has not 

been characterised to the point that I can comment on how it may affect cell physiology.  

 

 

Figure 5.7.3: The ten most differentially upregulated genes in the tert-/-

;mpeg1.1:mCherry;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax stem cell 

populations. A. Upregulated genes from tert+/+;mpeg1.1:mCherry.caax (n = 1,875) versus 

tert-/-;mpeg1.1:mCherry.caax (n = 1,702) stem cell populations. B. Upregulated genes 

from tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp (n = 1,702) compared to tert-/-

;mpeg1.1:mCherry.caax (n = 1,925) stem cell populations. 
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5.7.3.1 Further exploration of the effects of stem cell gene expression in 

tert+/+;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert -gfp intestinal 

stem cell populations.  

To further investigate how the insertion of the mpeg1.1:tert-gfp transgene affects stem cell 

gene expression I compared the upregulated genes in tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax stem cell 

populations (Fig. 5.7.3.1.A). This indicated one-hundred and twenty-two genes that were 

upregulated in both populations (Fig. 5.7.3.1.A). To determine how the upregulation of 

these genes would affect stem cell biology I used ShinyGO to perform ontological analysis 

on the pathways these genes are part of. Analysis using the KEGG database indicated 

upregulation of genes involved in protein processing, bile acid synthesis, phagocytosis, and 

response to pathogenic infection (Fig. 5.7.3.1.B). Analysis using the GOMF database 

indicated an upregulation of genes associated with transcription and translation, as well as 

pathways involved in protein folding (Fig. 5.7.3.1.C). Utilising the GOCC database indicated 

upregulation of pathways involved in protein processing in the endoplasmic reticulum (Fig. 

5.7.3.1.D). Finally, analysis using the GOBP further indicated the upregulation of protein 

folding and chaperone pathways (Fig. 5.7.3.1.E). Therefore, this data indicates that insertion 

of the mpeg1.1:tert-gfp transgene as led to an upregulation of the expression of genes 

associated with protein folding, as well as DNA transcription and translation in prematurely 

aged stem cells that may rescue them towards a healthy state. 
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Figure 5.7.3.1: Exploring differentially regulated pathways of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax stem cell 

populations. A. Venn diagram displaying the upregulated genes in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert+/+;mpeg1.1:mCherry.caax stem cell 

populations and the genes upregulated in both genotypes B. Gene ontology analysis of 

the common upregulated genes from the KEGG database. C. Gene ontology analysis of 

the common upregulated genes from the GOMF database. D. Gene ontology analysis of 

the common upregulated genes from the GOCC database. E. Gene ontology analysis of 

the common upregulated genes from the GOBP database. 
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5.8 Conclusion 

Here I have demonstrated the use of single-cell RNA sequencing in characterising zebrafish  

intestinal physiology on a cellular level. Gene enrichment analysis has been performed on 

healthy tert+/+;mpeg1.1:mCherry.caax, prematurely aged tert-/-;mpeg1.1:mCherry.caax, and 

transgenic tert-/-;mpeg1,1:mCherry.caax;mpeg1.1:tert-gfp intestinal cell subsets. Further, 

data has been produced indicating how the insertion of the mpeg1.1:tert-gfp transgene into 

a premature ageing background has affected intestinal cell gene expression. 

Initially I determined populations of cells that had upregulated expression of mpeg1.1. 

Initially, examining the upregulated genes in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-

gfp population indicated an upregulation of pathways involved ATP production and 

response to ROS that resulted from the insertion of the mpeg1.1:tert-gfp gene (Fig.5.3.1). 

This indicates that insertion of the transgene was potentially rescuing one of the non -

canonical functions of TERT which is its shuttling to the mitochondria to protect 

mitochondrial DNA from ROS(132, 145). Further, this data suggests that insertion of the 

mpeg1.1:tert-gfp transgene led to increased mitochondrial function via upregulation of 

genes associated with ATP production, potentially indicating further research should be 

undertaken to determine how this may affect the prematurely aged immune cell. Further, it 

has already been reported by Hu et al that TERT localisation to the mitochondria improves 

wound healing outcomes(141). Therefore, I can hypothesise that the insertion of the 

mpeg1.1:tert-gfp transgene may also lead to improved wound healing outcomes and that 

these may occur as result of the increased mitochondrial function indicated in section 5.3.1 

and 5.3.1.1. 

Unsupervised clustering of the mpeg1.1 populations indicated four distinct clusters. These 

clusters were indicated to be macrophages, B-cells, epithelial cells, and a mix of different 

cell types (Fig.5.3.2). I would expect both B-cells and macrophages to be expressing the 

mpeg1.1 gene as this has previously been reported in the literature(226, 234). The presence 

of epithelial cells in the mpeg1.1 population was unexpected as this has not been previously 

reported in the literature to my knowledge at this point. One explanation for the presence 

of upregulated mpeg1.1 expression in previously uncharacterised cells may be the 

mpeg1.1:mCherry.caax transgene being expressed, as its insertion site has not been 
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characterised. Alternatively, it may be that further investigation of the mpeg1.1 clusters is 

required to better identify the constitutive cell types. 

Observing the alterations in macrophage gene expression between tert-/-

;mpeg1.1:mCherry.caax and tert+/+;mpeg1.1:mCherry.caax populations the most significant 

differentially regulated genes were those involved in nutrient sensing as part of the 

vitellogenin family indicating a change in nutrient sensing and inflammatory state. In 

observing the alterations in macrophage gene expression between the tert-/-

;mpeg1.1:mCherry.caax and tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp cells I found 

that genes involved in neural cell interaction, inflammatory state, and nutrient sensing. 

Additionally, I determined that genes involved in mitochondrial health and the generation of 

ATP were rescued in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp genotype towards 

the levels of tert+/+;mpeg1.1:mCherry.caax macrophages indicating that the mpeg1.1:tert-

gfp gene was rescuing mitochondrial function as had been observed in the 

tert+/+;mpeg;mCherry.caax and the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp  mpeg1.1 

populations. 

Observing differentially regulated genes in B-cell physiology between the tert-/-

;mpeg1.1:mCherry.caax and tert+/+;mpeg1.1:mCherry.caax populations indicated an 

upregulation of genes associated with response to oxidative stress as well as response to 

growth hormone and chemotaxis signalling. Differential gene regulation between the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp and tert-/-;mpeg1.1:mCherry.caax populations 

indicated the upregulation genes associated with increased mitochondrial function as well 

as response to chemotactic signalling and B-cell subset differentiation. This may indicate 

that the insertion of the mpeg1.1:tert-gfp transgene is affecting mitochondrial health in the 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population as it is indicated to do in 

the macrophage population. Further, it may be affecting the regulation of B-cells into B1 or 

B2 populations.  

I have also observed the effects of the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

macrophage and B-cell populations on intestinal cell populations that do not utilise the 

mpeg promoter and therefore we would not expect the expression of the mpeg1.1:tert-gfp 

transgene. In these populations I have observed alterations in nutrient sensing, 

inflammatory pathways, growth and differentiation signalling. This indicates that the 
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insertion of the mpeg1.1:tert-gfp transgene is altering the physiology of B-cells and 

macrophages in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp group such that they are 

then going on to alter their interactions with other intestinal tissue cell populations.  

In the T-cell population I see an upregulation of genes associated with T-cell differentiation 

and thymus development in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp population 

(Fig. 5.6.1.1). This may indicate that the changes to gene expression in mpeg1.1 cell subsets 

is leading to altered regulation of T-cell development and differentiation potentially via 

cytokine signalling. I also observe the upregulation of genes involved in neutrophil activation 

in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp indicating neutrophil gene expression 

and activation state may also be altered due to the effects of inserting the mpeg1.1:tert-gfp 

transgene. Future work may look to determine the specific genes that are upregulated in 

the transgenic T-cell and neutrophil populations and how they may be regulated by signals 

from other immune cells that utilise mpeg1.1 and so may be expressing the mpeg1.1:tert-

gfp transgene. In both the T-cell population and the neutrophil population I observed the 

upregulation of pathways that indicated potential contamination with other cell types 

(sections 5.6.1, 5.6.2). In T-cells I observed the upregulation of pathways associated with 

microglia and neutrophils. In the neutrophil population enrichment analysis indicated the 

upregulation of pathways associated with epithelial cells and thymus development 

potentially indicating some contaminating cells being present. Therefore, future analysis 

may look to optimising the T-cell and neutrophil specific markers. 

Enrichment analysis of NK cells from the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp  

population indicated the upregulation of pathways associated with the oxidative 

phosphorylation, protein folding, and response to mitogenic signalling (section 5.6.3). 

However, gene enrichment analysis of upregulated genes common to the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp  and the tert+/+;mpeg1.1:mCherry.caax 

populations indicated upregulation of pathways involved in myeloid cell development 

despite NK cells being derived from the lymphoid lineage (Fig. 5.6.3.1). Therefore, we may 

be observing some contamination in the NK cell populations. If this were the case, due to 

the small sample size of the NK cell populations, we would expect the effects of the 

contaminating populations to be amplified which may be why I observe the upregulation of 

unexpected pathways in Fig. 5.6.3.1.D. 
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Performing further work on this data I would aim to further understand the networks that 

are differentially regulated in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

macrophage and B-cell populations. To do this I would determine a panel of marker genes 

that may be differentially regulated due to TERT expression but not due to telomere length 

increasing. This would enable the exploration of how insertion of the mpeg1.1:tert-gfp 

transgene has affected the expression of genes associated with the non-canonical functions 

of TERT. To further explore how the insertion of the mpeg1.1:tert-gfp transgene affected 

immunosenescence and tissue senescence I would aim to create a panel of genes I would 

expect to be upregulated in senescent cells and determine how their expression was altered 

between the three genotypes. Additional future work would be to determine how the 

mpeg1.1:∆tert-gfp transgene altered macrophage and B-cell gene expression using the tert-

/-;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp line I have developed. However, this would 

require performing the single-cell RNA sequencing again utilising age matched fish of all four 

phenotypes (tert+/+;mpeg1.1:mCherry.caax, tert-/-;mpeg1.1:mCherry.caax, tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp, tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp) 

so that the data is comparable. This data would then indicate if the insertion of the 

mpeg1.1:∆tert-gfp gene rescued non-canonical functions of TERT. 

 

 

 

 

 

 

 

 

 



238 
 

6. Discussion 

 

The work carried out here has begun to establish two novel model organisms that allow the 

study of the non-canonical functions of telomerase in the context of immune system ageing. 

Further, it establishes a protocol for the isolation of a viable single-cell suspension of 

zebrafish gut cells which be utilised in further single-cell RNA sequencing work (Fig. 6). The 

single-cell RNA sequencing analysis performed here has indicated several genes  are rescued 

in the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp immune system towards levels 

observed in immune cells in the tert+/+;mpeg1.1:mCherry.caax genotype. Further, analysis 

has indicated that insertion of the mpeg1.1:tert-gfp transgene has led to the rescue of 

functions outside of the canonical function of TERT. These functions include a rescue of 

genes associated with mitochondrial health, the electron transport chain, and the 

generation of ATP. Further, in macrophages I observed an upregulation of genes involved in 

macrophage polarisation and the innate immune response. In B-cells, I also observed an 

upregulation of genes associated with B-cell polarisation and immune response.  
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Figure 6: General representative diagram of the experiments and analysis 

carried out throughout this thesis. 
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6.1 Characterising the novel transgenic lines  and their 

potential uses for future work. 

 

This project demonstrated the characterisation of two novel transgenic zebrafish lines 

generated with the aim of studying the non-canonical functions of telomerase. The first 

novel transgenic line being a full-length telomerase rescue (mpeg1.1:tert-gfp) that expresses 

telomerase regulated by the mpeg1.1 promoter. The second, a mutant telomerase rescue 

(mpeg1.1:∆tert-gfp) that expresses ∆TERT also under the regulation of the mpeg1.1 

promoter. Whole genome sequencing demonstrated that the mpeg1.1:tert-gfp transgene 

was inserted into chromosome 11 from position 24,906,202 to 24,906,258. Insertion at this 

position indicated insertion into the larsb gene but without evidence that the insertion had 

led to significant changes to the transgenic fish physiology. However, future work should 

aim to quantify the normal expression of larsb and compare this to the mpeg1.1:tert-gfp 

transgenic to further investigate if there are potentially uncharacterised effects of the 

insertion of the mpeg1.1:tert-gfp transgene. 

Whole genome sequencing demonstrated that the mpeg1.1:∆tert-gfp transgene was 

inserted into chromosome 16 at position 19,790,508 to 19,790,589 (Sup. Fig. 2.A, D). This is 

a non-coding region and therefore I would not expect the insertion of the mpeg1.1:∆tert-gfp 

to affect the transgenic line in a way other to its expression. This is supported by the 

literature where macc1 is reported to play a role in zebrafish development(256). Therefore, 

if the insertion mpeg1.1:∆tert-gfp were affecting macc1 we would expect to see alterations 

in the transgenic lines craniofacial development which we currently do not.  However, in 

future work I would validate that this was the case by quantifying, using southern blotting or 

real-time quantitative PCR, the expression of the nearest coding regions. In this case the 

nearest upstream coding region would be abcb5 and the nearest downstream coding region 

would be macc1.  

The tol2 transposase system was used as it has been well established as a genetic 

engineering tool in fish(251, 252, 259). However, future work in generating zebrafish 

transgenic lines may instead look to using the CRISPR/Cas9 system. The CRISPR/Cas9 system 

has the advantage of being able to produce more targeted mutations in germline and adult 
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zebrafish compared to the more random tol2 system(313, 314). In the context of this study, 

future work may look at using knock-out methods to remove the region of tert that codes 

for TERC binding with the aim of a generating a transgenic zebrafish that will have the non -

canonical functions of TERT in all cells rather than just mpeg1.1+. 

A limitation of this project is that I have not quantifiably determined that insertion of the 

mpeg1.1:tert-gfp transgene is leading to increased telomerase activity in mpeg1.1+ cells. I 

have shown data in section 3.2.12 that telomere length is increased in transgenic mepg1.1+ 

cells which indicates that telomerase activity is increased, however additional work should 

be carried out to further verify if this is the case. I did attempt to optimise the use of the 

TRAP assay to detect telomerase activity in zebrafish gut dissociations (Section 3.2.13). This 

was attempted as the TRAP assay is an established method for determining telomerase 

activity from cell lysates. Unfortunately, using the TRAP assay kit on dissociated zebrafish 

gut proved difficult due the presence of false positives in the negative control indicating a 

contamination. I hypothesise that this is due to the presence of residual digestive enzymes 

from the gut lumen activating the colorimetric change that is designed to be the measure of 

telomerase activity. Therefore, further optimisation of using the TRAP assay to determine 

telomerase activity in zebrafish gut dissociation may aim to provide a cleaner preparation 

that has undergone more wash steps to remove residual gut contents. For example, it may 

be possible to use FACS to sort cells from a zebrafish gut dissociation directly into the lysis 

buffer. 

The IF data indicates that the GFP from the mpeg1.1:∆tert-gfp is being expressed in some 

cells but not to a level that is statistically significant. However, the whole genome 

sequencing data demonstrates that the entirety of the mpeg1.1:∆tert-gfp transgene is 

inserted. Therefore, one hypothesis for the disparity in this data may be that the IRES region 

is unreliable in this model. A second hypothesis is that the insertion site of the transgene is 

causing the transgenes expression to be regulated either by upstream or downstream 

signalling. Finally, another hypothesis is that the immunofluorescent staining protocol 

requires further optimisation and the anti-GFP antibody requires further validation using a 

positive control of an established GFP transgenic. Further, characterisation of the 

mpeg1.1:∆tert-gfp line should aim to determine if the ∆TERT is elongates telomeres using 
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the same telo-FISH assay used to determine the canonical activity of transgenic TERT in the 

mpeg1.1:tert-gfp line.  

Provided it was possible to determine that ∆tert was not elongating telomeres, and was 

being expressed, it would then be possible to study the non-canonical functions of TERT in 

zebrafish mpeg1.1+ cells. This would require using both the mpeg1.1:tert-gfp and the 

mpeg1.1:∆tert-gfp transgenic lines to determine which genes were being rescued in both 

transgenics. This may be determined using either single-cell RNA sequencing or bulk RNA 

sequencing. Bulk RNA sequencing would be cheaper, and the equipment needed more 

accessible. However, bulk-RNA sequencing would require the optimisation of the isolation 

of a population of mCherry+ cells. Additionally, the literature has demonstrated that the 

mpeg1.1 promoter may be expressed in several different cell subsets(226, 234, 237).  An 

alternative to bulk RNA sequencing is single-cell RNA sequencing as I have performed in this 

study. Using single-cell RNA sequencing would enable exploration of the effects of the 

mpeg1.1:∆tert-gfp transgene on prematurely aged zebrafish. A further alternative to 

determine the effects of the insertion and expression of the transgenes would be to 

determine specific genes the expression of which is reported to be altered by rescuing TERT 

expression or have been indicated to be influenced as a non-canonical effect of TERT. It may 

then be possible to quantify the expression of these genes using qPCR, or to quantify the 

translation of associated proteins using western blotting to determine how insertion and 

expression of the the transgenes have affected them. 

 

6.2 Single-cell RNA sequencing of zebrafish lines indicates the 

possibility of rescuing immunosenescence in a prematurely 

aged phenotype. 

Single-cell RNA sequencing is an effective method for studying the difference in gene 

expression between distinct phenotypes. This project demonstrated through single-cell RNA 

sequencing that the tissue resident immune cells of the zebrafish gut exhibit specific ageing 

characteristics a selection of which can be rescued with the expression of TERT. Future work 

that would expand on the findings of this project would be divided into two sections. The 
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first section would focus on further characterising the phenotypic changes that occur in the 

mpeg1.1:tert-gfp and mpeg1.1:∆tert-gfp rescue models generated as part of this project. 

Initially I would recommend continuing to optimise the isolation of macrophages and B-cells 

as individual cell populations. I would then determine if B-cells were phagocytic using 

phagocytosis assays already established, for example using fluorescent green beads(315). I 

would use live cell imaging to determine if mpeg1.1 controlled expression of mCherry and 

the transgene increased in response to phagocytic stimuli. I would perform the same 

experiment with isolated live macrophages using both tert+/+ and tert-/- phenotypes to 

determine how the expression of the transgenes affects phagocytosis. Further to this I 

would have a custom antibody produced specific to the active site of TERT so that it may be 

used to detect the expression of both TERT and ∆TERT. Using this antibody, I would validate 

the expression of the transgenes. I would then further determine if the mpeg1.1:∆tert-gfp 

transgene was affecting telomere length via Telo-FISH or if it had any canonical telomerase 

activity via the TRAP assay. 

Data from section 5.3.2 indicates the upregulation of genes associated with mitochondrial 

health and the electron transport chain. Previously, it has been reported that TERT is 

transported into the mitochondria via Src where the transport of TERT into mitochondria led 

to an increase in mitochondrial function and biogenesis(145). Therefore, observing the 

upregulation of mitochondrial genes that are related to mitochondrial health in mpeg1.1+ 

cells (Fig. 5.3.2) containing the mpeg1.1tert-gfp transgene may indicated that I am observing 

evidence of a rescue of the non-canonical functions of TERT in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line. Further to this, ontological analysis indicated 

that genes associated with the of Nicotinamide adenine dinucleotide (NADH) 

dehydrogenase were upregulated in mpeg1.1+ cells (Fig. 5.3.2). Upregulation of genes 

associated with NADH dehydrogenase indicate an increase in mitochondrial respiration 

potentially indicating that the TERT expressed as result of the mpeg1.1:tert-gfp transgene is 

increasing respiration in mpeg1.1+ cells. Exploring the gene enrichment data from GOBP in 

section 5.4 we can see insertion of the mpeg1.1:tert-gfp transgene is indicated to lead to 

the upregulation  of genes associated with immune function, specifically the MHC 1 

complex, and respiratory chain activity (Fig. 5.4.1.B, D). We also see and upregulation of 

genes associated with oxidoreduction and ATP generation in B-cell populations (Fig. 5.5.1.C). 
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Therefore, this data further supports the hypothesis that insertion of the mpeg1.1:tert-gfp 

transgene is leading to increased mitochondrial function and respiration. Future work may 

look to explore this further using mitochondrial function assays such as measures of 

respiration rate or membrane potential(316). For example, A future experiment to 

determine the difference in mitochondrial function in the mpeg1.1:tert-gfp transgenic line 

would be to determine mitochondrial respiration rate in controls (tert+/+ and tert-/- cells) and 

the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp derived mpeg1.1+ cells(316).  

Gene enrichment analysis of the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp 

macrophages indicated an upregulation of genes associated with the innate immune 

response pathway (Fig.5.4.1.B). Further, gene enrichment analysis of the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp B-cell population indicated an upregulation of 

genes associated with antigen binding, indicating a change in B-cell immune response 

activity (Fig. 5.5.1). Therefore, this data suggests that insertion of the mpeg1.1:tert-gfp 

transgene is leading to an alteration in immune cell function. Considering that in the 

literature the function of immune cells has been linked to telomerase activity, we may be 

observing the rescue of immune cell function due to an increase in the expression of TERT 

and increased telomerase activity(185). However, to validate this would require further 

validation of the mpeg1.1:tert-gfp transgenic line as discussed in section 6.1. Further, future 

experiments may be performed to examine immune cell function in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line. For example, a phagocytosis assay can be 

used to determine macrophage phagocytic function as an indicator of macrophage 

activity(185). Considering that the phagocytosis assay may be performed in vivo, there is the 

potential to combine it with an opsonophagocytic assay or Enzyme-linked immunosorbent 

spot assay to assess B-cell function at the same time(317). 

Gene enrichment analysis of tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp T-cell 

populations indicated an upregulation of pathways involved in T-cell differentiation and 

lymphoid progenitor cell differentiation (Fig. 5.6.1.1.B). One hypothesis as to why we see 

this is that insertion of the mpeg1.1:tert-gfp transgene leading to mpeg1.1+ cells influencing 

T-cell development and differentiation via intracellular signalling as literature has been 

published that demonstrates the interaction of T-cells with mononuclear phagocytes in 

zebrafish(318). However, this hypothesis should be tested potentially by quantifying the 
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number of different T-cell subpopulations in tert+/+;mpeg1.1:mCherry.caax and tert-/-

;mpeg1.1:mCherry.caax and then determining how the number of those populations change 

in the tert+/+;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp line using.  

Gene enrichment analysis of the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp neutrophil 

populations indicated an upregulation of pathways involved in neutrophil activation and 

myeloid cell development (Fig. 5.6.2.1.B). This may indicate that gene regulation in the 

transgenic neutrophil population is being altered due to the insertion of the mpeg1.1:tert-

gfp transgene. At the time of writing, I have not found literature that indicates zebrafish 

neutrophils utilise the mpeg1.1 promoter. Therefore, any changes I observed in neutrophil 

gene expression are hypothesised to be a result of intracellular interactions with other 

immune cells(304). Further work may look to explore how the intracellular interactions 

between regulatory cells and neutrophils are affected. For example, we look to quantify the 

expression levels of specific cytokines that indicated to affect neutrophil activation state, 

such as  granulocyte colony stimulating factor, tumour necrosis factor, and type 1 and 2 

interferons(319). Further, as neutrophils are established phagocytes, we may also explore 

how their phagocytic function is affected in vivo utilising the tert-/-;mpeg1.1:mCherry.caax 

genotype and the tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp lines(319) 

In exploring the gene enrichment in stem cells, neural cells, and epithelial cells I aimed to 

determine if insertion of the mpeg1.1:tert-gfp gene had led to any significant changes in the 

prematurely aged tissue that may rescue its function towards a 

tert+/+;mpeg1.1:mCherry.caax state. In both epithelial and neural cell populations I see 

evidence of the upregulation of genes associated with increased ATP production and use, 

indicating that their metabolism may have been rescued towards a 

tert+/+;mpeg1.1:mCherry.caax level. In the stem cell population I see an upregulation of 

genes associated with protein folding and chaperoning, nucleosomal DNA binding and 

translation, indicating changes in the regulation of gene expression. However, further 

exploration of how insertion of the mpeg1.1:tert-gfp transgene affects tissue ageing would 

be to use tissue ageing biomarkers. Initially I would produce suitable populations to monitor 

over the course of their lives to produce a survival curve. These fish would be monitored for 

signs of ageing, such as weight loss and spinal curvature. This would provide data on how 

organismal ageing was affected by the insertion of the mepg1.1:tert-gfp transgene. Second 
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to this I would produce experimental populations of fish with which would be taken at set 

timepoints in their lifespan to assess their physiological health. These timepoints would be 

three months, six months, nine months, twelve months, fifteen months, and eighteen 

months (at which time we would expect to see the majority of the control tert-/-

;mpeg1.1:mCherry.caax population having died(218)). At each time point I would perform 

various experiments to determine both cellular and tissue health. These would include SA-β-

gal staining on tissues including gut, brain, head kidney, and skin, to determine how the 

build-up of senescent cells was affected by the insertion of the mpeg1.1:tert-gfp transgene. 

Hypothetically, if insertion of the mpeg1.1:tert-gfp transgene rescues some macrophage 

function, we may expect to see less senescent cells in the tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp compared to the tert-/-;mpeg1.1:mCherry.caax 

line at the same time points, as macrophages have been indicated to clear senescent 

cells(146, 154, 320, 321). Additionally, assessing biomarkers of ageing such as epigenetic 

methylation, the expression of inflammatory cytokines associated with the SASP, and telo -

FISH staining to determine the maintenance of chromosomes over-time. 

 

6.3 Additional future work and closing remarks. 

As TERT has been reported to have several non-canonical functions a potential next step 

would be to utilise both the mpeg1.1:tert-gfp and mpeg1.1:∆tert-gfp transgenic lines to 

investigate these in a zebrafish model(132, 134, 322). This would require further breeding of 

tert-/-;mpeg1.1:mCherry.caax;mpeg1.1:∆tert-gfp fish alongside age matched tert-/-

;mpeg1.1:mCherry.caax, tert+/+;mpeg1.1.mCherry.caax, and tert-/-

;mpeg1.1:mCherry.caax;mpeg1.1:tert-gfp fish. However, moving forward we may look to 

combine breed transgenic lines together to further understand how the insertion of the 

mpeg1.1:tert-gfp or mpeg1.1:∆tert-gfp affects different cells subsets. For example, we may 

look to crossbreed the mpeg1.1:tert-gfp and mpeg1.1:∆tert-gfp with the mpx:gfp line which 

allows the identification of neutrophils in order to further understand the how insertion of 

the transgenes affects neutrophil biology(323). Alternatively, we may look to crossbreed 

with B-cell reporter lines so that we can further understand how insertion of the transgenes 

may affect B-cell biology(185). Therefore, future studies may look to generating more novel 
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transgenic lines to better understand the effects of the mpeg1.1:tert-gfp and 

mpeg1.1:∆tert-gfp on specific cell subsets. 

To better facilitate antibody-based assays, I would commission the production of a zebrafish 

TERT specific antigen, that was specific to the sequence conserved between the TERT and 

∆TERT transgenes, to utilise in immunohistochemistry and western blotting experiments. In 

immunohistochemistry a TERT specific antigen would enable the visualisation of TERT within 

the cell. In western blotting it would add an additional method that we could use to 

determine the concentration of TERT or ∆TERT that was being expressed. While this is 

potentially a considerable economic investment, at the time of writing I have not found a 

commercially available antibody that has been demonstrated to reliably identify zebrafish 

TERT for immunohistochemistry. 

In further future work I would utilise cell culture and transgenesis to determine the non-

canonical function of TERT in human cells. Imamura et al. previously established that human 

TERT functions in zebrafish cells (238). Therefore, we may expect that zebrafish TERT would 

function in human cells. To determine this, I would utilise the mpeg1.1:tert-gfp and 

mpeg1.1:∆tert-gfp transgenes transfected into human a human cell line that utilised the 

mpeg1.1 promoter, such as THP-1 cells, and validate the expression of the transgene by 

fluorescence imaging, immunohistochemistry, and western blotting. If I did not find that 

TERT and ∆TERT were expressed in the human cell line I would produce novel transgenes 

containing human TERT and human ∆TERT that I could then utilise to study the functions of 

TERT in human cells. To study these functions, I would transiently induce the overexpression 

of TERT and ∆TERT using the transgenes mRNA, and then use bulk RNA sequencing of the 

cultured cells to determine how the expression profiles had changed. I would also  look at 

the effects of the potential transgenes on non-canonical functions of TERT that have been 

reported(145). For example, I may look to induce mitochondrial dysfunction in the cells and 

then determine if induction of the transgenes protected the mitochondria from damage. 

Additionally, I would examine the regulation of pathways associated with TERT non -

canonical functions, such as the PPAR pathway, to determine if overexpression of TERT or 

∆TERT also influenced these pathways in a manner similar to that reported with 

endogenous TERT(324).  
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Finally, I would like to reiterate that with ageing a noticeable decrease in the function of the 

immune system is observed termed immunosenescence (84). Immunosenescence leads to a 

decreased ability to mount an effective response to disease and inhibits the effectiveness of 

vaccines. Further, immunosenescence of specific cell subsets leads to an increase in 

inflammation, contributing to the inflammageing phenotype(87). Therefore, it is imperative 

that we advance our understanding of immunosenescence and begin to understand how we 

may develop therapies that ameliorate the effects of immunosenescence. We are already 

seeing reports of the reintroduction of TERT expression using lentiviral vectors in mice(190). 

However, the well-founded concern of the reintroduction of TERT expression leading to 

increased incidence of cancer has not been completely explored. Therefore, by establishing 

the mpeg1.1:tert-gfp and mpeg1.1:∆tert-gfp transgenic lines I have provided additional 

tools with which we can study the complex interaction of TERT and telomerase in the ageing 

paradigm and further elucidate how rescuing TERT and ∆TERT in an immune cell specific 

manner may rescue immunosenescence and potentially whole organism ageing. Eventually, 

it is my goal that this may contribute to a novel therapy designed to alleviate the impacts of 

immunosenescence in the elderly based on the rescue of the non-canonical functions of 

TERT.  
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Supplementary Figure 1: A. Representative sequencing of the mpeg-tert-IRES-GFP 

inserted into the A1 potential founder line with green line indicating insertion of the tert 

region. B. Representative sequencing of the mpeg-tert-IRES-GFP inserted into the A2 

potential founder line with green line indicating insertion of the tert region. C. 

Representative sequencing of the mpeg-tert-IRES-GFP inserted into the C1 potential 

founder line with green line indicating insertion of the tert region. D. Insertion site of the 

transgene in A1 and C1 mpeg-tert-IRES-GFP founder lines indicated by the red arrow. 

Refseq genes are listed along the bottom, indicating insertion into larsb.  E. Insertion site 

of the transgene in the A2 mpeg-tert-IRES-GFP founder line indicated by the red line 

arrow. Refseq genes are listed along the bottom, indicating insertion into si:ch211-

25d12.7. 
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Supplementary Figure 2: A. Representative image of sequencing of the mpeg-∆tert-IRES-

GFP inserted into the B7 potential founder line with green line indicating tert site. B. 

Representative image of sequencing of the mpeg-∆tert-IRES-GFP inserted into the C2B 

potential founder line with green line indicating predicted tert site without insertion. C. 

Representative image of sequencing of the mpeg-∆tert-IRES-GFP inserted into the C2A 

potential founder line with green line indicating predicted tert site without insertion. D. 

Insertion site of the transgene in the B7 mpeg-∆tert-IRES-GFP founder line indicated by 

the red arrow. Refseq genes are listed along the bottom, indicating no refseq genes at the 

insertion site in chromosome 16.  

 


